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Summary

Summary

Deciphering the entire protein complement of a living cell together with the elucidation of
dynamic processes on protein level are the main goals of proteomics as it is used today. To
achieve this goal, namely the elucidation of dynamic processes of the entire bacterial cell, we
have developed strategies and distinct workflows to cover the most proteins in different
subcellular localizations in bacteria together with a stable isotopes labeling approach to follow
temporal and spatial changes in different proteomic subfractions.

The first study contributing to this ambitious goal was a study that mainly pointed out to a
comparison of gel-free and gel-based techniques on deciphering changes in the proteome of heat
stressed cells of Bacillus subtilis. Subcellular fractionation was performed on exponential growing
B. subtilis cells to get access to the cytosolic and the enriched membrane fraction. It became clear
that aside from the classical 2D gel based quantitative proteomic approach, gel-free techniques
together with alternative labeling methods (in this case based on in vitro chemical labeling by
iTRAQ (isotope tags for relative and absolute quantitation)) were promising in getting qualitative
and quantitative access to proteins that were not accessible before (Wolff et al. 2006).

As it could be stated in the successive review, having improved the accessibility of certain protein
groups by gel free techniques (allowing the determination of hydrophobic, small and low
abundant proteins), identification of 34% of the theoretical proteome of growing B. subtilis cells
was feasible now. By application of different subcellular fractionation methods and either gel
based and gel free proteomics techniques the qualitative and quantitative description of the entire
protein complement came into reach as pointed out by Wolff and coworkers 2007.

During the thesis, it turned out that in vitro labeling techniques were not equally suited for
cytosolic and other subcellular fractions in B. subtilis proteomics. Therefore, an important
prerequisite for further determination of the entire protein inventory and its changes during
different physiological states was the establishment of an in vivo labeling method that was
compatible with the proteomics workflows that have been used before. We could prove the
applicability of in vivo '"N-metabolic labeling in a study comparing both SILAC (stable isotope
labeling with amino acids) and ’N-metabolic labeling (Dreisbach et al. 2008). The combination
of GeLCMS and in vivo labeling techniques showed up to be easily applicable for cytosolic and
membrane proteomics giving reproducible results allowing comprehensive and simultaneous
studies on multiple cellular sub fractions. Altogether we could raise the number of integral
membrane proteins to be identified to about 25% of the predicted integral membrane proteome.
Furthermore, the membrane enrichment approach is very specific: 60% of the identified proteins
belonged either to the group of integral membrane proteins or to proteins functionally/structurally
related to the membrane. Comparing both labeling techniques, the study revealed the metabolic
labeling being superior to SILAC in terms of 50% more quantified proteins most probably due to

the advantage of a complete labeling for the '*N- labeling approach.
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In vivo ’N-metabolic labeling and proteome analysis of the membrane proteome was accordingly
applied in studies on E. coli (Price et al. 2010) and B. subtilis (Hyyryldinen et al. 2010 and Saller
et al. 2010). In these studies we were able to address defined biological questions with the
methodologies that were set up before. Furthermore, a study on the surface proteome in
Staphylococcus aureus proved the in vivo *N-labeling technique to be powerful even for surface
exposed proteins in a study by Hempel et al.. (2010)

Having paved the way for comprehensive studies on multiple subcellular fractions, the '“N-
metabolic labeling technique has been used in proteomics studies targeting complete proteomes
and the changes within. In a study on a comparison of growing and non growing S. aureus Col, it
could be shown that a coverage of 65% of the proteome in S. aureus Col is feasible by subcellular
fractionation and the analysis of five different subproteomes (Becher et al. 2009).

Besides the comparison of two physiological situations, application of “N-metabolic labeling
enables for the visualization of dynamic processes in a cell. This was achieved for five time points
with concurrent sampling of transcriptome data in a study on osmotic upshift in B. subtilis
revealing strict time dependent transcription of stress related ECF- sigma factor dependent genes
and its correspondence in the membrane proteome (Hahne et al. 2010).

Finally, in a study on glucose starvation in B. subtilis, a most comprehensive view on the
dynamics covering five time points over five subcellular localizations combining proteomic,
transcriptomic and metabolomic data was accomplished. Comparable in proteome coverage to the
study in S. aureus, 53% of the proteome complement could be identified serving in the global
quantitative study as the basis for an unmatched global overlook on processes taking place in the
starved cell (Otto et al. 2010).

To conclude, it has been shown that the use of mass spectrometry based in vivo quantitation
techniques and the application of subcellular and chromatographic fractionation has lead to a new
level of qualitative and quantitative proteomics data. Emphasizing on the studies revealing the
dynamics of the bacterial physiology on a time resolved base, both spatial and temporal processes
can be monitored to obtain knowledge on physiological processes in a depth that has not been

reached before in comparable global studies.



Zusammenfassung

Zusammenfassung

Das Ziel heutiger Proteomstudien liegt in der Aufkldrung des Proteinbestands ganzer Zellen und
der Verfolgung dynamischer Prozesse auf der Proteinebene. In der vorliegenden Arbeit wurden zu
diesem Zweck Strategien und zielgerichtete Arbeitsablaufe entwickelt, um eine moglichst hohe
Abdeckung des theoretisch exprimierten Proteoms in verschiedenen subzelluldren Lokalisationen
zu erreichen. Weiterhin wurde die Methode der Proteinmarkierung mit stabilen Isotopen etabliert,
um zeitliche und ortliche Verédnderungen in verschiedenen proteomischen Unterfraktionen zu
verfolgen.

Eine erste Studie dazu war der Vergleich von gelfreien und gelbasierten Analysetechniken in
exponentiell wachsenden Zellen von Bacillus subtilis, in der durch Hitzestress hervorgerufene
Verdnderungen im Proteom untersucht wurden. Um sowohl das Cytosol als auch die
Membranfraktion zu analysieren, wurden hier beide Subproteome {iiber subzelluldre
Fraktionierung voneinander getrennt. Im Ergebnis wurde deutlich, dass die Kombination des
klassischen, 2D Gel basierten, quantitativen Proteomansatzes mit gelfreien Techniken, wie der in
vitro iTRAQ-Markierung (iTRAQ - isotope tags for relative and absolute quantitation), einen
experimentellen Ansatz bieten, um qualitativ und quantitativ eine Vielzahl von Proteinen
beschreiben zu konnen, welche zuvor nicht erfassbar waren (Wolff et al. 2006).

In der darauf folgenden Ubersichtsarbeit konnte dargestellt werden, dass durch die analytisch neu
zu erreichenden Proteingruppen (hydrophobe, kleine und niedrig abundante Proteine) eine
Proteomabdeckung von 34% in B. subtilis erreicht werden konnte. Weiterhin wurde klar, dass
durch die Kombination von subzelluldren Fraktionierungsmethoden die Moglichkeit theoretisch
gegeben ist, die Gesamtheit aller Proteine einer Zelle qualitativ und quantitativ zu analysieren
(Wolff et al 2007). Wahrend der Durchfithrung der vorliegenden Dissertationsarbeit stellte sich
heraus, dass in vitro Markierungstechniken nicht gleichermaBen fiir cytosolische und andere
subzelluldren Fraktionen in Proteomstudien zu B. subtilis geeignet sind. Somit wurde als
Voraussetzung fiir eine umfassende Zusammenstellung von Proteombibliotheken und der
Erfassung ihrer Dynamik die Etablierung einer in vivo Markierungsmethode notwendig, welche
moglichst mit bereits vorhandenen Analyseprotokollen kompatibel sein sollte. Die Vorteile der
Anwendung von in vivo Markierungsmethoden, basierend auf dem Einbau von schwerem "N
Stickstoff oder von Aminosduren mit schwerem Isotopen (SILAC) wéhrend der Proteinsynthese,,
wurde in der folgenden Studie von Dreisbach et al. (2008) gezeigt. Eine Kombination der
GeLCMS Technik (1D SDS PAGE kombiniert mit LC-MS Analysen) mit der in vivo Markierung
erwies sich als zielfilhrend fiir Analyse von cytosolischen und Membranproteinen.
Gekennzeichnet ist diese Methode durch die hohe Reproduzierbarkeit der Ergebnisse und die
Moglichkeit, umfassende Untersuchungen gleichzeitig in unterschiedlichen subzelluldren
Fraktionen durchzufithren. Zusammengenommen konnte die Zahl der identifizierten
Membranproteine auf etwa 25% des theoretisch vorhergesagten Membranproteoms gesteigert

werden. Weiterhin kann festgestellt werden, dass der experimentelle Ansatz der
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Vorfraktionierung einzelner Subproteome zu fraktionsspezifischen Ergebnissen fiihrt: So gehorten
60% der identifizierten Proteine entweder zu den integralen Membranproteinen oder sind
funktioneller oder struktureller Teil der Membran. Der Vergleich der unterschiedlichen
metabolischen Markierungsmethoden mit "N oder SILAC zeigte, dass in itber die "N
Markierung eine signifikant hohere Anzahl an Proteinen quantifiziert wurde. Dies ist mit hoher
Wahrscheinlichkeit auf die vollstindige Markierung aller Aminoséuren eines Proteins wihrend
des "N Ansatzes zuriickzufiihren.

Im Folgenden wurden in vivo "N Markierungsansitze auf Membranproteomstudien in E. coli
(Price et al. 2010) und B. subtilis (Hyyryldinen et al. 2010 und Saller et al. 2010) angewandt. In
diesen Studien wurden die erarbeiteten Methoden eingesetzt, um definierte biologische
Fragestellungen zu  beantworten. Weiterhin  konnte die "N Markierung  als
Quantifizierungsgrundlage auch in einer Analyse des Oberflichenproteoms von Staphyloccocus
aureus erfolgreich eingesetzt werden (Hempel et al. 2010).

Der so ausgereifte Ansatz - metabolische "N Markierung in Kombination mit subzelluliren
Fraktionierungstechniken - wurde hiernach in umfangreichen Studien, die verschiedene
subzelluldre Fraktionen umfassen, verwendet.

In einer vergleichenden Studie von wachsenden und nicht- wachsenden S. aureus COL Zellen
konnte gezeigt werden, dass durch die Verwendung von subzelluldren Fraktionierungsmethoden
und die Analyse der fiinf resultierenden Subproteome eine Abdeckung von 65% des
Gesamtproteoms erreichbar ist (Becher et al. 2009).

Neben dem direkten Vergleich von physiologisch unterschiedlichen Zellzustinden kann die N
Markierung auch dazu verwendet werden, dynamische Verdnderungen in der Zelle sichtbar zu
machen. So wurde diese Methode in einer Proteom und Transkriptom basierten Studie der
Zellantwort von B. subtilis auf osmotischen Stress fiir die Analyse von fiinf Zeitpunkten vor und
wihrend der Stressadaptation angewendet. Hierbei wurden insbesondere fiir ECF Faktor
abhéngige Gene und ihren Entsprechungen im Membranproteom eng begrenzte und zeitabhidngige
Verdnderungen gefunden (Hahne et al. 2010).

SchlieBlich konnte in einer Studie von B. subtilis ein sehr umfiangliches Bild der stattfindenen
dynamischen Prozesse des durch Glucosehunger induzierten Uberganges von wachsenden Zellen
in die stationdre Phase gezeichnet werden. Hierzu wurden proteomische Daten von fiinf
verschiedenen subzelluldren Lokalisationen, transkriptomische und metabolomische Daten
zusammengefasst. Es konnte so, vergleichbar zu der S. aureus Studie von Becher et al., 53% des
Gesamtproteoms identifiziert werden. Dies diente als solide Basis fiir einen umfangreichen
Uberblick iiber Prozesse in der hungernden Zelle (Otto et al. 2010).

Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass die Anwendung
Massenspektrometrie  basierter in vivo  Markierungstechniken und  subzellulérer/
chromatographischer Fraktionierungsmethoden zu einer neuen Giite von qualitativen und
quantitativen Proteomdaten gefiihrt hat. Insbesondere in den proteomischen Studien, welche die
zeitaufgeldste Dynamik der bakteriellen Physiologie zum Gegenstand hatten, und welche ortliche
und zeitliche Verdnderungen (subzelluldre Lokalisation; Zunahme/ Abnahme) verfolgten, konnte

ein bis dato unerreichter Umfang an Informationen in physiologischen Prozessen erzielt werden.
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Introduction

1. Proteomics

Understanding processes of life has been the incitement of biological and biomedical
research since the beginning of modern times. Today, broad knowledge on key molecular
and cellular processes of life at different levels has been acquired. To achieve this goal,
sophisticated methodologies are invented and applied to gain an even more
comprehensive understanding on cell physiology. For a complete description of
biological systems, information on DNA, RNA, proteins and involved metabolites are
integrated to understand the interplay of the entities that allow the complex and dynamic
functioning of life.

Proteomics depicts the experimental approach that determines the entire compliment of
proteins expressed by a cell at a point in time. Within proteomic studies, it is possible to
either study proteins qualitatively (identification, distribution, post translational
modifications, interactions, structure and function of proteins) or quantitatively
(abundance, distribution within different localizations, degradation/synthesis) '

This scientific field had its beginning as early as 1975 starting with first proteomic studies
accomplished by using the revolutionary technique of two dimensional SDS
polyacrylamide gel electrophoresis (2D SDS PAGE) . This was 20 years before the first
genome was sequenced and marked a starting point to a whole new field of protein
analytics — long before the term ‘proteomics’ was coined in the year 1994 *. Today,
progress led this field to a highly diversified ground of a mass spectrometry aided or even
dominated scientific domain *.

Proteomics in general is technically challenging: several thousands of proteins are found
even in rather simple prokaryotic organisms ranging up to ten thousands of proteins in a
eukaryotic cell °. Analysis of inherently complex proteomic samples requires techniques
that are of effective of separating proteins according to their physical properties or

biological function.

1.1. 2D GE based proteomics

O’Farrell and Klose introduced the landmark technology of high resolution
two dimensional gel electrophoresis (2D GE) and laid the ground for simultaneous

separation of hundreds of proteins that was accomplished by a highly orthogonal and
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reproducible method > °. In two dimensional gel electrophoresis proteins are separated
according to two different characteristics: in the first dimension, today consisting of
immobilized pH gradients (IPG) having replaced the initially used carrier ampholytes ",
the denatured proteins are separated according to their isoelectric point (pl). In the second
dimension, a separation step via SDS PAGE is implemented depending on the molecular
weight (MW) of the protein '°. With 2D GE it is possible to separate 2000 proteins on a

1 '™ allowing for a global view on cellular activity

single gel with up to 20 gels in paralle
with high resolution and high sensitivity. Advantageous of 2D GE is the possibility of a
global view on most main cellular functions on protein level that makes this method a
basis for a plethora of high- throughput comparative studies '2. Within these studies it is
possible to examine the physiological state and alterations imposed by nutrient starvation
and physical stresses of known and even of unknown organisms. Shifts in pl may be a
hint for phosphorylation events that can be analyzed further providing the stability of the
phosphorylation under examination '* °. Further examples are glycosylation assays '* or
even limited proteolysis that can be visualized by multiple spots with differing molecular

weight on the 2D gel "

. An important advantage of the 2D gel based proteomics
approaches is the possibility to display protein synthesis vs. accumulated proteins in a fast
and efficient way compared to mass spectrometry based approaches by pulse chase
experiments 2

Despite other technologies that came up, later termed “second generation proteomics™'®,
2D GE still remains a pivotal methodology in proteomics that can be routinely applied for

parallel quantitative expression profiling.

1.2. Mass spectrometry based proteomics

The rapid development of proteomics is technology driven '°. Proteomics perceived a
steep rise in the late 1970s by invention of the 2D GE and despite the major
improvements introduced with IPGs in the first dimension a decline was seen in the late
1980s through the inability to identify the gel separated proteins on a large scale. This gap
in the analytical process was closed in the last decade of the millennium.

Until the early 1990s, mass spectrometry on proteins and peptides was rather seldom '°
and classical protein biochemistry techniques like Edman sequencing '’ and SDS PAGE
'8 for determination of molecular weight were used to identify protein species.

19-22

Publications dealing with the concept of peptide mass fingerprinting (PMF) and
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identification of peptides by pattern comparison of CID spectra ***

26, 27

together with EST
databases (built up with the data produced by fast, partial cDNA sequencing) paved
the road to a successful application of mass spectrometry based proteomics. Finally in
1995, release of the first complete sequenced genome of Hemophilus influenzae was
groundbreaking for the new era of functional genomics **. New techniques allowing high
throughput identification of proteins together with sophisticated quantitation methods

relying on different isotopes define the second generation of proteomics- a mass

spectrometry based proteomics era *.

1.2.1. Technological and conceptual prerequisites for success of
mass spectrometry in life sciences

Mass spectrometry in general is an analytical technique of determination of the mass of a
charged molecule. Individual molecules are “weighed” by transforming them into ions in
a vacuum and then measuring the response of their trajectories to electric and magnetic
fields or both *°. The success of mass spectrometry in the field of life science as we
experience today was made possible by two major developments both on the technical
side and on the side of data evaluation *°.

Invention of soft ionization methods like ESI (electrospray ionization) ** and MALDI
(matrix assisted laser desorption/ionization) ' revolutionized the analysis of ions in the
gas phase previously limited for heat stable analytes and made polypeptides and even
proteins accessible for mass spectrometry. The technical and conceptual advances in this
area led to the 2002 Nobel prize awarded to John Fenn and Koichi Tanaka (amongst
others) for the development of methods for identification and structure analyses of
biological macromolecules.

Another trigger for the success of mass spectrometry based proteomics was the
availability of large databases with genomic information, represented first by EST
databases and since 1995 by complete genome sequences.

In principle, a mass spectrometer consists of an ion source, a mass analyzer and a
detector. The ion source is the prerequisite of ionizing a sample so that the analyte is
brought into gas phase. ESI and MALDI, most used ion sources to volatize and ionize
proteins and peptides for mass spectrometric analyses are suited differently for different

types of analytes (Fig.l1). ESI ionizes analytes out of a mobile phase, typically in
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combination with liquid chromatography (LC). In opposition to that, MALDI sublimates
and ionizes the analyte out of a crystalline matrix with laser pulses in a vacuum *%.

The mass analyzer subsequently measures the ratio of the mass over charge (m/z) of the
particular analyte. To add quantitative information to the process, the detector registers
the number of ions of a specific m/z ratio ‘

Additionally to the basic analytical power of mass spectrometry to identify peptides and
proteins from biological samples introduced in the analytical workflow, the advent of
high resolution and high mass accurate mass spectrometers in the field of proteomics had
a tremendous impact in quantitative proteomics. Methodologies that utilize isotope
labeling techniques by in vivo metabolic labeling or in vitro chemical/ enzymatic labeling
inherently depend on high mass accuracy and resolution in order to get valid results.
Furthermore, label free quantitation approaches not only depend on exact masses to
distinguish between near- isobaric masses but also on highly reliable liquid

chromatography systems for a differential analysis .
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(adapted from Aebersold et al. %)

Mass analyzer used in mass spectrometry are central to the technology. Key parameters of
judgment over a specific instrument are its limit of detection (sensitivity), the ability to
resolve two adjacent masses and hence nearly isobaric peptide species with different
composition (resolution) as well as the mass accuracy and the ability to generate
information rich spectra from ion fragments enabling for highly specific database
searches with the decisive assignment of fragment spectra to theoretical fragment
patterns.

Mass analyzer in proteomics are typically of the ion trap (IT), time of flight (ToF),
quadrupole (Q) or Fourier Transform- MS (FT- MS) (Fourier Transform- Ion cyclotron
resonance or Fourier Transform Orbitrap) type. The different kinds of analyzers are either

used alone or in tandem configuration.

11
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In time of flight (ToF) instruments, the ions are accelerated to high kinetic energy and are
separated along a flight tube as a result of their different velocities. ToF- instruments are
either linear mode instruments or reflectron mode instruments. By the use of an electro/
nic mirror, the reflector, the ions are guided towards the detector simultaneously being
compensated for slight differences in kinetic energy »> and therefore enhancing the
resolution markedly. ToF-ToF instruments are tandem configurations of two flight tubes
with an added collision cell to be able to generate fragment ions of particular masses (Fig.
1).

Quadrupole mass analyzer consist of four rods that generate time- varying electric fields
which permit a stable trajectory only for ions of a particular desired m/z. Quadrupoles are
used as linear ion traps ** with a two dimensional quadrupole field or as quadrupole ion
trap > that work as three dimensional traps or as collision cells. In triple Quadrupole mass
analyzers, ions are first selected in the quadrupole that is used as mass filter (Q1), then the
ions are fragmented in the second (q2) and then the fragments are separated in the third
quadrupole (Q3) prior to detection of ion intensities (fig 1).

Qq- ToF instruments are tandem instruments combining the mass filter/collision features
of two quadrupoles with the mass accuracy of a TOF instrument (Fig 1). Qq- ToF
instruments can be regarded as a triple quadrupole instrument where the third quadrupole
is replaced by an orthogonal ToF.

Fourier transform mass spectrometry instruments (FT MS) are basically of the ion trap
type that trap ions with the help of strong magnetic fields. The FT- Orbitrap *° and the
FT- ICR *7 are of unsurpassed high mass accuracy, highly sensitive and of high dynamic
range. Both are coupled to a linear ion trap (LTQ) as tandem instruments.

As pointed out before, proteomics is highly technology driven and therefore the
development of new types of mass spectrometric instrumentation is influencing research
and vice versa. Today’s instrumentation is mostly driven by the need for fast and
sensitive analyzers that should either be highly accurate in determination of masses (LTQ
FT- ICR or LTQ Orbitrap/ LTQ Orbitrap Velos), yield high throughput analyses with
high mass accuracy (MALDI ToF-ToF) or that enable for specific modes of acquisition
like triple Quadrupole instruments enabling for targeted analyses (MRM) or more specific

instrumentation adding a gas- phase separation via ion mobility.

12
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2. Towards the comprehensive proteomic description of the gram

positive model organism Bacillus subtilis

Since the beginning of proteomics, bacteria were intensively studied according to their
relatively low complexity in comparison to higher organisms. The sequencing of genomes
beginning with important model organisms and bacterial pathogens started in 1995 with
the sequencing of Haemophilus influenzae ? and is increasing nowadays exponentially
through the up come of next generation DNA sequencing techniques *° . Meanwhile, it is
clear, that even relatively small genomes (e.g. Mycoplasma pneumoniae) are bearing all
information necessary for cell growth and proliferation to form the protein complement of
a living cell. Therefore even low complexity organisms make reasonable model
organisms to address crucial and basic problems of processes determining life by using
proteomics 2.

Bacillus subtilis as the second most intensively studied bacterium beside Escherichia coli
% is serving as a model organism for gram positive bacteria being assigned to this role
through both inherent biological as well as economic features. As from the beginning of
the 1950s, the possibility to study basic cellular processes (gene regulation and
metabolism) as well as cell differentiation (this organism is capable of forming spores in
times of less favorable conditions) together with the possibility of genetic manipulation
led to the importance of this bacterium in the research community. Furthermore, B.
subtilis is of economic importance as an industrial production strain owing to its secretion
capacities *.

The proteomics based research aiding in understanding of this organism is still under way
despite this long time of research. As reviewed in Wolff et al. (2007), until today one
third of the proteome is still of unknown function and parts of the proteome is still
inaccessible for experimental or technical reasons *'. A plethora of subfractionation
techniques on cellular level have been implemented in Bacillus research in order to get to
a most comprehensive coverage of the B. subtilis proteome. In the following, the
relevance and accessibility of B. subtilis subfractions is described that will lead towards a

comprehensive proteomic description when taken together.

13
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2.1.Cytosolic proteins

In B. subtilis, the soluble proteins are the most studied species of proteins by means of
accessibility and importance for the main metabolic pathways. These proteins are ideally
targeted by classical 2D GE approaches enabling for a display of complete physiological
pathways. Cytosolic proteins often have to be depleted in other subcellular fractionation
approaches based on their high abundance compared to proteins residing e.g. in the cell
membrane. Cytosolic proteins are mostly addressed by analysis of the cell crude extract

or in the supernatant after depletion of the cell membranes.

2.2.Extracellular proteins

Especially for B. subtilis being able to excrete a large number of proteins even on an
industrial scale *, the extracellular proteins are of scientific and economic interest. Hirose
et al. introduced a method of getting access to proteins being secreted by B. subtilis
during growth by analysis of these proteins in the growth medium **. Generally, proteins
that are secreted into the medium are precipitated by acidification and subsequent
centrifugation. As trichloroacetic acid is used, intensive washing has to be conducted.
Special attention has to be paid to cytosolic contamination in the extracellular fraction
obtained by acid depletion: lysed cells release their intracellular contents and the high
abundant cytosolic proteins are found in the extracellular fraction. With new mass
spectrometry based proteomic approaches with high sensitivity, this poses a major
disadvantage on deciphering the “genuine” extracellular proteome. The phenomenon of
released cell content is discussed to have a biological meaning: in cells of stationary
phase B. subtilis, cell death is induced in a fraction of the population ** and cannibalism is

taking place **.

2.3.Membrane proteins

The membrane proteome represents one of the most difficult subproteomes to get access
to in terms of physical properties and the low abundance of the proteins *. Proteomic
analyses of membrane proteins of B. subtilis developed over a period of time. First
attempts were carried out by Bunai et al. to map the membrane bound solute binding
proteins of ABC transporter *°. The authors used different detergents to tackle the
hydrophobic membrane proteins and adapted protocols of 2D GE to get access to the

hydrophobic fraction of the proteome. Turning away from the classical 2D GE inherently

14
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unsuitable for very hydrophobic proteins, A. Dreisbach in Eymann et al. proposed a
membrane protein enrichment protocol that consists of different steps *’. Cell membranes
obtained by ultracentrifugation are washed consecutively with high salt buffers and
carbonate buffers with high pH to deplete cytosolic contaminants. Finally, membrane
proteins are solubilized with the detergent n-dodecyl-pB-D-maltoside and separated via a
1D SDS PAGE. This method proved to be very successful to deplete high abundant
soluble proteins with a concurrent relative enrichment of proteins with transmembrane

4149748 Wolff and coworkers then

domains and proteins being attached to the membrane
came up with a protocol in S. aureus being highly complementary to the membrane
protein enrichment protocol: membrane proteins with a higher number of transmembrane
domains could be identified by mass spectrometry giving this field a new dimension by
means of accessibility **. Hahne et al. managed to transfer this method to B. subtilis *. In
the two preceding studies it was shown that the membrane enrichment protocol and the
newly introduced protocol by Wolff et al. yield highly complementary results. The first is

predominantly targeting the soluble loops and domains of membrane spanning proteins

whereas the latter gets hold of the transmembrane helices.

2.4.Surface proteins

The surface of a cell is most important for communication and interaction with its
environment. In B. subtilis, this subproteome can be addressed by high salt extraction
protocols as shown in a study aimed at the elucidation of the cell wall proteome by a
method wusing LiCl extraction and subsequent proteomic analysis via 2D gel
electrophoresis °'. Tjalsma et al. succeeded in using a “shedding and shaving” approach
in B. subtilis: incubation of intact bacteria with trypsin in order to cleave off surface
proteins with consecutive identification of these “shaved” tryptic peptides led to the
finding of 41 proteins being specifically shaved off this subcellular location. Verification
of these results was carried out with proteolysis by bead- bound trypsin that is unable to
penetrate the bacterial cell wall demonstrating a genuine surface-exposed localization *2.
Despite the use of a gel- free approach, this study only gave limited information on
surface bound proteins and implies strict criteria for localization verification.

For the human pathogen S. aureus, this subcellular location is even more essential than

for its non- pathogenic gram positive counterpart B. subtilis: virulence is mainly

characterized by cell wall bound/extracellular factors and hence this subproteome is of
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high importance to viability in the host environment of the cell. Other studies than the
above mentioned successfully applied different methods for isolation of surface proteins
with serial extraction of proteins by different, highly concentrated salts, enzymatic
extractions and biotinylation with subsequent affinity purification in the gram positive
Listeria monocytogenes >*. Another study on S. aureus has been recently published by
Hempel et al. >* accordingly based on the biotinylation of proteins exposed on the cell
surface of intact cells and the following affinity purification of these protein species. This
study exemplifies the integration of a gel-free quantitation approach using '’N metabolic
labeling with the biotinylation of surface exposed proteins and yields an unsurpassed

number of surface bound protein species.

16



Introduction

3. Fractionation techniques applied in mass spectrometry based

proteomics

Despite the fact that mass spectrometry based quantitative proteomics is experimentally
simple and results in accurate quantitative data, it mostly suffers from a limited dynamic
range. This limitation in dynamic range comes with an inherent drawback of biological
samples that contain proteins in a wide range of concentrations. Generally, concentration
of the most abundant analytes define the range that lower abundant proteins can still be
identified in a given sample. The mass ratio between the least and the most abundant
proteins ranges from four orders of magnitude in prokaryotic samples, six in eukaryotic

5

cells > and 12 in complex biological fluids such as plasma *°. Several authors have

questioned the capacity of the current mass spectrometry based shotgun approaches to be
alone powerful enough to determine a comprehensive coverage of any proteome > .
Therefore, Nielsen et al. propose the use of extensive separation steps prior to digestion
and any further fractionation to overcome this limitation >*.

Prefractionation prior to mass spectrometric analysis may be conducted at subcellular,
protein or peptide level. Fractionation techniques may be used either for the elucidation of
spatial changes in the proteome of specific subcellular localizations or towards the
reduction of complexity of a given biological sample.

Intact eukaryotic cells consist mostly of different organelles that possess different
physical properties so that these behave differently in separation techniques that are
applied to resolve these subcellular structures. Besides organelles, physical properties of
subcellular structures are exploited: the solubility in separating cytosolic proteins and

hydrophobic membrane proteins, the density leading to separation in centrifugation or

density gradient centrifugation.

3.1. Chromatographic/electrophoretic fractionation methods

3.1.1. GeLCMS

The most common protein prefractionation method is the GeLCMS method . Denatured
protein samples are electrophoretically separated by 1D SDS PAGE and the resulting gel
slab is cut to yield protein fractions differing in molecular weight. Subsequent to in gel

proteolytic digestion, peptides are eluted and subjected to mass spectrometric LC-MS/MS
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61.62 The advantage of this approach is the fast and easy separation of the sample

analysis
on protein level with a significant reduction in sample complexity effectively increasing
the dynamic range of the analysis. Simultaneous cleaning of the sample to avoid
interference with salts or detergents used in sample preparation facilitates the analysis
after the electrophoretic separation. Furthermore, limited proteolysis may be seen by
analysis of the different fractions for multiple appearance of a specific protein. Through
the prefractionation of high abundant proteins over the whole lane on the gel, systematic
cutting and digestion of every part of the band provides analysis of even very low
abundant proteins that are not visually detected on such a gel. This systematic approach
would not be feasible in large 2D GE with subsequent MS analysis. Therefore GeLCMS
is most efficient for a cartography of proteins in a sample and in combination with stable
isotope labeling for systems wide proteomic protein profiling studies .

In combination with standard cell fractionation methods, the GeLCMS approach gives
reliable results assured by the orthogonality of the two fractionation methods *®. To date,
this method is besides the IEF RP one of the multidimensional methods that has proved to

63, 64
be most successful. *>> ™.
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Fig.3 schematic representation of the GeLCMS workflow

3.1.2. IEX-RP

Ion exchange chromatography coupled to reversed phase chromatography is the most
common on- line two dimensional chromatographic prefractionation method for peptides
used in proteomics ®. In ion exchange chromatography, the analytes are separated by the
interaction of the analyte with the static phase based on the effective charge of the analyte
under specific mobile phase conditions. IEX is carried out mostly as strong cation
exchange chromatography (SCX) either being on line or off- line coupled to the reversed
phase (RP) separation step .

Online coupling was introduced in a concept called MudPit (multidimensional protein

identification technology) ®. In this approach, reversed phase C18 material is packed into
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a fused silica capillary. Subsequently, SCX material is packed directly behind the first
packed resin to get hold of a biphasic column enabling for two dimensional separations.
Consecutive chromatographic runs with salt gradients and gradients containing an organic
solvent elute the peptides from the SCX columns and subsequently separate the analytes
on the RP column prior to on- line LC-MS/MS analysis. Later studies published
demonstrated improvements like triphasic columns of this type even enhancing the
applicability to samples not being desalted prior to analysis ®’. An advantage of MudPIT
is that the entire system is directly coupled to mass spectrometric analysis and hence no
loss of sample is encountered. The problem of salts used in SCX for the step wise elution
of peptides from the resin is solved by the use of mass spectrometry compatible salts that
evaporate during the ionization step at the interface of LC and MS (mostly salts
containing ammonium used as part of the weak acid-base pair is used). Disadvantages lie
especially in the limit of organic solvent that may be used on applying the salt step acting
on the SCX part due to the second dimension of RP material. Furthermore, any repetition
of sample analysis is not given for a single salt/elution step '°.

Offline SCX is slower than the on line coupled approach but is easy to perform with no
specific column set up. Applying larger column sizes and higher organic solvents in
elution buffer systems increase the amount of loading and recovery of peptides of the step

wise elution of peptides from the SCX column '°.

3.1.3. IEF RP chromatography

Isoelectric focusing is a fractionation technique that is used since the beginning of
proteomics studies in separation of proteins or peptides mainly focused on the 2D GE. In
mass spectrometric based workflows the IEF RP methods are applied to proteins or to
peptides resulting from enzymatic digestions of proteins. The proteins/ peptides are
focused in an electric field according to their pl and subsequently the resulting fractions
are analyzed by RP LC-MS/MS (with an additional digestion step in the case of proteins
fractionated by IEF).

The isoelectric focusing step may be carried out in different ways based on the same
principle: either in solution, in free flow electrophoresis, in capillary electrophoresis or by
in gel electrophoresis using an IPG strip ** .

The method of applying IEF based on IPG strips as the first dimension prior to mass

spectrometric analyses was first introduced by Loo et al. who used IPG- IEF with
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subsequent offline LC- MALDI or online LC- ESI MS analysis in a method called
“virtual 2D” 7°. IPG- IEF has proven to be most powerful in several studies "'*. IPG- IEF
is superior to both GeLCMS and SCX based studies in terms of identified peptides ™ 7.
This leads to an increased proteome coverage in less time regarding sample preparation
and analysis time with a high resolving power ®. Cargile et al. showed that IPG IEF
improved the sensitivity by up to 100% compared to SCX ’'. Furthermore the use of
accurate mass and peptide isoelectric point (pl) as identification criteria substantially
increase the number of validated peptides of over 20% with unchanged false positive rate
7% As the pl is easy to calculate for given proteins and peptides, this information may be
used to corrobate results obtained from mass spectrometric analyses.

Besides Off- gel approaches set up with non commercial solutions, equipment for Off-gel
IEF is commercially available and is based on a comparable concept as the original IPG
IEF 7. Off- gel IEF was shown to be reliable in peptide/proteins analysis in several
studies "* ™. A drawback in using commercially available systems is the fixed number of
fractions to be obtained in a single run and the predefined shape and size of the wells.

An additional feature of the IEF based on IPG strips or the Off-gel IEF is the applicability
in PTM analysis regarding phosphorylation prior only applicable in 2D GE .

4. Protein profiling in proteomic analyses

4.1. 2D GE coupled with MS

A great problem of proteomic analyses based on mass spectrometry is the fact that mass
spectrometry itself is poorly quantitative. The classical proteomic approach of 2D GE
coupled to subsequent identification of proteins circumvents this disadvantage of mass
spectrometry, as protein abundances are determined by comparison of spot intensities in
2D gels relative to each other.

Quantitative information from staining intensities may be used to elucidate changes in
complete protein amount, synthesis rate in combination with radio labeled protein
samples or change of phosphorylation in certain protein samples. Identification of
proteins in this classical approach is mostly carried out by MALDI TOFTOF instruments

capable of MS/MS. The use of specific stains allows for accurate quantitation using
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internal standards encoded by differentially absorbing dyes ®' *

83, 84

or specific staining of

modifications like phosphorylations and glycosylations

4.2. Mass spectrometry based quantitation

Besides the classical 2D GE based approach, quantitative analyses based on the concept
of isotope dilution * or even without any label are applied in proteomics .

In quantitative analyses using the stable isotope labeling strategy, stable isotope tags are
introduced by metabolic labeling, enzymatic labeling and chemical labeling or by spiking
labeled synthetic peptides into the sample. Isotope labeling was introduced in its present
form in 1999 *”*°_ In principle, pairs of chemically identical analytes of different stable
isotope compositions can be differentiated in a mass spectrometer owing to their mass
difference. Comparison of the intensities of the masses relative to each other gives
quantitative information that allows conclusion on relative quantities and abundance
ratios for the compared analytes. *°

Label free techniques hold the promise to yield relative quantitative results within
proteomics experiments to be compared simply based on LC- MS/MS runs without any
additional labeling. Basically, acquired spectra for a specific peptide matching to a
protein are used for a comparison between two or more experiments in order to give
relative quantitative information. Furthermore it is possible to compare mass
spectrometric runs and relative abundances by the use of spectral counting that is relying

on the frequency of occurrence of spectra belonging to each peptide.

4.2.1. Metabolic labeling

Metabolic labeling in its two forms, complete metabolic labeling with isotopically labeled
salts containing PN or Bc 8 and SILAC
(stable isotope labeling of amino acids in cell culture) °' is the most accurate quantitative
mass spectrometric method in terms of the overall experimental process (biochemical and
mass spectrometric procedures) °>. The sample is labeled in vivo either to yield proteins
containing nitrogen practically exclusively as "N or to yield proteins with only a
subgroup of amino acids being isotopically labeled. Inherently, the earliest possible time

is used to label the complete proteome (see Fig. 4). Mixing of labeled samples may be

accomplished as early as at cell level. This makes this methodology most widely applied
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in quantitative proteomics: all sample preparation methods and all existing protocols on

pre- fractionation may be used with samples that are already metabolically labeled and

mixed.

ms analysis
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Fig.4 schematic representation of mass spectrometry based quantitation workflows

Boxes in blue and orange represent two different physiological states/experimental

conditions. Horizontal lines depict the stage of sample combination. Grey boxes indicate

steps in the workflow prone to experimental variations and thus to quantitation errors.

(Adapted from Bantscheff et al.*® )

Dependent on the experimental prerequisites, metabolic labeling with heavy "°N salts is
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mostly used in prokaryotic systems as all available nitrogen sources must be exchanged in
the labeled cell culture.

Metabolic labeling with eukaryotes or even higher eukaryotes such as fruit flies *°, rats **
or plants °> have been carried out but are scarce due to the cost of the complete labeling
dependent on the effort to be conducted and time required establishing a complete
labeling. The greatest bottle neck of the complete metabolic labeling is the increase in
complexity that is introduced by the theoretical doubling of peptide species in a labeled
proteome. Furthermore, suitable software was not available for a long time compared to
other stable isotope methods that rely on defined mass shifts in comparison to mass shifts
determined by the primary structure of the peptide.

SILAC, introduced by Mathias Mann and coworkers, is the most popular metabolic
labeling approach used in functional genomics. Studies based on SILAC methodology

cover protein profiling on proteome level *°, post translational modification analysis on

97, 98 99, 100

large scale , examination of phosphorylation pattern changes and large scale
interaction studies '°'. To assure an almost complete labeling of all tryptic peptides, most
commonly used amino acids are '*C6 arginine, >C6 lysine and '"N4 arginine *>°'. A
maximum of three different stages may be compared in one sample. Like the complete
metabolic labeling described before, SILAC is carried out in cell cultures in vivo with the
advantage that purity over 90% may be achieved within 6-8 passages’".

A disadvantage over metabolic labeling with "N enriched salts may be the
interconversion/ degradation of amino acids that complicates the bioinformatic analysis of
the quantitative data '°%. Contrary to the '"N metabolic labeling, post- acquisitional
bioinformatoric processing resembles that of other isotopic labeling techniques relying on

a fixed mass difference.

4.2.2. Enzymatic labeling

Another possibility of the introduction of isotope labels is the in vitro utilization of an
enzymatic reaction. Labeling is carried out either during the proteolytic digestion or after
the proteolysis in a second incubation step (Fig. 4). Enzymatically introduced '*O
isotopes will result in a mass shift of 2 to 4 Da dependent on the exchange of one or two
atoms and in theory practically no side reactions are to be found during the reaction.
Commonly used enzymes for this task are congruent with the proteases that are utilized

103, 104

for digesting proteins prior to mass spectrometric analysis like trypsin . In general,
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the possibility of quantitative bioinformatic tools to compare differentially labeled
peptides in a spectrum relies on a mass difference that is higher than the width of the
isotopomer cluster of the light mass. Therefore, '*O labeling is applicable to quantitative
mass spectrometry with the disadvantages that a full labeling is practically never achieved

and that the incorporation rate depends on the nature of the peptides ' '®°.

4.2.3. Chemical labeling

Chemical labeling is a method that yields a great versatility in terms of derivatization of
functional groups found on the primary structure of a peptide and the features the
chemical tag exhibits. Most commonly derivatized side chains in peptides are these of
cysteine, peptide N-termini and the € amino group of lysine *°. In this in vitro method,
labeled and unlabeled samples are combined either at protein or at peptide level (fig. 4)
and mass shifts between labeled and unlabeled peptides are fixed.

One of the first methods applied in quantitative mass spectrometry based proteomics was
ICAT (Isotope coded affinity tag) by Gygi et al. *. The mass tag consists either of
deuterated or unlabeled biotin affinity tags that bind to cysteine residues and yield the
possibility to affinity purify the peptides after labeling and thus reducing the complexity
of the sample analysed. The concept of labeling a peptide mix with subsequent reduction
of complexity is advantageous with inherent major drawbacks: this method is only usable
for cysteine containing peptides which are relatively rare. Furthermore limitations apply
that the tag cannot be used in more specific studies regarding post translational
modifications or studies that need a most comprehensive protein coverage e.g. in the
analysis of splice variants make this concept only applicable in certain studies. Despite
these disadvantages, the ICAT method was used in a wide range of studies '*"''°,

Labels targeting N-termini and the &- amino group of lysine are based on N-
hydroxysuccinimide chemistry or bonds mediated by other esters/acid anhydrides. This
class of label comprises a plethora of different systems e.g. ICPL (isotope coded protein
label) "', iTRAQ (isotope tags for relative and absolute quantitation) ''?, TMT (tandem
mass tags) ', acetic acid/succinimid acid ''* and formaldehyde labeling ''>. Within this
group it is important to distinguish between methods that rely on quantitation on survey
scan level and those that identify and quantify peptides at the same time in the fragment
ion scans. TMT and iTRAQ for example are based on isobaric tags that differ only in the

fragmentation pattern in the mass spectrometer (fig. 5). Isobaric labeling should in theory
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not affect the chromatographic behavior of the peptides and no increase in complexity on
survey scan level should be seen. Another great advantage is the possibility with

multiplexing of iTRAQ: up to eight samples that may be compared with each other in a

single run.
1
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Fig.5 schematic representation of relative quantitation workflow based on the iTRAQ
reagent proteins or peptides (schematic workflow for peptides is shown) of proteomic
samples are labeled with up to eight isobaric label (4-plex is shown) and mixed. Relative

quantitation takes place only at fragmentation level without increased sample complexity

4.2.4. Spiking

Spiking of defined analytes to a complex sample is already known and applied for a long
time ''* 7. In today’s proteomics, addition of a stable isotope labeled standard peptide to
a protein digest with subsequent comparison of the mass spectrometric signal to the
endogenous peptide in the sample was coined AQUA (absolute quantitation of proteins)
18119 I principle, the methodology is based on the concept that with the information on

the relative abundance of a synthetic reference peptide with vs. its endogenous
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counterpart in the sample it is possible to trace back the quantities of the corresponding
protein in the sample and therefore in the proteomic sample if the absolute quantity of the
spiked reference peptide is given. Contrary to relative quantitation, the addition of
synthetic peptides to a proteome sample focuses on the determination of the quantity of
only a small number of proteins of interest. Difficulties within this concept arise in highly
complex samples in which the labeled/unlabeled peptides are hard to detect due to co-
eluting isobaric peptides that might be more abundant. A combination of information on
retention time, peptide mass and fragment pattern eliminates these ambiguities, as it is
done in targeted approaches like multiple reaction monitoring (MRM) '*°. MRM is a
tandem MS scan mode unique to triple- quadrupole MS instruments that are capable of
rapid, sensitive, and specific quantitation of analytes in highly- complex sample matrices

12! With targeted approaches, it is possible to achieve a quantitation range of 4-5 orders

of magnitude '**

. Targeted approaches will gain more and more importance in mass
spectrometry based proteomics — biomarker research and biomedical studies will profit of
this emerging field in proteomics '*. A prerequisite for this will be large databases of
proteomics identification data '** in order to chose the right synthetic peptide that is
suitable as a standard in targeted approaches '*. Availability of peptides in precisely
determined concentrations is a limitation to AQUA. To partially overcome this problem,
the use of artificial genes that are translated into labeled proteins has been invented.
These concatamers of peptides are contained in an artificial QconCAT (quantitation
concatamers) protein that is used to be spiked into a sample. Having determined the
accurate protein amount before, the concentration of the QconCAT peptides is used to
determine absolute amounts of all peptides/ proteins after digestion of the sample and
following mass spectrometric analysis. '** ' The clear cut advantage of such an
approach compared to the AQUA technique is the limited cost coming with the necessity
only to purify and label a single protein which can be expressed in a suitable biological

system.

4.2.5. Label free mass spectrometry based quantitation

Label free mass spectrometry based quantitation methods do not rely on any labeling of
the analyzed samples (Fig. 4). Initially, at times where only low resolution mass

spectrometry based e.g. Ion trap mass analyzers were available, peptide and hence protein
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identification data was used for a rough indication of protein quantity. Basically, the
frequency that peptides belonging to a specific protein are fragmented by CID served as a
proxy for the relative abundance of the protein in the sample. This methodology was
termed spectral counting °® and is used as a fast, convenient and intuitive quantitation

128,129 'The disadvantage of spectral counting lies within the dependency of this

strategy
method on the quantity of the peptide identifications. Furthermore, quantitation is
impossible for peptides with multiple assignments to different proteins. The most
intriguing disadvantage is the fact that proteins that are determined with less than three
peptides are failing to be correctly relatively quantified. The reason for that lies within the
underrepresentation of proteins of low abundance in the stochastically MS/MS sampling
process in the mass spectrometer '*°.

With the advent of high accurate and high resolving mass spectrometry in combination
with very reproducible runs of on-line coupled liquid chromatography, label free
quantitation based on the integration of peptide elution peaks on the survey scan level
became possible. Peptide elution patterns are tracked using the retention time
characteristics in combination with the correct high accurate monoisotopic mass trace.
Due to variations in the LC-MS runs, sophisticated alignment algorithms have to be
applied "*'. With these characteristics, a chromatographic elution profile of every peptide
may be reconstructed and be distinguished from chemical noise. Peptide abundances are
calculated based on intense bioinformatoric analysis by comparison of the integrated
peptide elution peaks '*2. Advantageous to this method is the increased dynamic range
and the lack of the undersampling problems to be encountered in the spectral counting
approach. Mandatory for this approach are the consistency of the LC- MS/MS runs to
yield reproducible results of peptide identification with consistent masses and retention
time coordinates. Furthermore, besides the almost infinite applicability of this method to
all proteomic samples, comparison of samples needs substantial replicates for a robust
statistical validation and a preferably low number of sample preparation steps should be
provided prior to the mass spectrometric measurement to keep the experimental error at a

low level 5.
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The proteome of exponentially growing Bacillus subtiiis
cells was dissected by the implementation of shotgun
proteomics and a semigel-based approach for a particu-
lar exploration of membrane proteins. The current number
of 745 protein identifications that was gained by the use of
two-dimensional gel electrophoresis could be increased
by 473 additional proteins. Therefore, almost 50% of the
2500 genes expressed in growing B. subtilis cells have
been demonstrated at the protein level. In terms of ex-
ploring cellular physiology and adaptation to environmen-
tal changes or stress, proteins showing an alteration in
expression level are of primary interest. The large number
of vegetative proteins identified by gel-based and gel-free
approaches is a good starting point for comparative phys-
iological investigations. For this reason a gel-free quanti-
tation with the recently introduced iTRAQ™ (isobaric tag-
ging for relative and absolute quantitation) reagent
technigque was performed to investigate the heat shock
response in B. subtilis. A comparison with gel-based
data showed that both techniques revealed a similar
level of up-regulation for proteins belonging to well
studied heat hock regulons (SigB, HrcA, and CtsR).
However, additional datasets have been obtained by the
gel-free approach indicating a strong heat sensitivity of
specific enzymes involved in amino acid synthesis.
Molecular & Cellular Proteomics 5:1183-1192, 2006.

Two-dimensional polyacrylamide gel electrophoresis in-
vented by O'Farell (1) and Klose (2} Is undoubtedly still the
gold standard to separate complex protein mixtures. This
technique allows the mass spectrometric identification of
hundreds of proteins after their separation on a two-dimen-
sional (20)" gel, thereby covering an essential portion of “low
complexity” proteomes such as those of bacteria. However,
there are limitations to 20 PAGE that make certain classes of
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proteins inaccessible. Gel-critical properties include extremeas
in pl and melecular mass, but the most significant shortcom-
ing is certainly the poor separation of proteins showing a
pronounced hydrophobicity. The dynamic range in protein
concentration that can be covered by 20 PAGE regarding
non-radioactive staining methods spans 3-4 orders of mag-
nitude, whereas the protein concentration in human blood
sarum extends at least 9 orders (3). For this reason a simple
2D gel approach Is insufficient to analyze entire proteomes,
including very low abundance proteins. The challenges inher-
ent to a gel-based approach point to a demand for altemative
techniques,

Although the characterization and gquantitation of stained
protein spots on 2D gels was introduced decades ago and
further developed to date (4-6), attempts of protein identifi-
cation and concurrent quantitation exclusively based on mass
spectrometry have emerged over the last years (7). Initially the
combination of multidimensional chromatography and tan-
dem mass spectrometry that became known as shotgun pro-
teomics was used to identify hundreds of proteins out of
highly complex peptide mixtures (8-12). Very soon the first
gel-free methods arose allowing a redative quantitation of
proteins from different samples. A common technique is the
use of stable isotope labeling of proteins or peptides, mostly
realized by chemical linking of tag and biomolecule. Here ane
of the sample sets is provided with a “light” tag, whereas the
others are linked to heavy isolope-enriched variants of the
tag, Although almost all of the previously established methods
{13-15) make use of a quantitation procedure based on ion
signal intensity observed at the MS level, the recently intro-
duced isobaric tagging for relative and absolute quantitation
(ITRAQ™ supports a quantitation based on reporter ion sig-
nals observed at the MS/MS level that is linked with several
advantages (16). First of all, the differential labeling of pep-
tides does not challenge scan rates of mass spectrometers
because the complexity at the MS level is not increased.
Second, the detection of peptides originating from low abun-
dance proteins is facilitated by the addition of ion currents of
equal but differentially labeled peptides in MS spectra. On the
one hand the requirement of MS/MS experiments only allows
a quantitation of peptide signals exceeding a given threshold,
but on the other hand the unambiguous identification of a
peptide becomes more likely because it is not only based on

Molecular & Cellular Proteomics 5.7 1183
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the determination of its peptide mass fingerprinl. Moreover
iTRAQ reagent technology surpasses other gel-free quantita-
tion mathods with the capability of performing multiplex ex-
periments in which up to four different conditions can be
compared.

In this study we used shotgun proteomics to investigate the
cytosolic proteome and a semigel-based approach to identify
membrane proteins of vegetative Bacillus subtilis cells. Spe-
cifically iTRAQ reagents were used to analyze the heat shock
response in B, subtils as a model. Because heat shock is the
best characterized stress of this organism and is assoclated
with a substantial change in proteome signatures (17-18), it
was chosen for the initial application of iITRAQ reagent tech-
nology. Resultant quantitative datasets were verified by a
simultaneous protein quantitation based on 2D gels.

EXPERIMENTAL PROCEDURES

Sample Preparation for a Gal-free Identification of Proleins—B8.
subtifs 168 wild type (20) was grown aerobically at 37 "C in a syn-
thetic medium (21). Cells wera harvested in exponential growth phase
at an Ag,, of 0.5. After centrifugation (8000 = g for 10 min at 4 "C) cell
pellets wera washed twice with water and again centrifuged. Cefl lysis
was parformed in a French press (minicell, SLM Aminco, Rochester,
NY), The lysate was centrifuged (20,000 = g for 30 min at 4 "C), and
protein concentration of the supematant was determined using Roti-
Manoguant (Roth, Karlsruhe, Germany). For the removal of impurities,
proteins were extracted with phenol, precipitated by the addition of
ice-cold acetona, and incubated overnight at —20 "C. Proteins were
palleted by centrifugation (20,000 * g for 30 min at 4 *C), air-dried,
resuspended in 30 ma NH,HCO,, and digesied with trypsin (Pro-
mega, Madison, W), which was reconstituted prior 1o use as sug-
gested by the manufacturer. After digestion for 16 h at 37 *C, pep-
tides ware subjectad to ultracentrifugation (100,000 = g for 16 h at
4 *C). Aliquots of the supernatant were stored at -20 °C.

Preparation of Memibrane Proteins with Subsequent 10 SDS-PAGE
Separation—The purification of membrane proteins, their saparation
via 1D SDS-PAGE, and their in-gel digestion was caried out as
describad by Eymann et al. (22). Peptides were separated via reverse
phase chromatography in a 3-h gradient and analyzed by an LTQ
FTICR mass spactromater (sea “2D LC" and “MS/MS Analysis™).

Sample Preparation with Subsequent iTRAQ Reagent Labeling —B.
subdtiis cells grown in the synthetic medium 10 an Ag, of 0.5 were
siressed by a sudden temperature shift to 52 *C. Cell harvest oc-
currad shortly bafora (control) and at 10, 30, and 60 min after contin-
uous heat shock. Cell pellats were washed twice with ice-cold 10 mm
triethytammonium bécarbonate buffer (pH = 8.5, Fluka, Taufkirchen,
Germany). Lysis of B, subtiiz cells was performed in the same buffer
using a RibolLyser (HYBAID, Ashford, UK]). Call lysates were subjacted
o ultracentrifugation (100,000 = g for 2 h at 4 *C) before the protein
content was determined as described above. The iTRAQ reagant
labaling was performed following the protocol given by the supplier
(Applied Biosystems, Foster City, CA) and according to Ross af al.
{16). Samples were labeled as described in Tabla ). The mixiure of
iTRAQ reagent-labaeled peptides was aliquoted, lyophilized, and
stored at —70 *C for further analyses.

20 LC—The peplide mixture was separated by ofi-line sirong
cation exchange (SCX) chromatography to lower the complaxity of
the mixture. Removal of volatile buffer sakts (NH,HCO, or triethylam-
monium bicarbonate) was accomplished by drying the peptide solu-
tion via vacuum centrifugation. An amount of 3 ug of peplides was
resuspended in SCX running butfer (25% (wiv) ACN, 0.1% formic acid)

Tame |
Allocation of iITRAQ reagents
Unit mass of [TRAQ
reagent reparter ion in Da Sampie
114 Control
115 10 min, 52 "C
116 30 mién, 52 *C
nr B0 min, 52 *C

prior to loading onto a8 SCX column (j-Precolumn™ cartridga, BioX-
SCX, 500-um inner diameter = 15 mm, LC Packings, Amsterdam,
Metherlands) using the Ettan™MDLC system (GE Healthcare), Elution
of peptides off the SCX column was achieved by the injection of salt
plugs of tha following concentrations: 7.5, 12.5, 17.5, 25, 37.5, 50, 75,
150, 300, and 500 ma NH,CI. With a llow rate of 20 ul'min, collection
time per salt fraction was set to 4 min, The SCX fractionation of ITRAQ
reagent-labeled peptides had to be adjusted due to a different elution
perlormance of peptides camrying a label. For this reason concentra-
tions of NH,CI salt plugs ware changed to 50, 100, 150, 200, 300,
400, 500, and 750 mm, The SCX fractions of which each contained
200-300 ng of peptides were subjectad to a reverse phasa separation
carried out on an EnanMDLC system. Prior to MS analysis

were loaded onto a trap column (nano-Precolumn™, PepMap™, G,
300-pm inner diameter = 5 mm, LC Packings) that was washed lor 15
min with buffer A (0.05% (w'v) acetic acid). Elution onta the analytical
column (Pephag, C.5 T5-um Inner diamater = 15 cm, LC Packings)
was achieved by formation of a binary gradient (3 h} of buffer A and
bufler B (80% (v acetonitrile, 0.05% (v} acetic acid) with a flow
rate of 250 nl/min,

For MALDI MS/MS analyses bulfer A conmtained 0.1% (wi) TFA
Bufier B consisted of 90% (/v acetonitrile and 0.1% (w/v) TFA. Here
the binary gradient was shortened to 70 min,

MSIMS Analysis—LC-ESI MS experiments were performed using
the Qstar® Pulsar system (Applied Biosystems MDS Sciex) and an
LTO flinear ton trap) FTICA mass spectrometer (Thermo Electron
Corp., San Jose, CA),

The Qstar system was used 10 cary out a survey scan in the mass
range of myfz 230-2000 in the first step, Exercising dynamic exclusion,
up to four precursor ions exceeding a total ion cument of 10 counts
were selectad for a fragmentation in MS/MS experiments. Product
ions were detected in the range of m/z 70-2000. The LTQ FTICR
mass spectromater was used 1o acquire a full FT survey scan in the
range of mfz 300-2000, Subsequently MS/MS experiments of the
three most abundant precursor ions were camed out in the LTO
instrumant. Meanwhile the masses of the precursor lons were deter-
mined with high accuracy via single ion mode scans in the ICR cell of
the mass spectromater.

For MALDI-TOF/TOF (4700 Proteomics Analyzer, Applied Biosys-
tems MDS Sciex) mass spectrometry a Probat™ microfraction col-
lector LG Packings) was used to spot LC-separated peptides onto a
MALDI target with a rate of 20 s/spot. The LC flow of 250 nl/min was
mixed with matrix consisting of 2 mg/ml a-cyano-4-hydroxycinnamic
acid in T0% (v/v) acetonitrile and 0.1% (w'v) TFA in a ratio of 1:5. The
4700 Proteomics Analyzer acquired MS spectra in a window of miz
900-3700. The threa most abundant precursor ions having a signal-
to-nolse ratio higher than 150 were chosen for MS/MMS fragmentation,
which was performed wsing medium collision anengy.

Data Analysis—For an identification of proteing from LTQ FTICR
data, tha SEQUEST algorithm Version 27.12 (Thermo Electron Corp.
{23)) was used to perform database searches against a B. subtilis
database extracted from SubtiList (genalist.pasteur.fr/SubtiList]. A
mass deviation of 0.01 Da for precursor ions as well as for fragment
ions and one missed cleavage site of trypsin were allowed. The
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oxidation of methionine was considered during the search. The
search result was fitered using BloWorks 3.2 (Thermo Electron
Comp.). A multiple threshold filter applied at the peptide level con-
sisted of the following criteria: (a) peplide sequaence length: 7=30
amino acids, (b) RSp = 4, (c) percentage of ions: 70 (0% of all
theoratical b- and y-lans of a paptide are experimentally found); (d)
Xoorr versus charge state: 1.90 for singly charged lons, 2.20 for
doubly charged ions, and 3,75 for triply charged lons. i the same
MS/MS spectrum from the same scan was matched to different
sequences, Identification was assignad only 1o one protein thatl gave
the better hit. Dsfferant forms of a peptide (charge state and modifi-
cation) wera counted as a single peptide hit. At the time this work was
performed, a quantitation of ITRAQ reagent-labeled samples using
the LTQ FTICR mass spectrometer was not yet possible, Therefora,
oty data for the purpose of protein identification were obtained.
IMTRAQ reagent expariments on the Ostar system were evaluated
with the software packages Pro QUANT 1.0 and Pro GROUP 1.0.2
(Applied Biosystems MDS Sciex), A mass deviation for precursor and
fragment ions of 0.2 Da was permitted during the saarch against the
B. subtits database. Only top hit peptides within a confidence interval
(C.L.) of 95% and a quantitation error factor below 2 were taken into
account, Thereby the emor factor defines the quaniitative 85% C.J, of
a ratio, which is the range within which the true protein ratio s 95%
likely to fall. The 95% C.I. for quantitation is calculated as follows.

lower border of 5% C.I. = protein ratioferror factor  (Eqg. 1)

Eq. 2

For proteins quantitated with ona peplide in the Qstar system anal-
yses error factor calculation was based on the occurrence of this
peptide in different expariments.

The processing of specira obtained with the 4700 Proteomics
Analyzer was carried out with the software GPS Explorer™ Version
3.5 (Applied Biosystems). The database search was mediated by the
Mascot® Version 2.0 search engine (Matrix Science Lid., London,
UK). Mass errors of 150 ppm for precursor lons and 0.2 Da for
fragment icns were allowed. Only proteins that had been identified
and quantified with at lsast two differant top hit peptides within a C.L.
of 95% were used for further statistical filtering. To achieve uniform
error estimation with Qstar system results, standard deviations given
by GPS Explorer wera converted to the quantitative 95% C.I. using
tha formula

upper border of 95% C.I, = protein ratio = error factor

85% C.l.=(p—20, p+20) {Eq. 3)

where 4 = exparmantal protein rabio and o = standard deviation.

Profeins whose 95% C.l. showed an error factor larger than 2 were
omitted, In database searches of 4700 Proteomics Analyzer data and
also of Ostar system results, one missed cleavage site of trypsin, the
oxidation of methioning, and a possible ITRAC reagent labeling of
tyrosing residues wers considerad. Samples of two indepandant haat
shock experiments were measured in 2D LC-ESI G-TOF as well as 2D
LC-MALDI-TOFR/TOF analyses, For protein quantitation the arithmeatic
mean of technical and biclogical replicates was calculated. Pro
QUANT 1.0 as well as GPS Explorer Version 3.5 only determined
ratlos if all four ITRAQ reporter lons could be detected and if the total
peak area axcesded a value of 40 counts,

20 Gel Electrophoresis— 20 gel electrophoresis was carmied out as
described by Battner et al. (24), To prevent a saturation of spots of
high abundant proteins in the gel-based quantitation, 100 ug of
pratein were loaded onto IPG strips (pH range 4-7, Amersham Big-
sciances) in the first dimension. Gels were stained with colloidal
Coomassie Brillant Blue G-250 (Amersham Biosciences). For the
processing of gal images and gel-based relative guantitation of pro-

1218

Fia. 1. A total of 1218 protein identifications of exponentially
growing B. subtilis cells has been gained through a combination
of datasets from previous 2D PAGE experiments, 2D LC analyses
of the cytosolic proteome, and 1D gel-LC studies of membrane
proteins. There is a significant number of protein identifications
unigue to each of the techniques used, Only 140 proteins of the 1218
could be detected by all three approaches. Because in 2D PAGE as
well as in 20 LC analyses the cytosolic proteome was under investi-
gation, thera is a broad overdap of the proteins identified, The overlap
of proteins demonstrated by 1D gel-LC experiments and those iden-
tified by the 2D LC and particularly the 2D PAGE approach is rather
small becausa thera membrana proteins wara the focus.

tein spots the software Delta2D Version 3.3 (Decodon, Greifswald,
Germany) was used. 2D PAGE was camed out for two independant
heat shock experimants running a replicate lor each sample. Cuan-
titative data of this work are the arithmetic mean of technical and
biokogical replicates,

RESULTS

Identification of Proteins Using 20D LC-MS/MS and 10 Gel-
LC-MS/MS in Comparison with Standard 2D PAGE-MS/MS—
The cytosolic protein fraction of exponentially growing 8.
subtilis cells was analyzed using a non-gel-based approach.
Two-dimensional chromatography coupled to tandem mass
spectrometry resulted in the identification of B14 proteins of
which 535 were identified with two or maore different peptides
(see Supplemeantal Table 3, A and B, for the list of proteins and
their physical properties and their proof of identification,
respectively).

Because the probability to assign false positive protein hits
is much higher for protein identifications based on one pep-
tide, the false positive rate was estimated by performing a
reverse database search. Applying the aforementioned filter
criteria this search revealed 50 proteins (Supplemental Table
3C), all of them identified by one peplide, leading to an error
rate of 6,1%. Furthermore if an identification by two or more
peptides was required a reverse database search gave no
result. In conclusion the 535 proteins based on at least two
peptide identifications represent highly reliable hits. Thirty-
nine of the one-peptide identifications could be verified by
additional peptides found in 1D gel-LC-MS/MS experiments
of the membrane proteome fraction of growing B, subtiis
cells. The remaining 240 one-hit wonders detected by 20
LC-MS/MS will require further analyses to ensure their certain
identification.

The 1D gel-LC-MS/MS analysis of membrane proteins as a
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Tasme Il

Profeins attared in amount alter heat shock and thetr relative quantities obtalned by (TRAQ and 2D PAGE

Proteins increasad in amount were assigned to the known classes of heat shock proteins. The onas with quantity decline were allocated to
functicnal groups and transcriptional units if possible. Protein names in boldface are subject to quantitative changes of a factor of 4 or higher.
Protein names in ifalic have not been identified via 20 PAGE until now. Function of the proleins is according to the Subtilist database. For
proteins decreasad in amount a trend of transcriptional reguiation is ghvan in the column “Array™ (19) with the following symbals: ——/++ for
repression/induction by a factor of 3 or higher;, -7+ for repression/induction by a factor of at least 2; «/— means no significant change in gene

exprassion,
MNumiber of
Protein g - i Function Asray
10 men 30 man &0 min 10 min 30 min 60 min Charga Mass
Proteins increased in
quantity
HrcA-controlled genes
Dnak 162 198 1.84 1.58 185 230 2 2 Class | heat shock protein
(chaperanin)
GroEL 214 285 304 307 432 520 2 4  Class | heat shock protein
{chaperonin)
GroES 233 338 329 2 0 Class | heat shock protein
{chaperonin)
SigmaB-dependent genas
Ctc 4.3 5.54 6.23 am 2.87 3.00 1 1 General stress protain
GsiB 339 590 527 1193 1657 17.40 0 0 General stress protein
GspA 462 444 382 793 15 TH 1 0 General stress prolein
RsbV 238 2686 3.00 1 0 Positive regulator of SigmaB activity
{anti-anti-sigma factor)
RsbW 214 205 228" 206 222 109 0 0 Negative regulator of SigmaB activity
Soda 137 158 1.85 1.48 1.54 1497 1 0  Superoxide dismutase
TrxA, 160 187 204 0 0  Thioredoxin
Xpf 1.25 140 160 ANA polymarase PBSX sigma factor-
like
YdaG 406 5N ™1 0 ] Lh'lh\wim: similar to general stress
protain
YT 436 531" 474 a D Unknown; similar to general stress
pﬂ}tﬂll‘l
Yhzh 267 373 43 454 BB4 756 0 0  Unknown; similar to general stress
protein
Wradh 141 148 242 212 350 390 0 0 Unknown; similar to general stréss
protein
YixH 185 243 214 162 581 385 0 o Lmrmnr:n: similar to general stress
protein
Yught 144 179 225 137 171 22¢9 1] 0 Unknown; similar dehydrogenase
YwyD 329 405 385 559 743 751 1] 0  Unknown; similar to ribosomal protein
S30AE family
Yiwd 1.23 123 155 Unknown; similar to unknown proteins
CtsR-conirolled genes
CipC® 223 284 306 348° 6265 4.03° 3 0 Ciass Il stress responsa-related
ATPase
CipE aT2 476 159 23N 232  aar 1 0 ATP-dependent Clp protease-like
ClpP” 183 309 425 279 611 740 1 1 ATP-dependent Clp protease
proteclytic subunit
Other mechanisms
AhpC 1.25 142 152 1.88 187 1.86 2 2  Alkyl hydroperoxide reductase (small
subunit)
CopZ (Yvgh) 1.51 248 281 Metallochaperone, binds Cull),
important for copper resistance (41)
HipG 165 224 273 124 078 3866 2 0 Heat shock protein (chaperonin)
lolS 132 165 1.96 133 183 223 1] 0  myo-inositol catabolism
Yirw 144 1.6 1.67 Unknown; similar to unknown proteins
YioA 126 166 232 0 0  Unknown
¥ibO 133 1N 1.51 Involved in coat proteén formation,
similar to AslA [42)
¥ipP 120 138 156 Thicredoxin-lke protein, under Spx
control (43)
Yugd 128 150 1.7 1] 0  Unknown; similar to NADH-depandant

butanol dehydrogenase
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TasLE ll—confinued

MNumber of
Protein Function Array
Proteins decreased in
quantity
Branched-chain amang
acid synthesis
ivB operon
LeuA 076 050 043 081 063 037 1 1 2-lzopropylmalate synthasa $
LeuC 040 014 012* 0S50°F 013 008 1 0 3-lsopropyimalate dehydratase (large +
subunit)
LeulD 049 022 049 055 012 008 i} 0 3-lsopropyimalate dehydratase (small  +/-
subunit)
(1179 089 065 050 0 0 Threonine dehydratase =
IVE (Ywad) 062 018 017 070 048 038 1 0 Unknown, similar to branched-chain ++
aming acid aminotransferase
Yiwi 064 032° 030" 1 0  Unknown; similar to 3- 4+
hydroxyisobutyrate dehydrogenase
5 box regulon
cysH operon
CysC 085 053 040¢ 1} 1  Probable adenylylsuifate kinase =
Sat 104 079 035 078 008 032 1 0 Probable sulfate adenytyltransferase e
mitnk operon
MinkK (YkrT) 050 0419 047 05 030 047 1 0 Methyithioribose kinase (37) =
Mtnd (YhrS) 080 047 042 1 1 Methyithioribose-1-phosphate +/=
isomerase (37)
MatC (Yicd) 093 062 042 0 1 Cystathioning fi-lyase (44) 4.
MetE 032 034 oM 020 005 0.03° 5 3 Cobalamin-independent mathionine ++
synthase
MinD (YkrZ) 050 019 046 076 07 006 0 0 Aci-reductone dioxygenasa (37) R
AhrC reguion
ArgG 085 0.52 0.4 0.89 0.41 021 1 0  Argininosuccinate synthase ++
Argd 092 064 043 o 0 Omithine acatyliransferase/amino-acid  ++
acetyltransferase
Muciectide matabolism
NadA 046 019 014 065 022 042 a 0  Quinolinate synthetase =
MifS 0.7a 050 03 Probabile cysteine desulfurase, 4=
required for NAD blosynthesis
PurC 055 020 043 078 04 0.34 1 0  Pnhosphoribosylaminoemidazole- -
succinocarboxamide synthetase
PryrF 052 D045 042 118 111 0.49° a 0 Orofiding-5"-phosphate decarboxylase ——
ThiC 088 0B1 0358 0B85 014 018 1 0 Biosynthesis of the pyrimidine moiety  +/~
of thiamin
Othar
CspC 043 038 0.1 i} 0 Coid shock protein .
Diviva 074 046 039 1.8 043 0 1 0 Celi-division initiation protein (septum +/-
placemant)
Eip 082 057 047 078 031 0.7 1 0  Elongation factor P )=
Fusa, 069 0.3 032 070 056 040 2 2  Blongation factor G =
PpiB 081 038 026 158 0437 037 1 0 Peptidyl-prolyl isomerase =
RplM 048 059 1.33 0 0  Ribosomal protein L13 +/=
YeiC 034 013 042 048 090° 0.7 1 1 Unknown; similar 1o unknown proteins  +/—
¥ilD 081 065 048 051 011 025 3 0 Unknown; similar to NADH :
dehwydrogenase
CspB 0B8 059 035 1 0 Major cold shock protein --
PdxT (YaaE) 082 047 037 1 D Glutamine amidotransferase subunit

pdxT

# ITRAQ ratios showed an ermor {actor larger than 2 due 1o high signal-to-nose values caused by strong alterations in quantity, The 95% C.1
of all ITRAQ datasets is given in Supplemental Table 4A.

" Also under control of SigmaB.

© Gel-based data with a relative standard deviation higher than 30%.

semigel-based technigue resulted in 453 protein Identifica-

mental Table 4, A and B, give proteins and proof of identifi-

cation, respectively). A reverse database search of the
tions, 265 of them based on two or more peptides (Supple-  datasets from 1D gel-LC-MS/MS experiments led to 16 pro-
tein hits, leaving the 453 protein identifications with a false
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(A)

I {ratia)

Fig. 2. Quantitation profile of en-
zymes involved in the synthesis of
methionine [4), arginine (B), and
branched-chain amino acids (C) that
displayed a decrease in quantity after
heat shock. A, MelC, cystathicnine
f-lyase; MinA, methylthiorbose-1-phos-
phate somerase; CysC, probable adeny-
hylsuifate kinase; Sat, probable sulfate ad-
enyiyitransferase; Mink, mattwithiorbosa
kinase; MtnD, aci-reductons dioxygen-
ase; MetE. cobalamin-independent me-
thionine synthase. B, Argd, omithine
acetyltransferasa; ArgD, N-acetylomnithing
aminotransferase; CarB, carbamoyl-
phosphate transferase-angining (subumnit
Bf ArgF, omithine carbamoyitransferase;
HArgG, argininosuccinate synthase. C, IvB,
acetolactate synthase (large subunit);
vH, acetolactate synthase (small sub-
unity; WG, ketol-acid reductaisomerass;
IhvA, threoning dehydratase; Leud, 2-iso-
propyimalate synthase; LeuC, 3-isopro-
pylmalate dehydratase (large subunit);
LeuD, 3J-isopropylmalate dehydratase
fsmall subumnit),

positive rate of 3.5% (Supplemental Table 4C). A fraction of
51.2% of the 453 proteins possessed transmembrane do-
mains (25) indicating that not all cytosolic proteins could ba
removed in the course of the isolation procedure of mem-
brane proteins, Still this semigel-based study revealed 204
proteins that were not accessible by standard 20 PAGE-
MS/MS or 2D LC-MS/MS. Combining current protein iden-
tifications of all three approaches gave rise to a number of
1218 proteins. Fig. 1 shows the allocation of protein iden-
tifications to the single technigues as well as the overlap
between them.

Proteins Altered in Quantity after Heat Shock—Having the
capability of identifying hundreds of proteins from complex
peptide mixtures provides the basis to carry out global quan-
titative proteome studies, which is one major concern in terms
of unraveling cellular physiclogy. The recently introduced
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iTRAQ reagent technique was used to investigate the cytoso-
lic protecme fraction in the heat shock response of B. subtilis
as a well characterized physiological model (17-13).

Most of the proleins showing increases in quantity in re-
sponse to heat shock are members of well characterized
classes of heat shock proteins (Tabile Il) and are therefore not
extensively discussed at this point. They are either under control
of the transcriptional repressor HrcA (26-28), belong to the
SigmaB reguion (28-33), are repressed by CtsR (34, 33), or are
subject to another, still unknown mechanism of regulation. Al-
though the number of up-regulated proteins reported here only
represents a fraction of the entirety of all heat-induced proteins
(18), the fact that the ITRAQ approach assessed their increased
concentration verifies the refiability of the gel-free method. The
non-gel-based technique further justified its potential by the
identification of six heat-induced proteins (CopZ, Xpf, YitW,
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Fia. 3. Correlation of relative ITRAQ
reagent- and gel-based guantitation

for proteins with significant changes
in amount after continuous heat
shock for the three time points 10, 30,
and &0 min.

Iniratio gel)

¥IbO, YipP, and YwdJ) that to our knowledge have not been
accessible by 20 PAGE to date. Xpf and YwdJ are known to
be under SigB control, but the heat induction mechanisms of
the remaining four proteins are still unknown.

Mearly all of the proteins that were found to be degraded
after heat shock assume “housekeeping” functions in the cell
(Table Il). In addition to enzymes associated with nuclectide
metabolism, ribosomal proteins, and elongation factors, the
number of proteins involvad in the biosynthesis of important
amino acids is most striking. These enzymes could be as-
signed to three major groups, the S box regulon (36, 37),
arginine biosynthesis, and synthesis of branched-chain amino
acids. Their quantitation profiles are given in Fig. 2, A-C,
respeactively.

iTRAQ Reagent-based Quantitation of Proteins Confirmed
by 2D PAGE—To evaluate TRAQ reagent-oblained data, a
comparison with the weall established quantitation via 2D
PAGE was drawn. For this purpose extracts originating from
the same heat shock experiments were subjected 1o separa-
tion on 2D gels, and protein spots were subsequently quan-
titated using the software DeltaZD. Applying qualitative and
statistic filters 2D LC-MS/MS analyses of the iITRAC reagent-
labeled samples resulted in the reliable quantitation of 292
proteins (see Supplemental Table 5, A and B, for relative
protein ratios and their proof of identification, respectively),
Only proteins that were subject to an alteration in their amount
by a ratio outside of 0.5-1.5 at one of the time points (deter-
mined by ITRAQ technology) will be discussed below. Re-
garding proteins with no change in gquantity, datasets of both
approaches were In good comespondence (data not shown).
The criterion applied 1o 63 proteins, revealing either an incre-
ment or reduction in their amount after heat shock (Table I).
Thirty-two of the proteins could be localized on 2D gels ac-
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quired in parallel, Overall protein quantities determined at the
peptide level via iTRAQ reagents comelated very well with gel-
based quantitation at the protein level (Fig. 3). Proteins showing
discrepancies in guantity need to be looked at in greater detail,
for instance at their appearance on the 20 gel. In the following
a few representative examples will be given that demaonstrate
the sound agreement of the two different quantitation methods
but also the pitfalls of which one has to be aware.

The gel-based quantitation of proteins showing only one
distinct spot on the gel agreed mostly with the data obtained
by the ITRAQ reagent method. YvgM (unknown; possible de-
hydrogenase; SigmaB-controlled (29)) with an increased
amount and NadA (guinolinate synthetase) with a reduced
amount are members of this group of proteins. In contrast, the
chaperone GroEL and elongation factor G (FusA) scattered
over more than one spot on the gel posing a challenge to the
gel-based quantitation. Proteins with a change in concentra-
ticn by more than a factor of 4 were categorized as “on/off™
proteins (38). At one of the time points they appeared only
with a very low signal-to-noise ratio on the 2D gel. The con-
sequence was a distorted gel-based quantitation result lead-
ing to protein ratios that were much higher ("on™ for protein
GsiB (general stress protein)) or lower (“off”™ for protein MetE
{cobalamin-independent methionine synthase)) than gel-free
derived data. Comparative quantity profiles for the exemplary
proteins are given in Fig. 4, A-C.

DISCUSSION

The proteome of exponentially growing B, subtilis cells was
extensively investigated by Eymann ef al, (22). By the use of
the conventional 2D PAGE these authors were able to identify
745 proteins. The present study describes the expansion of
the comprehensive vegetative proteome map of B. subtilis by
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Fia. 4. A, gel-based and non-gel-based quantitation of YvgN [unknown; similar dehydrogenase) and MadA (quinolinate synthelase). Both
proteins appear as single spots on a 20 gel. B, comrelation of iTRAQ reagent quaniitation and relative protein amcunts obtained by 2D PAGE
for the proteins GroEL (chaperone) and FusA (slongation factor G), which form multiple spots on a 2D gel. C, gel-based and ged-free
quantitation of the general stress protein GsiB and the cobalamin-indepandent mathionine synthase MetE. both of which showed an extrems

aiteration in amount after heat shock,

473 proteins. A gel-free analysis of cytosolic proteins and a
semigel-based technigque for the dissection of the membrane
proteome enabled the identification of proteins obviously not
accessible by 2D PAGE. With an assumption of 2500 genes
being transcribed under exponential growth conditions (22)
half of the B. subtilis vegetative proteome has been coverad
now and is therefore ready for physiclogical exploration.
ITRAQ reagent technology was used to carry out quantita-
tive studies on the heat shock response in B, subtiis. A
simultanegusly performed 20 gel quantitation as well as ear-
lier published data {18} confirmed the correctness of the re-
sults obtained by the gel-free approach. Through the direct
comparison of 2D gel and ITRAQ reagent quantitation, the
strength and weaknesses of both approaches were disclosed.
The iTRAQ reagent technique is most suitable to determine
the sum of all subspecies of a protein. Conseguently the
problem of multiple protein spots or comigration of proteins
inherent to a 20 gel quantitation is avoided. Aiming at a
quantitation of single variants of a protein, 2D PAGE Is cur-

rently the appropriate technique because modifications that
result in a change of pl or molecular mass come to light on a
2D gel. A major concern in the relative quantitation of proteins
is the question of dynamic range of the technique used. An
exceedingly narrow range will cause difficulties in the study of
proteins showing massively altered quantities. Although we
found the ITRAQ reagent technique to have a wider dynamic
range than a colloidal Coomassia-stained 20 gel, the problam
of an incorrect quantitation due to very low signal-to-noise
ratios for one of the samples remains a challenge of both the
gel-based and the gel-free approach,

In addition to the expected up-regulation of the well known
classes of heat shock proteins, we could provide new phys-
iological Insights on the heat shock response of B. subtilis.
Despite intensive gel-based studies, the heat-induced large
scale degradation of enzymes involved in amino acid anabo-
lism has not been reported for this organism yet. Biran ef al,
(349) found MetA (homoserine transsuccinylase) of Escherichia
coll 1o be inactivated upon heat shock and interpreted the
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heat sensitivity of this important enzyme in meathionine bio-
synthesis as a control element of growth rate during heat
stress, The same purpose can be presumed regarding the
heat susceptibility of essential enzymes in amino acid synthe-
gis in B. subtilis.

Most interesting is a comparison between the protein quan-
titation of this survey and results from mANA profiling exper-
iments by Helmann et al. (18). Although the concentration of
many proteins  involved  in - methionine, arginine, and
branched-chain amino acid synthesis was decreasing, Hel-
mann &f al. (19) determined several of the comesponding
genes o be induced after heat shock, some of them even in
a dramatic fashion (Table Il), One has to note that expression
of these genes is controlled by a feedback mechanizm in
which the metabolic product represents the molecular effec-
tor. Therafore, a decreasing quantity of the above mentioned
enzymes with the resulting deprivation of certain amino acids
most likely caused an increased transcription of the comra-
sponding genes after heal shock. The comparison drawn
between array data and relative protein amounts proved once
more that mRANA profiling alone is not sufficient to unravel
cellular and physiclogical adaptation mechanisms upon envi-
ronmental changes (40).

There remains the question about the fate of proteins found
to be reduced in quantity. Most likely those proteins are
denatured upon heat shock and are either prone to proteoly-
sis or to sedimentation during ultracentrifugation after cell
lysis. To answer this question a comparable experiment with
a mutant deficient in ClpP, the major cytosolic protease in B.
subtilis, was set up, and a qualitative analysis of the ultracen-
trifugation sediment was carried out (data not shown). Many
proteins reduced in quantity in the wild type but stable in a
clpP mutant after heat shock could be assigned as CipP
substrates under chosen conditions. Several of the proteins
whose amounts decreased in the wild type as well as in the
clpP mutant at 52 *C could be Identified from the ultracentrif-
ugation sediment, indicating their heat-induced denaturation
and subsequent sedimentation.

Overall results of this work demonstrated that the gel-based
approach in which 745 proteins were identified, the gel-frea
studies revealing 814 proteins, and the 1D gel-LC-MS/MS
gxperiments resulting in 453 protein identifications of which
232 proteins possess transmembrane domains represent
camplementary techniques, mutually compensating for each
other's limitations. Through the parallel implementation of
these different approaches state of the art technology will be
utiized to decipher the details and unresolved aspects in

physiological proteomics.
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Abstract

With the emergence of mass spectrometry i prodein science and the avanlability of complete genome sequences, proteomics has gone through a
rapid development, The soil bacterium Bacilluy subrifis, as one of the first DNA sequenced species, represents a maodel for Gram-positive bacteria
and its proteome was extensively studied throughout the vears. Having the final geal to elucidate how life really functions, one basic requirement
15 10 know the entirety of cellular proteins. This review presents how far we have got in unraveling the prodeome of & subeelis, The application of
gel-hased and gel-free technologies, the analyses of different subcellular prideome fractions, and the pursuance of various physiological strategies
resulied in o coverage of more than enc-thind of 8. sudeilix theoretical proteome.
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1. Introduction

In the year 1995 protcomics | 1] was coined to study the
diverse properties of proteins combined with the elucidation of
their cellular function. With the achievement to decipher entire
genome sequences [ 24 protein researchers were supplied with
the blueprint of every possible gene product of an organism. One
initial goal in proteomics was the identification of all proteins
expressed by a cell as the equivalent o the genome. Meanwhile
also the exact determination of amino acid sequences, post-
translational modifications, interaction partners, protein guan-
tity, synthesis, stability, activity, localization and structure have
been focused on, whereby the protein identification still forms
the groundwork for such Kind of studies. There is no single
technology that could be wtilized w answer all these versatile
problems, but certainly these issues will be addressed profoundly
by the still ongoing development of complementary technology
platforms,

Whereas the complete sequencing of a genome is a finite
undertaking, it is virtually impossible o determine an organisms
protecane as a whole due to the significantly higher complexity
muinly coused by protwein wrgeting, post-translational modifi-
cations as well as mRNA splicing and protein processing. The
invention of two-dimensional polyacrylamide gel electrophore-
sis (2D-PAGE) by O Farrell [5] and Klose [6] made an extensive
sepuration of hundreds or even thousands of protein species
possible and therefore brought the goal of a preferably com-
plete proteome dissection closer. Due o the development of
mild ionization methods |7.8] mass spectrometry was entering
protein science. Combined with the introduction of database
search algorithms [9-13], proteins separated on 2D-gels could
now be identified in a significantly higher throughput compared
with the hitherto performed N-terminal sequencing via Edman
degradation | 14].

Although 2D-PAGE prowed 1o be a powerful separation tech-
nigue, it has its downsides in resolving proteins with extremes in
isoelectric point (ph) or molecular mass, and most unfavorable
is certainly the poor resolution of hydrophobic proteins such as
those spanning the cellular membrane. To gain access nlso to
this gel-critical fraction of the proteome alternative lechnigues
arose based on a gel-free sample separation at peptide rather
than at protein level | 15-17). This approach became famous as
shotgun proteomics and allowed the unbiased identification of
hundreds and even thousands of proteins from highly complex
protein mixtures | 18, 19], Thus, a remarkable fraction of the pro-
teome for several “low complexity” organisms could already be
covered [20-24],

One of these model organisms is the well-studied soil bac-
terium Bacillus subrifis, Already by the mid-20th cenury some
species of the genus Bactiles were known more generally for
their roles in human and animal infections and others were val-
ued as producers of antibiotics and industrial enzymes, Having
become the paradigm for Gram-positive bacteria, B subtilis is
an ideal experimental system for studying mechanisms of gene
regulation, metabolism and cell differentation also in view of
investigations of highly related microorganisms, such as the
human pathogen Staphviecoccws anreas, Because of the far-

reaching history of rescarch on B suluifis, it was among the
first species being fully DNA sequenced [25]. With the whole
genome sequence available not only mRENA profiling of gene
expression could be performed, but also the gate towards high-
throughput protein identification was pushed open. Though we
can look back on 20 vears of proteome research in 8. subiilis
[26.27]. still one-third of B, subrilis 4100 genes are not assigned
to & defined function vet [28], and only for about one-third of
all genes the corresponding protein could be demonstrated so
far [24]. This review gives an overview on the stralegies we
explored with the objective 1o increase proteome coverage of
i, subtifis. The results clearly evinee the necessity o employ
different technology platforms, but also tell us that it is still a
long way (o the implementation of complete proleome coverage,
which will take us closer to the intrinsic goal of understanding
how a single cell actually functions,

2. Cyvtosolic proteome map for growing and
non-growing cells of B. suwhiilis

Two-dimensional gel clectrophoresis with its high-resolution
power is an obvious method w0 detect as many proteins as
possible and, therefore, provides the basis for comprehensive
physiological protcome  studies. The technique was used
successfully for a far-reaching proteome coverage in several
hacterin, e.g. Haemophilus influenzae [29), The introduction of
protecmic approaches based on liguid chromatography coupled
[0 mass spectrometry gave an important stimulus in the further
merease of proteome coverage. Lipton et al. published the den-
tification of 61% of the theoretical protecome of Deinovocens
rerefioafurany [21]. With 1480 proteins identified, 35% of the
Excherichia coli proteome could be covered 23], and in the
“minimal™ organism Myvcoplasma mobile even 88% of the 635
open reading frames {ORFs) have been detected on protein level
[30]. Combining 2D-PAGE 10 study cytosolic proteins and a
gel-free approach for an analysis of membrane proteins Oester-
helt and coworkers were able o identify 345 of the theoretical
proteome of the halophilic archaeon Halobacterium salinarum
[31,32).

However, the depiction of an entire proteome does nol
solely depend on the analytical tools and their continuous
improvement. A considerable part of the genome remains more
or less silent under stondard growth conditions and will be
expressed only in response to specific stimuli. Therefore, two
major classes of protlcomes have 1o be defined: the proteome
of growing cells (vegetative proteome) and the proteome of
non-growing cells suffering from stress or starvation,

2.1, Cwrosodic proteome map of growing cells

Macroarmay analyses revealed that approximanely 2500 of B,
subnilis 4107 genes are actively transcribed under exponential
growth conditions [33]. A first comprehensive map of the vege-
tative & sufeilis protcome was published by Biltmer et al. [34],
who were able to identify more than 300 cytosolic proteins by
standard 2D-PAGE located in an analytical window of pf 4-7.
Three vears later Eymann et al, [33) expanded the cytosolic
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profeome map of growing cells to a total number of 693 pro-
teins in the region pf 47, This substantial increase in protein
identifications can be ascribed 1o refined expenimental proto-
cols, to further sophistication in mass spectrometric technology
and to the utilization of several ultra zoom gels (e.g. pf 4.5-5.5)
which improved the resolution of protein separation in the first
dimension on a 2D-gel. Proteins having @ pl beyond 7, which
theoretically applies to one-third of the &, subilis proteome, are
not covered by conventional 2D-PAGE (pf 4-7). Consequently,
profocols have been worked out o enable the electrophoretic
separation of alkaline proteins [35.36]. Ohlmeier et al. [37)
used immobilized pH gradients (IPGs) covering o pH range
from 4 to 12 to establish an alkaline master gel for 8. seb-
fifix, A remarkoble fraction of the alkaline proteome is made
up of ribosomal and highly hydrophobic proteins such as mem-
brane proteins. From the alkaling 2D-gels 41 proteins with pf =7
could be identified, most of which were ribosomal proteins, The
goal 1o embed membrane proteins on alkalineg 2D-gels failed.
Their extreme hydrophobicity causes precipitation in 1PG strips,
which prevents their separation in the second dimension. There-
fore, more attention has o be directed 10 membrane proteins
since they seem to necessitate specific preparation and separa-
tion technigques. Additional 19 alkaline proteins were identified
by Eymann et al. | 33], who continued the analysis of the alkaline
protein fraction on 2D-gels covering the pH range from 610 11,

At the time Ohlmeier et al, [37] started theiradvent of an alki-
line mastergel there were basically no alternatives o 2D-PAGE
for a separation of such complex protein samples. Only after
the emergence of gel-free and direct measurement technigues it
became possible to fractionate complex samples of proteins with
extreme physico-chemical properties, because such technigues
allow separation steps at peptide instead of protein level [ 18,19).

A gel-free approach, in which the cytosalic proteome fraction
of growing B xubrifis cells was dissected via two-dimensional
liquid chromatography, vielded a total of 814 identificd proteins
of which 140 possessed a pf beyvond 7 [24]. Surprisingly 129 of
the 814 proteins are characterized by a pl between 4 and 7 and
have no transmembrane domains but sall they were not detected
via standard 2D-PAGE. The incapability o detect these proteins
om the gel could be caused by their low abundance, as 10 of the
129 proteins are transcriptional regulators that are most likely
difficult to visualize by current staining methods, There are also
proteins smaller than 10 kDa or larger than 100 kDa which will
profubly bottom out the gel or will not migrate into the 2D-gel,
respectively. Despite the high-resolution power of 2D-PAGE one
cannol rule out that some proteins could not be identified from
the gel due 1o protein comigration, which results in masking of
small protein spots by higher abundant proteins.

Combining the results from 2D-PAGE analyses with those
obtained by a peptide fractionation via 2D-LC followed by
MS/MS (andem mass spectrometry) scquisition, it was pos-
sible to identify 1014 cytosolic proteins from exponentially
growing cells. Most of the proteins of the central carbohydmie
metabolism (glycolysis, pentose phosphate shunt and citric acid
evele), of almost all amino acid synthesis pathways, of purine
and pyrimidine metabolism, of fatty acid metabolism, and of the
main cellular functions like replication, transcription, translation

and cell wall synthesis have been detected in 2D-PAGE studies
already (Figs, | and 3), However, gel-free approaches allowed
the identification of additional proteins, as alkaling, hydropho-
bic and low-abundant ones (Fig. 2, Thus, the foundation of a
comprehensive monitoring of 8. subrilis cellular physiology has
been layed (Fig. 3).

2.2, Cvroseldic proteome map of non-growing cells

The continuous requirement for adaptation of bactena o
physical stress and starvation in natural ecosystems has forced
the development of a very complex adaptational network of
gene regulation. In contrast 1o growing cells, which are char-
actenized by a stable “vegetative core proteome” the proleome
of non-growing cells is additionally determined by a specific
stress or starvation condition which is reflecied as “proteome
signature” [38—41]. Tam et al. [42] complemented the vegeta-
five proteome map of 8. subrilis by o proteome map in response
1o stress and starvation using the 2D-gel-based approach, For
that purpose the synthesized proteins of cytoplasmic proteomes
of [*S]-methionine labeled B, subrilis cells were analyzed in
response to heat, salt, hydrogen peroxide and paraguat stress as
well as after ammonium, tryptophan (8. sibeilis carries an aux-
otrophy for tryptophan), glucose and phosphate starvation. The
2D-gel images of all stress and starvation experiments were com-
bined by an image fusion approach to a stress {Fig. 4a and b) and
starvation (Fig. 5a and b) proteome maop, respectively [43], In
those maps all marker proteins induced specifically by one stim-
ulus or generally by multiple stimuli were labeled with a defined
color code of 15 different colors indicating their stress/starvation
respondent induction profile. Such 2D-proteome maps with their
eolor codes according to protein subsets with similar regula-
tion have been used o classify stress and starvation proteins
into specific and general regulons [42], For example, the hem
shock signature is characterized by an induction of heat-specific
HreA-dependent chaperones and the general induction of the
SigB, CisR and Spx regulons [44]. The wreatment with hydrogen
peroxide and paragquat resulted in the induction of the oxida-
tive stress-specific PerR regulon, the iron starvation Fur regulon
and the Spx regulon as general indicator for protein damage by
non-native disulfide bond formation [45-48]. In contrast, the
508 regulon induction is specific for DNA damage caused by
peroxides, only [49], The specific adaptative function of stress
specific regulons (e.g. HreA, PerR) is to accomplish resistance
against the stressor by neutralizing it. by adaptation to the spe-
cific stressor or by repair of the damage it coused [41,50]. In
contrast, the SigB-dependent general stress regulon encodes pro-
teins with different functions conferring a multiple, non-specific
and preventive stress resistance to non-growing B, subrilis cells
in anticipation of future stress possibly encountered during long-
term stationary growth stages [41.51],

The proteome map summarizing the protein patterns of
ammonium, tryptophan, glucose and  phosphate  starvation
provided the tool o define specifically induced starvation
regulons and more generally induced transition phase regulons.
Starvation-specific proteins are required for high-affinity uptake
of the limiting substrate or for the utilization of alternative
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52 alkaline proteins

519 proteins (pl 4-7) + 174 proteins in ultrazoom-gals

Fig. 1. The cytoplasmic vegetative prowome magp of B. subtilis in the standard pH runge (4=T), in the narrow pH ranges (4.0-5.0, 4 5-5.5, 5.0-6.0, 5.5-6,7} and
it the alkaline pH range (7-12). Cyvtoplasmic protein extracts wene separated by iwo-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and stadned with
Colboidal Coomassie Blue | 13], Spot identification was performed using matrix assisted laser desorption ionization tandem time of Night {MALDE-TOFR-TOF) mass

spectrormely.

substrates when the preferred one is limited or exhausted, The
induction of the TorA regulon involved in uptake and utilization
of alternative nitrogen sources and the Sigl/BkdR regulon
for degradation of branched chain amino acids indicates an
ammonium starvation-specific proteome signature [52-55). In
contrast, an induction of the TRAP-regulated tryptophan biosyn-
thesis enzymes is the specific proteome signature for tryptophan
starvation [56,57]. In response to glucose starvation several
carbon catabolite-controlled marker proteins are specifically
activated in the absence of glucose and repressed in the presence
of glucose by CepA, CepN and AcoR [58-62]. Finally, the induc-
tion of the PhoPR regulon is the specific proteome signatune for
phosphate starvation [63-66]. Starvation regulons such as TorA.
TRAF. CepA or PhoPR were shown o be specifically involved
in the uptake and wtilization of alternative nutrient sources in
response to o particular nutrent limitation, The proteome signa-
ture for different kinds of nutrient limitation is mediated by the
CodY, Sigh and SigH transition phase regulon, These general
starvation regulons that are induced in response 1o carbon,
ammonium or phosphate starvation are required for the adap-
tation of the cell to post-exponential stationary phase processes
such as survival under non-growing conditions, competence

5 BRAVY
0
. - Gelktren
- 20-Gel
2 . . . .
12 10 8 [ 4 2 pl

Fig. 2 Comparison of the subsets of proteins ientifled by o two-dimensional
polvacrylumide gel electrophoresis (2D-PAGE) approach and gel-free methocds
124]. The plot GRAYY (grand average of hydropathy), which is a value for the
hydrophabicity of proteins, versa isoclectric poimt clearly indicates the power
of 20-gels 1o separate proteins in an analytical window of pf 4-7. The gel-
free approach could signilicantly increase the number of alkaline probeins and
hydruphaohic profeins which possess a more positive GRAMY value
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D-patiern 15 & composie image from five positinally comrected 2I-amoradiographs

derived (rum exponentially grown as well s heat, salt, hydrogen peroxide and parsgquad stressed B, subiifis cells. These mulordiographs showed the protein synthesis

peterns from 5 min of cultivation incorporated |5 |-methioning, Afier applying the union fusion algorithm of the Delta2D software {[42], DECODON) 1o this

stick of mutormdsograms the resuliing composite image surmmearizes the spol information from the whole gel series includimg gl stress proteins ever mduced, This

mashe it Fu'm:hlr 1 detecd a spol COmMEnsUs un:ml.u.uing all stress protesms and valid for the whole gu;'l wel, This spol consenaos was ransfermed and :|d.|pL1:'|! Iy
wariginal putorndrograph, The quantitation was done according o ihe comsensus” spot shapes, For color coding, each spot set on any amorsdiograph was divided into
a non-changed and & more than three-Tfoldd companed o the contml induced fraction. The tatier fraction was considered as a group of siress prodeins. This binarization
ol amy spot sl made it possible io highlight all indoced prodeins acoonding to the shiwn color legend. The lobels indicate which protein had been identified behingd the
spots, (b The specilic and generul stress regulons in &L subnlis, Commonly shared (generally induced ) and emgee (specifically indoced ) stnesa regulons and proteins

in the protecme of #, sehiliy expose] 1o hewt, sal, ||.5.|Jr|.~g|.'|| |1:r||\||.|r il parmus e iwn.'nrl!lu}: loy the [used siress proteome map in (ah [42]. The specific wnid
general stress regulons are underlined and the encoded specific or generl stress proteins are listed in parentheses,

or spomlation. The CodY regulon encodes proteins that allow
broader adaptation to nutrient depletion including extracelular
degrodative enevmes, transporier proteins, catobolic enzyvmes,
foctors involved in genetic competence, antibiotic synthesis
pathways, chemotaxis proteins and sporulation proteins [67]. In
addition, the SigB regulon is the general proteome signature for
glucose and phosphate starvation and required for the stationary
phase survival upon starvation [41,61]. SigH directs the tran-
scription of several genes that function in the transition from
exponential growth to stationary phase. including the initiation
of spone formation, genetic competence and general adapiation
to nutrient depletion [68]. The color coded fused proteome
map for starvation categorized a subset of six SigH-dependem
proteins (Y vvD, YixcH, Yisk, YpiB, Spo0A, Yux] and the CodY-
dependent RapA) as general starvation proteins indicating the
transition 1o stationary phase caused by nutrient limitation [42]
Thus. the fused stress/starvation proteome maps and the color
code approach provide imporant leads for future research on
protein function of the novel identified general stress/Starvation
proteins during stationary phase survival in B sufilis.

In wotal more than 200 stress or starvation induced proteins
have been identified [42,45,58.64.69]. Eighty-three of them are
absent in the vegetative proteome map, whereas the remaining
stress and starvation induced proteins exhibit a basal expres-

ston level alresdy in vegetative growing cells, indicating a basic
physiological role in growing and non-growing cells.

3. The extracytoplasmic proteome of B, subtilis
dissected by 2D-PAGE

As a Grom-positive bacterium 8. subrilis lacks an outer
membrane. It is therelore able 1o secrete large amounts of extro-
cellular proteins directly imo o wironment, These proteins
perform several very important functions, such as tapping of
nutrients, environmental detoxification, cell-to-cell communi-
cation, combating competitors and, with regard 1o pathogenic
bacteria, extracellular proteins play a critical role in virulence
[T0]. According to previous studies there dre at least four distinet
secretion pathways for approximately 300 proteins predicted 1o
be locaed extracellulardy [71.72]. Most proteins are secreted
via the Sec pathway whereas the twin arginine translocation
pathway, the pseudolipin export pathway and pathways using
ATP-binding cassette transporters are employed for special pur-
poses for only a few specific proteins [73], The way a protein is
translocated and its final destination are determined by the pres-
ence of particular signal peptides and retention signals, The first
proteome analyses on secreted proteins in B subvilis were per-
formed in minimal medium with different carbon sources | 74 ] as
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Fig. 5, fa) Cytoplasmac prodeoang map of B, subeilis afier smmonium, iryptophan, gheose and phosphale starvation, The protein synthesis pattern (notoradiograms b

of B subdilis moresponse o dzrvation lor ammonium, iry plophan, j:lu.‘:lq: aned phosplate were combined 1o generate o Nesed slarvation proteame map of B, subriliy
-hiul_' the union image Tasion approach of the Delm2D software |42), The induced marker profeins were color cosded ;u.'..'umllng B thesir -cn.prc-‘-,iun profiles. All
spusls induced spewific ,:II} alter one starvation condition or grm'r_-.ll\ also by odher starvation conditions mone than 3-fold are labeled in the fused TREDITE I by
a defined color code that indicates the induction profile. (b} The specific and gencral starvation regabons in & subriliv. Commenly shared (generlly induced) and
unbique (specifically induced) starvation regulons and proteins nihe proteome af B apbilis afier ammoniom, irypiophan, phosphaie and glocose starvation sceording

1o the fused siarvation proteoms map in (a) [42]. T

e listed b parenibeses

qation conditions [64], However, the

well as under phosphate st
highest level of protein secretion in 8. subrilis is observed when
the cells have entered stationary growth phase in nch medium
[75]. A 2D-PAGE approach was used o study the B, subrilis
extracytoplasmic proteome which can be divided into three sub-
proteomes: the tree extracellular proteome, the lhipoproteome
and the cell wall associated proteome.

A1 The extravelluwlar proteome of B, subrilis

Most of the proteins that are completely transponied across
the cytoplasmic membrane are synthesized with an N-terminal
signal peptide that is cleaved by a signal peptidase [ (5Pase I)
after translocation which allows the protein to be released into
the grivwth medium.

When 8. subrilis is grown under conditions of phosphate
sturvation PhoPR-dependent proteins comprising extrace!lular
phosphatases and phosphodiesterases (PhoA, PhoB, Phold), the
glveerophosphoryl phosphodiesterase GlpQ, the 5 nucleotidase
Y1kN, the ribonuclease Yurl, the binding component of the high
affinity phosphate-specific transporer PstS and the lipoprotein
YdhF are exceptionally strong induced [64,66,76,77]. These
phosphate starvation-specific prodeins remarkably account for
30% of the total phosphate starvation extracellular proteome
(Fig. ta). A master gel for the secreted proteome of 8, sebeifis
was defined in Luria Broth (LB) medium during the stationary

e specific and general starvation regulons are underlined and the encoded specific or general sarvation proteins

phase (Fig. 6b), In wtal, 113 different proteins of the 8. subiilis
secretome could be identified. Fifty-four of them were predicted
to be secreted because of an N-terminal signal peptide with a
SPase | cleavage site and the lack of retention signals [71,73).
The remaining prodeins are unpredicied secretory proteins which
either possess signal peptides and retention signals { 18 lipopro-
teing, 6 cell wall-hinding proteins and 6 membrane protgins) or
lack signal peptides (17 cytoplasmic proteins, 6 phage-related
proteins and 7 Flagella-reloted proteins). The identified extracel-
lular proteins are invalved in the uptake. transport or utilization
of carbohydrates, proteins, nucleotides, lipids and phosphate, in
the cell wall metabolism, in environmental detoxification or they
show Magella- and phage-related functions [73.75]

3.2, The “lipoproteame™ of B, subrifis

The lack of an outer membrane has, most likely, forced
Gram-positive bacteria to modify several extracellular proteins
with lipids o adhere them as “lipoproteins”™ at the membrang
surface, as the high-affinity substrate-binding proteins of ABC-
transponiers. Lipoproteins in B, subifis are Sec-dependently
secreted, lipid modified by the diocyl glyceryl transferase Lgt
and cleaved by the type 11 signal peptidase LspA [T8]. To
describe the “lipoproteome”™ fraction of 8. subrilis, a woshed
cell membrone fraction was prepared that was insoluble in the
non-detergent sulfobetaine (NDSB) and then extracted with
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{2D-PAGE) ama stained with Sypeo Ruby [63,74)

the detergent p-dodecyl-B-r-maltoside as described previouwsly
[7%]. A separation of this lipoprotein containing fraction by 2D-
PAGE vielded 10 lipoproteins which have not been identified
in the cytoplasmic proteome [76). Interestingly, nine of these
lipoproteins are also components of the extracellular proteome.
They are most likely released into the growth medium by prode-
olytic shaving [B0],

3.3, The cell wall presteome of B, subiilix

Several enzymes involved in cell wall turmnover contain a vari-
able number of repeat domains [71] which show an affinity for
components of the cell wall [51]. These repeats are thought o
facilitate the direction of enzymes to distinct sites in the cell
wall, In Gram-positive organisms also a covalent anchoring of
surface proteins to the cell wall is known [82]. It requires a C-
terminal cell wall sorting signal that will be recognized by o
specific transpeptidase, the sortase A, which covalently binds
the protein 1o the cell wall [83], The LiCl-extracted cell wall
proteome of B. subtilis consists of 12 abundant non-covalently
linked cell wall proteins including the WapA processing prod-
ucts (CWBP105 and CWBPG2), the processing products of the
major cell wall protease WprA (CWBPS2 and CWBP23) and
the autolysins LytC and LytB [84]. Interestingly, some cell wall
proteins have been identified exclusively in the extracellular pro-
teome (e.g. LytD, an autolysing, but not in the cell wall fraction.
This indicates that the presence of cell wall binding repemts 1%
not a guarantee for retention in the cell wall. Cell wall proteins
might be released into the medium due w proteolytic shedding
and cell wall wrnover [ 73].

In total the comprehensive analyses of the £, subrifis extracy-
toplasmic proteome by a 2D-gel-based approach lead to the iden-
tification of 119 addivonal proteins which are either secreted,
lipid anchored or associated to the cell wall,

4. The memhbrane proteome of vegetative cells

Membrane proteins constitute an important facet in physio-
logical proteomics due to their imponance in maintaining cell
integnity, signal sensing. ransporl processes, energy Conservi-
tion and their role in virulence regarding pathogenic bacterna,
Despite their functional relevance the study of membrane
proteins s notoriously difficult [85] and thus lagging behind
analyses on other subprotcomic fractions as cytosolic |86),
cell wall-associated |76.84) and secreted [73,75,76] proteins.
Similar to the extracellular proteins membrane proteins possess
signal peptides marking them for cellular export. However, in
most cases these signal peplides are not removed by a SPase and,
consegquently, they serve in the anchoring of proteins in the mem-
brane, Furthermore, membrane proteins may contain additional
membrane-spanning domains, which determing the topology of
these proteins in the cytoplasmic membrane. According to the
TMHMM algorithm to predict transmembrane domains [87]
more than one quarter of all B, subilis proteins is characterized
by one or more membrane-spanning domains, emphasizing
the need to focus on this bharely characterized proteome
fraction.

With a profiling of ABC-transporter solute-binding proteins,
Bunai et al, initiated the work onthe B, subrilis membrane protein
fraction [79]. Dreishach and coworkers established a technigue
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Fig. 7. Depiction of the number of transmembrane domains in the 268 membrane
proteins identified by semi-gel-hased proteomics.

in which the cytoplasmic membrane is washed in high-salt and
alkaline buffers before the membrane proteins are solubilized
with the detergent n-dodecyl-B-p-malioside [33]. The mem-
brane proteins are subsequently separated by one-dimensional
sodium  dodecyl sulfate-polyacrylamide gel electrophoresis
(1D-5D5-PAGE), enzymatically digested and their peptides
resolved via reverse phase chromatography followed by MS/MS
analysis. With a result of 268 identified proteins which contain
membrane-spanning domains this technigue was socoessfully
applicd to start the dissection of the 8. subrilis membrane
prodeome of exponentially growing cells [24,33], Remarkably,
134 proteins possess four or more transmembrane domains
{(TMDs). which is consistent with their strong hydrophobicity
and explains why this semi-gel-based approach is needed
for their detection. Fig. 7 depicts the numbers of membrane-
spanning domains in the 268 identificd membrane proteins.
Most of the detected membrane proteins are still of unknown
function, The functionally defined proteins can be assigned to
several essential categories, such as permeases and transporters,
components of respirmtory chains and ATP-synthose, redoxac-
tive enzymes (e.g. oxidoreductases and dehydrogenases), two
component svstems, proteins involved in cell motiliny, cell divi-
sion, autalysis, chemotaxis, osmoregulation, penicillin-binding
proteins, parts of translocation systems and signal peptidases, as
well as extracellularly acting proteases, OF the 268 membrane
proteins, 16 are predicted lipoproteins according to Tjalsma
etal. [71], 11 of those have not been detected in 2D-gel-based
studies.

5, Conclusion

The genome of B swbrilis contains more than 4100 genes.
In our proteome study 1395 proteins were identified so far
Most of them are vegetative proteins which are synthesized in
growing cells to put on house-keeping functions (950 cytosolic
proteins, 268 membrane proteins, 12 cell wall-bound proteins).

time, have been visualized for the first time. What can we do with
this new Kind of information? First of all we have the chance
now to follow the regulation of entire metabolic pathways on o
proteome-wide scale, as it was already done for the carbon core
metabolism [42,58,60,61],

Nevertheless, there is o long way to go o the entire proteome
of B. subrilix with more than 4100 predicted gene products. To
reach this final goal we have two major approaches in mind, first
of all an analytical approach: relying on gel-free technigues we
were able (o add many more proteins to the “gel-based proteome
map”, particularly tothe membrane proteome raction which still
escapes detection by gel-based proteomics. This is, however,
only a beginning. By a consequent extension of the application
of gel-free techniques we are convineed to increase the proleome
coverage in i substantial way already in the near future.

The second approach follows a physiological consideration:
a substantial part of the genome is expressed only under defi-
nite physiological circumstances. Concurrent transcriplome and
proteome studies revealed that even in cells that were exposed
o various stress or starvation stimuli only @ subfmction of the
induced genes, in most cases between 30 and 60%, were covered
by proteomics [33]. The still missing genes code for membrane
proteins, low abundant proteins and many others,

Furthermore, we almost ignored the proteome of sporulating
cells which may consist of more than 300 or even 400 proteins.
And finally, one has to bear in mind that we exposed the cells o
laboratory stress and starvation stimuli which can only simulate
growth-restricting conditions in nature. The list of these “natural
stimuli™ is far off from being complete. We have only Timited
information on the proteome of cells grown under nitrate respira-
tion or fermentation conditions, and we do not know much about
the proteome of cells under cell wall stress, alkaline or acidic
stress, 1o mention some of them. Furthermaore, many stimuli cells
typically have w face in their natural hobita were ignored, Cell
growth in nature is characterized by a characteristic “multicel-
lular behaviour™ including the formation of microcolonies and
biofilms, for example, The growth of 8. subrilis adjacent to plant
roots in the soil is probably very imporant regarding its natural
lifie style. Teis an attractive and challenging task for future studies
to analyze the proteome of cells grown under environmentally
related conditions in order 1o increase the coverage of the pro-
teome on the one side and to gain new and essential information
on its ecophysiology on the other.
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Bacillues subtilis has been developed as a model system for physiological proteomics. However,
thus far these studies have mainly been limited to cvioplasmic, extracellular, and cell-wall
attached proteins. Although being certainly important for cell physiology, the membrane protein
fraction has not been studied in comparable depth due to inaccessibility by traditional 2-DE-
baged workflows and limitations in reliable quantification. In this study, we now compare the
potential of stable isotope labeling with amino acids (SILAC) and "*N/""N-labeling for the analy-
sis of bacterial membrane fractions in physiology-driven proteomic studies. Using adaptation of
B. subtilis to amino acid (lysine) and glucose starvation as proof of principle scenarios, we show
that both approaches pravide similarly valuable data for the quantification of bacterial membrane
proteins. Even if labeling with stable amino acids allows a more straightforward analysis of data,
the “N/"N-labeling has some advantages in general such as labeling of all amino acids and
thereby increasing the number of peptides for quantification. Both, S1LAC as well as "'N/""N-
labeling are compatible with 2-DE. 2-D LC-M5/MS. and GelLC-MS/M5 and thus will allow com-
prehensive simultaneous interrogation of cytoplasmic and enriched membrane proteomes.
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1 Introduction sive biochemical and physiological knowledge with the

potential of genome-wide proteomic approaches new

The Gram-positive rod Bacillus subtilis constitutes a well-
established model system for physiological proteamics (1]
Combining the well-established genetic tools and the exten-
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insights into stress adaptation reactions, basic physiology as
well as pratein secretion and targeting have been gained [2-
5. Such physiclogical studies essentially depend on com-
parative analysis of extended sample series and the imple-
mentation of labeling technologies which allow quantitative
comparisons of the data generated in time course experi-
ments of in comparisons of wild-type bacteria and their iso-
genic mutant strains. Most of these studies have been per-
formed applying traditional 2-DE-based protesmics allowing
easy comparisons of multiple samples, Unfortunately, this

*  Both authors contributed equally o this work.
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approach is confined to the analysis of the cytoplasmic, cell
wall-bound and secreted proteins and excludes membrane
proteins which escape detection by traditional 2-DE due 10
their extreme hydrophobicity [6, 7], These limitations of 2-DE
have meanwhile been overcome by application of MS-cen-
tered protecmics approaches that do not rely on 2-DE for
separation of complex protein mixtures. These methods offer
even greater sensitivity and are generally based on separation
of complex tryptic-digested samples by reverse phase chiro-
matography in combination with mass spectrometric analy-
sis (LC-MS/MS) [B]. To improve coverage of the proteome
one can prefractionate the sample by a number of metheds
like 1-D SDS-PAGE or multidimensional LC |9, 10]. These
alternative strategies have also been used to address the
membrane proteome of B. subtilis, but have mainly been
limited 1o proof of principle studies rather than specific
physiological issues [11-14] mainly due to the fact that
quantification of membrane proteins in different samples
has not been rigorously performed. In principle, a numbser of
labeling strategies are available, which all rely on the intro-
duction of a certain mass shift by labeling of samples with
isetopologic compounds and a subsequent combination of
differentially labeled samples. Afier mass spectrometric
analysis the quantitative data can then be obtained from the
integrated peak areas. Labeling can either be performed at
the peptide or protein level and the latter even in vive, The in
viva approach would clearly be the preferred choice for the
quantitative analysis of membrane proteins because it would
allow mixing of samples before the membrane preparation
and thus dramatically reduce the bias introduced during the
different preparation steps. Two different methods for the in
vive labeling of proteins the stable isotopic labeling of amina
acids (SILAC) in cell culture [15] and the "N/"N-metabolic
labeling [16, 17] have already been published. Whereas the
SILAC technique is based on the integration of iso-
topologous amino acids into proteins. the "Nf""N-metabolic
labeling relies an the incorporation of different N-isotopes
into all amine acids and subsequently into proteins. While
the latter can be applied to all bacterial strains growing in N-
containing minimal medium the SILAC approach requires
an auwxotrophy for at least one abundant amino acid.

In the study presented here, we applied both labeling
methods 1o evaluate the changes of the membrane proteome
of B. subtilis that oceur during the transition of growing cells
to the stationary phase. Both methods are compared regard-
ing the amount and the quality of the quantitative data
gained for the membrane protein fraction,

2 Materials and methods
2.1 Bacterial strains and culture
For SILAC experiments the B, subtilis wild-type strain 1558

(trpC2 lyx ) [18] was cultured over night in Spizizen minimal
medium [19] supplemented with 086 mM  tryptophan

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhaim

Microbiology 2063

(Sigma-Aldrich, Taufkirchen, Germany] and 0.86 mM lysine
(Sigma=Aldrich), This culture was used to inoculate a pre-
culture in Spizizen minimal medium with reduced levels of
Iysing (.2 mM) to QD of 0.05 with lysine either as the
light “Cp-""Nylysine or its heavy isotoplc counterpant "'C-
UNplysine (98 at% "'C and "N, Sigma-Aldrich). After
reaching 0Dy, of 0.5 this culture was rediluted inte the
same prewarmed medium to Oy of 0.1, Exponentially
growing cells which have been grown with light or heavy
lysine, respectively, for at least six generations were harvested
by centrifugation (16 900 = g, 10 min, 4°C) at Oy, of 1 and
stationary phase cells were harvested 2 b after transition into
stationary phase. Finally, aliquots equivalent OD-units) of
cultures grown with light or heavy lysine were combined and
stored at —80°C.

For metabalic labeling experiments using "*N/'"N the B,
subtilis wild-type strain 168 {trpC2) was grown aerobically for
at least three passages {minimum 15 generations) at 37°C in
a synthetic minimal medium [20] supplemented with either
YN-ammonium sulfatef/"N-i-tryptophan (0.078 mM, 98 ar.
% excess, Cambridge Isotope Laboratories, Andover, USA| or
¥M.ammonium sulfate and “N-1.—tryptophan. Furthermare,
glucose was added to a final concentration of 0,05% to induce
a glucose starvation after growth to an ODgyy, of 1.0, Cells
were harvested either in exponential phase or 2 h after tran-
sition into stationary phase and equivalent OD-units of bac-
teria grown in the presence of "N or "N were combined and
stored at —80°C.

2.2 In silico analysis of the theoretical proteome of B.
subtilis

The theoretical proteome of the 8. subrilis strain 168 com-
prises 4106 different proteins. To obtain a reliable prediction
of B. subtilis membrane proteing four different prediction
algorithms were used for an in silico analysis: TMHM M2
ALOM2 [21-23], TMHMMy2 (23}, HMMTOP2 [24], and
SO5UL [25], A protein was considered as integral membrane
protein only when at least two algorithms predicted mem-
brane spanning domaing (M5Ds). The number of M5Ds
which is given in this work is the mean value of the four pre-
diction models. Furthermare, secreted proteins and lipopro-
teins [26] as well as proteins which are retained in the mem-
brane despite secretion or lipoprotein signal peptides [27]
were considered for a reliable membrane protein prediction.

2.3 Sample preparation

Protoplasts were prepared according to Chang and Cohen
[28] followed by a prepatation of membrane proteins as
described previously [11]. Briefly, the membrane proteins
were enriched by differential centrifugation after cell dis-
ruption. Further purification of the membrane fraction was
achieved by washing with high-galt and Na,CO-buffer.
Finally, the membrane proteins were solubilized using a
15 mM solution of the nonionic detergent n-dodecyl-fl-p-

www. protecmics-journal.com
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maltoside (Glycon Biochemicals, Luckenwalde, Germany).
Membrane proteing (50 pg) were separated using SDS-
PAGE (10%T, 7 cm length) and stained with a colloidal Coo-
massie staining procedure (GE Healthcare, Munich, Ger-
many]. Fifteen protein bands were excised from the gel and
destained twice using 200 uL of 200 mM NH,HCO,/50%
ACN for 30 min at 37°C and dried in a vacuum centrifuge.
The gel pieces were soaked with a trypsin (Promega, Man-
nheim, Germany) containing solution (10 ng/ul of 20 mM
NHHCO,) and incubated over night at 37°C. For peptide
extraction the gel picces were covered with 0.1% acetic acid
and subsequently 0.05% acetic acid in 50% ACN and incu-
bated in an ultrasonic water bath for 15 min. The eluates of
both extractionis were combined and concentrated in a
vacuum centrifuge,

2.4 Mass spectrometric analysis
2.4.1 MS/MS analysis

Separation of the complex peptide solutions was achieved by
RP chromatography (PepMap, 75 pm id x 250 mm, LC
Packings) operated on an MDLC nano-HPLC (GE Health-
care) with a nonlinear 130 min gradient from 9 to 54% ACN
in 0.05% acetic acid at a constant flow rate of 250 nl/min.
MS data were acquired with an LTQ-FT mass spectrometer
(Thermo Electron, Bremen, Germany) equipped with a
nanoelectrospray fon source. After a first survey scan in the
FTICR (r=25000) high accuracy precursor masses were
determined by a single jon mode scan (r = 50000) and M$’
data were recorded in the lineir IT at a collision induced
energy of 159 [29],

2.4.2 Data analysis

Proteins were identified wa an automated database search
using the SEQUEST algorithm (Bioworks v3.2, Thermo
Electron) with a B. subtilis database extracted from Sulstilist
(genolist. pasteur.fr/Subtilistf), In addition 1o the Subtilist
annofations, Swiss-Prot accessions (release 54.6) are also
provided in the result files to include annotation information
that has accumulated since the last update of the Subtilist
database.

Initial mass telerances for protein identification by MS
were set 1o 0.01 Da, Up to two missed tryptic cleavages were
considered and methionine oxidation was =et as variable
modification. Peptide identifications by MS5/MS were con-
sidered significant at the following parameters: charge de-
pendent Necorrelation score for one-fold charged peptides
=1.%; for two-fold charged peptides=2.2: three-fold charged
peptides =3.75; RSp value = 4: jon percent >70%, amino
acid sequence length: 7-30,

A multiconsensus search was performed using bath a
forward and a reversed database to estimate the false-positive
e (20 Mo+ Mirwand])
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2.43 Extraction of the quantitative data of the
SILAC-approach

The incorporation of either light or heavy lysine during
growth introduced a mass shift of 8.015 per lysine. The
XPRESS wal, which is implemented in the Bioworks-
Browser v.3.2 was used to detect light peptides and their iso-
topologues, integration of peak areas and calculation of
ratios. For the quantitative analysis the mass tolerance was
set to 0.5 Da and the intensity minimum threshold adjusted
tor 1 = 10" within a retention time window of 60 s before and
after M5/MS-acquisition. The data were manually validated
to ensure that only perfectly matching isotopologue peak
pairs were used for guantification.

2.4.4 Extraction of the quantitative data from the
N/ *N-metabolic labeling approach

Database searches were performed using the MASCOT
search engine (Matrix Science, London, UK) against the
above-mentioned B. subtilis database. For the quantification
of dataszets the search parameters were set to an M5 accuracy
of 10 ppm and an MS/MS accuracy of 0.2 Da with a max-
imurm of one missed cleavage site of trypsin. Modifications
such as the oxidation of methionine and phosphorylation of
serine, threonine, and tyrosine were also taken into account
during the search. Peptides with an individual MASCOT
seone below 30 were filtered out. The datasets retrieved by the
MASCOT search engine independently {or the heavy and the
light peptides were processed with MSQuant [30). The ver
sion used in this work is capable of relative quantification
based on “N/"N datasets generated with the MASCOT
search engine.

The quantification algorithm of MSQuant parses the
spectra of the assigned peptides based on the peptide sum-
mary report of MASCOT in the Finnigan-raw files and cal-
culates the masses of the corresponding isotopologues. For
the determination of the peak area of the “N. and “N-on-
taining peptides a retention time window of 90 8 before and
after the acquisition of the MS/MS spectrum was selected,
The ratios of the peak areas were calculated and finally
manually confirmed for consistency and used for further
analysis.

2.5 Evaluation of the quantitative data

Peptide ratios of specific proteins, which lay outside the 1.5-
fold interquantile distance below and above the 25 and 75%
quartile respectively, were defined as outliers and thus ex-
cluded from the analysis. From the remaining peptide ratios
the mean value was caleulated. The filtering and caleulation
processes were carried out using an in-house perl-script. The
relative difference of the ratios from the two technical repli-
cates was calculated by dividing the difference of the ratios by
the mean, A protein was termed differentially expressed when
the results of two technical replicates differed less than 20%
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and the change in protein amount was at least 1.5-fold. Due to
the higher variability of the measurement of extreme ratios,
proteins were considered differentially expressed, when the
quantitative changes were larger than three-fold in each of the
technical replicates analyzed even ifthe independent samples
varied more than 20%, Protein ratios, which were determined
im adjacent gel slices, were combined and the same criteria
that were described above were applied.

2 Results and discussion
3.1 Identification of membrane proteins

Qualitative and quantitative analysis of complex proteomes
independent of 2-DE separation has meanwhile become a
routine procedure for soluble protein fractions of microbial
cells. However, quantitative analyses of the cytoplasmic
membrane fraction are still limited probably due to the fact
that quantification has to closely interface with and avoid any
bias of the multistep-purification of membrane fractions,
However, a genome-wide comprehensive monitoring of bac-
terial membrane proteins is highly desirable for a better
understanding of bacterial physiology because this cellular
subfraction is important for signaling, energy generation,
supply of nutrients, disposal of waste, and last but not least
for maintaining cell integrity.

In this study, we used an optimized membrane purifica-
tion protocol in combination with in vive stable isolopic
labeling technigques to quantitatively monitor changes in the
membrane proteome of B subtilis during transition from
exponential growth to starvation induced stationary phase.
In particular, we analyzed the adaptation of B, subtilis 168 to
glucose limitation and the response of B, subtilis 1S58 to
amino acid limitation induced stationary phase.

An in silico analysis of the theoretical proteome of B.
subtilis 168 revealed 1142 integral membrane proteins (Sup-
porting Information Table 51). In the study presented here,
in total 666 unique proteins were identified, of which 327
were integral membrane proteins (Supporting Information
Tables 52-54), The high proportion of proteins with at least
four MS5Ds (44%) documents that highly hydrophobic
membrane protein species are also covered by the method
(Fig. 1). The studies of the B. subtilis membrane proteome,
which have been published until now identified 112 [11], 158
[13], and 232 [12] integral membrane proteins, respectively.
Thus, the integral membrane proteins identified in this
study, which represent 25% of the predicted ones, constitute
the most extensive collection of the membrane fraction of B,
subtilis presented so far. The number of detected integral
membrane proteins is in the same range as investigations of
other bacteria like Halobacterium salinarum (101 integral
membrane proteins detected; 20% of predicted) [31), Peedo-
monas gerugingsa (333 integral membrane proteins detected;
3% of predicted) [32), and Corynebacterium glutamicum (326
integral membrane proteins detected: 509 of predicted) [33).

5 2008 WILEY-VCH Verfag GmibH & Co. KGa#h, Weinhaim
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Figure 1. Pradicted and observed membrane proteins of B. sub-
filis. The numbers of theoretically predicted iblack columns) and
Idemified proteins igray columns) and the percentage of pre-
dicted proteins that were actually observed (white columns) arg
prasented. (A} Integral mombrane proteins were presonted in
relation to the number of predicted MSDs. (Bl Summary fTor lipo-
proteins, proteins secreted wia Sec- or Tat-gsystems and mem-
brane aftached protsins.

Our membrane protein preparation was also covering
membrane-associated proteins in addition to integral mem-
brane proteins and thus, besides the transmembrane
domains also the grand average of hydrophobicity (GRAVY)
[34] was calculated for the observed proteins, and protein
sequences were searched for lipid anchors and secretion
signal peptides |26]. A secretion signal peptide was predicted
for 21 {18 Sec-system, 3 Tat-system) and a lipid anchor for 19
of the proteins detected by MS (Fig. 1B). For an extra five
proteing without MSDs retainment in the membrane was
already predicted by Tjalsma and van Dijl (Fig. 18) [35]. Fur-
thermore, 64 of the identified proteins were classified as
membrane associated based on their function, which indi-
cates that they either directly associate with the membrane or
with membrane proteins by hydrophebic or protein-protein
interaction. In summary, we were able to assign 400 of the
666 identified proteins (60%) to the membrane fraction
either due to their biochemical properties (336) or function
(64). The remaining primarily cytoplasmic proteins are
either high abundance proteins that were still copurifying or
they are constituents of high molecular weight protein com-
plexes that copurified with the membrane fraction.

One hundred twenty-four of all identified proteins
exhibited a GRAVY value above 0.25 and thus would not have
been accessible to the traditional 2-DE analysis [6]. A func-
tional annotation of the identified membrane proteins ts
complicated by the fact that 45% of them have not been
assigned a biochemical function yet. Grouping of the mem-
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brane proteins into functional groups according to the Sub-
tiList database revealed that important categories such as
membrane bioenergetics (17 of 39 proteins), signal trans-
duction fsensors (10 of 32 proteins), membrane transporters (
binding proteins (100 of 312 proteins), protein secretion
apparatus (9 of 18 proteins), and motility/ehemotaxis (14 of
20 proteins) are well covered (Fig. 2).

Of the 666 proteins which were identified in total in the
membrane fractions 415 proteins were shared by the analy-
ses of the adaptation 1o glucose and amino acid limitation of
B. subtilis strains 168 and 1558, respectively, which empha-
sizes the reproducibility and the robustness of the mem-
brane protein enrichment procedure. In the future, the cov.
erage of the membrane proteome can very likely still be
increased for B subtilis if membrane fractions from cells
grown under various conditions are inchuded in the analysis
or coverage of M5Ds themselves is improved by utilization of
organic solvents as introduced by Fischer e al, [33],

3.2 Quantification of membrane proteins using
SILAC

A basic requirement for the SILAC technique is the auxo-
trophy of the bacterium for at least one abundant amino acid.
For this reason, the established B. subtilis strain 1558, which
displays muotrophies for tryptophan and lysine, was chosen
for this experiment. Because of its higher abundance in the
theoretical proteome of 8. subtilis lysine (7% of total amino
acids) was better suited for the labeling procedure than tryp-
tophan (1% of total amino acids). When B. subtilis cells of the
strain 1558 are cultured in minimal medium containing
either “light™ ("*C. "N or “heavy” {"'C*N-) lysine the dif
ferent isotopes are incorporated into the proteins allowing
mixing of cells of different physiological states, e.g., expo-
nentially growing versus starving cells, directly after harvest.
Then, membrane proteins can be purified and analyzed
simultaneously to reduce technical errors and quantitative
information is obtained by the integration of the peak areas
from the MS-spectrum. This approach will greatly reduce
artifacts during processing. However, varying recovery effi-
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ciencies of membrane proteing from cells of different physi-
ological states (eg., growing vs. starving cells) can still not be
compensated for

As a prerequisite for proving the suitability of the S1LAC
approach it had 1o be demonstrated that complete replace.
ment of light lysines by their heavy counterparts was
achieved in the experimental setup, For this purpose cells
were cultivated in the presence of "'C,""N-lysine as described
above and a gel slice of an SD5-PAGE-separated crude pro-
tein extract was subjected 1o tryptic digestion. The resulting
peptide mixture was analyzed by MS. When "C"*N-lysine
was chosen as fixed modification, 165 different peptides all
containing heavy lysine were annotated. However, when the
database search was conducted without that modification 52
different peptides were detected, none of which contained
lysine, thus proving complete labeling of the sample,

The mass spectrometric analysis of two technical repli-
cates of the SILACabeled membrane fraction resulted in
the reproducible identification of 456 different proteins
(Supporting Information Tablez $2 and 53) with a false
positive rate of 0.8%, Quantitative data were acquired for 234
unique proteins of which 121 (52%) contained MSDs (see
Table 1 and Supporting Information Table 55).

The intraexperimental variation |36] was checked by cal-
culating the average RSD for both experiments. The results for
the two datasets were 10 and 11% respectively after the
removal of outliers. The removal of outliers did not really
influence the mean relative deviation, becawse only a minority
of peptide ratios was removed (2.7 and 3.4% in the two data-
sets, respectively), Thus, the majority of the protein ratios were
based on reproducible determination of peptide ratios. The
interexperimental variation which was calculated from the
relative difference of the two protein ratios was 18%, allowing
us to define 20% refative difference as a threshold for repro-
ducibility. The fact that single peptide quantifications also
exhibited only an average relative difference of 18,62 prompt-
ed us to include this subgroup of proteins into our analysis,
Applying these criteria a list of 192 proteins that vielded highly
confident quantification data could be used for the analysis of
starvation mediated changes in the membrane protein profile.

ﬂﬂii;==

Figure 2. Assignment of identified membrane
protains imto functional categories according o
SubtiList. Given are theoretical numbers darived
from the in gilico mombrane protesme analysis
Iwhite barst and numbers of membrane proteins
idantifiad in this study (black barsi.
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Sixty-cight (35%) of these proteins displayed a growth
phase dependent level (Table 1), The largest group consisted
of 44 proteins which were considered as differentially ex-
pressed based on at least two peplide ratios in each analysis;
data for eight proteins were based on at least two peptides in
one and ane peptide in the ather wechnical replicate, and for 16
additional proteins one peptide in each of both techmical
replicates was used, In general, ratios of peptides obtained
from adjacent gel slices were in agreement supporting the
notion that membrane proteins were detected in more than
one gel slice due to smearing rather then degradation.

An exception to this general statement is the protein
YueB which was detected in different gel sections corre-
sponding to a mass difference of approximately 50 kDa and
displayed increased or decreased levels in stationary phase
cells, respectively (Table 2), Both factors of YueB were deter-
mined with high confidence being based on at least ten pep-
tide ratios. YueR is the prototype of phage-receptor proteing
of Gram-positive bacteria [37], which consists of a long
extracellular loop flanked by M- and C-termini that are likely
integrated into the cytoplasmic membrane. The protein
appears to be a dimer and the elongated extracellular loop
reaches through cell-wall providing a binding sites for phage
SPP1 [37]. The two forms of YueB that we detected probably
canstitite the extracellular domain and the full-length pro-
tein. Both forms were probably tightly bound to each other
during the membrane preparation and then separated by
SD5-PAGE. The two ratios likely reflect an increase in the
level of full-length protein during entry into stationary phasze
and a decrease during entry into stationary phase of the
fraction of the extracellular domain alone that was cleaved of
their N- and C-terminal tails.

Microbiology 2067

3.3 Quantification of membrane proteins after "N/
"“N-metabolic labeling

The B. subtilis wild-type strain 168 is the type strain in B.
subtifis research but has only an auxotrophy for the low
abundance amino acid tryptophan and is thus not suitable
for quantification using the SILAC approach. Therefore, it
was important to establish metabelic "N/""N labeling for B.
subtilis 168, This approach can then easily be implemented in
well-established workflows in many laboratories, Minimal
media are commonly used to study the impact of various
stresses onto bacterial physiology.

For quantification, peptide ratios were calculated with
the MSQuant software which builds upon database searches
performed with the MASCOT search engine. In order 1o be
able to compare the data with those obtained with the SILAC
approach, we had to inspect the comparability of SEQUEST
and MASCOT database searches, because the first is based
on heuristic and the latter on probability models. Therefore,
false positive rates for SEQUEST and MASCOT database
searches were compared, When MASCOT threshold was set
to a score of 30 the false positive rate (0.98 and 0.87%) was
slightly higher compared to using SEQUEST (0.86 and
0.65%) but in the same range allowing comparisons of both
approaches,

Using metabolic labeling we were able to generate data
for relative abundance for 579 quantification pairs repre-
senting 300 unique proteins (Table 1, Supporting Informa-
tion Table 56), The intraexperimental variation of the ' NN
labeling experiments was determined to be 11.5 and 11.2%
after removal of outliers (7.8 and 7.1%6, respectively). The
average difference between all ratios of both technical repli-

Table 1. Summary of data of SILAC- and "N/""N-labeling approaches for protein identification, quantification, and growth phase depend-

el expression
SILAC 0/ matabalic labaling
Uniguo  Proteins Membrang Unique  Proteins Membrang
proteins  with MS0s*  assaciated proteins  with M50s™  associated
protains*' protmins®!
Number of proteins accessible to identification and quantification
Mumber of proteins identdied 458 07 (48%) 46 0%} 438 208 (59%) 30 06%)
Numbir of proteins accassible to quantification™ a2l 121 (52%) 24 00%) 180 (60%) 23 010%)
Number of protaing fulflling significence criera for quantification 152 105 {54%) 2 171%) 281 173 [61%) 26 10%)
=2 poptides in both analyses 130 TSR] 17 (13%) 153 94 (B1%) 16 (10%)
=2 peptides in one analysis and one in the other M 15 {E3%) 2% 40 23 [58%) 215%)
One paptide in bath snalyses k-] 17 {45%) 3% 56 [64%) B{9%)
Number of proteins displaying growth phase dependent ditferentinl regulation
Total B8 40 (58%) B 9% 115 64 [56%) 918%)
=2 poptides i both analysos L 26 (59%) 5011%) 57 32 [56%) G10%)
=2 peptides i one analysis and one in the ather ] 4{50%) ] 16 B {53% 0
One peptide in both analyses 16 10 {53%) 1(8%) a3 24 [56%) 3T

al Parcentage indicates the fraction of the total proteins displaying M5Ds or baing associated with the membrane.,

bl Unigue proteins with poptides dolivaring quantitative data,
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Table 2. Summary of proteins displaying growth-phase dependont variation in thair bevel in the SILAC experimant (8, subtilis 1558, amino
acid limitation in minimal medium]

Protein Protein - MSD  Additionsl Funetion No. of No. of Mean Relative
{Subblist)  [Swiss- information® peptide  peptide  ratio {stat.  ddference
Prot)*! ratios 1" ratios 2% v oexp)® (%)
Proteins increased in level in stationary phase
AppB [ ] " Migopeptide ABC transporter [permaasao) I 1 42 126
AppF ‘ Migopeptide ABC transporter (ATP-binding proteinl 1 1 20 123
ArpD ATPE . ATP synthase (subunit bats) 2 3 15 ny
CtaC ooz 3 lipo Cytochroma caad oxidase [subinit 1) 2 2 15 15
CaE¥ coxa 5§ Cytochrome caad oxidase (subuns 11} 1 1 24 20
OkD 1 o-Alanine transher from undecaprenal-phosphate | 1 0 a8
to the pobyfghycaraphesphate) chain
MecpB S Methyl-aceepting chemotaxis pratein 2 3 15 133
PhpX 1 m Penicillin-binding protein | 1 1 81
QerA 1 " Menaquinolicytochrome ¢ oxidoreductase 3 1 a0 123
[iron-gultur subunit)
Qcr 3 Menaguinolcytochroms ¢ oxidoreductase 2 2 22 53
[eytachrame & ¢ subuna)
RapC Response regulstar aspartate phosphatase 2 1 a2 16.2
SdhA DHEA 1 Succinate detydrogonase (flavoprotein subunit) 4 B 24 LR}
Yhes¥ SKFC Linknawn 1 1 u 56.4
YidhK 1 Unkngwm 1 2 20 01
YdjL Unknowm; similar to u-iditol 2-dehydrogenase 3 2 (K1 46
Yy 5 Uinknawn 1 1 KA B2
Yinx¥ 1 Linknowm 15 8 16 0z
YinZ¥ 4 Uinkniiven 2 2 (K:] 1.5
YodF 12 Unknown: similar to proling parmoase 1 1 L5 161
YoeA® 11 Unknawn i 1 15 0.z
YolF 1 Linknaowm 3 3 [} nz
Yofa® ' Linknagwm 3 4 18 95
b 4 Unknawm 4 [ 18 82
Y™ 1 Linknowmn; similar o general stress protein 3 2 kR 203
YueBs™ [ Linknawn 10 n 28 65
YukC 1 Unknawn | 3 1.7 49
Yurl 1 Unknowm; similar to multiple sugar-binding protem 3 3 23 13
YugW® 7 Uinknow, similar 1o haavy metal-transporting 5 5 65 27
ATPase
Proteins reduced in level in stationary phase
Argh MN-acetylornithine aminatransferase 1 1 oz 128
ArgG™ ASSY Argininosuccinate synthase 1 1 03 ae
Argd Drnithine acetyltranslerasa/amino-acid 3 1 04 157
acetyftransierase
Aral ARDG 3-Decxy-o-arabinp-heptulosonate 7-phosphate 3 -] 03 48
synthase/charismate mutase-isoryme 3
CarB CARY Carbiamoyl-phosphate transferase-argining | 1 o4 135
[subunia B)
OhbF* Inwabved in 23-dibydroxybenroate biosynthesis 4 3 03 6.6
FhuD 1 Ferrichrome ABC transparter (ferrichrome-binding B 3 a7 a0
protaim]
Glya Serine hydroxymothyltransferase 4 | 06 1
Hag" FLA - Flagedlin protesn 4 2 03 %5
Hom DHOM Homasaring dabydrogenase B 2 06 25
Leuh™ LEU1 2-lsopropylmalate synthase 3 F 03 415
LytB CWBA 1 SBC Maodfier protain of major autolysin LyiC Ll 2 06 Al
MntA o Manganesa ABC transporter {membrana protein) 3 3 06 13
Opuds ' Glycine bataine ABC transparter 3 3 02 14
[ATP-binting prodain}
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Table 2. Continued

Microbiology 2069

Protain Protein MSD  Additional Function

Mo of No, of Maan Relative

[SubtiList)  [Swiss- infarmation™ peptide  pephde  rotio (stat  défference
Prot)" ratios 1*  rtios 2 wm el (%"
PtplD 1 SBC Pemicillin-binding protein 4 2 3 0 10
PdhC ooP2 " Pyruvate dehydrogensase H 3 07 45
[diydrolipoamide acetyltransferass E2 subunit)
Pond FEPA 1 Penicallin-binding proteing 1A18 1L 17 06 6.8
PriC 2 Probable membrana-linked protein kinase 2 2 og nz
PurC Pur7 Phosphoribosylaminoimida-zole succinocarbaxamide 1 1 05 1.0
synthetase
PyrAB CARB Carbamoyl-phosphate synthetase [catalytic subunit] & 4 a5 12
SerA Phosphoghycarate dehydrogenase 4 5 06 23
Srifns" Surfactin synthatasa/competonce 8 17 02 n:
Sriacy Surfactin synthatase/competance 6 g 06 34
Thes M Theaanyl-1BNA syrthatase (major) 1 3 06 91
TufA EFTU Elongation factor Tu 8 4 0 43
Yaal PDXS Unknowen, similar 1o suparoxde-inducible protemn 1 1 06 08
YelQ¥ 1 Unknown, similar to fermchrome ABC transparter 1 5 ol 14
[binding protein}
Yiul RASP 4 Unkngwm I 2 o8 6.7
YoaB n Unkngwen, similar 1o alpha-ketoghutarate permease 1 1 03 128
Ypud 1 SEC Unknarwmn 4 3 08 13
Yol 1 Linknaown 2 2 05 184
YueB® ] Unknawn 10 10 01 82
Yurll Unknowmn 3 1 06 198
YvaWy SDPA Unknawm F i a3 44
Yia¥ SOPC 2 LUnikentan 1 1 06 42
YwcB Linknawmn i L] 03 248
Yk 1 Uinknayam, similar 1o transerigtionsl regidator 1 1 na n3
YwtF 1 SBC Unknivwen; similar to iranscriptional regudatar 1 1 g 15.6
YuoB¥ 1 Unknawm; similar 1o ABC transportor 12 9 06 18
[binding protein)
YukC# 1 Linknawn B B 06 15

a) Swiss-Prot (relesse 54.6) accession I8 also displayed If it differs from the SubliList accession to incorporate changes in functional
annotation that have been introduced since the last release of SubtiList,
bl sec, secreted via Sec-systomy r, secroted via Tat-system: lipo, lipoprofein-monif; *, retained in the membrane {accarding to SecP-algo-

fithm).

c
poptides is displayed,

MNumber of quantifiod peptides in technical replicate 1, for proteins cccwurring in more than one gl slice the sum of different quantified

di Number of quantified peptides in technical replicate 2, for proteins occurring in more than one gel slice the sum of different quantified

prptices is displayed.
&l Mean value of tha protein ratios from both technical replicates.

i Difference of the protein ratios from bath technical replicates divided by the mean value.

@l Protein occurred in more than one gel slice.

hi Relative differences larger than 20% but guantitative change bigger than threa-fald,

cates was 9% for quantifications relying on at least two
peptide ratios and 14% for single peptide quantifications.
Thus, the reliability cut-off for the standard variation be-
tween technical replicates was set to 20%, Furthermore,
proteins exhibiting an at least theee-fold change were regar-
ded as significantly quantified, even when variation was
larger than 20%. thus generating a list of 281 proteins
which fulfilled these criteria, Table 1 illustrates that the
majority of 153 quantifiable proteins was based on two or

2008 WILEY-VCH Vierlag GmibH & Co. KGad, Weinhaim

more peptides in both replicates. Furthermore, 40 protein
ratios were based on at least two peptides in one and one
peptide in the other replicate and 88 additional quantifica-
tions relied on a single peptide ratio in each replicate. Inte-
gral membrane proteing add up o 60% of all quantified
proteins. OF the 281 proteins subjected 1o rigorous quanti-
fication, 115 proteins (41%6) were found to vary significantly
in their level with growth phase (Table 1 and Supporting
Information Table 56).
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3.4 Comparison of SILAC- and "*N/"*N-metabolic
labeling based gquantification

The quantification of technical replicates of both the SILAC-
and the "N/"N.metabolically labeled samples exhibited a
very good reproducibility (Figs. 3A and B). Furthermore, the
threshold of 1.5-fold that was chosen for the quantitative
analysis was also supported by the overall distribution of the
quantitative data in both experimental setups (Figs. 3C and
). Also the intra- and interexperimental variation of both
datasets was highly consistent. Thus, the data exhibited a
similar quality and allowed a direct comparison of the meth-
ols,

Comparing the data it was olndous that the analysis of the
PN N-metabolically labeled samples resulted in 1.5 times
more significant quantitative data compared to SILAC (192
v, 281 proteins, Table 1), One reason for this phenomenon is
the fact that all amine acids are labeled and thus all peptides,
which were identified. delivered quantitative data. The
SILAC approach, however, offers only quantitative data for

bl P By et
15 s
[ 1] L1}
U ; ! 0
| o 4 e
=13 =3
2 23
25 13 43003 15 2 43 3 aseed 14 2
g, ratha 3 gt 2
e g .
L T *
i
e
L] [ ]
§ o § o
NE! A%
¥ 23
prutelas pruiring

Figure 3. Reproducibility and distribution of the protein ratios.
(A, B} Reproducibility of the data in tha two technical replicates
analyzed fior amino acid limitation (&) and glucosa limitation (B,
Logarithms of protein ratios, which were determined by dividing
the intensity values of axponential growth by those of stationary
phase samples were plotted LA: SILAC - amino acid limitation; B;
YN/SN-metabolic labeling - glucose limitation], The y-axis dis-
plays for each physiclogical condition the log,, protein ratios
fram the first technical replicate log,, ratio 1) and the xaxis the
log w protein ratios from the secaond technical replicate (log,, ratio
Z). The high correlation coefficients (A! r= 0,94 and B: r=098)
indicate the reproducibility of the experimants. (C, D) Logarithms.
of average protein ratios of technical replicates analyzed with
SILACIC - amino acid limitation) and "N/"*N-metabolic labaling
(D - glucose limitation) are plotted. In the x-axes all quantified
proteins are rankad from the smallest to the largest sverage 10g.;,
ratio of both technical roplicates to dizplay the overall distribu-
tion of the ratics. The yaxis displays the average log,, protain
ratios of both technical replicates.
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lysine containing peptides, which is theoretically the case for
approximately 60% of all peptides. This disadvantage could
be compensated for by constructing a B. subtilis strain com-
prising auxotrophies for both lysine and arginine and using
for SILAC-based experiments arginine and lysine simulta-
neously,

Comparing the number of peptides which contributed to
the quantification it is apparent from Fig. 4 that "N/""N-
metabolic labeling and the SILAC method generated in gen-
eral very similar results, However, there were two differ-
ences, the "Nf""N.metabolic labeling produced more hits
with reproducible one peptide quantifications and signifi-
cantly more hits for which quantification was based on more
than 10 peptide ratios, Both effects probably once again
reflect the fact that all peptides could by definition be used
for quantification in the “N/"*N experiment. Looking at the
data it is aleo clear that significant proportions of the quanti-
tative data were based on single peptide quantifications (31%
in "N/"N-metabolically labeled samples and 20% for the
SILAC samples), Even if these ratios have been measured
reproducibly in technical replicates there is a requirement
for the development of more biolnformatics tools that rigor-
ously evaluate single peptide identifications [38—40] which
might help to increase the fraction of reliably assigned mass
spectrometric data even further.

Summarizing the comparison of both methods, It
becames clear that SILAC as well as "Ny"*N.labeling provide
very reliable quantification of the membrane fraction with
the latter allowing better coverage. SILAC offers 4 more
straightforward analysis but requires one or even better two
auxotrophies allowing simultaneous labeling with lysine and
arginine. The “N/""N-labeling approach is amendable to
bacteria even if auxotrophic mutants are difficult te construct
but analysis is more labor intensive. Here one would profit if
programs would use the same database search results, gen-

(5]
i
!-
T o=
! a
1
. -
1 a4 L2 (LA ] 1§
prpidies fur quantitation

Figure 4. Comparison of the number of peptides available for
quantification using SILAC and "'N/"™N-metabolic labeling. Pro-
tein quantifications are displayed as a function of peptide ratios
[x-axis] that were used for the calculation of protein ratios {yaxis)
for the technical replicates of the SILAC- (black and gray bars) and
the "N/"*N-metabolic labeling (shaded and white bars) approa-
ches without fillering of outliers.
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erated by the SEQUEST algorithm, both for the identification
and the quantification avoiding time-consuming file conver-
sions.

Furthermore, future analyses will certainly benefit from
the application of more sophisticated software, e.g.. ASAP
ratio [41], ProRata [42] or RelEx [43], for an accurate protein
abundance ratio estimation.

3.5 Physiological consequences of lysine- and
glucose limitation on the membrane proteome of
B. subtilis

In this study, we wanted to compare the suitability of SILAC
and a general uniform "*Nf"*N-labeling for the analysis of the
growth phase dependent changes in the membrane pro-
teome of B, subtilis. For this reason we have chosen to analyze
two important physiological scenarios. Lysine limitation in
the B. subtilis strain 1558 which is a very specific limitation
known to elicit the well-known stringent response and glu-
cose limitation in the B. subtilis strain 168 which should also
trigger the stringent response but on top of it a more general
encrgy limitation.

When analyzing the observed changes in the membrane
protein fraction one has probably to restrict interpretations to
real membrane proteins. Changes in the still copurifying
cytoplasmic proteins have to be viewed with caution because
they might indeed reflect changes in level or merely a differ-
ent distribution between the membrane fraction and the
cytoplasmic fraction. In order to distinguish between effects
on protein level and distribution, membrane fraction, cyto-
plasmic fraction and unfractionated crude protein extracts
will have to be considered simultaneously in future studies,

The global consequences of glucose limitation on B. sub-
tilis 168 physiology have already been investigated applying
transcriptional profiling [44—46) or proteomics |2, 44]. How-
ever, the protcomic analyses of glucose starved cells have
been restricted to cytoplasmic proteins and we now extend
this analysis to the membrane proteome, The summary of
the differentially regulated proteins, which is given in Table
3, documents the expected increase in the amount of B, sub-
tilis transporters for alternative carbon-sources (DctP, GlpF,
MsmX, MtlA, SacP, YvfH) like mannitol, lactate and glycerol.
This broad spectrum is sort of surprising because the
increase likely occurs in the absence of the specific carbon
source — a phenomenon that has already been noted by
Koburger et al. [46] in their transcriptomic study. Another
example is the dipeptide transport system represented by the
proteins DppB, DppC, and DppE. These proteins are enco-
ded by genes belonging to the dpp-operon [47), which is
repressed by glucose in growing cells and is expressed
shortly after induction of stationary phase responses [48] in a
Spo0A  dependent manner. Additionally, the increased
amount of the menaquinol cytochrome ¢ reductase QerABC
after transition into stationary phase depends on Spo0A [49),
This result is supported by the early findings that Spo0A is
activated during glucose limiting conditions [50].
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The strong reduction of nonessential transport pro-
cesses, like those for osmoprotective substances such as gly-
cine betaine and choline (Opu transport systems) is probably
caused by the need to cut down transport processes that
consume energy. Such reduction in the level of membrane
proteins might indicate increased degradation of proteins no
longer needed during starvation in order to replenish the
pool of building blocks.

The reduction of membrane associated proteins linked to
chemotaxis and motility can also be interpreted as a general
approach to cut down the energy-demanding process of
motility in an attempt to save energy.

Furthermore, an increased amount of proteins of TCA
cycle is observed (CitZ, [cd, SdhAB, SucC), which is in good
agreement with previous reports [51-54]. However, we have
to stress that of the TCA proteins just mentioned only SdhaA
can be argued with because only this protein contains an
MSD.

As stated in the beginning of this chapter many of the
proteins displaying significant changes in level have not
been assigned a function yet and thus their role cannot be
discussed. However, if the list of quantified proteins {Sup-
porting Information Table $6) is inspected in more detail, it
is possible to recognize a number of protein classes, the
members of which display the same tendency in regulation.
This additional class of regulated proteins encompasses for
example the increase of the cytochrome aa3 oxidase (QoxAB)
and the ATP-synthetase complex {AtpABDF). These results
support the above-mentioned energy depletion of the cell.
Furthermore, the slight increase of the subunits of Opp-
transporter indicates the activation of Spo0A and thus the
induction of early stationary phase responses [55],

Interpretation of the data of the lysine limitation is more
difficult because the specific limitation is expected to trigger
more subtle changes to the membrane proteome than glu-
cose limitation. Furthermore, the impact of amine acid lim-
itation on transcriptome and proteome has been studied by
Eymann et al. [56], but this study utilized norvaline induced
starvation for leucine and isoleucine in growing cells and
covered only the initial phase up to 20 min after the applica-
tion of norvaline, Thus, transcriptome or proteome analyses
of amino acid starvation induced stationary phase to com-
pare with are still lacking.

In this membrane fraction focused approach we
observed during entry into stationary phase a significant
increase in the level of the subunits B and F of the App pep-
tide transport complex. This transporter was shown to be
involved in sporulation and genetic competence before [57],
but under the conditions examined in this study up-regula-
tion of the transporter might just be destined to compensate
for the lack of lysine. While the amount of the App-transpor-
ter increases, nonessential ATP-dependent transport pro-
cesses, e.g., for the import of cofactors, exhibited a reduction
which could indicate an attempt to save resources. Simulta-
neously, proteins involved in membrane bioenergetic pro-
cesses (QerAB, CtaCE, AtpD) are increased. The induction of
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Table 3. Summary of proteins displaying growth-phase depandant variation in their leved in the "*M/N experiment (8. subtilis 168, glucose
lirmitation in minimal medium)

Protein Progein MED  Add, Function Mo of Na. of Maan ratio Ralatrva
{SubtiList]  |Swiss-Prot)" infor- poptides  peptide  {stel vs exp)*  difference
mtion'! ratios 1" ratips 20 %"
Proteins increased in stationary phase
Acol¥ DLDHA Acetoin dehydrogenase E3 companent (dibwdro- | 1 558 135
lipoamide dehydroganasa)
Asd DHAS Aspartate-semialdolyde dehydrogenase ] 1 a7 b1
™ CI5Y2 Carate synthase N (major) i L 23 85
CipC Class Il strass response-related ATPase 1 4 16 10.2
DeP DETA B C4-dicarboxylate transport protein 1 1 416 16.2
Drak™ Ciass | hest-shock protein {molecular chaparana) 2 5 24 83
DppB B Dipuptide ABC transporter (parmeaze) (sporukation) 1 1 FA K]
DppC i Dipaptide ABC transponar {parmease) |sporulstion) 1 1 18 182
DppE™ 1 lipo Dipaptide ABC transporter {dipaptide-binding protein) 8 7 14 16
{sporulation}
FolD Muthylenetetrabydrofolate delwdrogenass/ 1 1 3 88
methenylietrahydrofolate cyclobydrolase
Gapa" Gam Glyceraldehyda-3-phosphate dahwdrogenase 1 3 34 09
GlnH™ 1 . Ghasmine ABC transportar (glitamine-binding peotain) 2 4 19 55
GlpF 1 Glycenol uptake faciistor 1 1 1309 153
GlyA™ Sarine hydroxymethyliransterase 1] ] 1.7 7
His§ SYH Histidy®-1ANA synthatase 2 1 0 10.4
Hird 1 Saring prateass Do (heat-shock protein) 1 1 18 61
led IDH Isocitrate dehydrogenase 5 B il 1
Lux$ Prabable autoinducer-2 production proton ) F 32 01
MoiE Cobalamen-indepondent methioning synthase 4 3 i5 104
MmgE Function unknawn 1 1 16 12
Mamx® Muitiple swgar-hinding transport ATP-hinding protem 1 1 ra) 13
MHA PTMIC 7 PTS mannital-specific anzyme HCBA companant 1 1 64 44
Purh Adonylosuccinate synthetase ] 4 1 10:5
PurB PURS Adenylosuccinate yase 1 1 41 148
Pyoh™ FYL Pyruvatn carbanylasy 4 4 0 15
Qerh 1 fr Menaquinolieytochrome ¢ oxidoreduciase (iron-sulfier 2 3 14 0
subsnith
QcrB 4 Menagquinolfcytochreme ¢ exidareductase 4 3 25 64
|eytochrama & subunit}
et 3 Menaquinolcytochreme ¢ oxidoreductase 1 2 24 86
leytochsome e subunit)
Raph Response requlator aspartate phosphatase 1 1 67 152
RocE? Amina acid permease ] 1 32 503
RpsC¥ R&3 Rebosomal protein 53 (B53) 1 1 58 269
SdhB™ DHSB Succinate dehydrogenase liron-sullur proteink 5 5 16 07
Suel™ Succinyl-CoA synthetase {bata suhunit) [ 5 14 08
YaaM Unknown; samilar to toxic cation resistance i 1 15 5
Yedi™ 1 lipo Uniknown; samilar to ABC transporter (binding protesn) 4 4 21 82
Yend ] Unkniven; similar to copper expart profen 1 2 28 02
YhgC Unknawn 1 1 1 o2
Yhat® Unknown; similsr to adenosylmothsoning-8-amina-1- 1 1 34 44
nxanonanonate aminotransferase
Tih& 1 " Urknawn 4 4 18 a7
YWy ] Unknown; similar to heavy metaldranaperting ATPase 1 1 a2 89
Ypmid SCO1 i fipa Unknawn i i 18 121
YoM I BEE Unknawn 1 1 .7 192
YrpE lipo Unknawn 3 3 5 13
Yrica™ i lipa Unknawn i i 21 81
¥ixH 1 Unknown; simitar to general stress protein 2 3 15 1.2
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Table 3. Continued
Pratain Prosesn MSD  Add, Function Now of Na, of Maan ratio Ralatren
{SubtiList)  {Swiss-Prot)* infur- peplide  peptida  [stat v exp )™ difference
mation'! ratios 1" rapos 2¥ %"
YirY V2oi Unknawn; similar to ABC transporter (ATP-binding 1 1 45 61
pratein}
Y™ 1 Unknown; gimitar to i-lactate parmaase 3 3 42 02
Yol Ursknown; samilar to ghycolate oxdase 1 1 16 03
Yugl 1 lipo Unknown; similar to malybdate-binding protein 2 1 0 18
YurC 1 lipt Unikninven; similar to iron-binding protein 1 1 a2 57
YwbM 1 . Unknawn 4 3 18 127
Ywhks® Unikenown 1 1 il Erdi]
YwiH TAL Unknawen; gimitar to transaldolase (pentose phosphate) 2 2 1.5 a7
Yual" 3 Unknawn 1 1 16 a9
Proteins redueced in stationnry phase
Aanll Asparagine synthetase 2 rd 02 i3
ComEA™ 1 Exogenous DNA-binding protesn 4 L] 0E 03
ComER Nonessential gene far competence 2 2 03 189
DhbF Invaboed in 2.3-diydroxybanzoats Biosynthesis 10 10 o8 194
RgE FLGG Fagaliar hook protein 5 3 03 17
Filils 7 Flagolia-associated pratein ] 3 03 195
FFe" ) Fagoltar basak-body M-ring protoin 4 n 0.4 a3
Y Fagelar motor switch protein 1 1 03 06
FrsH® F Call-division proteinfganeral stress protain 18 i} 06 A}
(elass I hoat-shack)
GamP PTW3C 8 Probable PTS glucosaming-specific enzyme 1 1 0.6 08
ICBA compenent
GoxB GLOX 1 Glycing axidose 2 2 0.5 10
Hag FLa Flagailin protein 4 4 003 61
Lewa™ LEW Tlsopropyimalate synthase B 4 06 03
Lya™ I lipn Sacration of major autolysin LytC | 3 oA a4
Mcpa™ 4 Methyl-accepting chamataxs protein 1] B (13 82
Mepg" 2 Muthyl-accopting chamotnxes protain 8 L} 05 18
MepC™ 1 Meihyl-accepting chemotaxs protan B 8 06 49
MmsA Methylmalanate-semialdehyde dehwdroganase 1 1 0.5 5
Morh™ L Motility protein {flagefior matar ratation) 1 1 05 17
Mot 1 BEL Muodility protein (fagellar motor rotation) 1 1 03 121
Nin Inhibitar af the DNA degrading activity of Nuch 1 2 06 a0
Dpufd Ghycing betaing ABC transporter (ATP-binding protam) 2 F 04 17
Opudl 1 lip Giyeina betaing ABL transporter {glycine bataine- B 3 06 [:F:3
binding prosein)
OpuBC . Choline ABC transpartur {chaline-binding pratein) 1 1 [ 492
DpuCh Glycine betaing/carniting'choling ABC transporter 3 02 0.8
|ATP-hinding protain)
OpuCl 1 lipa Giyeing botaina/carniting/choling ABC transpartor 4 3 05 1n2
{osmoprotectant -binding protein)
OpuCD 5 Glyeina betaine/carmiting/choline ABC transparter 1 1 04 03
{membrang pratain
PspA Phage shock pratein A homalag 2 1 o5 44
SpolllAHY  SPIAH i Mutants block sponsdaticn after enguifment 3 3 05 03
SpolvA™  SPaA Raguired for proper spora corex fermaton and 5 3 05 a5
cont assembhy
Sras™ Surfactin synthetase/competence 36 k-3 (13 LiA
SdAC Surfactin synthotase/compeence 1 7 05 129
Tip* 2 Methyl-accepting chamotaxis protain 3 3 0.6 14
YciF 13 Unknawn; similar to di-tripeptide ABC transportar 1 1 (13 44
{mambrang proteing
Yeim AK3 Unkenawn; similar to aspartate knase 1 1 0E 06
YdeC™ 1 » Uinknanen 3 3 05 48
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Table 3. Continued
Pratein Protein MSD  Add Function Ne, of No. of Mean ratin Relative
{SubeiList)  |Swiss-Protl” info- peptide  peptide  (stat vs exp)” difference
matian®! ratios 1% ratios 2" %"
YdhK 1 = Linien cwm rJ 3 [IL] L]
YimT Unknown, similar to benzaldehydo dehydrogenase B 5 04 B2
Yieh 1 £ Unlanowm 1 1 05 181
YjcP 2 Unknowm 1 1 04 B3
Wil HPFTX 4 Unknowry; similar 1o heat-shack pratain 4 4 06 0
Yir T MTNK Unknowm 1 1 06 18
YiuC RASP 4 Unknown 2 2 [IE] 23
YixF 1 114 Unknown 1 H 03 50
Ymd A 1 Unknowm n 12 06 1.1
Yobd 3 Unknown |l 4 08 20
Yons™ 1 8 Unknown 3 F] 03 i1}
Yigel 2 Unknewr 1 1 06 g2
Vrivh 4 Unknowr; similar to hemodysin-Gie ] 1 L} oL}
YD 1 Unknown 1 1 [ 181
YirF 4 Unknown 1 1 06 m
YukA Unknowm 4 4 05 1za
YukB 1 Unknowm 1 2 05 123
YurP™ Unknpwm; similar o gluteming-fructose-§-phosphate 3 2 06 o5
fransamanase
Yrjd 5 Unknowrs; similas to ABC transpartar (ATP-binding 4 i il ] 12
profein]
¥ukC™ 1 Unknown 9 ] 03 21

o) Swiss-Prot (release 54.6) sccession s also displayed i it differs from the SubtilList accession to incorporate changes in functional
annotation that have been introduced since the last release of SubtiLisy
bl sec, secrated wa Sec-systam; rr, secrated wia Tat-system; lipo, lipoprotein-matif; *, ratainad in tha mambeana (according to SecP-algo-

rithm}.

c
paptides is displayed,

Number of quantified peptides in technical replicate 1, for proteins occurring in mora than one gal slice the sum of different quantified

di Mumber of quantified peptides in technical replicate 2. for proteing occurring in more than one gel slice the sum of different guantified

peplides s displayed,

&l Mean value of the protein ratios from both technical replicates.

fi Difference of the protein ratios from both technical replicates divided by the mean value.
@l Relative differences larger than 20% but quantitative change bigger than three-fold,

hi Protein occurred in more than one gel slice.

the gorABC operon during transition into stationary phase
and its dependence on Spo0A activation has already been
demonstrated  [49), Expression of the SigH-dependent
membrane proteins YixG, YoeA, QcrA, and QorC was also
expected because SigH is activated upon amino acid limita-
tion,

The membrane proteins YknX and YknZ were also
abserved with an increased quantity in the stationary phase
cells. Both proteins are subunits of an uncharacterized ABC-
transporter that is regulated by the extracytoplasmic sigma
factor SigW [58]. It has already been shown that the max-
imum expression of sigW is reached during early stationary
growth phase.

Additionally, in tendency an increase of ATP-synthetase
in stationary phase (AtpABDFGH) in the lysine depleted
medium was observed, which again might peint toan energy
depleted state of the starving cells.

£ 2008 WILEY-VCH Verlag GmbH & Co. KGad, Weinhsm

4 Concluding remarks

In surmmary, we were able to show that bath SILAC- and "N/
"N-labeling provide similarly valuable data for the quantifi-
cition of bacterial membrane proteins. Compared to in vitro
labeling techniques these two methods offer the clear ad-
vantage that the label s introduced already during growth,
Thus, the isolation of membrane proteins is carried out after
the combination of differentially labefed cells in order to
reduce the technical bins during the extended purification
procedure.

Whereas the SILAC labeling is well suited for bacteria
with amino acid auxotrophies the "N/ N-metabalic labeling
can be applied to every bacterial strain growing in minimal
misdivm containing a defined N-source, However, due to the
lack of easily available convenient software for the evaluation
of “N/"N-labeled samples, analysis of the data is con-
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siderably more time-<onsuming compared to the SILAC
labeling. In general the "N/"N-labeling has some advan-
tages sich as labeling of all amino acids and thereby
increasing the number of peptides for quantification. This
clearly increases the reliability of the data. Ongoing physio-
logical proteomic projects can now be complemented with
the membrane proteome analysis, using the identical bacte-
rial strains. The proof of principle scenarios, amino acid
(lysine] and glucose starvation, which have been chosen in
this study, have provided results that are compatible with and
extend previous studies of the cytoplasmic proteome.

Both, SILAC as well as "N/'"*N labeling are compatible
with 2-D PAGE, 2-D) LC-MS/MS and GeLC-MS/MS5 and thus
allow comprehensive simultaneous interrogation of cyto.
plasmic and enriched membrane proteomes.

Work in the laboratories of M. H. and U, V. was supported by
the BMBF within the framework of the tranmational SysMO
initiative in the projest BACELL-SysMO, and the QuantPro
initimtive.
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YidC of Escherichia coli belongs to the evolutionarily conserved Owal(Alb3/YidC family.
Members of the family have all been implicated in membrane protein biogenesis of
respiratory and energy transducing proteins. The number of proteins identified thus far to
require YidC for their membrane biogenesis remains limited and the identification of new
substrates may allow the elucidation of properties that define the YidC specificity. To this end
we investigated changes in the membrane proteome of E. coli upon YidC depletion using
metabolic labeling of proteins with "N/"*N combined with a MS-centered proteomics
approach and compared the effects of YidC depletion under aerobic and anaerobie growth
conditions, We found that YidC depletion resulted in protein aggregation/misfolding in the
cytoplasm as well as in the inner membrane of E. coli. A dramatic increase was observed in
the chaperone-mediated stress response upon YidC depletion and this response was limited
te aerobically grown cells. A number of transporter proteins were identified as possible
candidates for the YidC-dependent insertion and/or folding pathway. These included the
small metal ion transporter CorA, numerous ABC transporters, as well as the MFS trans-
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transport and stimulus transduction. The general secretory
{Sec) pathway is responsible for insertion of the majority of
integral membrane proteins. The protein conducting channel
of the Sec translocase consists of the heterotrimer SecYEG
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newly synthesized membrane proteins into the lipid bilayer,
In assoclation with the motor protein SecA, the SecYEG
channel mediates the translocation of large polar inter-
membrane loops across the membrane [3]. Another protein
found associated with the Sec translocase, YidC, can function
together with the SecYEG channel as well as independently
as a membrane insertase for small hydrophobic proteins.

YidC belongs to the evolutionarily conserved Oxal/Alb3/
YidC family which evolved before the divergence of the three
major domains of life [4-6]. Members of the family have all
been implicated in membrane protein  biogenesis of
respiratory and energy transducing proteins, To date, only
two natural E. coli substrates have been identified as using
the YidC-only, or Sec-independent, pathway for insertion,
namely the ¢ subunit of the F\F, ATP synthase, F.c [7), and
the channel of large conductance, MscL [8]. The a subunit of
the F,F, ATP synthase, F.a [9]. subunit I of the cytochrome
o oxidase, Cyod [10, 11], and subunit K of the NADH:ubi-
quinone oxidoreductase, Nuok [12], are inserted via the Sec
pathway and also require YidC for their insertion. YidC has
also been implicated in the folding of proteins following
their insertion by the Sec translocase. The lactose permease,
LacY [13], and MalF, of the maltose transport complex [14],
have been shown to require YidC for correct folding and
stability in the membrane. Finally, YidC mediates the
membrane insertion of small phage coat proteins such as
M13 procoat and Pf3 [15].

The number of proteins identified thus far to require
YidC for their membrane biogenesis remains limited and
the identification of new substrates may allow the elucida-
tion of properties that confer YidC-dependence to this
subset of membrane proteins. To this end we investigated
changes in the membrane proteome of E. coli upon YidC
depletion. YidC is essential for growth under both aerobic
and anaerobic growth conditions [16, 17] likely ewing to its
role in the biogenesis of the energy transducing proteins
that are essential under these conditions. We therefore
investigated the effects of YidC depletion on the membrane
proteome from cells grown aerobically and anaerobically. In
the latter case fumarate was used as a terminal electron
acceptor, The proteomic analysis of membrane proteins
poses a number of challenges. Owing to their hydrophebic
nature, membrane proteins are not suited to standard 2-D
gel-based methods. Metabolic labeling of proteins with
stable isotopes offers an alternative quantitation method,
This can be combined with MS-centered proteomics
approaches based on the separation of complex trypsin-
digested samples by reverse phase chromatography in
combination with MS analysis (LC-MS/MS).

We found that YidC depletion under aerobic conditions
elicited a massive chaperone response to protein misfolding
andfor aggregation while depletion wunder anaerobic
conditions did not show this response. A number of trans-
porter proteins were identified as possible candidates for
the YidC-dependent membrane insertion andfor folding

pathway.
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2 Materials and methods
2.1 Bacterial strains and plasmids

The YidC depletion strain E. coli FTL10 [18] in which yidC is
under the control of the ara BAD promoter was a generous
gift of Frank Sargent (University of East Anglia, Nerwich,
UK). E. coli FTL10 “YidC™" and “YidC ™" strains were used
as described previously [17). Plasmids pEH1YidC [19] and
pTrcYidC [20] were used for the overexpression of His-
tagged and non-tagged versions of YidC, respectively.

2.2 Materials

Sodium fumarate was purchased from Sigma-Aldrich.
YN.ammonium sulphate was purchased from Cambridge
Isotope Laboratories (USA) and trypsin from Promega
(Germany). Antisera against DnaK, F.c, GroEL, IbpA,
NucK, phage shock protein A (PspA) and LepB were
generous gifts from Axel Mogk (Universitit Heidelberg,
Germany),  Gabriele  Deckers-Hebestreit  (Universitat
Osnabriick, Germany), Saskia van der Vies (Vrije Universi-
teit Amsterdam), Ewa Laskowska (University of Gdansk,
Poland), Takao Yagi (The Scripps Research Institute, USA),
Jan Tommassen (Utrecht University, The Netherlands) and
William Wickner (William Wickner, Dartmouth University,
USA), respectively. Polyclonal SecA and YidC antibodies
were from our laboratory collection. Alkaline phosphatase
conjugated anti-chicken, anti-mouse and anti-rabbit 1gG
were purchased from Sigma-Aldrich.

2.3 Bacterial growth

For metabolic labeling experiments using "N/"*N, YidC"
and YidC™ strains were grown aerobically or anaerobically at
37°C. For aerobic growth, cells were grown in parallel M&3
minimal medium supplemented with 0.5% glucose [21].
Cells were depleted of YidC essentially as described
previously [17, 22). Briefly, cells were grown overnight in
growth medium containing 0.5% arabinose after which cells
were washed in fresh M63 minimal medium and resus-
pended in medium supplemented with glucose. The cells
were grown o an ODgy of 06 which corresponds to late
exponential phase and then diluted two-fold with the same
medium. The procedure was repeated until growth cessa-
tion of the YidC™ strain. For anaerobic growth, cells were
grown in basal anaerobic growth medium [23] containing
glycerol and sodium fumarate added to 0.5% wfv and
10 mM, respectively, instead of glucose. Under these growth
conditions, the cells were grown to an ODgg, of 0.3, Each
strain was grown in duplicate in medium containing "N
ammonium sulphate as well as in medium supplemented
with "N ammonium sulphate. Cells grown in the presence
of "N ammonium sulphate were used as a reference pool as
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described previously [24). After cells were harvested, 225
OD-units of bacteria grown in the presence of N or "N
were combined and stored at —80°C,

2.4 Sample preparation

Inner membrane vesicles (IMVs) were isolated as described
previously [25]. The IMVs were subjected to sodium carbo-
nate extraction [26] to further enrich for membrane proteins,
and to reduce the amount of nonspecifically associated
cytosolic proteins,

25 MS analysis

Inner membrane fractions were subjected to the GelC MS-
workflow including 1-D SDS gel electrophoresis followed by
tryptic digestion as described in [27]. The resulting tryptic
peptides were separated on a reverse phase chromatography
column  (Waters BEH 1.7pum, 100-pm  id = 100 mm)
operated on a nanoACQUITY-UPLC (both Waters, Milford,
MA, USA). Peptides were concentrated followed by desalt-
ing on a trapping-column (Waters nanoACQUITY UPLC
column, Symmetry C18, 5pm, 180pm = 20 mm, Waters)
for 3 min at a flow rate of 1 mL/min with 99% buffer A (90%
acetonitrile, 0.1% acetic acid). The peptides were eluted and
separated with a non-linear 80-min gradient from 5 to 60%
ACN in 0.1% acetic acid at a constant flow rate of 400nLf
min. M5/MS data were acquired with the LTQ-Orbitrap
mass spectrometer (Thermo Fisher, Bremen, Germany)
equipped with a nanoelectrospray ion source. After a survey
scan in the Orbitrap (r= 30000) MS? data was recorded for
the five most intensive precursor ions in the linear ion trap,

The *dia files were extracted from *.raw files using
BioworksBrowser 3.3.1 5P1 (Thermo Fisher Scientific) with
no charge state deconvelution and deisotoping performed on
the data. The *.dia files were searched with SEQUEST version
v28 (rev.12) (Thermo Fisher Scientific) against E. coli target-
decoy protein sequence database (complete proteome set of E.
coli K12 extracted from UniProtKB/Swiss-Prot [28) with a set
of commen laboratory contaminants) compiled using
BioworksBrowser, The searches were implemented in two
iterations: First, for the GeLCMS analyses the following
search parameters were used: enzyme type, trypsin (KR}
peptide tolerance, 10 ppm; tolerance for fragment fons, 1 amu;
b- and y-ion series; methionine oxidation as a variable modi-
fication (15.99 Da): a maximum of three modifications per
peptide was allowed. In the second iteration the mass shift of
all amino acids completely labelled with "N Nitrogen was
taken into account in the search parameters.

Resulting *.dta and *.out files were assembled and
filtered using DTASelect (version 2.0.25) (parameters
GeLCMS: -y 2 ¢ 2 -C 4 ~-here --decoy Reverse_-p 2-t2-u -
MC 2 - 0.3 —fp 0.005). Data were revised using an in-house
written java-script to ensure that each protein hit relied on at

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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least two different peptides as judged by amino acid
SEqUENCE.

Peptide ratios of heavy and light peptides according to the
identification lists were determined by CenSus [29] and
exported (R values bigger than 0.7 and only unique peptides;
proteins failing to be relatively quantified were checked
manually in the graphical user interface for on/ofl proteins)
to Excel. Proteins relatively quantified with at least two
peptides were taken into account for the subsequent analysis.

The proteomics data were subsequently analyzed by the
Rank Product analysis [30] using the software package R
version 2.10.1 [31). This generates a lists of proteins ranked
according to log ratio and calculates a conservative estimate
of the percentage of false positives (pfp). Proteins with pfp
values smaller than 0.1 (109) were regarded as differentially
represented,

26 Isolation of protein aggregates

Protein aggregates were isolated from YidC' and YidC™
cells according to the method described in [32]. The samples
were separated by SDS-PAGE and stained with Bio-Safe
Coomassie (Bio-Rad, USA). In-gel tryptic digestion was
followed by peptide extraction and LC-MS/MS as described
in [20]. M5 analysis was performed using a MALDI-TOF/
TOF 4800 Proteomics Analyzer instrument (Applied
Biosystems, USA) in the m/z range 9004000, Data acqui-
sition was performed in positive ion mode. Peptides with
signal-to-noise level above 100 were selected for MS/MS.
Protein identification was performed with ProteinPilot™
2.0 software using the Paragunm Algorithm  [Applied
Biosystems/MDS Sciex), searching against the E. coli K12
UniProtKB/Swiss-Prot protein sequence database, Trypsin
specificity and all default options were included in the
search. The results were manually inspected and the iden-
tifications were accepted based on the independent identi-
fication of at least two unique peptides each with confidence
of identification probabilities higher than 95%.

2.7 Identification of co-purifying proteins

For the overexpression of (His-tagged) YidC, Luria Bertani
medium was used for aerobic growth and the anaerobic basal
medium was supplemented with 0.1% yeast extract (Difco,
USA). Histagged YidC overexpressed from  plasmid
pEH1YidC was purified on a Ni**-NTA column in order to
identify co-purifying proteins. The samples were separated by
SDS-PAGE and identified as described for protein aggregates,

2.8 Protein determination and Western blotting

Protein concentrations of the membrane preparations and
protein aggregates were determined with the DC Protein
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assay (Bio-Rad) using BSA as a standard. 5D5-PAGE and
immunoblot analyses were carried out according to methods
that were described previously [33, 34). Blotting efficiency
was checked by immunoblet analysis using antisera directed
against LepB. Signal capture and quantification were
performed using the FUJIFILM LAS-4000 luminescent
image analyzer,

3 Results

In total, 359 and 379 proteins were identified and quantified
from the membrane preparations of aerobically and anae-
robically grown E. coli cells, respectively. Each data set
contained two biclogical repeats for each strain. Integral
membrane and membrane-associated proteins were well
represented (Supporting Information Fig. 1). In the aerobic
data set 129 integral membrane proteins were quantified
and in the anaerobic data set 116 were quantified. A total of
134 different integral membrane proteins were quantified.
The majority of the proteins in the data sets were
unaffected by YidC depletion (Figs. 1A and B, and
Supporting Information Table 1). Proteins exhibiting
changes with an associated pfp value of less than 0.1 were
considered to have changed significantly. Compared to the
cytoplasmic proteins, a higher percentage of membrane or
secreted proteins decreased following YidC depletion. In the
aerobic data set only 5% of cytoplasmic proteins decreased
compared to 20% of the integral membrane proteins upon
YidC depletion, On the other hand, in the anaerobic data set
none of the eytoplasmic proteins was decreased, whereas in
the integral membrane proteins the levels were reduced to
6%. The integral membrane or membrane-associated
proteins were subdivided into 13 subcategories according to
their functions (Figs. 1C and D). In particular, proteins
involved in energy transduction, transport and cell division
were negatively affected by YidC depletion. The greatest fold
decrease was observed for YidC, which was reduced in the
aerobic and anaerobic data sets by 11- to 20-fold, respectively
(Table 1). This demonstrates that YidC was extensively
depleted during growth in the absence of arabinose.

3.1 Energy transducing proteins

In the current study subunits of 14 different energy trans-
ducing complexes were quantified, NDH-1 consists of 13
subunits in E. coli, 7 of which were identified in this study
(Supporting Information Table 1). While the membrane
subunit NueA decreased upon YidC depletion, subunits of
the peripheral arm of complex | did not change significantly,
Another membrane subunit, NuoK, has been shown to
require YidC for insertion [12] but was not identified in this
study. Immunoblot analysis showed that NuoK indeed
decreased upon YidC depletion under both aerobic and
anaerobic conditions (Supporting Information Fig. 2). Six of

© 2010 WILEY-VICH Verlag GmbiH & Co. KGad, Weinheim
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the 13 subunits of the F\F, ATP synthase were quantified
but Foa and Fue, which have been shown previously to be
YidC-dependent substrates, were not identified. Immunoblot
analysis verified that the levels of Foe decreased under both
aerchic and anaerobic growth conditions (Supporting Infor-
mation Fig. 2). In the aerobic data set, CydA of the cyto-
chrome d terminal oxidase decreased. Also FrdA was
observed to decrease upon YidC depletion, whereas in the
anaerobic data set, CyoA and CyoB of the ubiquinol oxidase
decreased while GlpB increased. In a recent study, the effect
of YidC depletion on the transcriptome of E. coli was inves-
tigated [35]. It was found that the expression of subunits of
the fumarate reductase decreased following YidC depletion,
indicating that the effect may be caused by a decreased gene
expression rather than impaired membrane biogenesis.
However, transcription of subunits of complex [ and the F,F,
ATP synthase increased upon YidC depletion. This may be a
compensatory mechanism in response to impaired insertion
of the YidC-dependent subunits in these complexes.

3.2 Transporter proteins

Following YidC depletion, subunits of 10 of the 24 ATP-
binding cassette (ABC) transperters identified and quanti-
fied, decreased (Table 1), This included subunits of arginine,
dipeptide, histidine, branched amine acid, lipoprotein-
releasing, lipopolysaccharide and putrescine transporters,
Also, levels of the subunits of four other ABC transporters
were observed to increase, namely heme, methionine and
phesphate import systems and the multidrug resistant-like
ATP-binding protein, MdlB, A further nine transporter
proteins were observed to decrease upon YidC depletion,
including the small magnesium transport protein CorA and
the major facilitator superfamily (MFS) transporters KgtP
and ProP. The levels of the biopolymer transporter ExbB
decreased by fourfold which was the greatest decrease
observed after YidC. Protein levels of the phenylalanine
specific permease and a predicted transporter protein Ybal
increased following YidC depletion.

3.3 Cell division and cell shape

It has previously been observed that YidC depleted cells
grown aerobically are impaired in cell division [35). A total of
12 proteins involved in cell division and cell shape were
quantified and the levels of only two proteins, FisX and
Nlpl, decreased upon YidC depletion (Table 1). FtsX is
predicted to form an ABC transporter with FisE [36], and a
decrease in FisX levels in the membrane may be responsible
for the cell division impairment and flament formation
observed. Levels of the shape determining proteins MreB
and RodZ as well as WezB increased upon YidC depletion.
These changes were not pronounced when YidC depletion
was carried out anaerobically.
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Figure 1. Summary of localization and changes upon YidC depletion of proteins quantified in this study, Localizations were based on
annotations in the UniProt KB/Swiss-Prot database for E. coli or where necessary Psort 2.0b [60]. {A and B} The number of proteins whose
lewvels increase (black bars), decrease (grey) and remain unchanged (white bars) upon YidC depletion in the aerobic (A} and anaerobic (B}
data sets. (C and D} Membrane proteins were divided into 13 categories based on function, The number of proteins whose levels increase
{black bars), decrease (grey} and remain unchanged {white bars) upon YidC depletion in the aerobic (C) and anaerobic (D) data sets.

3.4 Miscellaneous

A further eight integral membrane proteins that do not fit
into the categories shown in Fig. 1 were observed to
decrease upon YidC depletion. These included the proto-
porphyrin oxidase, apolipoprotein N-acyltransferase, and

& 2010 WILEY-VCH Verdag GmbH & Co. KGaA, Weinheim

TolQ and TolR. Alse, seven uncharacterized proteins
decreased upon YidC depletion while one increased, Levels
of the carboxypeptides DacA and DacC inereased following
YidC depletion.

YidC has been implicated in the quality control
mechanisms that detect and degrade misfolded proteins in
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Table 1. Membrane or membrane-associated proteins with significant changes following YidC depletion

Gene name™ Protein name™ TMS/localization™ Log, (YidC™-¥idC 1"
Asrabic Anaerobic

Membrane biogenesis

yidC foxadl Inner membrane protein Oxad 6 -35 —4.32

secA Protein translocase subunit SecA €, im ass 0.68 -0.09

Energy transducing proteins

cydA Cytochrome d terminal oxidase, subunit | 7 —0.63 -0.11

cyod Ubiguinol oxidase subunit 2 2 ~0.36 ~0.36

cyoB Ubiquinol oxidase subunit 1 15 0.02 ~0.36

frdA Fumarate reductase flavoprotein subunit c, im ass -0.93 0

gipB8 Anaerobic glycerol-3-phosphate ¢, im ass Mot identified 0.66
dehydrogenase subunit B

nuod NADH-quinone oxidoreductase subunit A 3 ~0.63 ~0.29

ynfG Probable anaerobic DMS reductase ¥YniG ¢, im ass Mot identified -0.4

ABC transporters

artl Arginine-binding periplasmic protein 1 P Mot quantified® —-2.87

arntP Arginine transporter ATP-binding protein ¢, im ass -0.25 -0.29
ArtP

cydC ATP-binding/permease protein CydC -] 0.3 0.59

dppA Periplasmic dipeptide transport protein p -1.81 -0.2

dppB Dipeptide transport system permease 7 -0.61 —0.43
DppB

dppD Dipeptide transport ATP-binding protein c, im ass =051 -0.22
DppD

hisP Histidine transport ATP-binding protein ¢, im ass -0.7 -0.16
HisP

liviF High-affinty branched amino acid c, im ass ~0.45 —0.65
transport ATP-binding protein LivF

livG High-affinty branched amino acid ¢, im ass -0.32 ~0.63
transport ATP-binding protein LivG

livd LewlleMfal-binding protein p -1.37 0.03

lolD Lipoprotein-releasing system ATP- c, im ass ~0.62 0
binding protein LolD

lolE Lipoprotein-releasing system 4 —~0.85 -0.25
transmembrane protein LolE

lpt8 Lipopolysaccharide export system ATP- c, im ass ~0.72 ~0.39
binding protein LptB

lptF Lipopolysaccharide export system ] -0.7 —0.46
permease protein LptF

malk Maltose/maltodextrin import ATP- ¢, im ass Not quantified® 0,53
binding protein Malk

mdlB8 Multidrug resistance-like ATP-binding ] 0.65 Mot identified
protein MdIB

meati Methignine import ATP-binding protein c, im ass 0.7 -0.18
Meth

metQ o-Methionine-binding lipoprotein MetQ Ip 0.6 0.29

poti Spermiding/putrecine import ATP- c, im ass 0.01 ~0.43
binding protein PotA

potF Putrescine-binding periplasmic protein p -1.15 Mot identified

pstg Phosphate import ATP-binding protein ¢, im ass 0.83 0.23
PstB

yecs Inner membrane amino-acid ABC 3 Mot quantified® —0.49
transporter parmease protein YecS

wiiK Uncharacterized ABC transporter ATP- ¢, im ass Mot identified 0.39
binding protein YjjK

APC superfamily transporters

araf Aromatic amino acid transporter protein 12 ~0.61 -0.25
AroP

cyeA o-Alaning/o-sering/glycine transporter 12 -1.01 Mot identified
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Table 1. Continued

Gene name™ Protein name™ TMS/localization® Log; [YidC " -¥idC )™

Aerobic Anaerobic

phaP Phenylalanine-specific permease 12 1.46 Mot identified

Other transport proteins

copA Copper-exporting P-type ATPase A 8 0.7 Mot identified

cord Magnesium transport protein Cord 2 ~1.24 ~0.58

exbB Biopolymer transport protein ExbB 3 -2.18 Mot identified

fecB Ferrous iron transporter protein B 13 -1.57 Mot identified

kgtP Alpha-ketoglutarate permease 12 -0.73 Not guantified”

praP Proline/glycine betaine transporter 12 ~0.62 -0.23

yhal Inner membrane protein Ybal 13 1.39 Mot identified

sstT Serinefthreonine transporter SstT 8 -1.82 ~0.44

Cell division and cell shape

ftsE Cell division ATP-binding protein FisE ¢, im ass Not guantified” 0.46

ftsX Cell division protein FisX 4 —0.67 —0.14

nipl Lipoprotein Mipl Ip ~0.B4 ~0.06

mraB Rod shape-determining protein MreB [ 0.67 0.35

rodZ Cytoskeleton protein RodZ 1 0.73 021

wzzB Chain length determinant protein 2 0.67 0.14

Miscellaneous

dacA o-Alanyl-c-alanine carboxypeptidase 1 0.6 0.02
Dach,

dacC o-Alanyl-z-alanine carboxypeptidase p, im ass 0.89 0.09
DacC

hemG Protoporphyrin oxidase amb Not guantified” ~0.74

hilK Protein HFIK 1 0.6 0.14

Int Apolipoprotein N-acyltransferase ] 0.59 0.3

mirdd Penicllin-binding protein 2 P, im ass 0.62 Mot identified

mscS Small-conductance mechanosensitive 3 ~0.63 ~0.01
channel

phal Sensor protein PhoQ 2 0.67 0.39

ptsiG PTS system glucose-specific EICB 10 -0.37 ~0.33
GI]ITI:pDI'IBI‘II:

ripA Rare lipoprotein A im Ip ~0.B8 =0.06

sohB Probable protease SohB 1 ~0.36 ~0.35

tolQ Protein TolQ 3 —0.79 —0.76

talR Protein TalR 1 Mot identified ~0.94

yhbM UPFO014 inner membrane protein YbbM 7 ~1.38 Mot identified

veiF UPF0283 membrane protein YcjF 3 1.1 0.55

ydcl Uncharacterized lipoprotein Ydcl im lIp ~0.B8 0.18

yebE Inner membrane protien YebE 1 Mot identified 0.94

yedE UPFO394 inner membrane protein YedE 8 Not guantified” ~0.36

yvegH UPF0053 protein YegH 5 ~0.63 0.25

yidH Bactoprenol glucosyl transferase 2 -0.72 ~0.52
homolog from prophage CPS-53

wiG Inner membrane protein YjiG 4 Mot identified -1.88

yplt Uncharacterized protein YpiJ 1 ~0.73 Mot identified

wqjE Inner membrane protein YqjE 2 -1 Mot guantified™

Numbers in bold indicate changes with associated plp values of less than 0.1,

al Gene designations in the UniProtKB/Swiss-Prot database for E. coli,

b} Protein designations in the UniProtkB/Swiss-Prot database for £, coli,

¢} Localization based on Uniprot entry or where necessary Psort 2.0b. Abbreviations: ¢, cytoplasmc; im ass, inner membrane associated;
im Ip, inner membrane lipopratein; p, periplasm; amb, ambiguouws.,

d) The logs ratio of each sample to the 15N reference was used to calculate the difference in protein levels between YidC+ and YidC-

strains,

&) Mot quantified: Protein was identified in at least one sample but insufficient data for quantitation.
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the inner membrane [37]. Upon YidC depletion, levels of
HAK were observed to increase. HAK is, together with HAC,
a regulator module of the ATP-dependent protease HfIB
{also known as FisH) [38]. It has been shown previously that
expression levels of WAC and hfIK increase upon YidC
depletion [35]. Therefore, the inereased transcript and
protein levels may be a response to the accumulation of
misfolded membrane proteins under YidC  depleting
conditions.

3.5 Coimmunoprecipitation with His-YidC

Oxal has been isolated as a complex with in witrosynthe-
sized Atp9 (homologous to F.c) as well as with the entire
FiFy ATP synthase suggesting a role for Oxal in the
assembly of the protein complex [39]. In E coli, in vitro-
synthesized Foc has been shown to co-purify with YidC
suggesting that it also contacts its substrates and remains
briefly associated with them [40), whereas in Bacillus subtilis,
the entire F\Fy ATP synthase can be found to be associated
with the YidC homologs Spolll] and YqiG [20]. Owver-
expression of YidC from plasmid pEH1YidC or pTreYidC
was induced and IMVs containing His-tagged YidC or wild-
type YidC were purified on a Ni**-NTA column. Protein
profiles were compared and protein bands specific for
purification with His-YidC were excised, digested in gel with
trypsin followed by LC-MS/M3. A total of 32 proteins were
identified together with purified His-YidC [Supperting
Information Table 2) of which 21 were integral membrane
or membrane-associated proteins and 11 were cytoplasmic
proteins, This included the transporter proteins CorA and
MetN which were observed to decrease and increase,
respectively, upon YidC depletion as well as PutP and YeeF
which were not present in the metabolic labeling data sets.
Several proteins involved in energy transduction were
identified including the known YidC substrate Cyod, but
also CyoB, HybA, Ndh and NueC/D. Other membrane
proteins identified included the sensor protein RstB, heme
biosynthesis protein HemY and the cell shape determining
proteins Mra¥ and MreB. As previously described [37), the
quality control proteins HAB, HAC and HAK were found
associated with His-YidC. In addition, the HAC-related
protein, QmeA and the chaperone Dna] were identified
reiterating a role for YidC in membrane protein folding
andfor quality control.

3.6 Stress response proteins

Under aerobic growth conditions, protein levels of a large
number of chaperones involved in the cell response to heat
shock and protein misfolding and aggregation increased upon
YidC depletion (Table 2). YidC depletion resulted in increased
levels of the chaperones ClpB, DjlA, Dna], DnaK, Grol and
HipG (alse known as Hsp90) between 1.7- and 4.2-fold. Levels
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of the DeaD cold shock protein increased by nearly fivefold,
whereas the small heat shock proteins IbpA and B increased
by approcamately  16-fold. The wellcharacterized PspA
response was also observed upon YidC depletion with Pspa,
PspB and PspC increasing. This is also in agreement with
recently deseribed transeriptomic data in which the expression
of the entire pspABCDE gene cluster increased by YidC
depletion [35). The response under anacrobic growth condi-
tions was, however, entirely different. As previously char-
acterized [17), there is no PspA response and although an
increase was observed for DnaK and Grol, this was much
reduced compared to that observed in the acrobic samples.
Many of the chaperones identified are cytoplasmic
proteins and it was of interest whether the increase seen in
the membranes represented increased levels in the cyto-
plasm or a sequestering of the chaperones to the membrane,
Immuncblot analysis was therefore performed on cyto-
plasmic and membrane fractions (Fig. 2). Under aerobic
growth conditions, levels of 1bpA were found to increase in
the membrane fraction with a smaller but reproducible
increase in the cytoplasmic fraction indicating that there is a
sequestering of the small chaperone to the membrane,
Although 1bpA was not identified in the metabolic labeling
anaerobic data set, a similar but smaller response ococurred
under those conditions. Under aerobic conditions the
chaperone GroEL showed a similar but not as pronounced
sequestering to the membrane, while this was not evident
for DnaK where levels increased equally in the cytoplasmic
and membrane fractions under both aerobic and anaerobic
conditions, Overall, the increase was more substantial in the
aerobically grown cells consistent with the data from the
metabolic labeling experiments. Immunoblot analysis of the
inner membrane-associated protein PspA was consistent
with the data from the metabolic labeling experiments.

3.7 Isclation of protein aggregates

The depletion of ¥idC under aerobic conditions resulted in the
pronounced upregulation of cytoplasmic chaperones often
associated with protein aggregation following heat shock,
whereas the response was weak under anaerobic growth
conditions. Therefore, we determined whether the different
growth conditions affect the amount of protein aggregation or
whether the cell responds differently depending on the avail-
ability of oxygen. Using selective solubilization in the deter-
gent MP-40, aggregates were isolated from YidC™ and YidC™
strains grown under the same conditions as used for the
proteomic analysis, Protein aggregates were quantified and
expressed as a percentage of the total cellular protein
(Supporting Information Fig. 3). Under aerobic conditions the
amount of protein aggregates increased 1.6-fold, whereas
under anaerobic conditions the amount increased by 1.25-fold,
In total, 28 proteins were identified, nene of which were
integral membrane proteins (Supporting Information Table
3). Eight of these proteins were mislocalized outer membrane
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Table 2. Proteins involved in stress responses with significant changes following YidC depletion
Gene name®  Protein name™ TMSlocalization™  Logs; (YidC*-YidC )™

Aerobic Anaerobic
cipB Chaperone protein ClpB [ 2.05 Mot gquantified™
deaD Cold-shock DEAD box protein A [ 2.28 Mot identified
dijlA DnaJ-like protein Djla 1 0.71 -0.03
dnad Chaperone protein DnaJ [ 2N Mot identified
dnak Chaperone protein Dnakl ¢, im ass 1.67 0.58
dps DMA protection during starvation protein c Mot identified 0.68
grol 60kDa chaperonin {GroEL protein) [ 1.1 0.75
htpG Chaperone protein HipG ¢, im ass 15 Mot identified
ibpA Small heat shock protein lbpa c 4 Mot identified
ibpB Small heat shock protein IbpB [ 4.14 Mot identified
kup Low affinity potassium transporter system protein Kep 12 -1.24 Mot identified
osmE Osmotically induced lipoprotein E im Ip Mot identified —0.58
pspA Pspa ¢, im ass 1.9 ~0.55
pspB PspB 1 265 ~0.48
pspC PspC 17? 2.61 —0.32
rpokE RMNA palymerase sigma-E factor [ Mot quantified® 052
rsef Regulator of sigma E protease 3 0.13 ~0.89
uspF Universal stress protein F c Mot identified -0.28

Numbers in bold indicate changes with associated pfp values of less than 0.1,

al Gene designations in the UniProtkB/Swiss-Prot database for E. colli,

b} Protein designations in the UniProtkB/Swiss-Prot database for E. coli,
¢} Localization based on Uniprot entry or where necessary Psort 2.0b, Abbreviations: ¢, eytoplasm; im ass, inner membrane associated; im

Ip, inner membrane lipoprotein,

d) The logs ratio of each sample to the 15N reference was used to calculate the difference in protein levels between YidC+ and YidC-

straing,

e} Mot quantified: Protein was identified in at least one sample but insufficient data for quantitation.

Aarobic Anaerobic
cyloplasm membrane  cyloplasm  membrana

] | e

0685002 0291 0 0004 082 008 0 TG4 O DO0G

quEL-lgGFZlF..T‘ l-... —ql-—-—-i

0.77a0 18 0561 0.05 0815008 0e3x007
] | | |
0722018 0.7720.08 0812000 080 0.03
apsonioo [ ][] [ ]
QBG008 0Ea000 nol detected 1.91 2 040

L Y + -  + -

Figure 2. Chaperones |bpA and GroEL are sequestered to the
membrane upon YidC depletion. Cytoplasmic and membrane
fractions were analyzed by immuncblotting using antisera
directed against |bpA, GroEL, Dnak and PspA. The ratio of the
¥idC " idC ™ signals was calculated. Indicated are the means of
three separate measuramants +the standard error of the mean.

and periplasmic proteins. Also proteing involved in the
cellular stress response were identified, namely IbpA, DnakK,
Dps and Spy. A large number of ribosome subunits were
identified in the aggregates as well as prolyl-tRNA synthetase

& 2010 WILEY-VCH Verdag GmbH & Co. KGaA, Weinheim

and EF-Tu. MreB, which plays a role in the determination of
cell shape in E. coli and which was observed to increase upon
YidC depletion and co-purify with His-YidC, was also identi-
fied in the aggregates.

3.8 Periplasmic and outer membrane proteins

YidC depletion caused the accumulation of a number of
mislocalized proteins in the cytoplasm some of which were
also identified in the inner membrane preparation
(Supporting Information Table 4). In the aerobic data set, 44
and 18% of the periplasmic proteins and outer membrane
proteins quantified decreased upon YidC depletion (Fig. 1A,
Supporting Information Table 3), whereas fewer changes
were observed in the anaerobic data set (Fig. 1B). The
observed decrease may be indicative of partial impaired
translocation wia the Sec translocase.

3.9 Ribosomal and cytoplasmic proteins
The levels of 21 cytoplasmic proteins increased following
YidC depletion, including EF-Ts and SecA (Table 1,

Supporting Information Table 5). Since SecA is localized in
the cytoplasm as well as associated with the inner
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membrane, the levels of SecA in these fractions were
investigated using immunoblot analysis (Fig. 3). Under
aerobic growth conditions, the level of SecA in the cyto-
plasm did not change significantly upon YidC depletion,
while the amount associated with the membrane increazed.
Under anaerobic conditions no substantial change in the
levels of SecA were observed. Also the levels of three ribo-
somal proteins increased upon YidC depletion in accor-
dance with data which indicates that the transcription of a
number of ribosomal subunits increases following YidC
depletion [35].

4 Discussion

The aim of this study was to compare the impact of YidC
depletion on the membrane proteome of aerobically and
anaerobically grown E. coli cells, and to identify new
candidate YidC substrates, The small metal ion transporter
CorA was observed to decrease significantly under both
aerobic and anaerobic conditions and was also found to co-
purify with His-YidC. This 37 kDa protein has two trans-
membrane sequences (TMSs) with a large cytoplasmically
located N-terminus. This helical hairpin might be a typical
substrate for the YidC only pathway, but ebviously its
C-terminal location is rather unusual. In addition, a number
of ABC transporters were found to decrease upon YidC
depletion including the arginine, dipeptide, histidine,
leucine-specific, lipoprotein-releasing, lipopolysaccharide
and putrescine transporters. Levels of the maltose trans-
porter MalFGK in membranes decreased upon YidC deple-
tion as expected because of the role of YidC in the folding of
MalF and its assembly into the MalFGK complex [14]. Thus,
it seems that YidC fulfils a more general role in the
biogenesis of ABC transporter subunits. Also the a-keto-
glutarate permease KgtP and the proline transporter ProP
decreased significantly upon YidC depletion and since these
proteins share a similar topology to the lactose permease
LacY, YidC may also be essential for their folding in the
membrane. Not all MFS transporters were, however, nega-
tively affected by YidC depletion indicating that the YidC-
involvernent needs to be evaluated case by case. Levels of the
heptameric mechanosensitive ion  channel MscS  [41)

Aerobic Anaerobic
cylopkasm mierrbrans cyloplasm  membrane

asero [ [ =) [E =] [ =
Dgt w022

YeC + - o+ - o+ - o+ -

QFrad 14 0 e0=0. 18 1.00%0.13

Figure 3. An increased amount of Sech is localized to the inner
mambrane under aerobic growth conditions. Cytoplasmic and
membrane fractions were analyred by immunoblotting using
antisera directed against SecA. The ratio of the YidC /¥idC™
signals was calculated. Indicated are the means of three separate
measuramants + the standard error of the mean,
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decreased upon YidC depletion. Secondary effects, such as
the reduction of the proton motive force as deseribed
previously [7], should always be taken into consideration
when essential genes, such as YidC, are depleted in the cell.
However, the validity of our approach is reinforced by
observations that several known YidC substrates were
identified.

Members of the OxalfAlb3/YidC family have been
largely characterized in their role in the biogenesis of energy
transducing complexes. For most of the subunits of energy
transducing complexes identified in this study, no signifi-
cant changes were observed, Interestingly, subunit [ of the
cytochrome d terminal oxidase decreased suggesting that
YidC may also be involved in the biogenesis of this terminal
oxidase. The smallest membrane embedded subunit of
NDH-1, NuoK requires both YidC and the Sec translocase
for insertion [12] and also its levels are down upon YidC
depletion as demonstrated by immunodetection. Also, the
membrane-embedded subunits NuoA and Nuol. decreased
upon YidC depletion. Complex | biogenesis has been
proposed 1o include the formation of intermediate
complexes resembling the three functional domains
which in turn assemble into the haloenzyme. The NADH
dehydrogenase subcomplex (NuoEFG) can form indepen-
dently of the other subunits [42] and indeed changes in the
levels of subunits F and G observed upon YidC depletion are
very subtle. This suggests that the NADH dehydrogenase
fragment assembles and is targeted to the membrane
even when biogenesis of the membrane part of complex |
is impaired.

A dramatic increase was observed in the chaperone-
mediated stress response. Interestingly, this response was
limited to aerobically grown cells, and appears to stem from
the misfolding and aggregation of proteins in the cytoplasm,
The PspA response is a well-studied response to YidC
depletion [43]. The psp operon (pspABCE) is induced by
many stress factors such as bacteriophage infection, ethanel,
heat and osmotic shock, and has an unknown function in
the maintenance of the proton motive force [44]. We have
previously described that Psp response upon YidC depletion
does not occur under anaerohic conditions [17]. The precise
nature of the signals that induce psp expression remains to
be determined but clearly depends on the nature of the
stress as well as the availability of oxygen [45, 46 It is
unclear how E. coli deals with stresses under anaerchic
conditions and whether other stress-related proteing replace
the PspA response.

Since YidC depletion causes the aggregation of proteins
in the cytoplasm the levels of the small chaperones IbpA
and IbpB increased significantly under aerobic growth
conditions. This response also oceurs during heat shock and
oxidative stress [47] as well as to overexpression of hetero-
logous proteins [48]. The increase in IbpA levels was in
particular pronounced in the membrane fraction which may
indicate that [bpA acts on protein aggregation at the inner
membrane surface. IbpA, together with IbpB, associates
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with aggregated proteins to stabilize and protect them from
irreversible denaturation and extensive proteclysis [49].
Aggregated proteins bound to the 1bpAB complex are more
efficiently refolded and reactivated by ATP-dependent
chaperone systems such as ClpB, HtpG and Dna], Dnak
and GlpE [50]. Under anaerobic conditions levels of Thpa,
DnakK and GroEL were observed to increase but no signifi-
cant sequestering to the membrane was observed, In both
aerobic and anaerobic-grown cells, protein aggregation was
observed upon YidC depletion. Proteins identified in the
aggregates included mislocalized outer membrane and
periplasmic proteins as well as chaperones, This most likely
indicates a general defect in secretion in YidC-depleted cells.
Remarkably, the difference in the extent of aggregation
between aerobically and anaerobically grown cells was small.
This suggests that E. coli may contain either a yet to be
characterized chaperone systems that responds to protein
aggregation under anaerobic conditions or that the cells are
less able to respond to protein aggregation under anaerobic
conditions. Alternatively, the slower growth rate of anaero-
bic cells (doubling time 8h compared to 1h for aerobically
grown cells) may negate the need for upregulation of
chaperone systems.

A similar chaperone response to that under aerobic
conditions is observed when SecE is depleted from E. coli [51).
However in contrast to SecE depletion, YidC depletion causes
an increase in the levels of the membrane protein quality
control proteins HABCK. This indicates that upon YidC
depletion protein misfolding occurs not only in the cytoplasm
but also in the membrane. YidC has been implicated in the
correct folding of membrane proteins and their stability and
incorporation into protein complexes. It may be in this
capacity that YidC interacts with HABCE to ensure correct
folding of membrane proteins, The increase in the levels of
ribosomal proteins present in the membrane fraction as well
as SecA is also indicative of a defect in protein insertion and/
or translocation via the Sec translocase. SecA translation has
been shown to be upregulated in response to protein secre-
tion defects [52, 53] This response is modulated by SecM,
whose gene is located upstream of secA [54]. Collectively,
these data indicate that there is a certain degree of secretion
hindrance when YidC is depleted from the cell but a complete
blockage of the Sec translocase does not ocour. SecA is not
upregulated in anaerobically grown cells possibly indicative of
a less severe secretion defect.

Although the current study was performed on inner
membrane protein preparations there was some contam-
ination of other proteins. Cytoplasmic proteins are very well-
suited to trypsin digestion, therefore, the large number
identified does not necessarily reflect a large quantity of
eytoplasmic proteins present in the sample [55). Also it is
not clear whether the presence of outer membrane proteins
in the inner membrane preparation is a contamination of
outer membrane proteins because of the large quantity of
porins such as OmpF and OmpC in the membrane [56] or a
result of propesed contacts made between the inner and
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outer membrane [57]. The proteomic analysis of membrane
proteins remains challenging owing to their poor digestion
by trypsin and unsuitability to conventional proteomic
separation methods. The metabolic labeling and subsequent
separation of trypsin fragments by LC-MS circumvents at
least some of these problems. In addition, the use of an
internal standard facilitates the comparison of biological
replicates in a reliable manner [24]. In both the aerobic and
anaerobic data sets approximately 120 integral membrane
proteins containing between 1 and 13 TMSs were quanti-
fied. E. coli is predicted to contain 764 TMS-containing
proteins [58] and in the present study 134 were quantita-
tively analyzed. Although this represents only 17.5% of the
theoretical value, the number of proteins expressed under
the conditions tested would be considerably less than 764
This indicates the suitability of this method for membrane
proteome-wide studies in E. coli, On the other hand, small
hydrophobic proteins were underrepresented in this study.
For instance, F,c was not identified while the identified
proteins with 1 or 2 TMSs generally contained large C- or N-
terminal tails. Protein identification tools are based on
trypsin generated fragments and TMSs are largely trypsin
resistant owing either to a lack of charged residues andjfor
protection due to folding of the hydrophobic segments,
Trypsin  digestion combined with chemical cleavage
may allow the identification of such small hydrophobic
proteins.

In conclusion, YidC depletion results in protein aggre-
gation/misfolding in the cytoplasm as well as misfolding in
the inner membrane of E. coli. The chaperone response to
this stress is much stronger under aerobic growth condi-
tions compared to anaerobic conditions. The present study
provides a set of potential new substrates for the design of
in witro insertion experiments such as those described
previously [7, 59] te determine the extent of YidC involve-
ment in their biogenesis,
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Summary

The PrsA protein is a membrane-anchored peptidyl-
prolyl cis-trans isomerase in Bacillus subtilis and
maost other Gram-positive bacteria. It catalyses the
post-translocational folding of exported proteins and
is essential for normal growth of B. sublilis. We
studied the mechanism behind this indispensability.
We could construct a viable prsA null mutant in the
presence of a high concentration of magnesium.
Various changes in cell morphology in the absence of
PrsA suggested that PrsA is involved in the biosynthe-
sis of the cylindrical lateral wall. Consistently, four
penicillin-binding proteins (PBP2a, PBPZb, PBP3 and
PBP4) were unstable in the absence of Prsa, while
muropeptide analysis revealed a 2% decrease in the
peptidoglycan cross-linkage index. Misfolded PBP2a
was detected in PrsA-depleted cells, indicating that
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PrsA is required for the folding of this PBP either
directly or indirectly. Furthermore, strongly increased
uniform staining of cell wall with a fluorescent vanco-
mycin was observed in the absence of PrsA. We also
demonstrated that PrsA is a dimeric or oligomeric
proteinwhich is localized at distinct spots organized in
a helical pattern along the cell membrane. These
results suggest that PrsA is essential for normal
growth most probably as PBEP folding is dependent on
this PPlase.

Introduction

Intraceliular folding of a pratein into a native functional
structure is assisted by molecular chaperones and
foldase enzymes. A class ol loldases ubiguitous in all
types of cells and cell compartments is formed by
peptidyl-prolyl cis-trans isomerases (PPlases), which
catalyse the isomerization of peplide bonds immediately
preceding proline residues (Schiene and Fischer, 2000;
Wang and Heitman, 2005; Lu and Zhou, 2007). Three
families ol PPlases have been identified: cyclophilins,
FK506-binding proteins and parvulins (Rahfeld efal,
1994), The archetype of the parvulin family of PPlases is
the Escherichia coli Par10, which consists of 92 amino
acid residues comprising the minimal catalytic domain
(Kohlewein ef al, 2004). In other parvulins, a catahytic
domain Is flanked with N- and C-terminal regions of
various lengths and roles in substrate binding andior
chaperone-like catalysis of folding (Lu ef al., 1996; Yaffe
ef al., 1997; Uchida et al., 1899; Wu ef al, 2000; Behrans
ef al.,, 2001; Vitikainen ef al., 2004). Human Pin1 and its
counterpart parvulins in other eukaryotic cells specifically
recognize proline residues that are preceded by phospho-
rylated sarine or threonine residues (Hani et al., 1999; Lu
ef al., 1999; Yao ef al, 2001; Lu and Zhou, 2007). Other
parvulins have a wider substrale range, as their substrate
recognition is independent of phosphorylation (Hennecke
ef al., 2005; Stymest and Klappa, 2008).

PrsA is a lipoprotein bound to the outer face of the
cytoplasmic membrana in Bacilus subtilis and other Gram-
positive Firmicutes (Kontinen and Sarvas, 1993; Vitikainen
at al, 2004). It consists of a diacylglycercl membrane
anchor, a large functionally unknown N-terminal domain
followed by a PPlase domain with similarity to the parvulin
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family of PPlases and a small functionally unknown
C-terminal domain (Vitikainen et al., 2004). Bacillus subtilis
PrsA exhibits PPlase activity but may also have a
chaperone-like activity in vivo (Vitikainen et al., 2004). The
presence of a deletion in the PPlase domain of the Laclo-
coccus lactis PrsA-like protein PmpA suggests that it may
function only as a chaperone (Drouault ef al, 2002). The
periplasmic SurA of E. coli is also a chaperone with a
specialized role in the folding and assembly of outer-
membrane proteins (Behrens ef al,, 2001). Several extra-
cellular proteins in various Gram-positive bacteria are
secreted or maturated in a PrsA-dependent manner (Kon-
tinen and Sarvas, 1993; Hyyryldinen efal, 2000; Vili-
kainen et al., 2001, 2005; Drouvault et al., 2002; Lindholm
et al,, 2006; Ma ef al,, 2006; Alonzo et al,, 2009; Zemansky
ef al,, 2008). Overexpression of PrsA enhances a-amylase
secretion from Bacilus and L. lactis cells (Kontinen and
Sarvas, 1993; Vitikainen ef al, 2001, 2005; Lindholm ef al,
2006) including the bictechnically important thermoresis-
tant AmyL n-amylase of Bacillus licheniformis (Kontinen
and Sarvas, 1993). Some other extracellular proteins are
also secreted at increased levels from PrsA-
overexpressing cells (Wu et al, 1998; Willams et al.,
2003). In B, subtilis, PrsA is an essential cell component in
normal growth conditions indicating that it has an indis-
pensable role in protein folding at the membrane-cell wall
interface (‘periplasm’) (Vitikainen etal, 2001). All three
domains ara essential for PrsA function (Vitikainen et al,,
2004). Inactivation of the D-alanylation system of the
teicholc acids (DIt) restores slight growth of B. sublilis cells
lacking PrsA, suggesting that the increased nel negative
charge of the wall in the absence of Dit partially suppresses
the growih defect (Hyyryldinen ef al,, 2000). In contrast to
the rod-shaped B. subtilis, PrsA s a dispensable protein in
several cocci, L. lactis (Drovault et al,, 2002), Streplococ-
cus pyogenes (Ma etal, 2008) and Staphylococcus
aureus (Vitikainen el al, unpublished).

In this study our purpose was to identify the indispens-
able cell component(s) which is (are) folded in a PrsA-
dependent manner and lo elucidate why PrsA is an
essantial protein in the rod-shaped bacterium B, subfilis,
but non-essential in cocci. A hypothesis explaining this
difference could be that PrsA catalyses the folding of a
protein(s) involved in the biosynthesis of the cylindrical
(lateral) cell wall and determination of the rod cell shape.
The bacterial cell shape is maintained by a peptidoglycan
cell wall (murein sacculus) and the actin-like proteins Mbl,
MreB and MreBH, which lorm helical cables (cytoskeleton)
that encircle the cell immediately beneath the cell mem-
brane (Jones el al., 2001; Carballido-Lopez and Errington,
2003; Soufo and Graumann, 2003; Defeu Souto and Grau-
mann, 2004, Stewar, 2005, Kawai ef al, 2009). The rod
shape of B. sublilis is also dependent on other proteins
including MreC and MreD, which are membrane proteins
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and interact with each other and Mbl (Defeu Soulo and
Graumann, 2006; van den Ent &t al., 2006). In the absence
of any of these Mre proteins, cells are spherical or aberrant
in shape or non-viable in normal growth conditions (Jones
efal, 2001, Leaver and Erringlon, 2005; Kawai ef al,
2008). Studies on the cell shape determination of Caufo-
bacter crescentus and B. subtilis have also shown that
MreB, MreC and MreD interact with penicillin-binding pro-
teins (PEPs) (Figge er al, 2004; Divakaruni ef al, 2005
van den Ent et al, 2006, Kawai et al, 2009). Peplidogly-
can precursars are incorporated into the wall at distinct
sites organized in a helical pattern along the lateral wall
(Daniel and Emington, 2003; Tiyanont efal, 2006
Divakaruni ef al,, 2007). The Mre proteins and two PBP1-
associated cell division proteins, EzrA and GpsB, are
invalved in the determination of the spatial organization
and dynamics of the peptidoglycan synthesis (Claessen
efal, 2008, Kawal efal, 2009). In Corynebacterium
glutamicum, which does not have the mre8 gene (Daniel
and Errington, 2003), peptidoglycan precursors are incor-
porated for the whole lateral wall via the newly formed
division poles. In 5. aureus and probably in cocci more
generally, peptidoglycan synthesis takes place only at the
division sepium and the hemispherical poles derived from
it after cell division (Pinho and Errington, 2003).
High-molecular-weight PBPs are membrane-bound
transglycosylase and transpeptidase enzymes which use
peptidoglycan precursors to synthesize peptidoglycan
chains and cross-link adjacent glycan chains to form a
murein sacculus (Popham and Young, 2003; Sauvage
el al,, 2008}, Class Ahigh-molecular-weight PBPs possess
both transghycosylase and transpeplidase activities,
whereas class B high-molecular-weight PBPs have only
transpeptidase aclivity (Scheffers ef al, 2004). In addition
to these two classes of high-molecular-weight PEPs, bac-
terial cells also contain low-molecular-weight PBPs (class
C) which have neither transglycosylase nor transpeptidase
activity, but function as carboxypeplidases or endopepti-
dases (Popham and Young, 2003; Sauvage ef al., 2008).
The B. sublilis genome sequence has revealed 16 PBP-
encoding genes, many of which are functionally redundant
(Scheffers ef al., 2004). The PBPs have several distinct
localization patterns in the cell suggesting dedicated func-
tional roles for them in cell wall growth or cell division
(Scheffers et al., 2004). The PBP3 and PBP4a monafunc-
tional transpeptidases and the PBPS p-alanyl-D-alanine
carboxypeptidase are localized in distinct spols or bands in
the region of the lateral cell wall, suggesting their involve-
ment in the elongation of the lateral wall. The bifunctional
PBP1 is involved in the growth of both the lateral wall and
the septum (Pedersen ef al, 1999; Scheffers af al., 2004;
Claessen el al, 2008; Kawai el al., 2009). The PBP2a and
PbpH transpeptidases have a redundant, essential activity
in the lateral wall synthesis and rod-shape determination

© 2010 Blackwell Publishing Lid, Molacuiar Microbiclogy, 77, 108-127
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(Wel efal, 2003), whereas the septal localization of
PBP2b suggests a specific rale for this transpeptidase in
cell division (Schelfers er al., 2004).

MreC and PBPs possess a number of proling residues
(about 3% of amino acid residues) and the functional
domains of these proteins are localized in the same cell
comparimeant as PrsA suggesting thal their folding could
be dependent on PrsA. Misfolded proteins are rapidly
degraded by the quality-control proteases such as HirA
(Hyyryldinen et al., 2001). We studied the stability of MreC
and PBPs in cells depleted of PrsA to find out whether
misfolding of these proteins occurs in the absence of
PrsA. Stabilities of three divisome proteins with a ‘peri-
plasmic’ domain, FisL, DivIB and DiviC (Daniel et al,
1998; Katis and Waka, 1993) were also determined in a
similar manner. Membrane protecomes were analysed to
identity other possible PrsA-dependent membrane
proteins, Various methods and approaches including elec-
tron microscopy, muropeptide analysis and labeling of
PBPs and peptidoglycan precursors with fluorescent anti-
biotics were used to characterize the cell wall biosynthe-
sis defect of PrsA-depleted cells and the functional role of
PrsAin cell shape determination. Furthermore, we studied
whether PrsA is evenly or non-evenly distributed along the
cell membrane. The results showed that several PBPs are
folded in a PrsA-dependent manner, suggesting that this
is the likely cause for the growth arrest in the absence of
Prss,

Results

B. sublilis cells depleted of the PrsA protein are able to
grow in the presence of a high concentration of
magnesium

In order to modulate cellular amount of PrsA, we have
placed the B. sublilis prsd gene under the transcriptional
control of the IPTG-inducible Pspac promoter (Vitikainen
et al, 2001). Transmission electron microscope images of
cells expressing Pspac-prsA (IH7211) at low levels showed
that PrsA depletion causes distinct changes in cell mor-
phology. Severely PrsA-depleted cells which were still able
to grow (Pspac-prsA induced with 8 uM IPTG) were rod
shaped but much larger than cells of the parental wild-type
strain (compare Fig. 1A and B). At a PrsA lavel that was
insufficient to support normal growth, large spherical cells
were observed (Fig. 1C and D). Thick cell wall material was
seen in residual division septa between the spherical cells,
whereas in the periphery in many sites only a thin wall layer
was lefl, suggesting that PrsA may be required for the
biosynthesis of the lateral cell wall. These changes in cell
morphology are similar o those seen in defects of the cell
wall polymer biosynthesis and cell shape determination
(Wei ef al, 2003; Leaver and Erringlon, 2005).

Fig. 1. Momphological changes of PraA-deploted colls. Eloctron
microscopy of PrsA-depleded cells was performed as described in
Exparimental procedures. The scale bars = 2 um.

A, IHT211 (Pspac-prsd) induced with 8 pM IPTG.

B. AH2111 wild-typa strain,

C-D. IH7211 (Pspac-prsA) in the absenco of IPTG.

E. IH7211 {Pspac-prsd) in the absence of IPTG and in the
prasence ol 20 mM MgCl,.

F. IH7211 [Pspac-prsd) induced with 1 mM IPTG.

The MreC and MreD cell shape-determination proteins
are required for lateral cell wall biosynthesis and normal
growth of B. subtilis. However, a high concentration of
magnesium (20 mM) in the growth medium restores some
growth even in the complele absence of these proleins
{Leaver and Erringlon, 2005). Cells depleted of MreC or
MreD in the presence of 20 mM magnesium are spherical
in shape, The mechanism of this supprassion is currently
unknown. Because magnesium also rescues growth of
other mutants with defects in different aspects of cell wall
biosynthesis (AponA and Amred), and which in contrast to
mreC and mreD mutanis maintain a wild type-iike rod
shape, it may affect indirectly peptideglycan structure or
turnover (Formstone and Erringlon, 2005). We studied
whether the growth defect of PrsA-depleted cells can be
supprassed by magnesium. The strain IH7211 (Pspac-
prsA) was grown in Antibiotic Medium 3 in the presence or
absence of IPTG and the effect of 20 mM MgCl: on the
growth was determined. Interestingly, magnesium
restored the growth of PrsA-depleted IH7211 (Fig. 2).
However, even though the PrsA-depleted cells grew in the
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presence of magnesium, it did not restora the ‘normal’
morphology of PrsA-expressing cells but they remained
thick rods (Fig. 1E and F).

PrsA is required for the stability of several
penicillin-binding proteins

The above resulls suggest that PrsA is involved in the
tolding of a membrane protein(s) which has (have) a large
‘periplasmic’ domain with an essential role(s) in the wall
biosynthesis andfor cell shape determination. We used
M-terminal green fluorescence protein (GFP) tags and
specific antibodies against GFP, MreC and PrsA to deter-
mine effects of the PrsA depletion on the stability of poten-
tial PrsA-dependent membrane components. We started
this study with GFP fusions, as most of these constructs
were available and used previously in other studies
(Scheffers et al,, 2004; Leaver and Erringlon, 2005), We
were parlicularly interested in finding out whether the
stability of MreC and PBPs is dependent on PrsA. The
PBP 2b (PBP2b) interacts with the divisome proleins
DiviB, DiviC and FisL and affects their stability (Daniel
ef al,, 2006), Furthermore, an NMR study of DivIB sug-
gested that cis-frans isomerization of a specific prolyl
peplide bond causes a major structural change in this
divisome protein and it was proposed that the cis-frans
isomerization may function as a regulatory switch in cell
division (Robson and King, 2006). Therelora, we were
also interested in determining the stability of DiviB, DiviC
and FisL in PrsA-depleted cells.

The absence of PrsA did not decreasa cellular levels of
MreC and GFP-MreC as determined by immunoblotting
with anti-MreC antibodies, suggesting that PrsA is not
essential for the folding and stability of this cell shape-
determination protein (Fig. $1). Hence, despite of the
similar suppression of the growth defects of PrsA-
depleted and MreC-depleled cells by magnesium, the
growth inhibition in the absence of PrsA is most probably
not caused by misfolding of MreC. In contrast, PBP2a, a
high-malecular-weight PBP, which is involved in the lateral
cell wall biosynthesis (Wei et al, 2003), is most probably
a PrsA-dependent protein, as indicated by a clear

decrease in the level of GFP-PBP2a in PrsA-deplated
cells expressing this fusion protein (Fig. 3A) and in their
isolated membranes (Fig. S1). The PrsA dependency of
PBP1a/b, the largest of the PEPs of B. subtifis, was also
studied with a GFP-PBP1ab construct. GFP-PEP1ab
was stable in PrsA-depleted cells (Fig. 51), suggesting
that PBP1a/b folding is independent of PrsA. The PrsA-
dependency analysis of the DiviB, DiviC and FisL divi-
some proteins revealed that none of them are PrsA
dependent (Fig. 52).

The binding of f-lactam antibiotics to the native fold of
PBPs can be used to visualize and determine ceflular
levels of enzymatically active PBPs. In order to elucidate
the effect of the PrsA depletion on the levels of correcily
folded PBPs, cell membranes were isolated from PrsA-
depleted and non-depleled cells and PBPs were labeled
with fluorescent penicillin, Bocillin-FL, and analysed with
SDS5-PAGE. There are 16 PBPs in B. subtilis and saven of
them, PBP1a'h, PBP2a, PBP2b, PBP2c, PBP3, PBP4
and PBPS, could be identified with Bocillin-FL labeling
(Fig. 3B). The identification of these PBPs is based on a
similar labeling experiment with null mutants of the corre-
sponding genes with the exception of PBP2b (Fig. 53)
and their known migration in SDS-PAGE as determined in
a previous study by another group (Popham and Setlow,
1996). The level of PBP2c encoded by the pbpF gene was
clearly lower than the levels of the other PBPs. It was
detected as a very weak band below the band of PBF2b
(Fig. 3B and Fig. 53). The two forms of PBP1, a and b
{Popham and Setlow, 1995), could not be separated in the
mini-gels used in this analysis. The data demonsirate that
four out of seven PBPs were affected by the PrsA deple-
tion (Fig. 3B). The levels of aclive PBP2a, PBP2b, PBP3
and PBP4 were clearly lower in cells ‘lacking' PrsA as
compared wilth non-deplated cells, suggesting that their
stability is dependent on the PrsA foldase, whereas the
levels of FBF1a/h, PBP2c and PBPS were not decreased,
suggesting their independence of PrsA, These resulls are
consistent with the similar effects of the PrsA deplation on
GFP-PBP2a and GFP-PBP1a/h observed in the above
immuncblotting experiments. The levels of the four PrsA-
dependent PBPs were decreased in a similar manner also
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Fig. 3. PrsA depletion destabilizes penicilin-binding proteins.

A, Effect of PrsA depbetion on the collular lavel of GFP-PBPZa. Whole cell samplos from B subliis IHB43T (Pxykgio-pbpd Pspac-prsd) wang
prepared as described in Experimental procedures and levels of GFP-PBP2a and PraA were determined by immunoblotting and
chemiluminescance datection. Pxyf was induced with 0.5% xylosa

B. Cytoplasmic mambranes were isolaled and levels of active PBPs were visualized by staining with Bocillin-FL (see Experimental
procedures) and separation in SDS-PAGE. Effect of PraA deplation and magnesium on the lavels of active PBPs. The genes encoding
PBP1ab, PBP2a, PBP2D, PBP2c, PBPI, PBP4 and PBPS are pond, pbpA, pbpB. pbpF, pbpC, pbpD and dacA respeciively.

C. Effect of the prsd null mutation (AprsA; B. subtiis IHS024) on levels of active PEPs (Bocillin FL staining) and iotal levels of PEP2a, MreC
and PreA (immunobilotting].

D. Levels of PBP2a-Mye in PraA-depleted cells in the presence (B, subilis IHO02T, pbpA-mye Pepac-prsA) and absence of CssS (B, subtifs
IHBO016: phpd-myc Pspac-prsd cssS:spec) as determined by immunoblotting,

E. Misiodding of PEPS-Myc in the absence of both PrsA and CssS. Bocillin-FL staining of aclive PBPs and immunoblotiing of olal PEPS-Myc
in membranes of PrsA-depleted and non-depleted cells of IH9028 (dacA-myc Pspac-prsd) and IHE029 |dacA-myc Pspac-prsA css5.spec)
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Fig. 4. Van-FL staining of B, subliis AprsA mutant IHB024 (A-C)
and 168 (D). Lent panels — phase contrast images, right panels -
Van-FL staining. Scale bar reprasents & pym (the sama for all the
images).

A and D, Exponential growth phase,

B. Stationary phase.

C. Late staionary phase.

in the presence of 20 mM MgCl., suggesting that magne-
sium does not suppress their instability (Fig. 3B).

The prsA gene can be deleled in the presence of a high
concentration of magnesium

The suppression of the growth defect of PrsA-depleted
B. subtilis IH7211 cells in the presence of a high concen-
tration of magnesium suggests that it might be possible to
construct a preA null mutant (gene replacement) on plates
supplemented with magnesium. Indeed this was the
case (see Expernmental procedures for the mutant
construction). The prsd4 null mutant grew on Antibiotic
Medium 3 - plates supplemented with 20 mM MgCl;
forming very tiny homogeneous colonies. Microscopic
inspection of cells in the colonies showed that all bacteria
were strongly deformed: either glant vesicular cells or
thick twisted rods. These cells looked quite similar as
PrsA-depleted cells of IH7211. In comesponding liquid
cultures, the large deformed cells changed so that in
ovamight grown cullures small motile cocci-like cells,
shor bent rods, which were thinner than those in the
exponential growth phase, and also fairly normal-looking
rods were observed (see Fig, 4). The appearance of
viable cocci-like prsd null mutant cells corroborates the
evidence about the involvernent of PrsA in lateral cell wall

Prad PPlase Tor peniciliin-bmdisg prolei folding 113

biosynthesis and cell elongation. However, the presence
of some rod-shaped bacleria in overnight cullures sug-
gests that they were capable of synthesizing the cylindri-
cal lateral wall in the absence of PrsA. We did not see on
plates any fast-growing suppressors that would have
overgrown the more slowly growing AprsA mutant.
Bocillin-FL labeling of prsA null mutant membranes
showed that the level of activity of the same set of PBPs as
in the case of PrsA-depleled IH7211 (PBP2a, PBP2h,
PBP3 and PBP4) was decreased (Fig. 3C). Again, no
effect was seen on PEP1a/b and PBPS. There was some
expenmental varation in the staining of PBP3 in mem-
branes from PrsA-expressing strains (compare Fig. 38
and C), but not with the other PBPs. It may be more
unstable than the other ones. We also determined protein
levels of PBP2a and MreC in the null mutant and the
wild-type parental strain by immunoblotting with anti-
PBP2a and anti-MreC antibodies respectively. The FBP2a
amount was clearly lower (> 50% reduction) in the absence
of PrsA (Fig. 3C), whereas like in the case of PrsA-
depleted IH7211 no elfect of PrsA was seen on the MreC
amount. This result suggests that in the absence of PrsA
significant misfolding and degradation of several PBPs
occurs, PrsA may not be involved in the folding of MreC.

The CssAS two-component system is involved in the
qualify contral of penicillin-binding proteins

There are several ‘periplasmic’ proteases which could be
invoived in the guality control and degradation of PBPs
including HirA, HirB, PrsW and WprA (Margo!l and
Karamata, 1996; Stephenson and Harwood, 1998;
Hyyryldinen efal, 2001; Ellermeier and Losick, 2006;
Heinrich ef al., 2008). Accumulation of misfolded proteins
in the cell wall {misfolding or secration stress) induces
hirA and hirB gene expression in a manner dependent on
the CssRS two-component system (Hyyryldinen ef al,
2001, Darmon el al., 2002). CssAS is mos! probably dedi-
cated to regulate the expression of only these two quality
control protease genes (Hyyrylainen ef al, 2005). We
used a knockout mutation of the cssS gene (cssS::spec)
to study whether CssRS and the HirA/B proteases it spe-
cifically regulates are involved in PBP degradation. We
constructed strains which express PBP2a-Myc or PBPS-
Myc proteins (PBPs modified with a C-terminal Myc-tag)
and determined their levels in the presence and absence
of cssS:spec and in PrsA-depleted and non-depleted
cells by immunoblotting with anti-Myc  antibodies.
Bocillin-FL staining was also used to determine lavels of
active correctly folded PBPs in the cssS:spec mulant
cells,

Immunoblotting revealed that the css5.:spec mutation
decreased PBP2a-Myc degradation in PrsA-depleted cells
{Fig. 3D), suggesting that HirA and HIrB proteases are
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involved in the degradation of misfolded PBP2a. The
amount of PBP5-Myc as determined by immunoblotting
was not significantly affected by cssS.:spec (Fig. 3E). It
was independent of CssRS and PrsA. However,
Bocillin-FL labeling revealed that in the absence of CssS
the level of active PBP5-Myc was clearly lower in PrsA-
depleted cells than in non-depleted cells {Fig. 3E). The
PrsA depletion and cssS:spec mutation alone had no
effect on the level of active PBPS-Myc. These results show
that CssRS, prabably via HirA/B proteases, and PrsA both
are involved in the formation (folding) of active PBPS {an
overlapping function). The Bocillin-FL labeling (Fig. 3E)
also suggested that absence of CssS (and HIrAB pro-
teases) increased the level of active PBP2a, PEBP2b and
PBP4 in PrsA-depleted cells. It seems that if PBF2a deg-
radation is prevented (cs555::5pec), at least some active
correctly folded PBP2a is nevertheless formed with time
despite of the absence or very low level of PrsA. PBP2a
and PBPS are quite differant in this respect.

Incorrectly folded PBPZ2a is formed in PrsA-depleted
celis

In order o demonsirate that PrsA-depiefion causes mis-
folding of PBP2a, we quantitated the levels of PBP2a-Myc
in membranes of PrsA-deplated and non-depleted ceils of
B. subtifis IH9016 (Pspac-prsA pbpA-myc cssS:spec) by
immunablotling with anti-Myc antibodies and the propor-
tion of correcily folded PBP2a-Myc by Bocillin-FL labeling
(Zhao etal, 1999). Similar quantilation was also per-
formed with the strain B. subtiis IHB266 (Pspac-prsA
cssSispec) and  anti-PBP2a  antibodies.  IHB266
expresses wild-type PBP2a instead of PBP2a-Myc.

The guantitation was performed with a series of twofold
diluted membrane samples analysed by SDS-PAGE
(Fig. 54). It was observed that the level of Bocillin-FL-
binding, correctly folded full-length PBP2a-Myc and
PBP2a were decreased by 27-40% in PrsA-depleted
cells as compared with non-depleted cells. This indicates
that PBP2a misfolding occurs in the absence of Pred,

Peplidoglycan cross-linkage degree is decreased and
amount of muropeptides with pentapeptide chain is
increased in cells depleled of PrsA

To elaborate the cell wall defect caused by the PrsA
depletion, we performed a muropeptide analysis of cell
walls isolated from PrsA-depleted and non-depleted cells
of IH7211 (Pspac-prsA) and the wild-type strain RH2111,
Peptidoglycan was extracted from the cells in the late
slationary phase as described in Experimental procedures
and reduced muropeptides were analysed by RP-HPLC.
The murcpeptide profile consisted of 37 peaks, which wera
analysed by MALDI-TOF mass spectrometry (Table 1).

Al a low level of PrsA (Pspac-prsA induced with 8 uM
IPTG) the amount of muropeptides with pentapeptide
chain was significantly increased (F< 0.0001) as com-
pared with that in AH2111 with the wild-type level of PrsA
(Table 2). The induction of Pspac-prsA expression in
IH7211 with 1 mM IPTG restored a value close to that of
the wild-type sirain. The PrsA level obtained with the
induction is about 60% of the wild-type PrsA level (Viti-
kainen ef al., 2001), The cross-linkage degree was signifi-
cantly decreased (P< 0.05) by 2% in the PrsA-depleted
calls compared with the wild-type strain (Table 2) and was
restored to the wild-type level by the induction of Pspac-
prsd with 1 mM IPTG. Thus, we conclude that the
observed differences for peptidoglycan structure are
caused by the PrsA depletion.

Van-FL imaging of the cell wall defect of prsA mulanis

The cell wall defect was further characterized by imaging
peptidoglycan biosynthesis in the prsd null mutant and
Prasf-depleted celis of B. subtilis IH7211 with a Hluores-
cant vancomycin (Van-FL). Van-FL binds to the terminal
D-Ala-D-Ala moieties in non-cross-linked peptidoglycan
precursors and growing glycan chains (Daniel and Err-
ington, 2003; Tiyanont el al., 2008). It has been shown by
using Van-FL staining and fluorescence microscopy that
lateral wall peptidoglycan polymers are synthesized in
distinct spols organized in a spiral pattern (Daniel and
Errington, 2003: Tiyanont ef al, 2006). PBPs that are
located in the lateral wall in a similar spiral organization
pattern are responsible for the synthesis of the lateral wall
peptidoglycan. On the other hand, PBPs that normally
synthesize the division septum are also capable of syn-
thesizing lateral wall peptidoglycan (Daniel and Errington,
2003).

In cells of B subtiis 168 and IH7211 (Pspac-prsA)
induced with 1 mM IPTG, fluorescence was mainly seen
in the division septum (Figs 4D and 5C, right panels,
respectively), but the spiral synthesis pattern of lateral
wall peptidoglycan was also observed particularly in the
case of exponential-phase cells of B subliis 168
(Fig. 4D). The prsA null mutant and PrsA-depleted cells of
IH7211 (8 uM and 16 pM IPTG) were more intensively
Hluorescent than wild-type and non-depleted cells. In thick
rods and spherical severely PrsA-depleted cells, Huores-
cence was strongly increased in the entire wall. As com-
pared with the fairly moderate effect of severe PrsA
depletion on the cross-linkage index, anly 2%, the strong
diffuse Van-FL fluorescence is surprising. This resull may
suggest that peptidoglycan (lipid 11} precursors are more
abundant in the membrane of PrsA-depleted than non-
depleted cells and distributed evenly around whole
deformed cells. Stationary-phase cells of the prsA null
mutant, including the small cocci-like ones (Fig. 48 and
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Table 1. Muropeptide structures and quantification from peptidoglycan of 8, subtiis RH2111 and conditional mutant IHT211 (P ee-prsA) cultured

with 8 uM or 1 mM IPTG.

Amount of muropeptides (%)
Peak IH7211 IH7211
number Proposad structunes®™ AH2111 B uM IPTG 1 mM IPTG
1 ds-tri 265 1.26 263
2 ds-irl (deAc) 0.53 1.00 053
3 ds-tri with 1 amidation 10.58 13.39 10.84
£ ds-trl (deAc) with 1 amidation 207 1.70 1.70
B ds-tetra 032 0.3 0.22
6 ds-tetra with 1 amidation 022 0.33 0.26
T ds-cl 1.39 1.73 1.62
8 ds-tetra with 1 amidation 075 1.02 amn
a8 da-tri-di with 2 amidations 1.08 1.85 1.25
10 ds-tetra with 2 amidations 0.85 0.83 082
1 ds-tri-tetra with 2 amidations 044 022 053
12 ds-panta with 1 amidation 0,39 0.95 0.33
13 ds-tri-ds-tetra with 1 amidation and missing GicNac 1.34 1.18 1.68
14 des-tri-ds-tatra 144 0.80 1.18
16 ds-tetra-telra with 1 amidathon 042 0.27 0.28
16 ds-tri-ds-tetra with 1 amidation 8.78 B.63 10.51
17 ds-tri-ds-totra with 2 amidations and missing GlcNac 0.88 1.43 0.86
18 anhydro ds-tri with 1 amidation 010 017 1.23
ds-tri-ds-tatra (deAc) with 1 amidation 229 0.86 1.23
18 da-tri-ds-tatra (deAc) with 1 amsdation 1.15 0.65 1.06
20 ds-tri-ds-tetra with 1 amidation 1.89 131 212
21 ds-iri-ds-totra with 2 amidations 26.34 30.79 2632
22 ds-tri-ds-tetra (deAc) with 2 amidations 7.90 B6.87 6.04
23 ds-tri-ds-tetra (deAc) with 2 amidations 526 481 437
24 ds-tri-ds-tetra (deAc « 2) with 2 amidations 1.69 1.22 115
25 ds-tetra-ds-tetra with 2 amidations 0.87 1.08 0.9
26 de-penta-ds-tetra with 1 amidation 0.48 0.58 0.38
27 ds-penta-ds-tetra with 2 amidations. 1.63 1.95 1.41
28 de-tetra-ds-tatra with 3 amidations 0.18 o.12 0.8
ds-iri-ds-letra-ds-ietra with 3 amidations 0.18 012 0.19
20 ds-penta-ds-tetra (deAc) with 2 amidations 0.68 0.83 054
30 ds-tri-ds-totra +Ac with 2 amidatiens 0.51 020 058
ds-tri-ds-tetra-ds-tetra with 2 amidations. 0.51 0.20 0.59
i ds-tri-ds-tetra-ds-tetra with 2 amidations 2.20 1.38 2.85
a2 ds-tri-ds-letra-ds-tetra with 3 amidations 6.01 6.01 667
a3 da-tri-ds-tetra-ds-tetra (deAc) with 3 amidations 330 227 277
34 ds-tri-ds-tetra-ds-lotra (deAc = 2) with 3 amidations 1.18 0,66 1.05
a5 ds-panta-ds-tetra-ds-tetra with 3 amidations 0.48 o4 0.46
36 anhydro ds-iri-ds-tetra with 2 amidations 078 167 0.80
ar anhydro ds-iri-ds-tetra with 2 amidations. 024 0.38 0.53
ds-tri-ds-letra-ds-letra-ds-tetra with 4 amidations 037 046 053

c. ds, disaccharide (GlehAc-MurhNAc): Iri, inpeptide (L-Ala-D-Glu-mDAP): tetra, tetrapeptide (L-Ala-D-Glu-mDAP- D-.iu} penta, pemapeplice
{L-Ala-D-Glu-mDAP-D-Ala-D-Ala); mDAP, meso-disminopimelic acid; deAc. deacetylaled; +Ac,

d. Parcentage of each peak was calcubated as the ratio of the peak area over the sum of areas of al the peaks identified in the table. The values
presented ane the maan values cbtained on three independent experiments for each strain.

C), were lass fluorescent than the deformed exponential-
phase cells.

FPrsA-dependent membrane profeins as revealed by
membrane profecme analysis

The instability of several PBPs in the absence of Prsa
suggests that PrsA facilitates the folding of membrana
proteins which have a large 'periplasmic’ hydrophilic
domain(s). In order to identify the PrsA-dependent mem-

brane proteins, meambrane proleome analysis of IH7211
(Pspac-prsA) was performed by using metabolic labeling
of PrsA-depleted and non-depleted celis with "*N/""N and
mass spectrometric quantification of the changes in rela-
tive amounts of peplides derived from the labeled proteins
(see Experimental procedures for methodological details).
The proteome analysis consisted of two biclogical repli-
cates (M1 and M2a) and a technical replicate of the
expariment M2a (M2b). With the minimum criterion of two
identified peptides, 182 different proteins could be guan-
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Table 2. Relatve amounts of monomers, dimers, trimers and tetramers and of the different peptide side-chains with a8 free carboxyl group

[accepiar chain) in the peptidoghycan of the dilferant strains.

Amount of muropeptides (%)

Muropeptides* RH2111 IH7211 B pM IPTG H7211 1 mM IPTG
Monomers 19.8 27 209
Dimars B65.8 8658 6349
Trimars 13.8 1.1 14.7
Tetramers 0.4 05 0.5
Cross-linkage degres 425 (0.9) 406 (0.7} 42.1 (0.7
Dipeptide 1.4 (0.1} 1.7 (0.2) 1.6 (0.2)
Tripeptide 51.4 (0.5) 51.7 (0.4) 51.9 (0.2
Totrapaptico 28 (05) az2(09) 27 (0.3
Pentapeptide 2.0 (0.1) 28(0.1) 1.7 (0.1)

a. The cross-knkage degres and the relative amounts of the diferent peplide side-chains were calcutated according o Giaunaer of al. (1988).

b. Percentages

are the maan values of thrée independant determinations for each sirain according to muropeplide structure

determination presented in Tabile 1. Values in brackets ane standard deviations,

tified which ware predicted to contain transmembrane
helices or signal peptides. A majority ol them were pre-
dicted to be membrane-localized proteins (157-171,
depending on the algorithm used), either inmegral mem-
brane proteins or lipoproteins, but also some established
or likely exported/cell wall-associated proteins were iden-
tified (the proteins and their predicted subceliular localiza-
tions are listed in Table 51).

In PrafA-depleted cells, i.e. Pspac-prsd induced with
2 M IPTG, the level of PrsA protein was about 10% of
that in non-depleted cells, i.e. Pspac-prsA induced with
1 mM IPTG (Table 3). The levels of PBP2b, PBP3 and
PBP4 were decreased (log2 ratio < —1) in PrsA-depleted

Van-FL

.

16 uM IPTG

. o

Fig. 5. Van-FL staining of B. subtifis strain IH7211 (Pspac-prsd),
Left pangls — phase conlrast images, right panels — Van-FL
staining. Pspac-pred expression was induced with IPTG as
indecated. Scale bar represents & um (the sama for all the images).

cell membranes (Table 3), consistant with the Bocillin-FL
labelling and immunoblotting resulls above. Their amount
was 30-40% of that in non-depleted cells and the
decrease was observed in the both biological replicates
as well as in the technical replicate. Furthermare, the lavel
of PBP2a was decreased In M2a (Table 3). Peplides
derived from PBP1a/h, PBF2c, PBPS and PbpX were also
quantified, but their levels were not significantly changed
by PraA depletion, Only a few other profeins were guan-
tified decresased, most notably the bacteriophage SPP1
adsorption protein YueB, which was strongly decreased in
all three replicates, being at the lowest only 15% of the
level of the PrsA-expressing cells in M2a (Table 3). Trans-
membrane topology prediction of YueB (TMHMM) sug-
gests that it has membrane-spanning segments close to
the M- and C-termini and batween them a large ‘periplas-
mic' domain (about 900 amino acids). The reduced
amount of YueB protein at a low level of PrsA suggests
that this domain folds in a PrsA-dependent manner. The
levels of OxaA2, ComE and YvrA proteins were slightly
decreased in one or two of the replicates. The protecme
analysis also suggested that some profeins were more
abundant in PrsA-depleted membranes than in non-
depleted ones. Among them are the WapA wall-
associated protein and the LytA membrane protein, which
were delected at aboul twoltold higher levels in two of the
replicates (Table 51).

FPrsA is localized in spots with a spiral-like pattern of
arganization along the cell membrane

In order 1o find out whether the PrsA lipoprotain is distrib-
uted evenly around the cell membrane or in an uneven
manner like MreC and sevaral PBPs, we constructed the
B. subtilis IHBATE strain which expresses PrsA modified
with a C-terminal Myc-tag. This strain was subjected 1o a
procedure (see Expenmental procedures) in which PrsA-
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Myc was stained with anli-c-Myc antibodies, secondary
antibodies conjugated with biotin and Extriwidin conju-
gated with Cy3. The stained PrsA-Myc was visualized by
fluorescence microscopy. The localization pattern of
PrsA-Myc was determined both in cells from the exponen-
tial and stationary phase of growth. To show specific
binding of the anlibodies, B. sublilis strain 168 (RH2111)
was used simultanecusly as a negative control. Indeed,
no Cy3 signal was detected in the control strain (see
Fig. S5).

The fluorescence images showed that PrsA is not dis-
tributed evenly in the membrane but it is localized in
distinct spots that are lined up in spirals (Fig. ). This
pattern is stable throughout vegetative growth until sta-
tionary phase. However, the spiral structures are better
resalved in exponentially growing cells than in stationary
phase cells.

PrsA is an oligomeric prolein

It has been shown that MreC is a dimeric protein and this
structure may be important for its putative function as a
scaffold for recruiting PBPs and spatially organizing the
lateral cell wall synthesis (van den Ent ef al, 2006). We
used lormaldehyde cross-linking of PrsA and PrsA-Myc in
whole cells and immunobiotting with anti-c-Myc and anti-
Prs& antibodies to study whether PrsA is a monomeric or
dimeric/multimeric protein. The non-random localization
pattern suggests that PrsA may be associated with some
olher protein(s) which has the same or similar localization
pattern, e.g. MreC or some of the PBPs. The cross-linking
approach might also reveal such interactions.

The cross-linking of cells expressing either wild-type
Prséor PrsA-Myc revealed, in addition to the 33 kDa PrsA
or PrsA-Myc monomers, two other PrsA-containing bands
ol higher molecular weighls, one migrating (in SDS-
PAGE) atl approximately 65 kDa and the ather one slightly
above it (-68 kDa) (Fig. 7). The 65 kDa form was very
heat resistant; it did not disappear at heating for 30 min at
95°C and analysis in SDS-PAGE in the presence or
absence of dithiotreitol (Fig. 7 and data not shown), A
small amount of this protein could also be detected in
non-cross-linked cells. The molecular weight suggests
that it might be a PrsA dimer. Consistently, B. subtilis PrsA
axpressed in and purified from E. coli contained this same
form and its amount increased by cross-linking of the
purified PrsA. The 68 kDa band was detected only in
lanes containing cross-linked B. subtiis cell or PrsA
protein (from E. colf) samples and it disappeared by
heating at 95°C. It most probably contains oligomeric
PrsA which migrated clearly faster than what is expected
for PrsA trimers or tetramers. A lew very weak bands of
high-molecular-weight complexes (> 68 kDa) were also
detected, but further studies are needed to elucidate

i 2010 Blackwell Publishing Lid, Molacular Microbiology, 77, 108-127

100



Penicillin-binding protein folding is

dependent on the PrsA peptidyl-prolyl cis-trans
isomerase in Bacillus subtilis

Fig. 6. Immunclocalization of Prad-Myc in
Bacillus sublilis IHB4TE strain in exponantial

§'Iﬂ
g

(A-C) and stationary phase (D-F)
Immunostaining has been described in
Exparimental procedures. Scale bar = 2 ym
The upper panel shows growih cunes of
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whethar they contain PrsA associated with some other
components of the membrane/wall.

Small-angle X-ray scattering (SAXS) was another
method to elucidate the muliimeric structure of PrsA
(Rodaers efal, 1996). Eschenichia coli-produced PrsA
protein was subjected to SAXS and the radius of gyration
{Ag) was delermined. PrsA had the Rg of 27-29 A (Fig.
36), which further suggests that PrsA forms oligomers.

Discussion

PrsA peplidyl-prolyl cis-frans isomarase has an essanlial
role in extracyloplasmic protein folding in rod-shaped
bacteria. The localization of the enzyme domain al the
membrane-cell wall interface suggests that PrsA may
assist the folding of membrane proteins which have large
functional domains on the outer surface of the membrane.
In this study we used several methodological approaches
to identify membrane proteins which are dependent on

PrsA for folding with the emphasis on identifying the PrsA-
dependent component(s) that is (are) involved in cell
shape determination and/or cell wall synthesis.

PrsA is most probably involved in lateral cell wall bio-
synthesis of B. sublilis as suggested by the morphological
changes in the absence of PrsA. Severely PrsA-depleted
cells are spherical in shape and pearl necklace-like round-
cell chains are formed, but a high concentration of mag-
nesium probably stabilizes peptidoglycan enabling the
bacterium to maintain its rod shape (thick) at very low
PraA levels. Consistently also small cocci-like cells were
formed in stationary phase cultures of the prsd null
mutant, In the wild type-like rods of the prsA null mutant,
the lateral wall synthesis may have been restored by
some compensation mechanism for instance a secondary
supprassor mutation.

Our results suggest that PrsA is required for lateral cell
wall biosynthasis as the folding and stability of those
PBPs which are involved in the lateral wall synthesis are
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Fig. 7. PrsA dimers and oligomers as reveated by formaldehyde
cross-linking of whola 8. sublitis calls and purified PrsA,
Cross-linked PrsA (A) or PrefA-Myc (B) complexes were detected by
immunobiotting.

A Non-lipomodiied PrsA oxpressed in the cytoplasm of E. cof and
purified (lanes 1-3) and lipomodified PrsA in whole cells of

8. sublilis RH2111 (lanes 4=7). Heating of non-cross-linked (tanes
1. 2. 4 and 5) or cross-linked (lanes 3, & and 7) samples in
SD5-PAGE sample buffer at 37°C for 10 min (lanes 1, 3, 4 and &)
or at 95°C for 30 min in the peesence of 10 mM dithsothrestol (lanes
2.5and 7),

B. Lipomadified Praf-Myc in B. subtilis IHB8478 cross-inked and
heated at 37°C for 10 min (lane 1) or at 85°C for 30 min (lane 3).

Comesponding samples from B. subfiis RH2111, the parental strain
nel exprossing Pred-Myc, wore used as negative controls (lanes 2

and 4 respectively).

dependent on PrsA, Levels of several high-molecular-
weight PBPs (PBP2a, PBP2b, PBP2 and PBP4) were
significantly decreased in PrsA-depleted cells, in conlrast
to some other proteins (MreC and PBRP1a/h) located in the
same compariment. We could also demonstrate that mis-
tolding of PBP2a occurred in the abseance of PrsA and the
misfolded PBP2a was degraded in a manner dependent
on the CssRS two-component system. It seems that PrsA
is required either directly or indirectly for PBP2a folding,
and mast probably also for the folding of the other PrsA-
dependent PBPs, and the primary reason for the growth
inhibition and cell wall synthesis defect is probably insuf-
ficient amount of active PBPs. Most likely Hird and HirB
proteases are involved in the degradation of misfolded
PBPZ2a, as CssRS is a dedicaled regulator of their expres-
sion (Hyyrylainen et al, 2005), HirA/DegP-type proteases
have in addition to the proteclytic activity a chaperone
activity which catalyses protein folding (Spiess et al.,

Prad PPlase for peacillin-bmding polein folding 117

1999, Antelmann ef al, 2003) and this may explain the
effect of CssAS on the folding of PBPS. Our results
suggest that PrsA and CssRS have an overiapping and
redundant role in the folding of PBPS, but further work is
needed to characterize the interplay of these components
at the molecular level in detail.

Severe PrsA dapletion decreased the cross-linkage
degree but only by 2%. This is surprising as cells are
spherical or large rods in severely PrsA-depleted cultures.
FEPs that normally synthesize the division septum, par-
ticularly PBP1a/, which was stable in PrsA-depleted
cells, may have taken a larger role in the cross-linkage/
synthesis of the whole cell wall peptidoglycan. This would
explain the relatively moderate decrease in the cross-
linkage index. The peptidoglycan structure is only moder-
alely impaired, but the bacterium s spherical in shape. In
contrast to wild-type cells, Van-FL stained strongly Aprsd
and PrsA-depleted exponential-phase cells and the fiuo-
rescence was fairly uniformly distributed around the whole
cell membrane. The increased number of remaining pen-
tapeptide side-chains and their even distribution in the
wall might explain the increased Van-FL staining.
However, the faily moderate effect of PrsA-depletion on
the peptidoglycan structure may not be consistent with
this explanation. An alternative hypothasis might be that
the level of membrane-bound peplidoglycan precursors
was increased in these deformed cells and that the pre-
cursors elther moved freely in the membrane or were
translocated unitormly across the membrane,

Doas PrsA assist directly PBP folding or is the effect
indirect i.e. via catalysis of folding of a third component
which influences PBP folding? We tried to demonstrate in
vifro with purified PBP2a and PrsA a direct role for PrsAin
the catalysis of PBP2a folding by measuring the folding
kinetics of denatured PBP2a with the binding of Bocillin-
FL, but it did not succeed. The result was very similar as
previously with AmyQ c-amylase: the denalured protein
folded rapidly to correct enzymatically active conformation
and independently of PrsA. In the compartment at the
membrane-wall interface (‘periplasm’), AmyQ folding is
strongly dependent on PrsA, but in protoplasts in the
absence of the wall AmyQ folds independently of PrsA
(Hyyrylainen ef al, 2001; Vitikainen efal. 2001, Wahl-
strom et al,, 2003). Thus, the folding assistance require-
menl is dependent on the cell wall environment. The
situation with PBP2a and other PrsA-dependent PBPs is
probably very similar. PrsA assistance is needed for
folding in the ‘periplasm’ only. PBPs, and also AmyQ, are
fairly large proteins and have numerous proling residues.
Therefore, it is likely that direct assistance of chaperones
and foldases is needed for their folding in the cell wall
environment, Why is then PEP1a/b independent of PrsA?
It is a larger protein than the other PBPs and AmyQ. One
explanation could be that in addition to PrsA and CssRS
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(HirA/B), which both are invelved in PBPS folding, a third
chaperone catalyses PBP1a/b folding.

A wider search for PrsA-dependent proleins was per-
formed by analysing PrsA-dependent changes in mem-
brane proteome by mass-specitromelry. The proleome
analysis suggested that PPB2a, PBP2b, PBP3 and PBP4
are the main PrsA-dependent proteins in the membrane. In
addition to them, only a lew other membrane proteins
exhibited decreased stability in PrsA-depleted cells, most
significantly the SSP1 receptar YueB. This fairly small set
of PrsA-dependent proteins supports a direct rather than
an indirect effect of PrsA on PBP lolding. One can envision
an indirect effect if PrsA determines the isomeric state ot a
prolyl bond in a third component, e.g. MreC, the stability of
both these conformers is similar and the position of the
prolyl switch affects the folding and stability of PBPs.

Despite ol the rod cell shape, Corynebacleria such as
C. glutamicum and Corynebacterium diphtheriae, which
belong to the Actinobacteria group of Gram-positive bac-
teria, do not possess PrsA (Kalinowski af al., 2003). Obwi-
ously they do not need a PrsA-like foldase/chaperone to
synthesize the lateral wall and maintain the rod cell shape.
The PrsA-independency may be due to the different mode
of tateral wall synthesis in these bacteria as compared with
B. subtilis and mast probably other rod-shaped Firmicutes;
it has been shown that in C. glutamicum peplidoglycan is
incorporated into the wall via cell poles in a manner depen-
dent on the DivIVA protein (Daniel and Errington, 2003;
Letek ef al, 2008). PrsA is also a dispensable protein in
coccl (Drouault ef al, 2002; Ma et al, 2006). Because in
cocel peplideglycan is assembled at the division septum
and the hemispherical poles derived from it (Pinho and
Erringlon, 2003), the same reason may explain why PrsAis
dispensable in them.

In B. subtifis, the DiviB, DiviC and FisL cell division
proleins and the PBP 2b form a protein complex that
assembles in an interdependent manner (Daniel ef al,
2006). It has also been shown that FisL and DiviC are
unsiable in cells depleted of PBP2b (Daniel ef al, 2008).
FisL is a particularly unstable protein in the absence of the
interacting proteins (Bramkamp et al., 2006). PBP2b was
one of those PBPs which were degraded in the absence
of PrsA and this could affect the stability of the whole
complex, Therefore, we studied the effect of PrsA deple-
fion on the stability of the divisome proteins by using
N-terminal GFP fusions of these proteins. Surprisingly,
their stability was independant of the expression of PrsA
in this assay. The membrane protecome analysis of PrsA-
depleted cells also showed a clear decrease in tha level of
PBP2b but no effect on the level of DiviB; FisL and DiviC
could not be detected. An NMR study has shown that the
DivIB protein of Geobacillus sfearothermophilus is in two
distinctly different conformations depending on the cis-
frans isomerization of a Tyr-Pro peptide bond in the extra-

cytoplasmic f-domain and it was speculated that the cis-
trans isomerization may modulate the assembly of the
divisome complex (Robson and King, 2006). Our finding
that PrsA depletion has no effect on the stability of DiviB,
DiviC and FisL does not suppor the hypothesis about a
regulatory role of cis-frans isomerization in the divisome
complex assembly in B. subtilis.

We also determined the localization of PrsA in the mem-
brane by taking advantage of a B. subliis strain that
expresses Myc-tagged PrsA. Because the prsA-myc
fusion gene is present as a single copy in the chromosome
and under the control of the native prsd promoter, artefacts
due to overproduction were avoided. The results showed
that PrsA is not randomly distributed in the membrane, It
{PrsA-Myc) was localized to the lateral cell membrane in
which it formed distinct spots organized in a helical pattern.
To our knowledge this is the first lipopratein which has been
shown to have the helical organization pattern, Still little is
known about the mechanism underlying helical distribution
of proteins along the membrane. The helical organization
of PrsA raises the question whether it is associated with
any of the other proteins with the similar organization
pattern including the cytoskeleton proleins and PBPs. The
halical pattern might be dependent on them. It has been
shown that a cytoskeleton protein (MreBH) can determine
the helical organization of a protein (LytE) on the extacy-
toplasmic side of the membrane (Carballido-Lopez et al.,
2006). We also demonstrated that PrsA forms dimers/
aligomers, but the functional significance of the dimernc/
oligomeric shructure is still unclear,

PrsA foldase/chaperone catalyses post-translocation
folding of exported proteins (Jacobs efal, 1993;
Hyyrylainen efal, 2001; Vitikainen ef al., 2004). It has
bean shown that overexpression of PrsA over the wild-type
level enhances secretion of some extracellular proteins
particularly a-amylases of Bacilus sp. from industrial
Gram-positive bacteria (Konlinen and Sarvas, 1993; Viti-
kainen ef al., 2001, 2005; Williams &f al., 2003; Lindhoim
el al, 2006)., Therefore, PrsA is an important tool for
increasing yields in industrial protein production especially
thermoresistant o«-amylases for various applications
needing degradation of starch to smaller sugars, including
bicethanol production. Now we have shown that PrsA also
has a housekeeping role in the cell. Itis required directly or
indirectly for PBP folding and lateral cell wall biosynthesis.
A class of most important current antibiotics, f-lactams,
exerts the antimicrobial effect by inhibiting PBPs. Our
results suggest that inhibiting PrsA might be an alternative
and additive way 1o inhibit cell wall biosynthesis of patho-
genic rod-shaped bacteria and treal infectious diseases.
PrsA-targeted antimicrobials could also inhibit bacterial
pathogenesis by inhibiting secretion of critical virulence
factors for instance listeriolysin O and broad-range phos-
pholipase C in Listeria monocytogenes (Alonzo et al,
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Table 4. B. subtiis strains used in this study,
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Strain® Relevant genotype Reterence

H7211 168 prsA:plTHI384 Pspac-prad Vitikainen af al, 2001
IHB266 168 preA:pKTHI3B4 Pspac-pred cssSospec This study

IHB435 JNT preAcpKTH3384 Pepac-prsA This study

IHB43T 3103 prsA;:pKTH3384 Pspac-prsd This study

IHB441 2083 preA; pKTH3384 Pspac-prsd This study

IHB445 JAHBS preA:pKTH3384 Pspac-praA This study

IHBASE 168 ApboFiery This study

IHBA58 168 dacA:cal This study

IHB4B0 168 Apbplrery This study

iHB482 168 Apond’spec This study

IHB464 168 pbpC::spoc This study

IHB4T1 168 dwiCpKTH3B0E Pxyl-glp-aiviC This study

IHB4T3 168 diviB:pKTH3814 Pxyl-gip-aivig This study

IHBATE 168 preApMUTIN-cMye prsd-myc This study

IHB280 IHB4T1 praA;pKTH3384 Pspac-prad Thiz study

IHB483 IHB473 prad:pKTH3384 Pspac-prsAd This study

IHBo9S 168 pbpA:ery This study

IHA003 168 phod: pKTH3&28 phod-mye This study

IH8013 IHB003 cs85:8pec This study

IHB016 IHB013 prsA pKTHI384 Pspac-pred This study

iHB024 168 Aprsd This study

IH8025 168 dacA:pKTH3831 dacmyc This study

IHB02T IHB003 prsA: pKTH2384 Pspac-pred This study

IH8028 IHB025 praA:pKTH2384 Pspac-prsd This study

IHE028 IHO028 cssS::spec This study

2083 (RH2225) 168 ponA:pSG1492 Pxyl-gip-ponA Scheflers et al, 2004
2103 (RH2227) 168 pbpA-pSGS043 Pxyl-gip-ptpA Echallers o al, 2004
3417 (RH2224) 168 mreC::pSGE2TE Pxyl-glp-mreC Laaver and Erminglon, 2005
DPVB20T (RH2223) PS832 ApbpH:spec pbpA.ery amyE-Pxyl-pboH Wel ef al, 2003
P51869 (RH2234) PSB32 ApboF:ery McPherson ef al, 2001
P51800 (RH2235) PS832 dacA:cat Popham of al, 1996
PS2022 (RH2236) PSB32 ApbpD:ary Popham and Satlow, 1996
PS2062 (RH2237) PS832 Apond:-spec McPherson ef al, 2001
PS52328 (RH2238) PSB32 ptpCspoc Wei et ai,, 2003
PSaaz Wild type, Trp” reverant of 168 Wal of al, 2003

168 (RH2111) tpC2 Kunst of af, 1897
JAHBE (RH2229) 1012 amyE:gip-fisL Heinrich et al,, 2008

a. In parenthesis are shown the sirain codes in the collection of THL

2009; Zemansky ef al, 2009). Because human and other
eukaryolic cells also have functionally important parvulin-
type PPlases, PrsA inhibitors should be PrsA specific. The
designing of PrsA inhibitors could take advantage of strug-
tural and mechanistic differences between bacterial and
eukaryotic parvuling (Heikkinen ef al, 2008). We can envi-
sion that such PrsA inhibitors could either inhibit specifi-
cally the PPlase activity or interfere with functions of the
N- or C-lerminal domains, which may be chaperone or
interaction domains. Allermnatively, eukaryotic cell mem-
brane could be impermeable to PrsA inhibitors.

Experimental procedures
Bacterial strains, plasmids and growth condifions

Bacillus subiiis strains and plasmids used In this study are
listed in Table 4 and Table 52 respectively. Escherichia colf
DH50 was used for cloning. Bacteria were grown in LB or

TY medium and on corresponding agar plates at 37°C, but
also some other culture media were used for paricular
experniments. The metabolic labelling for membrane pro-
teome analysis was performed with cells grown in a syn-
thetic minimal medium (BMM) (Stulke etal, 1993)
Cultivations wera performed in Antibiotic Medium 3 when the
effect of magnesium on PrsA-depleted cells and Van-FL
staining of peptidoglycan synthesis in prsA null mutant were
studied. The growth media were supplemented with appro-
priate antibiotics when needed to maintain plasmids and
chromosomal plasmid integrants in the cells. The antibiotics
(and their concentrations) used in the cullivations were
ampicillin (100 pg mi~*), erythromyein (0.5, 1 or 100 pg mi-'),
lincomycin (12.5 pg ml™"), chloramphenicol (5 pgmi™") and
spectinomycin (100 pg ml'). The expression of Pspac-prsA
was induced with 1 mM (lull induction) or with 0, 2, B, 16 or
24 uM (PrsA depletion) IPTG. For the PrsA deplation experi-
ments, bacteria were taken from fresh agar plates, washed
several times in LB medium and then used to inoculate the
cultures, The expression from Pxy was induced with 0.5%
xylose,
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Plasmid constructions

To construct pKTH3805, a fragment of the coding region of
prsA (bp 633-93B) was PCR-amplified with the primers
prsAmyc-tw  (S'cacaggiaccalggacgaaacalicagcaaag) and
prsAmyc-rv  (S'cacacggcogtttagaatigcttgaagatgaagaagt).
The ampiified fragment was inserted into the pGEM-T-Easy
vecior (Promega). The recombinant plasmid was digested
with Kpnl and Eagl, the released ‘prsA fragment was ligated
with pMUTIN-cMyc (Kaltwasser et al,, 2002) cul with the same
restriction enzymes and the ligation mixlure was used to
transform competent £, coliDHSa cells. The oblained plasmid
carrying the "prsA fragment (pKTH3805) was used to trans-
form B. subtilis RH2111 (168). The Campbell-type integration
of pKTH3B05 into the prsA gene resulted in the formation of
prsA-mye, which encodes PrsA bearing a C-terminal Myc-tag.
Tha chromosomal integration of pKTH3805 replaced the wild-
type prsd with prsA-mye. The viability of the resulted strain
B. subtilis IHB478 indicates that PraA-Myc is functional.

Bacillus subliis |H9003 exprassing pbpA-myc was con-
structed by transforming 168 with plasmid pKTH3B28. This
plasmid was constructed by PCR-amplifying a “pbpA-myc
fragment with the primers pbpA-fw (5'cacaggatccatagcaaalg-
giggetacege) and pbpA-rv  (cacagtcgactlacagateticiicget-
gatcagttictgttcgitatcagaagacgtigigittictge) and inserting the
fragment between the BamH| and Sall sites of the pSG4902
plasmid (Schetfers et al, 2004). The Campbell-type integra-
tion of pKTH3E2ZE into the pbpd gene resulted in the forma-
tion of pbpd-myc.

Bacillus subtilis |H3025 expressing dacA-myc was con-
structed in a similar manner as B. subtilis IH9003. The "dacA-
myc fragment in pKTH3831 was PCR-amplified with the
primers dacA-fw (5'cacagicgacggaacagetgaacgeaacg) and
dacA-rv (5'cacagaaticitacagatcttcticgeigatcagitictgttcaaacca

) and inserted between the Sall and EcoRI
sites of pSG4802.

To construct pKTH3814, a fragment of the diviB gene (bp
205-633) was PCR amplified with the primers diviB-fw
(5'cacaclcgaggicatgaacccgggtcaagacc) and diviB-rv

{5°cacagaalicaggaagegattigelgateice). The amplified frag-
ment was inserted between the Xhol and EcoRl sites of the

pSG4902 plasmid (Schellers etal, 2004). The resulted
pKTH3814 plasmid was uwsed 1o transform B sublilis
RH2111. pKTH3814, upon integration into the B. subtilis
chromosome, disrupted the native diviB gene and created a
gfp-diviB luslon (B, subtilis IHB473), which is expressed from
the xylose-inducible Pxy promoter.

Bacillus sublilis IHB471 expressing gfp-dviC was con-
structed In a similar manner as B. sublilis IHB473. A fragment
of the diviC gene (bp 455-755) was PCR ampiified with the
primers diviC-fw (5'cacaggalcectiigaatittccagggaacga) and
divlC-rv (5'cacactegaggacglaatceicatecticaatttg). The “diviC
fragment was cloned in the pGEM-T-Easy vector. The frag-
ment was released by digesting with BamHI and Xhal, and
inserted into pSG4902. Bacilus subliis AH2111 was trans-
formed with the oblained plasmid, pKTH3808.

Construction of the pred null mutant

Chromosomal DNA was isolated from B, subtilis IHT075 (in
the culture collection of THL) and used to transtorm B, subtilis

168 (AH2111). In IH7075, the prsA gene is deleted and
replaced with the cat gene from pC194. The IHTO7S strain
also harbours plasmid pKTH3327, which carries pred under
the control of the Pspac promoter and complements the
chromosomal pred deletion. The ApreA mutation deletes the
coding sequence of prsd, and 153 bp and 75 bp of the up-
and downstream regions respectively, The prsd null mutants
of 168 were selected on Anfibiotic Medium 3 -plates contain-
ing 20 mM MgCl; and chloramphenicol (5 pg mi'),

SDS-PAGE and immunablol analysis of PrsA, MreC,
PBP2a and GFP-fusion proteins

Whale cell samples were prepared from cultures in the late
exponential  (Klett100+1h) or early  stationary
(Kieti100 + 3 h) phase of growth. Cells were harvested by
centrifugation from 1 ml of culture, resuspended in 50 pl of
protoplast buffer (20 mM polassium phosphate pH7.5,
15 mM MgCl,, 20% sucrose and 1 mgmi’ lysozyme) and
incubated at 37°C for 20 min, Then 50yl of 2xLaemmli
sample butfer was added and the samples were boiled for
10 min at 100°C. Proteins were separated in SDS-PAGE and
blatted onto a PVDF nylon filter (Immobilon-P transfer mem-
brane; Millipora). The immunodetection of PrsA, PrsA-Myc,
MraC, PBP2a and GFP-fusion proteins was performed using
specific antibodies against these proteins (or Myc-tag) and
goat anti-rabbit IgG (H + L)-HRAP conjugate (Bio-Rad). ECL
reactions were performed using an Immun-Star WesternC kit
according to the instructions of the manufacturer (Bic-Rad)
and proteins were visualized and guantified with a Fluo-
rChem HD2 imager and AlphaEase FC software
(Alphalnnotech).

Isolation of bacterial cell membranes and Bocillin-FL
fabelling of penicillin-binding proteins

Bacterial cell membranes were prepared from 500 mi of
cultura in LB medium. Cells were harvested at the cell dansity
of Klett100 by centrifugation, washed once with potassium
phosphate buffer (20 mM potassium phosphate pH 7.5,
140 mM NaCl) and resuspended in the washing buffer. The
cells were disrupted by passing the suspension through a
French press cell twice at 20 000 Ib in®, The cell lysate was
centrifuged at 8000 g for 10 min, followed by centrifugation of
the supamatant at 217 500 g for 1 h. The membrane pellet
was resuspended in the phosphate buffer (1 ml). Protein
concentrations of the membrane preparations were deter-
mined using a 2-D Quant Kit (GE Healthcare) or Micro BCA
(Pigrce) according to the instructions of the manufacturers.
In the Bocillin-FL fabelling reaction, cell membranes
(300 pg protein) were treated with 10 pM Bocillin-FL in a final
volume of 100 ul. The reaction mixtures were incubated al
35°C for 30 min, followed by addition of 100 pl 2«<Laemmii
bufter and incubation at 100°C for 3 min. Samples comre-
sponding 15 pug of protein were separated in 10% SDS-
PAGE. Fluorescent PBPs were visualized using a
fluoroimager Typhoon 9400 (Amersham Biosciences) with
excilation at 488 nm and emission at 520 nm. Levels of active
Bocillin-FL-labelled PBP2a were quantified with the
ImageCuantTL software (Amersham Biosciences).

& 2010 Blackwell Publishing Ltd, Molacular Microbiology, 77, 108-127

105



Penicillin-binding protein folding is dependent on the PrsA peptidyl-prolyl cis-trans

isomerase in Bacillus subtilis

Peptidoglycan extraction and muropeptide analysis

Bacillus sublilis cells were grown In LB medium, a volume
cormesponding ¥ x OD = 300 was taken in the late stationary
phase (Klett100+6h) and the cells were harvested by
centrifugation. Paptidoglycan extraction and muropaptide
analysis were performed as described previously for L. lactis
(Courtin et al, 2006). Purified peplidoglycan was digested
with mutanolysin (muramidase from Streptomyces glo-
bisporus, Sigma-Aldrich). Soluble muropeptides wera
reduced with sodium borohydride as described (Alrih et al.,
1899) and separated on a Hypersil-100 column (C18, 250 by
4.6 mm, 5 ym; Thermo Finnigan) at 50°C by AP-HPLC. The
column was eluted with 10 mM ammonium phosphate pH 4.6
and 0.18% sodium azide for 5 min, followed by a linear gra-
dient of methanol (0-207%) for 270 min as described pravi-
ously (Courtin af al.. 2006). Samples of eluled muropeptides
were analysed by MALDI-TOF mass spectromeiry (Voyager
DE STR., Applied Biosystems, Framingham, MA) with
a-cyano-d-hydrocinnamic acid matrix, For most fractions, 1 pl
of sample was sufficient, For less abundant fractions, 100 ul
was concentrated on a ZIP-Tip C18 pipette tip (Millipore) and
eluted with 1 pl of solvent (50% acetonitrile and 0.15% tri-
fluoroacetic acid) prior to analysis.

The cross-linkage degree was calculated according fo
Glauner (1988) with the formula: (1/2 £ dimers +2/3 X
trimers + 34 ¥ tetramers)/ £ all muropeplides.

The percentage of muropeptides with a cerain side
peptide chain (X =di, tr, tetra and penta) with free COOH
(donor chain) was calculated according to Glauner (1988).

percentage (X) =| £ monomers(X) + %mmam{}{} -
%-Elﬂm[xj + :} Ztetramrs{x]] /z

all muropeptides.

Statistical analysis of the data was performed with Stat-
graphics Plus scftware (Manugistics, Rockville, MD, USA).
The resulls obtained with two strains were compared with a
two-sample comparison analysis and a rest.

Van-FL staining and fuorescence microscopy

Bacillus subtilis strains 168 and Aprs4 ware grown over night
in 10 mi of Anfibiotic medium 3 (Difco) suplemented with
20 mM MgCi2 and 5 pg ml ' chioramphenicol when needed.
Owver night cultures were diluted in 20 ml of fresh medium o
0ODB00 = 0.1 and grown 24 h. Cells wera collected for Van-FL
slaining at exponential, stationary and late staticnary phasaes.
Bacillus subltilis strain IHT211 was grown overnight on a TY
agar plate supplemented with 1 pug ml”' enythromycin, Mate-
rial from plate was suspended in phosphate-butfered saline
(PBS) to DD = 1.0 and washed three times with 1 mil ol
PBS. 20 pl of the suspension was used o inoculate 10 mi of
TY containing 1 pg ml' erythromycin and IPTG at three dif-
ferent concentrations: 8 puM, 16 uM and 1 mM, At QD = 0.6,
samples were collected for Van-FL staining.

A culture of 0.5ml was incubated 20 min with 1 pg mi™*
flugrescently labelled vancomycin (BODIPY® FL vancomy-
cin, Invitrogen) mixed in 1:1 ratio with unlabelled vancomycin

Prad PPlase Tor penicifiin-bimdisg projei folding 123

(Sigma). The cells were spotted on microscope slides (Knittel
Glaser, Germany). The Van-FL-stained cells were viewed
immediately under a fluorescence microscope (Olympus
IX71) equipped with a Cool Snap HQ2 camera
(Photometrics). Van-FL fluorescence was visualized with a
bandpass 470/40 nm excitation fiter and a bandpass 525/
50 nm emission filter. Images were analysed using Image.d
{http-frsb.info.nih.gov/nih-image/) and Adobe Photoshop
CS52 Version 9.0,

Elactron microscopy

For electron microscopy, cells were fixed with 2.5% glutaral-
dehyde overnight at 4°C as has been described (Leaver and
Errington, 2005). The fixed cells were washed twice in phos-
phate buffer and then treated with 1% osmium tetroxide for
1 h. The samples were dehydrated with a series of treatments
with ethanol and acetone, followed by embedding in Epon
resin. The micrescopy was perfarmed In the Institute of Bio-
technology, University of Helsinki, by using a JEOL 1200EX 1l
electron microscope.

Quantification of the effect of a minimal PrsA
concenfration on the membrane proteome of B. subtilis

For metabolic labeliing, B. subfiis IH7211 (P e.-prsd) was
grown aerobically at 37°C in a synthetic minimal medium
(BMM). The medium was either supplemented with "N-
ammonium sulphate, "*N-L-tryptophan and "*N-L-glutamate
(Cambridge Isotope Laboratories, Andover, USA) or “MN-
ammonium sulphate, “N-L-tryptophan and "*N-L-giutamate,
Cells from ovemnight cultures grown with 40 uM IPTG were
washed with warm BMM and used to inoculata the cultures for
the metabolic labelling. In order to realize two different biologi-
cal states, 2 uM IPTG was used in the cultivation M1 with the
light form of nitrogen source and 1 mM IPTG with the heavy
one (see below). A biological replicate (M2a) was perormed
with idenfical cultures but the labels were switched. Cells ware
harvested in the exponential phase of growth and equivalent
OD-units of bactaria aither grown with “N-BMM or “N-BMM
were combined in proportion 1;1 and stored at -20°C.

The combined cells were disrupted on Ice using a French
press cell, followed by separation of cell debris by centrifu-
gation and extraction of cell membranes according to the
method described by Eymann and collaborators (Eymann
et al., 2004). Membranes were centrifuged at 100 000 g for
60 min at 4°C, followed by purification steps with high salt
buffer [20 mM Tris-HCI, pH7.5, 10 mM EDTA, 1M NaCl,
Complete Protease inhibitor (Roche)], atkaline Na,CO, bufter
(100 mM Na,CO.-HCI, pH 11, 10 mM EDTA, 100 mM NaCl)
and 50 mM TEAB. Finally the purified membranes were solu-
bilized in SDS-PAGE sample bulfer containing 20% SDS.
Proteins were analysed using GeLC-MSMS analysing the
resulting tryplic digests using an UPLC coupled to an LTO-
Orbitrap. In addition to the two biological replicates, a tech-
nical replicate, M2b, was performed, For this replicate, the
proteins of M2a were separated and analysed with GelC-
MSMS for a second time. The data-analysis and relative
gquanfification of the proteins was performed as described in
Supporing Information (Table S1).
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Determination of the localizalion of PrsA

Single colonles of B subtiis 168 and |HB478 (prsA-myc)
grown on TY plates were used to inoculate 5 ml of TY liquid
medium. Overnight cultures were diluted in 20ml of TY
medium 0 ODwe =01 and grown till stationary phase.
TY medium was supplemented with endhromycin to a final
concentration of 1 pg ml ' when needed. Samples for immu-
nofluorescence assay were collected 2 h before and 4 h after
the transition from the exponential to the stationary growth
phase (Fig. 6). Immunofiuorescence staining was perdormed
according to the method described by Harry and collabora-
lors (Hamy efal, 1995) with the modifications described
balow.

Calls were fixed and made permeable as follows. 0.5 mi of
bacterial cullure in TY was mixed with an equal volume of
2inative solution containing 2.68% pamformaldehyde and
0.0050% glutaraldehyde and incubated for 15 min at room
temperature (21-23°C) and 30 min on ice. After fixation the
cells were washed three times in PBS and resuspended in
GTE (50mM glucose, 20mM Tris-HCI pH 7.5, 10 mM
EDTA). A fresh lysozyme solution in GTE was added to an
aliquot of cells to a final concentration of 2 mgml™* and cells
were immediately spotted on multiwell slides (MP Biomedi-
cals LLC) coated with 0.01% poly-L-lysine (Sigma-Aldrich).
After 5 min incubation wells were washed with PBS and left to
air dry.

For immunostaining, cells were blocked with PBS contain-
ing 2% BSA and 0.01% Tween (hereafter referred to as
‘blocking solution”) for 15 min at room temperature. Next cells
were incubated with mouse anti-c-Mye antibodies (Gentaur)
diluted 1:1000 in the blocking solution for 1 h at room
temperature. After washing the cells 10 times with PBS, sec-
ondary anti-mouse biotin-conjugated antibody (Sigma-
Aldrich) diluted 1:500 in the blocking solution was added,
followed by incubation in the dark at room temperature for
1 h. Cells were washed again 10 times with PBS and incu-
bated 1 h with 1:25 diluted ExtrAvidin Cy3 conjugate (Sigma-
Aldrich) at room temperature in the dark, Samples wemn
washed 10 times with PBS and mounted with Vectashield
mounting medium (Vector Laboratories). Slides were stored
at -20°C.

Sample imaging was pedormed using a wide-field Zeiss
AxioscopS50  fluorescence microscope  (Carl  Zelss,
Oberkochen, Germany) equipped with a Princeton Instru-
ments 1300Y digital camera. Cy3 fluorescence was visual-
ized with a bandpass (546 /12 nm) excitation filter, a 560 nm
dichromatic mirror, and a bandpass (575640 nm) emission
filtar. Images ware analysed using Imaged (hitp://rsb.info.nih.
govinin-image/) and Adobe Photoshop CS52. Wide-field
images were corrected for bleaching and unstable illumina-
tion using the Huygens Protessional deconvolution software
by Scientific Volume Imaging (hitp:fwwe.svi.nl),

Cross-linking of PrsA

Protein cross-linking was performed with 1% formaldehyde
as has been described (Jensen ef al., 2005). Bacteria wera
grown in LB medium at 37°C until culture density was 100
Kigtt units. Cells were harvested from 1 ml of the culiure,
washed once with 1ml 0.1 M sodium phosphate buffer

(pH 6.8) and cross-linked with farmaldehyde for 10 min at
room temperature. Cells were pelleted, washed once in phos-
phate buffer and solubilized in SDS-PAGE lysis buifer as has
been described (Healy efal, 1991). Cross-linked PrsA or
PraA-Myc proleins were analysed by SDS-PAGE and
immunoblotting. Samples were heated either at 37°C for
10 min or at 95°C for 30 min (breaks formaldehyde cross-
links) pricr to SDS-PAGE.
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1 Members of the evolutionary conserved Oxal/Alb3/YidC family have been shown to
2 play an important role in membrane protein insertion, folding and/or assembly.
ﬂmr:hs contains two YidC-like proteins, denoted as Spollll and YqiG.

) and YqjG are largely exchangeable, but Spolll) is essential for spore

and YqjG cannot complement this activity. To elucidate the role of YqjG,

Ilfl

lned the membrane proteome and functional aspects of B. subtilis cells

m”” YqjG or both. The data show that Spolll] and YqjG have
mplemen functions in membrane protein insertion and assembly. The reduced
F Fo ATP synthase in cells devoid of both Spolll] and YqiG are due to a

assembly of the Fj-domain onto the Fg-domain. Importantly, for the first

mspccfc function is demonstrated for YqjG in genetic competence
12 evelopment.

1

e
15 Otruducﬁnn

N
17 aIMIh'j protein family, which comprises evolutionary conserved
18 i membrane proteins, plays an important role in the insertion of proteins into
@ial, mitochondrial and thylakoid membrane. While these proteins share only
20 @r}f sequence similarity, all members consist of a conserved hydrophobic

21 wﬁve transmembrane segments (TMS) connected by short hydrophilic loops.
T

22

F

©
-

d C-terminal flanking regions are very diverse in length and sequence and
23 en completely absent in some Oxalp-like proteins [1]. With the E. coli YidC,
24 the conS€rved region suffices for the membrane protein insertion activity whereas the

25  flanking regions are dispensable [2]. So far no function has been proposed for the
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1 large N-terminal periplasmic domain of YidC. Some YidC homologues bear a
2 positively charged, C-terminal extension that binds ribosome-nascent-chain (RNC)
3 mes [3-5].
4 1dC facilitates the insertion of membrane proteins independently [6] or in
» m-ith the translocon [7, 8], the protein conducting pore formed by the
6 Weﬁc complex SecYEG. Although only few membrane proteins have been
7 be dependent on only YidC for their insertion, a preference for small
8 %mcmhmnc protein subunits of large energy transducing complexes
9 @vid&nt [9]. The membrane insertion of subunit ¢ of the F\Fy ATP synthase
M and the mechanosensitive channel for large conductance (MscL) [10] is

10

Ilm on YidC only. YidC also mediates the membrane insertion of the phage
121 coat proteins M13 and Pf3, whereas the insertion of subunit a of the F\Fy ATP
| (Foa) [6, 11] and the cytochrome o oxidase (CyoA) [7, 8] strictly depends on
I% and the translocon. Recent studies demonstrate a role of YidC in the
15 ene s of anaerobic respiratory chain complexes like the NADH dehydrogenase

16 W and the fumarate and nitrate reductases [12, 13].

17 %Tmber of Oxal homologues per cell or organelle varies between | (gram
18 eria) and 6 (Arabidopsis thaliana). In B. subtilis two homologues,
19 @ld YqiG, are present. Both proteins complement the function of YidC in E.

20 i andypromote membrane insertion of Foc from B. subtilis and E. coli [14]. In

21 wSpﬂ[IIJ and YqjG were found to form a complex with the entire F\Fy ATP

22 eminiscent of the Oxal/ATPase complex found in the yeast Saccharomyees

5 T
23 siae [15]. While SpolllJ and Yq)G appear to be exchangeable in membrane
24 pro insertion and complex assembly [14], only Spolll] is essential for spore

25  formation in B. swbtilis and cannot be complemented by YqiG [16, 17]. During

114



Bacillus subtilis YqjG is required for genetic competence development

1 wegetative growth expression of either of the homologues is sufficient for cell
2 wiability, whereas the double deletion exhibits a lethal phenotype [16, 18, 19]. The
3 Wﬂ of ¥YqiG is low but is induced upon initiation of sporulation and under
4 1) limiting conditions. A recent study provided evidence that translation of yg/G

3 muntil the cell encounters problems in membrane protein insertion [20]. These

6 Mested that YqjG is a back-up protein for Spolll] to ensure cell survival
7 myc growth when Spolll) is limiting. A function, specific for YqjG, has
8 yet been idemonstrated. In order to address this question, we chose to perform a
9 and functional study on B. subtilis strains that lack YqjG, Spollll or both

10 M Our results indicate Spollll and YqG fulfill complementary functions
1 IM cell, such as the biogenesis of energy-transducing complexes. Remarkably,
120 the protein levels of the cytoplasmic Fy-domain but not of the membrane-embedded
| - were decreased in a Spolll)/YqjG double deletion strain indicating that
Iﬂssemblm and not the membrane insertion of the Fy subunits is responsible
15 @fcﬂ within the F{Fo ATP synthase. Our studies demonstrate that YqjG plays

16 t ixslﬂive and critical role in genetic competence development, which differentiates

17 protein from Spollll that has a function in sporulation.
13 m

o QD

20 Oaterials and methods

24 against various proteins from B, subtilis were generous gifts from T.

25  Mascher (Ludwig-Maximilians-Universitit, Miinchen, Germany, LiaH), J.-M. van
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1 Dijl (UMCG, Groningen, The Netherlands, BdbD and ComGC), V.P. Kontinen (THL,
2 Helsinki, Finnland, PrsA) and the late A. Kroeger (Frankfurt, Germany, QoxA). All
3 ME were polyclonal and raised in rabbits. After incubation with the secondary
4 tibody, (anti-rabbit IgG conjugated with alkaline phosphatase; Sigma-Aldrich
» Wmh[{. Steinheim, Germany) and CDP-Star (Roche Diagnostics GmbH,
6

W‘n, Germany) chemiluminescent signals were detected by the Luminescent

7 mmr LAS-4000 (FujiFilm, Tokio, Japan).
8

9 edia and growth conditions

10
| lm was grown in Luria Bertani (LB), synthetic minimal medium (SMM) [21]
120 or chemically defined competence medium (CDCM) [22] at 37 *C and shaken at 200

| en appropriate, media were supplemented with spectinomycin (100 pg/ ml),
14 cin (2 pg/ ml), tetracycline (12 pg/ ml), chloramphenicol (10 pg/ ml) or

mygin (10 pg/ ml).

I'C

te

rains and plasmids

umer sequences used in this study are shown in Table 1. All plasmids and strains

20 listed in Table 2. B. subrilis was transformed as described before [23]. To delete

e

21 spellld the 5'- and 3'- flanking regions of the gene were amplified by PCR from

G

22 g DNA of B. subtilis 168 as template and using primer pairs Spod1/Spod2 and
23 d4, respectively. The tetracycline resistance cassette was obtained by PCR
24 usin primer pair Tetl/Tet2 and plasmid pDGI514 as template. Next, the

25  tetracycline cassette was fused between the spolllJ Nanking regions by overlapping
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1 PCR using primer set Spod1/Spod2. The resulting PCR product was transformed into

2 B. subiilis 168 and selected on LB plates containing tetracycline. Correct

{

3 on/deletion was verified by PCR and the strain was named B. subtilis MS001

4 m . The same strategy was followed to delete yvgiG. The flanking regions of

»
6

)|

amplified by PCR using primer pairs YqjGd1/YqjGd2-Spec and YqjGd3-

d4. Next, a PCR reaction with plasmid pDG1726 as template and primer

Il

7 m‘ccl yielded the spectinomycin cassette. Again, the flanking regions and
8  the spectinomycin cassette were fused by PCR and transformed into B. subtilis 168.
9 ernight incubation on LB plates supplemented with spectinomycin,

10 Mants were checked for correct integration by PCR (data not shown) and
11 oted as B. subtilis MS003 (AvgjG).

12 transforming either pAX-spolll] or pAX-yqiG into B. subtilis MS001
| ' . a xylose-inducible spolllJ or ygiG gene was inserted into the genomic
I%us. Positive transformants were selected on LB plated containing
15 @Lin and tetracycline. Correct double crossover insertion was verified by

16 mﬁlly. in both strains the yg/G gene was deleted from the genome and replaced
17 tinomycin resistance cassette. The last step was carried out essentially as
18 %w for the construction of B. subtilis MS003 (AvgiG). This resulted in B.
19 Q_ﬁ@mins MS004 (AvgiG, Aspolll), Pya spolllJ) and MS005 (AygjG, AspolllJ,
20 wia VgiG), both resistant against tetracycline, erythromycin and spectinomycin and
21 steictlyvdependent on xylose for growth.

22 o detect the expression of the ComG-operon of B. subtilis when grown in a
23 ally defined medium, a gfp-reporter gene was fused downstream of the comGA

24 pro region [22]. Herein, the plasmid pSGComGA1 (W.K. Smits unpublished), a

25  derivate of pSGComGA [24] carrying a Kanamycin resistance cassette, was
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1 transformed into B. subtilis 168, MS001 and MS003. The plasmid integrates by a

single crossover reaction into the comGA promoter region of the chromosome. The

w& subtilis strains carrying the gfp-reporter gene were named MS006 (wild

4 derivate), MSOO7 (Aspalll]) and MSO0S (Avg/G), respectively.

M]l growth for metabolic labeling

Qﬂ"mmm strains 168, MS001 (AspolllJ), MS003 (AygiG) and MS004

pﬂHU Pyyia spolilJ) were grown under agitation (200 rpm) at 37 °C in

M] supplemented with either '"N-ammonium sulfate and ""N- L- tryptophane
II%M, 98 atom % excess, Cambridge Isotope Laboratories, Andover, USA) in
120 the labeled medium or with "*N- ammonium sulfate and "*N- L- tryptophane in the
| medium. Cultures were supplemented with the appropriate antibiotics and
Iﬂ (wt/vol) glucose (168, MS001 and MS003) or xylose (MS004) as the sole

15 @urﬁ:e. After overnight incubation, cultures were diluted 1:50 (168, MS001

16 3] or 1:25 (MS004) in fresh medium, cell growth continued to an ODgoo am
17 cells were harvested by centrifugation (10 min, 7500 x g). To obtain cells
18 % Spolll) and YqiG, M5004 (AvgiG, Aspolll), Pya spolll)) cells were
19 cc in pre-warmed SMM without sugar, resuspended to an ODgpg g of 0.5 in
20 M ¢ r.ammg 0.2% (wt/vol) glucose, and cell growth continued to an ODggg y Of
21 ells were diluted two-fold in SMM containing 0.2% (wt/vol) glucose and
22 cuhalcd at 37 "C. This procedure was repeated until cells stopped growing,
23 urred mostly after the 5 generation. Cells were harvested, and equivalent
24 of bacteria grown on SMM supplemented with '"*N or "N were pooled,

25  quick-frozen in liquid nitrogen and stored at -80 °C.,
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1

2 25 Membrane and sample preparation

3 ~nd

4 @e isolation was carried out essentially as described [25] excluding the
protaplas

» ing step. Samples that were analyzed by the GeLCMS-workflow (See
6 Mere fractionated by SDS-PAGE following tryptic digestion [26].

7 measuremenm - Tryptic digests of the SDS-PAGE gel pieces were loaded
8 a reve phase column (Waters BEH 1.7 pm, 100-pum i. D. x 100 mm) operated
9 ACQUITY-UPLC (Waters Corporation, Milford, MA, USA). Peptides were

10 M&ntmlc\d and desalted on a trap column (Waters nanoACQUITY UPLC
I lmmmeuy C18, 5 pm, 180 pm x 20 mm) for 3 min at a flow rate of | ml/ min
12 wit o acetonitrile in 0.1 % acetic acid. Subsequently, the peptides were eluted
| ted with a non-linear 80-min gradient from 5 —60 % ACN in 0.1 % acetic
Iﬂﬂnswm flow rate of 400 nl/min. MS/MS data were acquired with the LTQ-
15 itrap mass spectrometer (Thermo Fisher, Bremen, Germany) equipped with a

16 Wspmy ion source. After a survey scan in the Orbitrap (r= 30,000) MS data
17 rded for the five most intensive precursor ions in the linear ion trap. Singly
18 %erﬂ not taken into account for MS analysis [21].

» QD

20 Ota analysis: protein identification

21

22 Q files were extracted from *.raw files using Bioworks Browser 3.3.1 SPI
23 o' Fisher Scientific) without charge state deconvolution and deisotoping.
24 Su ntly, the data were searched with SEQUEST version v28 (rev.12) {Thermo

25  Fisher Scientific) against a B. subtilis target-decoy protein sequence database
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—

(complete proteome set of B. subtilis extracted from UniprotkB release 12.7 (UniProt

2 Consortium, Nucleic acids research 2007, 35, D193-197) with a set of common
3 contaminants) compiled with BioworksBrowser. The searches were done
4 two iterations: First, for the GeLCMS analyses the following search parameters

» Md: enzyme type, trypsin (KR); peptide tolerance - 10 ppm; tolerance for
[ w ions - 1 amu; consideration of b- and y-ion series; variable modification -

7 ms.‘}? Da); a maximum of three modifications per peptide was allowed.
8 ¢ second iteration the mass shift of all amino acids completely labeled with '*N

9 was taken into account in the search parameters. Resulting *.dta and *.out

1®

10
I lmn: -y 2 -¢ 2 -C 4 —-here --decoy Reverse_-p 2 -t 2 -u --MC 2 -i 0.3 --fp 0.005).
12 rotein identification data was cured with an in- house written java- script to ensure
| protein hit relies on at least two different peptides as judged by amino acid

16 ta analysis: relative quantification

. %
18 rch results served as the base for the software CenSus [27] to obtain

19 @c data of "*N peaks (sample) and '°N peaks (pooled reference) [28]. Peptide

20

c assembled and filtered using DTASelect (version 2.0.25) (parameters

determined by CenSus and subsequently exported (R?* values bigger than

‘5
wh
5

21 a nly unique peptides; proteins failing to be relatively quantified were checked
22 1n the graphical user interface for on/off proteins). Proteins relatively
23 ied with at least 2 peptides were taken into account for the subsequent analysis.
24

25 2.8,  Data analysis: protein classification and localization
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1

2 The identified proteins were sorted into functional categories according to their

|

3 | assessment at the protein database of NCBI. In order to predict the cellular

4 alization of all identified proteins searches against the LocateP Database

R

» ddwitvw .cmbi.ru.nl/locatep-db/cgi-bin/locatepdb.py) [29] were performed.

mse activity assay
9 @ase activity of isolated B. subtilis membranes was determined by means of

18

=]

10 i i¢ phosphate release and detected with the dye malachite green [30].
I 1%5 were diluted in assay buffer (50 mM HEPES/KOH pH 7.5, 50 mM KCl,
12 Sm gCls, and 2 mM DTT) to a concentration of 40 pg/ml and incubated at 37
| action was started by adding ATP (1 mM final concentration) and stopped
Iﬁdﬂilim of EDTA (10 mM). In order to determine DCCD (N,N'-
15 @x}flcarhodiimide] sensitive ATPase activity, assays were performed in the

16 mro.s mM DCCD.

. QN'L
18 viometry and transformability assay
» QO

20 @ MS006, MS007 and MS008 were grown in CDCM medium supplemented

21 mappmpriate antibiotic. These strains were derived from B. subtilis 168, and

22 AspolllS) and MS003 (Avg/G) contained a gfp reporter gene fused to the
23 romoter region. This enabled the fluorescent detection of comG expression.
24 Fres rown overnight cultures were diluted 1:25 in CDCM and incubated until no

25 further increase of GFP fluorescence could be observed. At an hourly interval aliquots
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11

1 were taken and 20000 cells directly measured on a Coulter Epics XL-MCL flow
2 cytometer (Beckman Coulter, Mijdrecht, the Netherlands). The setup of the flow

3

{

n

¢ analysis was essentially as described [31]. In order to determine the
nsformability, 10 pg plasmid DNA from pTRKH2 or pNZ8901 was transformed

beilis and cells were plated on LB agar plates both without (viable count)

> &

Et

antibiotic (transformant count). After overnight incubation at 37 °C, the

e |

Prep

ing units (CFUs) were counted to yield the transformation efficiency.

oo

=)

—_—

™)

esults

ted

16 embrane proteome of B. subtilis AspolllJ and AygjG strains

17

18 mbrane proteomes of the B, subtilis strains MSO001 (Aspolll)) and MS003
19 ' ere compared with that of the wild type. For this purpose, B. subtilis 168,

S001 and MS003 were grown in labeled and unlabeled SMM medium (see also 2.4)

21 ﬁnwﬂ with 0.2% (wt/vol) glucose and the appropriate antibiotics. After the

é

ached an ODgggnm of 1, cell growth was stopped and membranes were

from the different strains (Figure 1). Proteins present in the membrane
ere subjected to mass spectrometric analysis by GeLCMS. For each

25  comparison four samples (two biological duplicates of each strain) were analyzed and
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I relatively quantified to the “N-labeled reference. In total 572 (MSO01L/WT), 417
2 (MS003/WT) and 547 (M5004/MS003) proteins were identified and quantified (for
3 ‘MEW see Supplementary data: Figure 1 and Table 1) in at least one biological
4 licatg of each strain. Considering that 70 % of B. subtilis proteins are predicted to
» mlic by LocateP [29] and that membrane protein analysis by GeLCMS is
6 W by their physiochemical properties, membrane proteins are very well
7 d in our data set. Between 45 and 55 % of all identified proteins are
8 %bﬂ membrane proteins (Supplementary Figure 1) including multi-

9 ing, C- or N-terminal anchored and lipid anchored proteins.

10 Hon analysis of the individual AspolllJ and AvgiG strains, it appeared that
Ilmm;m levels of most proteins are unchanged compared to the wild type
120 (Figure 2A and B). With a 2-fold in- or decrease in protein amount as a threshold, 19
| inswrevealed a higher and only 2 showed a lower protein amount in the Aspolll]
I%ilc in the AygjG strain the protein amount of only 2 proteins was altered over
15 @mld compared to the wild type (Table 3). As expected, Spolll] was not

16 'Eﬁnl i' MS001 (Aspolll]) and its level was not altered in MS003 (AygiG), while
17 MI present in MS003. In MS001, YqjG exhibited the greatest change in
18 quantified proteins (20-fold increase), which is in line with previous

19 @at showed increased levels of vgiG transeripts in the absence of Spolll) [18,

20 ost of the proteins with an increased quantity in MS001 (Aspolll)) have a
21 ctl in the late stages of spore development, e.g., SpolllAH, SpolVA, SpolVFA,
22 chC and GerM (Table 3). Furthermore, the penicillin-binding protein
23 ribosomal protein RpsP, the putative NADH dehydrogenases YumB, the
24 P-glucose dehydrogenase YwgF and four proteins with yet unknown

25 function (ComER, YqgeZ, YuzA, Ytia) were significantly increased in protein amount.
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1 Another three proteins involved in transport exhibited higher levels, whereas the
2 uncharacterized ABC-transporter subunit YwjA and the malate kinase sensor MalK
3 ‘wﬂent at lower levels. The alkaline serine protease AprX is absent in MS001
4 m and over-represented in MS003 (AvgiG). Also the ribosomal subunit RplA
» m to be overrepresented in MS003 while the level of the aerotactic transducer
6 Mnd YwpH, a single strand DNA-binding protein, was diminished (Table 3).

7 indicate that there are only few changes in the membrane proteome upon

P

8  the deletion bf the Spolll) or YqjG function, except for the increased amounts of

at function in the late stages of spore development in the AspolllJ strain.

re

Membrane proteome of cells depleted both for SpolllJ and YqjG

| ince I and YqiG likely have overlapping functions, relative quantities of
14 ounts in strain MS004, containing both a deletion of yg/G and having the
15 @1 of spalll) under control of the xylose promoter, were examined. For

16 mﬂn strain MS003 (AvgiG) was used. The effect of the depletion of both
17 mthe cell was by far more drastic than the effect observed in the single
18 s (Figure 2C). Spolll] was present in MS003 but absent in MS004
19 that the cells were completely depleted of Spollll during cell growth in

20 @t‘ xylose.

21 ; J expected, major changes in protein expression levels could be observed
(

B

22 entary data, Table 1). Out of the 547 quantified proteins, 160 exhibited a

23 cant (> 2-fold) overexpression and 142 were found at reduced amounts (Figure

24 rkably, the majority (85 %) of proteins with increased amount were

25  cytoplasmic proteins (Figure 2C, inset, yellow lines). On the other hand, the majority
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1 of the proteins with diminished amount are membrane proteins (61 %) (Figure 2C,
2 inset, blue lines). This demonstrates that the depletion of the SpolllJ/YqjG function
3 Wked effect on the membrane proteome.

4 hilst no obvious stress response was induced in the AspolllJ and AvgiG
» Mplmiun of Spolll) in a AygjG strain (MS004) resulted in increased levels of

6 ific stress response proteins (Table 4). The highest induction (more than 110-fold)
7 mr LiaH, which is normally induced under cell wall stress. LiaH shows
8 uence similarity with the phage shock protein A (PspA) from £ coli. lts
9 @n is dependent on the two-component system LiaRS and is strongly

10 by LiaF [33]. Protein amounts of LiaS and LiaF were about 10- and 17-fold

F

11 er than in strain MS003 (Avg/G). The pronounced LiaH response in MS004 was

oy

120 wverified by immunoblotting (Figure 1). It should be noted, that the amount of LiaH in

| es derived from MS005 (YqjG-depletion in a AspalllJ strain) was less than

14 (SpolllJ-depletion in a Avg/G strain). A possible reason therefore is that

cl

15 (4 gells were more strongly depleted than MS005. On the other hand, LiaH could

16 either be detected in membranes of the wild type nor in the single deletion strains

te

d MS003. In addition, another five stress response proteins were found in

unts in the double depletion strain. The relative amounts of membrane
i HipX, YdjF and YokG was about 4.5-, 4.5- and 2.5-fold increased,

20 pectively (Table 4). Finally, the Clp protease system was induced upon

e

21 IIBLY qiG depletion. Whereas ClpC did not show an altered protein level, ClpP

22 were found to be increased 5.1- and 4.8-fold in amount. Other stress

i

23 s¢'proteins like the well-characterized stress response chaperones GroELS or

A

24 a id not exhibit any changes.
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1 In addition, there are several classes of membrane proteins whose expression
2 is affected by the SpolllJ/YqjG depletion. Only the most notable are discussed below.
3 W‘:in amount of PrsA, a lipid-anchored membrane protein with an essential role
4 rotein secretion [34], was found unaffected in both the proteomic and the western
» wsis (Figure 1) and was therefore used as an internal standard. A list of all

6 w and quantified proteins and their localization (predicted by LocateP [29]) is

7 mhe Supplementary data (Table S1).

8

9 @lncﬁonal overlap of SpolllJ and YqjG in membrane protein insertion
10 Mhl}f of energy-transducing complexes

=)

12 e proteomic analysis is consistent with a complementary function of Spolll) and
| iG inuthe biogenesis of energy transducing protein complexes. In both MS001 and
Iwonc of the energy transduction subunits/complexes revealed an altered
15 @prﬂssi{m level beside the putative NADH dehydrogenase YumB, which
16 *creaig 3.1-fold in amount upon deletion of spalll) (Supplementary data, Table S1).
17 I sharing sequence similarity to other NADH dehydrogenases, YumB was
18 %eﬂ to be possibly wrongly annotated [35], which is supported by the
19 @ growth behavior of a AvumB strain [36]. YumB might however be a minor

20 @chydmgcnasc that is functionally masked by other dehydrogenases, e.g.

21 ilD. ~Ip the MS004 strain (SpolllJ-depletion in a AvgjG strain), CtaC was unchanged
22 a . the major NADH dehydrogenase [36], was reduced 3.1-fold in protein
23 compared to strain MS003 (Ayg/G). The amount of the cytochrome oxidase
24 subu XA in MS004 membrane was almost 2-fold reduced (Supplementary data,
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1 Table 1). Immunoblot analysis, however, indicated a greater loss of QoxA upon
2 SpolllJ- and ¥YqjG-depletion, as no QoxA could be detected (Figure 1).

3 Hc proteomic approach did not identify all integral membrane subunits of the

B synthase in all compared strains (Table 5). Therefore, the DCCD-sensitive

i» mctiviw of membranes derived from the various strains was determined.
6

Wes derived from the wild type and the single vg/G and spolllJ deletion
7 mm essentially equal levels of functional FiFo ATP synthases (Figure 3).
8 OWEVET, ATPase activity of MS004 (SpolllJ-depletion in a Avg/G strain) and
9 qiG-depletion in a AspolllJ strain) dropped to about 40 % of that found for

10 M}-’pﬂ indicating a loss of functional ATP synthase complexes in cells devoid
1 ImWI[[J and YqjG. Remarkably, the proteomic data revealed that the amounts
120 of the mémbrane-embedded Foa, Fob and Foe did not drastically change, but rather all
13 itsiof the cytoplasmic Fi-domain (a — £) were 4-fold (Table 5) less abundant in
I4ﬂmne fraction derived from strain MS004 (Spolll)-depletion in a AvgiG

15 @ compared to MSO03 (Awgf(r). This data strongly suggests that the main

h the F\Fo ATP synthase is not at the level of the membrane insertion of Fg

17 Mrathm' in the functional assembly of the Fi-domain onto the Fo-domain.
15

19 mmmntinl effect of spolllJ and ygiG deletion on genetic competence

20 @enl

21

22 Qﬂin levels in the single deletion strains MS001 and MS003 were hardly

23 ed and nearly similar to wild type levels. When a less stringent + 1.5-fold
24 changtwas considered, a greater number of proteins of a functional category followed

25 the same direction. This is particularly evident for proteins involved in competence
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1 development (Table 6), some of which are essential for DNA binding and uptake. The

2 relative amounts of this group of proteins showed the same trend and were increased

{

3 (Aspolll]y and decreased in MS003 (Ayg/G) as compared to the wild type.

+ xt, the DNA uptake ability was tested by the transformability of the wild type, and

»
6

Il

eletion strains MS001 and MS003. Cells were transformed with plasmid

or pNZ8901) or genomic DNA and transferred to LB plates with

El

ants) or without antibiotics (viable count). As shown in Figure 4A the

sformation frequencies are independent of the DNA source used. For the wild type

el

9 rmation efficiencies (number of transformants/number of viable cells) were

" (plasmid DNA) and 0.42 x 107 (genomic DNA). These values increased
| Imsml strain in which spolllJ was deleted vielding frequencies of 1.21 x 107
12 and 1.18/x 10 while in the MS003 strain in which vg/G was deleted the numbers

to 0.18 x 107 and 0.25 x 107, respectively. Thus, it appears that the

f

ability is diminished in the Aygj( strain to about 50 % of the wild type,

.

ras,a marked 3-fold increase in the transformability was noted in the spolllJ

te

16 iontrain. Results derived from transformation experiments were shown to fit the
17 mstatistical significance by one-way analysis of variance (ANOVA). All
18 tests resulted'in p-values lower than 0.01 (P<0.01).

19 xt, the expression levels of the ComG-operon were monitored by flow
20 ometry as a measure of competence development [22]. In B. subtilis MS006 (wild

21 msm? (Aspolll)) and MSOD0B (AygjG) a gfp reporter gene was fused to the
[

22 romoter. Expression of the ComG-operon should induce GFP expression,
23 sulting in increased levels of fluorescence [31]. This construct has been shown
24 to be™mm excellent reporter for identification of competent cells after initiation of

25  competence development [24]. To exclude that the insertion of the comG-gfp reporter
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1 has itself an effect on genetic competence development, transformation frequencies
2 were determined for B. subrilis MS006, MS007 and MS008 (Figure 4A). Again,
3 mlues (0.41 x 107, 1.17 x 107 and 0.19 x 10™) were obtained for the uptake of
4 kMI and therefore a direct effect of the reporter can be excluded. For the
i M&mctry detection, cells were grown in CDCM and the fluorescence was

6 W every hour. During the lag and early exponential phase only few fluorescent

7 mdemm} (data not shown). With all strains, at late exponential growth
8 ase, the GFP fluorescence accumulates and peaked at the early stationary phase
9 ). However, a clear difference in the number of GFP fluorescent or ComG-

10 Hpr&ssing cells could be observed among the different strains. While with the
IIM. about 18% of the total cell counts showed fluorescence, this was
120 substantially higher with the AspolllJ strain MS007, i.e. around 50 %. In contrast,
1 % of the MS008 cells (Avg/G) were GFP-fluorescent. Furthermore, the
Iw‘vels of ComGC and BdbD in B. subtilis 168, MS001 {Aspalll]) and MS003
15 @er& monitored by immunoblotting of membranes derived from cells that
16 Hhe maximal competence in the late exponential phase (Figure 4C). The
17 hD, a thiol-disulfide oxidoreductase required for genetic competence
18 [37). remainkéd unaltered. On the other hand, the level of ComGC, the major
19 mus forming subunit [38], was dramatically affected. As expected from the

20 @ and flow cytometric data, ComGC levels were increased in the spolll)

21 wsnm strain compared to the wild type, while they were markedly reduced
i

22 ‘G deletion MS003 strain. These data demonstrate that the ComG-operon

ssion and transformability correlate and that natural competence is reduced by

f vg/G. On the other hand natural competence is increased upon spolll/

25  deletion. Also, in the spolll) deletion strain the amount of YqjG is increased
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1 approximately 20-fold suggesting that YqG activity is a major controlling factor

contributing to the development of natural competence.

-
=
5 4uesBiscussion
o Pt
S

7 s subtilis, the general exchangeability of the two YidC homologues [14, 39-

serves as a back-up protein at limited Spolll] activity to sustain viability of

10 Hﬂ ‘er, in contrast to other organisms that contain multiple YidC paralogs,
1 lmd YqjG exhibit a highly similar topology and organization. Often, one of
12" the paralogs contains an elongated C-terminus that has been implicated in ribosome-
I i d membrane targeting [4, 5]. Since this is not the case with the two YidC
I:ﬁ:‘es of B. subtilis, a different functional specialization is expected. To reveal a

iblg’Y qjG-specific function, we performed proteomic studies on ygjG and spolllJ

é

etion strains as well as on B. subtilis cells that could be depleted for both

17 nl-:ins.
18 In general, our data are consistent with a largely complementary function for

19 mm YqiG. The growth rates of the single deletion strains (MS001 and

20 QSUGE’WEW essentially identical to that of the wild type (data not shown).
21 ?ﬂﬁh the expression levels of most quantified proteins did not show
22 si caot changes (Figure 2A and B). Also the protein levels of various known YidC

23 rates were found unchanged as well as the F Fo-ATPase activity. Only when

;

24 both I} and YqG were depleted from the cells, major changes in protein

25 composition could be observed. In such cells, the majority of the identified membrane
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1 proteins were found at lower levels in line with the proposed function of the YidC

2 homologues as membrane protein insertases [14]. The use of depletion strains of

{

3 proteins has a general disadvantage, as it might be difficult to distinguish

4 tween primary and secondary effects. However, the remarkable correlation of our

1l

I

» ith previous findings favors the conclusion that the observed effect on the
6

proteome is a direct result of a YidC deficiency. In addition, we noticed

I

7 mnf the YidC homologues from B. subrilis cells led to the similar stress
8 sponse as YidC depletion in E. coli. Spollll/Yq)G double depletion resulted in an
9 @[mﬂr& than 110-fold) increase of LiaH. LiaH is homologous to the phage

tein (Psp) A, which is overexpressed in YidC depleted E. coli cells [9]. The

IE‘

11 anced expression of PspA is a response to defects in the cell envelope integrity

| contrast to a previous study [18], the level of QoxA, a homologue of the E.
14 substrate CyoA, was found to be reduced in cells lacking both Spolll) and

. The other subunits of the cytochrome oxidase were found unchanged. In E.

c

16 i, ¥ is essential for membrane insertion of subunits a and ¢ of the FiFy ATP

[6, 11] and both Spolll) and YqjG were previously shown to mediate the

ertion of B. subtilis and E. coli Foc proteins [14]. Therefore, it was
r rising that upon Spolll) and YqjG depletion the levels of the membrane

20 d Fo domain remained essentially unaltered whereas there was a marked

¢e

21 uctign in the amount of membrane-associated F; domain. The lack of a clear effect

G

22 o domain could be due to a transcriptional up-regulation response of arpB and

23 of and Foe) upon Spolll) and YqjG depletion as reported in E. coli [42]. The

A

24 loss i subunits and consequently, the DCCD-sensitive F,Fp-ATPase activity

131



Bacillus subtilis YqjG is required for genetic competence development

21

1 suggests that there is indeed a functional defect in the assembly further supporting the
2 notion that SpolllJ and YqjG fulfill a key role in ATP synthase biogenesis [14].

3 He overlapping functions of Spolll) and YqjG support cell viability under
4 etative growth, since expression of one of the two proteins is sufTicient for growth
» H.‘Hﬁs [16, 18]. However, during sporulation Spolll] mediates a crucial
6 Wn spore formation, while YqjG is dispensable in this process [17]. Several
7 ave been performed in order to elucidate the specific requirements for
8 % sporulation [43-45]. It is believed that Spolll) plays an exclusive role
9 mbly of a novel type of secretion tunnel, which is composed of proteins
10 My the spalllA operon and that spans the space between inner and outer pre-

11 membrane. As shown recently, SpolllJ physically interacts with the membrane

120 protein SpolllAE [45], which is speculated to be a SpolllJ specific substrate. Our data
| indicatesa specific role of YqiG in the development of natural competence and
I%ahility, Although the effects of YqjG on the membrane protein amounts
15 @htle, there is an obvious and significant correlation between YqjG
6 *Hmiibn and genetic competence. It should be noted that the quantitative proteomic

were carried out under conditions which are unfavorable for competence
18 minimal medium, ODggy of 1), while transformability, Western blotting
19 @G-GFF expression (Figure 4) were determined under optimal competence

20 @ (CDCM at late stationary phase). This difference explains the smaller

21 cbn protein levels as observed in the MS analysis as opposed to the substantial

22 ¢ in the individual protein detection assays. Deletion of vgiG resulted in a 50 %
23 on of transformability while YqjG overexpression (spolllS deletion) caused a

24 3-foldamcrease of transformation efficiency. Although YqjG is not essential for
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1 competence development, its expression clearly enhances the cells” ability for
2 transformation and stable integration.
3

ow does YqjG affect genetic competence? The first major process in protein

4 ogenesis is transcription, which in prokaryotes involves binding of a sigma Factor

»

ni

uent targeting of RNA polymerase to the gene locus. It has been shown

i

K is the key transcription factor for competence genes in B. subtilis [46]. It

f

I be that YqiG is involved in ComK activation. A similar function has been

:

ested for Spolll) during sporulation, where the presence of Spollll is essential for

ivation of the pre-spore specific sigma factor G [44]. Amongst the genes under

o

ComkK are the components of the ComG operon. They belong to the group

15‘

te competence genes and are essential for exogenous DNA binding and transport

.

to the mémbrane. Our flow cytometric analysis demonstrates that the transcription of

operon correlates with the YqjG expression level, which provides further

:

that YqjG is involved in a regulatory function although this might be an

15 @sp&n&e due to the competence defect. Enhanced gene transcription does not
16 amciﬁw:y result in increased protein levels, since other processes might be limiting

17 in biogenesis, e.g. translation, targeting and posttranslational modifications.

!

roteins together with the oxidoreductase BdbCD and the prepilin
19 i ComC are needed for the formation of the pilin-like structure involved in

20 A uptake. ComGC is the major pilin subunit that shows similarity to type 2

GE

21 sgeretian system pseudopilins and type 4 pilins. The prepilins are first inserted into
22 mmnc. and upon the removal of the charged N-terminus by ComC, BdbCD
23 disulphide bonds into the maturating pilin subunits whereupon these are
24 asse to the pilus [38]. Even though the level of BdbD remained unaltered upon

25 ygiG deletion, only minute traces of ComGC could be detected in the membrane.
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I ¥YqiG might be required for the ComGC membrane insertion, an activity that
2 apparently cannot be complemented by Spollll. Another mechanism by which YqjG
3 Me«:l competence development follows from findings with Emterococcus
4 faecalis 47]. The N-terminus of the E. faecalis YidC, designated as CefA, is
» M to be lipid modified just like the N-termini of SpolllJ and YqjG. Afier N-
6 Wﬂdiﬁtﬂliﬂns including processing by signal peptidase 11, a small peptide
7 MG acid sequence LVTLVFV, is released from the cell. This peptide acts
8 a pheromone and causes the induction of conjugative plasmid transfer between E.
9 ig cells. The amino acid sequence of the N-termini of Spolll] and YqjG differ

10 M exact pheromone peptide sequence. Moreover, Spollll does not seem to
I lm’r a pheromone peptide as no effect on sporulation in B. subtilis nor on the
120 aggregation of E. faecalis cells could be observed [44. 47]. Since the ygjG expression
| in_these Spolll) expressing cells is below detection levels [32], a possible pheromone
Iﬂsmiatcd with YqjG cannot be excluded. It would be of interest to test this
15 @s with a strain overexpressing YqjG. such as the spolllJ deletion strain.

16 l gur data demonstrate that Spolll] and YqiG fulfill complementary and
17 functions during vegetative growth. Whereas SpolllJ is known to fulfill a
18 %iun in a late stage of sporulation, we now show for the first time that
19 @smciﬁcally involved in genetic competence development. Therefore, we

20 @that the two YidC homologs are functionally specialized in distinct cellular

21 @atiun processes in B. subtilis.
22
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F]G 1. Absence of Spolll] and YqjG induces LiaH response and reduces QoaX

e protein compositions of membranes isolated from B. subtilis 168 (lane 1),

15 MSO00I (lane 2), MS003 (lane 3), M5004 (lane 4) and MS005 (lane 5) were visualized

h PAGE and Coomassie Brilliant Blue staining. The membrane levels of LiaH,
17 @ QoaX were detected by immunoblotting using specific antisera.
18

19 @l B. subrtilis cells depleted of Spolll] and YqjG show accumulation of

ic and a decrease of membrane proteins. Changes of protein expression

24

25 melluw: cytoplasmic proteins, blue: membrane proteins, orange: secreted
26 1

27

28 Q:‘- Effect of Spolll] and YqiG depletion on the FiFo-ATPase activity in
29 embranes. The activity of the F,Fo-ATPase was determined by the release
30 rganic phosphate in the presence (white bars) or absence (black bars) of 0.5 mM
31 DCCD.
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FIG. 4. Differential effect of spolfl)- and vgjG-deletion on genetic competence
development. A: Transformation frequencies of B, subtilis 168 (wild type), MS001
and MS003 (AvgiG); and in B. subtilis MS006, MS007 and MS008 bearing

-gfpp insertion. Cells were transformed with either plasmid or genomic DNA
sformation frequency was calculated. B: Expression of the comG-operon
in B. subtilis MS006 (WT, comG-gfp), MSODT (Aspolll), comG-gfp) and MS008
iG, comG-gfp) was monitored by fluorescence measurements in a flow
. The diagram shows the maximum fluorescence value reached at late
; W growth phase. C: Immunoblot detection of ComCG and BdbD with known
sUinfgenctic competence in membranes isolated from B. subeilis 168 (lane 1),
01 flane 2) and MS003 (lane 3).

Y
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I Table 1. Primers.
2
Sequence 5'—3'
GOTTGCAAGAAATAAAAGCA
GCOGTCGACGTCATATGGATCCACTCTTTTATTGCAAAGCA
CTAGAATTCGAGCTCCCGOGOGTTTCCTCATTAAAGGACCTG
ACAGAAATAGAAATTCGTCC
® TAAGATCGTAATTCCAAGCG
COAAAATOCGUCATTCGCCAGCCTCCTTTTTATAAATGOGG
AACCCTTGCATAGGGGGATCTTGACAGTGCAAAACATCGT
TTTAGCATAATGAAGCAAGG
GOAGOATCCATOGTTGTTGAAAAGGAGAATAGG
GUGUGATCCTCACTTTTTCTTITCCTCCGGOTTTTTGE
GOAGOATCCATOGTTAAAAACATATCAAAAACTTTTGOGC
GCGGATCCTTATTTCACCGACTCAGTAAGAGC
GATCCATATGACGTCGACGC
CCOGGGAGCTCGAATTCTAG
CTGGCGAATGGCGATTTTCG
c2 GATCCCCCTATGCAAGGGTT
3
4
5 able 2. Strains and plasmids.
6
Plasm Relevant properties Reference
integrative vector (pBR322 derivate) for xylose [48]
inducible expression of genes (Py,4 promoter) in B.
subtilis, Em"
pAXO01 carrying B. subtilis spolllJ This study
pAXO01 carrying B. subtilis vqgjG This study
contains tetracycline resistance gene cassette [49]
contains spectinomycin resistance gene cassette [49]
Poomc-gfp, Kan® W.K. Smits
unpublished
P E. coli gram-positive cloning vector, Em’ [50]
89 SURE expression vector, P ipsmuas Cm' [51]
1l
] trpC2 [52]
M3 168, spolll):Tet' This study
003 168, ygiG::Spec” This study
MS001, ygjG::Spec’, lacA:: Py 4-spolllJ, Em’ This study
MS005 MS001, ygjG:: Spec’, lacA:: Py -vgjG, Em" This study
168, Poomc-g/fp, Kan' This study
7 MS001, Peoma-gfp, Kan' This study
MS003, Peomc-gfp, Kan® This study
7

137



Bacillus subtilis YqjG is required for genetic competence development

27

1 Table 3. Identified proteins with expression change in B. subtilis MS001 (AspolllJ)
2 and MS003 (dygjG).
3

Protein Localization Fold change
MS001/WT
YaqiG Multi-TM's 19.97
Stage 11l sporulation protein AH N-term. anchor 6.32
Unknown Cytoplasmic 5.82
Stage 1V sporulation protein FA Cytoplasmic 5.46
Spore germination protein Lipid anchor 4.20
NADH dehydrogenase-like protein Cytoplasmic 3.12
Major UDP-glucose dehydrogenase Cytoplasmic 3.10
Stage IV sporulation protein A Cytoplasmic 3.03
tage VI sporulation protein D Cytoplasmic 2.79
Unknown Multi-TM's 2,77
vlok Calcium-transporting ATPase Multi-TM's 2.69
P96619dcC Sporulation protein, sigma E promotor Lipid anchor 2.55
h controlled
P46 5 Phosphate ABC transporter (binding Lipid anchor 2.55
protein)
03 Unknown Multi-TM's 2.39
QT795Q5|yttA Unknown Multi-TM's 2.36
P54598|yheN Inner spore membrane protein Lipid anchor 2.16
P3 b Penicillin-binding protein 2C N-term. anchor 2.10
P21474 @ 305 ribosomal protein S16 Cytoplasmic 2.08
031707 Uncharacterized ABC transporter (ATP-  Multi-TM's 2.01
binding protein)
005250@9 Malate kinase sensor.YufL Multi-TM's -2.08
P45861| Uncharacterized ABC transporter (ATP-  Multi-TM's -2.36
$ bindinE protein)
OMN/OF
Q0162 Spolll) Multi-TM's OFF in MS001
Alkaline serine protease Cytoplasmic OFF in MS001
AsparaEine synthetase Cytoplasmic OFF in WT
MS003 MS003/WT
031 ?SE‘@ Alkaline serine protease Cytoplasmic 2.60
Q06797 508 ribosomal protein L1 Cytoplasmic 2.53
Dﬂ?ﬁzlb Haem-based aerotactic transducer Cytoplasmic -2.92
P94590]ywpH Single-strand DNA-binding protein Cytoplasmic -2.51
5
7
8
9
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I Table 4. Effect of Spolll] and ¥ qjG-depletion on the stress response protein levels at
2 the membrane.
3

Fold change

Protein MS001 MS003 MS004
/ 168 / 168 / MS003
Cell wall stress response protein no 1D no 1D 112.21
Il wall stress response protein no 1D no 1D 16.68
032198/lia Sensor histidine kinase no 1D no 1D 9.58
PHUE44|¢:IFH P-dependent Clp protease proteolytic subunit 1.09 1.02 5.13
P50866[clp TP-dependent Clp protease ATP-binding subunit -1.01 1.24 4.76
031657|ht at-shock protein 1.06 1.01 4.56
P54617|vd; shock protein A homolog -1.13 -1.41 4.29
O32000|yo elta-endotoxin no 1D no 1D 2.51
P94520|ysd igma-w pathway protein. cell envelope stress -1.03 no 1D 1.65
P37571 |c|pi§ Ctss 111 stress response-related ATPase -1.05 1.20 1.58
P17820|dn ss | heat-shock protein {molecular chaperone) 1.03 -1.03 1.27
Q4553 Stress response protein -1.41 -1.19 1.18
P4078 General stress protein 1.15 1.06 -1.09
P3747 neral stress protein (class 111 heat-shock) 1.06 1.02 -1.15
PE0O8TS[vceDd  General stress protein 16U no 1D no 1D -1.16
P40779vitxG  General stress protein 1.13 1.15 -1.33
P1763 at-shock protein no 1D no 1D -1.33
P28599|gr kDa chaperonin no ID no 1D -1.46
P28598|gro ass | heat-shock protein (chaperonin) 1.08 -1.14 -1.87
PT1051|yv lative tyrosine-protein kinase no 1D -1.28 no 10D
P39778hsl P-dependent protease ATP-binding subunit 1.13 no 1D no D
cat-shock protein -1.13 no 1D no 1D
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1 Table 5. Effect of Spolll) and YqjG-depletion on the levels of the subunits of the
2 FFs-ATPase at the membrane.
3
4 | )
P Fold change
rotei Protei Localizati
e rotein calization MSO01T  MS003  MS004/
/ 168 / 168 MS003
P3TR08[atpA TP synthase Fy subunit @« Cytoplasmic 1.20 1.27 -3.78
P37809 TP synthase F subunit B Cytoplasmic 1.17 1.27 -3.89
P37810/atpG ~ ATP synthase F, subunity  Cytoplasmic 1.18 1.64 -2.93
P3781 IMTP synthase Fy subunité  Cytoplasmic 1.16 1.35 -3.18
P37812|ay ATP synthase F; subunit & Cytoplasmic 1.14 1.17 -4.72
1*3?5|3 TP synthase Fosubunita  Multi-TM's 119  nolD  -1.31
P37814|apE PP synthase Fy subunitb  N-term. anchor 1.12 1.20 -1.40
P37815|atpE TP synthase Fy subunit ¢ Multi-TM's no 1D no 1D 1.66
5
6
7 MEH‘EEI of Spolll) and ¥ qjG-depletion on the level of proteins involved in
8 mpetence development at the membrane.
9
10
\ Fold change
FrTgt:::e] Protein MS001  MS003
/ 168 / 168
()99 W Two-component sensor histidine kinase no ID no 1D
Unspecific high-affinity DNA-binding protein 1.59 -1.80
ATP dependent helicase 1.47 -1.38
Traffic NTPase 1.09 -1.42
Major pseudopilin 1.36 -1.68
Minor pseudopilin 1.81 no 1D
Thiol-disulfide oxidoreductase 1.23 -1.32
Thiol-disulfide oxidoreductase 1.12 no 1D
Membrane-associated nuclease 1.30 -1.54
Inhibitor of the DNA degrading activity of NucA 1.29 -1.16
Multifunctional SOS repair regulator 1.34 -1.41
Single-strand DNA-binding protein 1.69 -2.52
Nucluulide-binding protein no 1D no 1D
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Most of the Staphylococcus aureus virulence factors are either cell surface exposed or secreted. Here
we report a global and guantitative analysis of staphylococcal cell surface-associated proteins using a
combination of NN metabolic labeling, biotinylation, and GeLC~MS/MS. To address the important
question of §. aureus pathophysiology, we analyzed the influence of the alternative sigma factor o on
the expression of cell surface-associated proteins. Therefore, we compared the methicillin-resistant S,
auraus wild-type strain COL with its sigh mutant, because o® might play a crucial role in the pattern of
the surface proteome. A total of 296 proteins from growing and nongrowing cells could be quantified.
One third of these proteins are known as cell surface-associated, including 3 sortase substrates, 3 cell
wall-associated proteins, 35 lipo-, 23 membrane-, and 34 signal peptide-containing proteins comparing
wild-type and sigB mutant. Fourty nine surface-associated proteins were modulated by o2, including
21 proteins already known to be SigB-dependent or SigB-influenced. More proteins were down- (31
proteins) than up-regulated (18 proteins) in the sig8 mutant. Our approach revealed 28 surface-
associated proteins not previously reported as SigB-dependent or -influenced, expanding the group of
surface-associated proteins and virulence factors modulated by SigB.

Keywords: biotinylation » cell surface proteins = mass spectrometry = “N'N metabolic labeling » SigmaB

« Staphylococcus auraus

Introduction

The interaction of a bacterium with its host is specifically
based on the protein set presented on the surface of the
bacterial cell. The human pathogenic bacterum Staplylococcis
aureus produces an arsenal of virulence factors, particularly
surface-exposed or secreted ones that cause a broad range of
infections ranging from skin lesions to critical diseases such
as endocarditis, osteomyelitis, toxic shock syndrome, and
sepsis."™ Antibiotie therapies have become more challenging
due o increasing multidrug resistance, such as vancomyein/
methicillin-resistant 5. anrens strains,™” and requiring the
development of new antistaphylococcal therapeutic strategies.
Analyzing the outer subset of proteins will lead 1o a deeper
understanding of infection-related cell physiology and particu-
larly of host-pathogen interaction.

The surface-associated subproteomic fraction comprises
membrane proteins with exterior loops, lipoproteins, proteins
covalently and noncovalently attached to the cell wall, as well
as proteins containing signal peptides that are usually secreted
but possibly also adhere to the cell surface.” Lipoproteins are
characterized by the consensus sequence of lipobox in a signal

* To whom eorrespondence should be addressed. Insunn fir Mikrobd-
ologde, Emst-Moriz-Amdi-Univessitin Greifswald, Fricdrich-Ludwig:Jahn-
Str. 15, D-17489 Greiffswakd, Germany. B-mail: dbecher@uni-gredfswald.de.
Phone: +459-3830-B64230, Fax; +49-3034 -0 202,

sequence, a signature that has been used effectively to predict
B lipoproteins in 5. anreus COL™'" Cell wall proteins are
covalently attached to peptidoglycan by sortase [(SrtA), a
membrane-bound transpeptidase, via a special mechanism
requiring a C-terminal sorting signal consisting of a conserved
LEXTG-monf." ' The alternative NPOTN motif is recognized
by SriB."* Genome analyses revealed 22 sortase substrates in
several 5, aurens strains, with 20 present in 5. aurens strain
COL'"'" the model organism in this study. Seven additional
surface proteins that are not covalently attached to the cell wall
were predicted from genome-wide analyses.' Those cell wall
proteins and surface components that adhere to extracellular
host tissue and plasma proteins for initializing infection process
are known as MSCRAMMs (microbial surface components
recognizing adhesive matrix molecules)."

Rendering this essential subproteomic fraction accessible to
qualitative and quantitative proteome analyses is one of the
challenging objectives in understanding pathophysiology and
bacterial-host interactions, Different methods for isolating
surface proteins of gram-positive bacteria have been estab-
lished, including (i) serial extroction of proteins by different,
highly concentrated salts,' (ii] enzymatic extraction, and (iii)
biotinylation with subsequent enrchment of surface-associated
profeins,

Engymatic extraction of surface proteins was performed with
Iysostaphin (which lyses staphylococeal pepridoglycan) and
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subsequent 20-PAGE of the cell wall digest supernatang, '
In another approach of enzymatic extraction intact bacteria
wiere incubated with trypsin and cleaved surface proteins were
identified via LC-MS/M5."*

Biotinylation can be used as a selective labeling method for
surface exposed proteins. Numerous biotinylation reagents for
the study of surface proteins are available (reviewed in ref 23).
The biotinylation approach was initially established for eu-
karyotic cells™ and adapted and advanced for gram-negative
bacterin.™ ™ It was applied 1o gram-positive bacteria as 5.
awrens by Gatlin et al'™ In this first comprehensive cell
envelope proteome analysis of 8, arreus, biotinylation was used
in additon to cell wall digestion by lysostaphin, Gatlin and co-
workers identified 48 surface proteins, including membrane-,
lipo-, cell wall- and export signal-containing proteins as well
as oytosolic contaminants, with the majority of surface proteins
Identified by the combination of lysostaphin digestion and 20D-
PAGE. However, a quantitative analysis of the staphylococcal
surface proteome is sill lacking,

Protein quantification is crucial for physinlogical studies to
maonitor changes of protein abundance in response to different
physiological stimuli or conditions. Different methods for
quantitative mass spectrometry are reviewed by Banischefl el
al.™ Label-free quantification has already been performed to
monitor changes in the cell surface glyeo-proteome of 1,
melanogaster.™ Here we applied a metabolic labeling approach
using ""N. Bacteria were cultured in “N-enriched cell culture
medinm to introduce a stable isotope signature Into proteins
during growth."' Relative guantification was performed by
comparing the intensities of isotope clusters of the unlabeled
peptide (comprised of naturally abundant stable isotopes) and
the "N-labeled peptide,

To combine this quantitative study with a crucial physiologi-
cal question, we analyzed the impact of the alternative sigma
factar o on cell surface-associated protein expression in S,
aurens™ SigmaB controls a large regulon in S, aurens, com-
prising about 300 genes, among them many with a function in
virulence, ™ The impact of Sigh on 5. aurens pathogenicity
was demonstrated in a number of different laboratories, For
instance, active Sigh was shown to be required for full virulenee
in a central venous catheter-related infection as well as a septic
arthritis mice model and during the early stage of infection in
an endocarditis rat model. " The exact molecular mechanism
for the contribution of Sigh to 5. awreas related infections is
not clear at present, but it has been suggested that the positive
effect of Sigh on the expression of MSCRAMMS (eg., CIHA,
FnbA) may contribute to the adhesion to host tissue, thereby
promoting colonization and persistence.™ In line with this
notion is the observation that strains expressing Sigh have an
advantage over their sigh mutants during internalization into
human osteoblasts, a process facilitated by surface-associated
factors such as FnbA that is under partial control by Sigh." In
addition, a large number of secreted virulence factors are
negatively regulated by Sigh. Many of those are expressed at
high cell densities upon entry into stationary phase.™ Since
this group of virulence factors includes proteases, hemaolysins,
lipases, and different toxins that harm the host, it has been
speculated that suppression of these factors may further
contribute 1o intracellular persistence of 5 awrens. To date
about 60 potential surface-associated proteins have been
described as Sigh-dependent, although mostly in microarray-
based studies.”™"!" More specifically, 27 genes (encoding 4
lipoproteins, 19 signal peptide-containing  proteins and 4
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sortase substrates) were shown to be under positive control
and 29 genes (encoding 4 lipoproteins, 22 signal peptide-
containing proteins and 3 sortase substrates) under negative
control by Sigh. In addition, genes encoding integral membrane
proteins were down- (56 proteins) and up- (18 proteins)
regulated in a sigh mutant.™™*! Thus, the investigation of the
impact of Sigh on this subproteomic fraction is an ideal model
system for our quantitative proteomic approach.

In this study, we present a GeLC-M5 based proteomic
analysis combining a biotinylation approach with "N"N
metabolic labeling, which enables comprehensive quantitative
analysis of enriched surface-exposed proteins. "NYN metabolic
labeling was pedformed during cultivation prior to biotinylation
of staphylococcal surface proteins. For biotinylation we used
Sullfin- N-hydroxysulfosuccinimide-disulfide- Biotin (Sulfo-NHS-
S5-Bioting, a membrane-impermeable reagent that reacts
specifically with the c-amino-group of lysine residues of
surface-associated proteins. Isolation and purification of la-
beled proteins was carried out by affinity-chromatography.
Proteins were eluted by cleaving the disulfide bond through
reduction. We focused on alterations of surface protein com-
position of 5. aureus COL wild tvpe compared to a sigh mutant
because the expression of a number of important virulence
factors is modulated by Sigh. Our results provide new insights
in the regulation of surface-associated virulence factors of 5
[T A

Experimental Procedures

& awreus Strains and Growth Conditions for "N'N
Metabolic Labeling. Staphylococcns aureus COL (Mec, high-
M elinical isolate, Te," further indicated as wild type (WT)
and S aurens COL Asigh (deletion of sigh operon, Em®,™ were
used in this study, 5, awrews COL WT and Asigh were grown
under agitation at 37 °C in Bioexpress 1000 medium (Cam-
bridge Isotope Laboratories, Andover, MA). For comparison of
the protein expression of 5. aurens COL WT and Asigh both
strains were grown either in unlabeled or “Ne-enriched me-
dium. The experiment was repeated four fimes; twice by
combining “N-labeled WT celis with ""N-grown Asigh cells and
a further two times by switching to "N-labeled Asigh cells
combined with ""N-grown WT cells, Label switch was per-
formed to compensate for contingent differences between
labeled and unlabeled BioExpress 1000 cell growth media.
Exponential phase cells were harvested at Ago of 0.5 and
populations entering stationary phase 2 h later,

Preparation of the Cell Surface Proteame by Biotinyla-
tion. For preparation of the cell surface protein fraction, cells
were harvested at 4000« g for 5 min at 4 °C, and 1 g of cells
{wet cell weight) were resuspended in 5 ml ice-cold PRS (pH
8.0) with 1 mM PMSF on ice. Equivalent volumes of WT grown
in unlabeled medium and Asigh grown in “N-enriched me-
divm were combined. In total 4 biological replicates were
performed, thereby allowing for label switching when samples
were combined vice versa. The biotinglation reaction was
performed by adding 100 gL fresh Sulfo-NHS-55-Biotin (Pierce,
Rockford, IL) solution to 1 mL of intact cells, a final concentra-
tion of 1.5 mM Sulfo-NHS-55-Biotin, A 1% (wiv) solution of
Sulfo-NHS-55-Biotin was prepared by adding 5 mg o 500 ul.
PES (pH 8.0) immediately before use. Cells were incubated by
gentle shaking for 2 h on ice. To stop the reaction and to
remove nonreacted biotinylation reagent cells were centrifuged
at 4000 g for 5 min at 4 “C and washed three times with ice-
cold PBS (pH B.0)/ 500 mM glycine. A pellet of 1 ml reaction
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volume was resuspended in 500 gl PBS (pH 8.0} with 1 mM
PMSF on ice and transferred 10 a 1.5 mL tube containing glass
beads (Sartorius). No lysostaphin was added. Disruption of cells
was performed mechanically in a Ribolyzer (Hybald, Ashiord,
UK} at 6 mfs® twice for 20 s. The lysate was centrifuged
(20 000= g for 30 min at 4 °C) and the biotinylated proteins
were isolated and purified by NeotrAvidin agarose (Pierce,
Rockford, 1L) affinity-purification. For a reaction volume of 500
pl. protein mixture 50 gl of NeotrAvidin agarose resin were
washed rwice with PBS (pH 8.00/ 1% NP-40 and centrifuged at
1000 g for 1 min at 4 “C. The resin was mixed with the cell
lysate for 90 min by gently shaking on jce. The supernmatant
was removed and the resin-bound complex washed 6 times
with PBS (pH 8007 1% NP-40. Biotinvlated proteins were eluted
by adding 20 uL of reductive 505 sample buffer containing 62.5
mM Tris/ HCI, pH 6.8, 2% SD8, 20% ghyeerol, 50 mM DTT and
5% f-mercaptocthanol, Additionally, we carried in each case a
parallel control, which was treated equally except for the
hiotinylation reagent Sulfo-NHS-55-Biotin, which was not
added. This control verified successful Sulfo-NHS-55-Riotin-
tagging of proteins in the sample and showed that only a small
number of proteins bind nonspecifically to avidin resin in the
control, even under harsh washing canditions.

Analysis of Protein Extracts by GeLC—MS. Eluted protein
samples were separated by 10-SDS-PAGE.** After staining with
Coomassie Brilliant Blue R-250, the complete protein separa-
tlon lane was cut into 10 equal gel slices, In-gel digestion was
performed with trypsin (Promega, Madison, W} as described
by Eymann et al."! Peptides obtained from in-gel digestion were
separated by liguid chromatography and measured online by
Esl-mass spectrometry. LC—MS/M5 analyses were performed
using a nanoACQUITY UPLC system (Waters, Milford, MA)
coupled 1o an LT Orbitrap mass spectrometer (Thermo Fisher
Scientific,Waltham, MA] creating an electro spray by the
application of 1.5 kV between Picotip Emitter (SilicaTip,
F5360-20—-10 Coating P200P, Mew Objective) and transfer
capillary. Peptides were loaded onto a trap column (Symmetry
CI8, 5 ym, 180 gm inner diameter = 20 mm, Waters) and
washed for 3 min with 99% buffer A (0.1% (viv) acetic acid) at
a flow rate of 10 gL/ min. Elution was performed onto an
analytical column (REH 130 C18. 1.7 gm, 100 gm inner diameter
= 100 o, Waters) by a binary gradient of buffer A and 8 (100%
{wiv) acetonitrile, 0,1% (v/v] acetic acid) over a perind of 80
min with a flow rare of 1000 nlf min. For MS5/MS5 analysis a
full survey scan in the Orbitrap (m/z 300-2000) with a
resalution of 30 000 was followed by MS/MS experiments of
the five most abundant precursor ions acguired in the LT via
CIn, Precursors were dynamically excluded for 30 s, and
unassigned charge states as well as singly charged fons were
rejected. Because of the high technical reproducibility of the
LC=M5/MS analyses, the experiment was focused on 4 biologi-
cal replicates as the biological variance is higher than the
analytical one.

Data Analysis. For protein identification *dia files were
generated from *raw files using Bioworks Browser 3.3.1 5P
(Thermo Fisher Scientific), Charge state deconvolution and
deisotoping were not pedformed. dentification of peptides was
carried out by database search using SEQUEST version 28
frev.12) (Thermo Fisher Scientific) against a target-decoy
database (5318 entries). This database was composed of all
protein sequences of 5, aurens COL extracted from the National
Center for Biotechnology Information (NCBII bacteria genomes
thitp:/ fwww.nebinlmonib.gov/sites/entrezfDb=genome&Cmd=
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Retrievefdopt=Protein+Table&list_uids=610). A set of the
reversed sequences created by BioworksBrowser 3.2 EF2 as well
as common contaminants such as keratin was appended. The
search parameters specified trypsin (KR cutting fully enzy-
matically, allowing two missed cleavage sites. Peptide tolerance
for precursor ions was set o 10 ppm and fragment jon
tolerance to 1 amu. The highest mass deviation that was
observed was about 2 ppm. Only b- and y-ion series were
included, considering methionine oxidation as variable modi-
fication with a maximum of three modifications per peptide.
Each *raw file was searched twice, once without any statle
maodification and a second time by allowing for the substitution
of all "N with "N atoms. Resulting *.out files of each sample
were combined using DTASelect 2.0.°% Overall "N and "N
TASelect files were merged with Contrast and filtered with
[XTASelect to obtain protein hits based on at least two different
peptides and a false discovery rate on peptide level lower than
19 {filter used: DTASelect -y 2 -c 2 -C 4 --here --decoy Reverse_
-p 21 2-u--MC2-i0.3 --fp 0.005), The final DTASelect-filter
file was adjusted to remove peptide hits of the same sequence
(differently charged and post-translationally modified peptides
count to be the same) emploving a user-written script. For the
generation of spectral count values to illustrate the abundance
of identified peptides, all spectra detected for each sequence
were retained by DTASelect filtering with 1= 0"

For the prediction of rransmembrane domains, the TMEMM
2.0 algorithm was used.'” Signal sequences were estimated by
the software ool SignalP 3.0, When both the presence of a
signal sequence and a cleavage site were presumed, and the
signal peptide overdapped with a TMD w0 more than half of
the latter's length, the TMD was considered to be a false-
prediction, and subtracted. Proteins were considered 1o be
lipid-anchored if projected by DOLOP" ar Augur.'® If proteins
exhibited an LPXTG- or NPQTN motif, they were regarded as
sortase substrates covalently bound o the cell wall."™ Further
cell wall-associated proteins were defined according 1o previous
findings'** and PSORT.* For protein quantification * raw files
had o be transferred 1o MS1 files (RawExtractor 1.9.3 by Tao
Xu, Yates Laboratory at The Scripps Research Institute), The
software ool Census version 131 uses MS1 files and the
adjusted final DTASelect-filter file for protein quantification.™
Quantification resulis were exported o Excel by implementing
a determination factor of 0.7. A protein was considered reliably
quantified when its ratio was determined in 2 biological
replicates with not less than two peptides in at least one of the
replicates. Normallzation of protein ratios was carried oun over
the median of all log2 ratios. Significant changes in protein
abundance were approved by 8 normalized log2 ratio above
or lower than +0.8 and —0.8, respectively. Proteins that have
been identified, bt failed o give reliable quantiative data,
were manually inspected for poor quality or presence in only
one of the samples, "N or "*N. If their presence in only one of
the samples was based on more than one peptide in both
hiological replicates, they were added o the list of gquantified
protelns as “on""ofl” proteins, In this case, the correspondent
YN- or UN-peptide was missing for guantification.

Results

Protein Identification by Biotinylation. Biotinylation was
used to capture the surface proteins of 5 aureus COL
GelC=MS/MS of the purified biotinylated proteins (Figure 1)
led to the identification of 143, 124, 259, and 228 proteins from
the four exponential phase culture samples (see Supplemental
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Figure 1. SD5-PAGE of the biotinylated, enriched cell surface
protein fraction. Surface proteinsg from a combined preparation
of "N-labeled 5. aureus COL WT and “N-AsigB cells were
separated. Shown are two biological replicates harvested esach
in exponential and stationary phase of growth, Each surface
protain preparation was accompaniad by a contral reaction (c)
performed without biotinylation reagent. Gel was stained with
Coomassie Brilliant Blue R-250. M Protein Marker. 1 Exponential
growth. 1e Corresponding control. 2 Stationary phase. 2¢ Control.
3 Second biolegical replicate exponential growth. 3¢ Control. 4
Second biological replicate stationary phase, 4c Control. Two
further biclogical replicates were analyzed with label switch
combining "N-5. aureus COL WT and "“M-labeled Asip8 cells
resulting in o comparable picture (data not shown).

Tahle 1, Supporting Information) and 353, 299, 289, and 264
proteins from stationary phase cells (see Supplemental Table
2, Supporting Information). In total, 309 proteins were identi-
fied from exponentially growing cells among the four biological
replicates. These proteins include 4 sortase substrates, 3 cell
wall-associated proteins, 32 lipoproteins, 30 membrane pro-
teins, 31 proteins containing a signal peptide, and 209 proteins
predicted as cytoplasmic subcellular fraction (Figure 2A). For
stationary phase of growth 441 proteins could be identified
overall, including 4 sortase substrates, 4 coll wall-associated
proteins, 40 lipoproteins, 3% membrane proteins, 40 proteins
containing a signal pepride and 314 cvtoplasmic proteins
(Figure 2A). Addition of lysostaphin to our biotinylation ap-
proach could not improve the identification results in terms
of getting a higher number of sortnse substrates,

A contral reaction accomplished simultaneously withouw
biotinylation did not yield clear protein bands, although few
proteins including pyruvate carboxylase (Pyc), acetyl-Cod
carboxylase (Acch) and translation elongation factor G (FusA)
were identified (Figure 1). However, Pye and AccB are biotin
carboxyl carrier proteins that bind naturally 1o avidin col-
umns.™ FusA is a high-abundance protein and thus difficuli
to removee completely from the NeutrAvidin agarose. The group
of identified cytoplasmic proteins in the biotinylation sample
is therefore considered (o be biotinylated. In fact. a viable count
determination before and after the biotinylation process showed
a reduced number of CFUs, indicating cell death through the
biotinylation of the cell surface (see Supplementary Figure 1,
Supporting Information). Therefore, cell lysis s expected for
part of these eells during the blotinylation experiment.

The abundance of the identified peprides of the subpro-
teamic fractions anahzed by biotinvlation differed (Figure 2B).
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The number of spectra per peptide (spectral counts) gives an
estimate of peptide abundance, The proportion of identified
cell surface-associated proteins was about 30%. Considering
the spectral counts as a method for evaluating the protein
abundance of the identified proteins, the proportion of peptides
belonging to cell surface-associated proteins was about 54%
for growing and 56% for nongrowing cells (Figure 28), indicat-
ing an effective enrichment. Additionally most of the cytosolic
proteins were found in only one or two biological replicanes
(Figure 3), whereas most of the cell surface-associated proteins
were fdentified in 3 or even in all 4 experiments, serving as
evidence for the reproducibility of the enrichment procedure.

Quantification of S anrews Asigh Cell Surface Proteome.
In growing cells 150 proteins, which fulfilled the required
criteria for quantification. were quantified comparing sigh
mutant 1o its respective wild type (W, Sixteen additional “on/
off” proteins were exclusively present in either WT or Asigh
(Supplemental Table 3, Supporing Information). Together,
these 166 proteins comprise 3 sortase substrates, 1 cell wall-
associated protein, 23 lipoproteins, 14 membrane proteins, 21
proteins containing a signal peptide, and 104 cytoplasmic
proteins (Figure 4A). In stationary phase, 271 proteins including
27 onfofl proteins were quantified, including 2 sortase sub-
strates, 3 coll wall-associated proteins, 34 lipoproteins, 20
membrane proteins, 30 proteins containing a signal peptide,
and 182 cytoplasmic proteins (Figure 4A, Supplemental Table
4, Supporting Information). In summary, 98 surface-associated
proteins could be quantified for growing and nongrowing cells
(Table 1). A comparison of the ratios for two biological
replicates in a scarer plot demonstrated low variation and
therefore high reproducibility of the presented method (Figure
3l

Alterations in protein amount were shown for a toral of 53
proteins in growing S, aureus Asigh cells compared to the wild
typee. One protein was onby present in the sigh mutant whereas
15 proteins were only identified in the wild tvpe. Twelve
proteins were increasing and 25 proteins decreasing in their
amount compared to the WT. In nongrowing cells 92 proteins
changed their amount when o was deleted including 8 “on”-
proteins, 31 increasing, 34 decreasing, and 19 "off”-proteins.

In summary we found 117 proteins in altered amounts for
hath growth stages comparing wild type and sigh mutant. Of
these, 49 proteins were assigned o the cell surface and
extracellular compartments (Figure 4B), the focus of the present
work, including 3 sortase substrates, 2 cell wall-associated
proteins, 18 lipoproteins, 8 membrane proteins, and 18 proeins
with a secretion signal (Table 1).

For SigH-regulation, we expect a down-regulation or even
an off-protein in the sigh mutant in case the gene is solely (i,
positive direct) or partially (il, positve indirect] under Sigh-
control and therefore Sigh-dependent. Up-regulation of pro-
teins in the sigh mutant would indicate a (i) negative indirect
influence of Sigh.

During ar least one of the two time points analyeed, 31
surface-associated proteins showed a decreased amount in the
sigh mutant, including off-proteins (Table 1). Fourteen of these
had already been described as being Sigh-dependent, %115
Among them were the fibrinogen-binding protein CHA, the two
putative lytic transglycosylases SceD and Isad, the signal
peptide-containing and putative surface protein SACOL2197,
and the uncharacterized lipoprotein SACOLMA4. A Sigh-
dependent promoter was experimentally confirmed for the clfd
and SACOLO444 genes and predicted for scel), providing an
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Figure 2. ldentification of proteins. (&) Numbaer of proteins. In summary the biatinylation of 5, aureus COL WT and AsigB cells for
surface protein enrichment led to the identification of 309 proteins in growing and 441 proteins in nongrowing cells in four biological
replicates. Proteins were identified with at least 2 significant peptides via GaLC—-MS/MS. Protein classification according 1o subprotecmes
reveals that about one-third of the identified proteins are part of cell envelope-associated proteins. (B) Number of spectral counts
normalized by @ molecular mass. To estimate the abundance of the identified proteins the number of spectra per identified peptide
[spectral counts) were normalized by the average molecular mass of the corresponding subproteomic fractions to eliminate the bias
caused by protein size, Considering the spectral counts the abundance of cell envelope-associated peptides is higher.
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Figure 3. Number of proteins found in biological replicates. The number of proteins identified in all (4/4), three (374}, two [2/4) or only
one (1/4) biological replicate is shown for exponential growth phase expariment. Most of the cytoplasmic proteins [right column in
grean) were found in one or two of the four biological replicates. A higher proportion of cell surface-associated proteins (left column

in yellowish colors) were identified in all four or at least in three of four experiments,

explanation for the strongly (i) positive, direct SigB-dependent
accumulation of these proteins.™ ™ Interestingly, SACOLD444
and SACOL2197 were characterizid as off-proteins at both time
points indicating that these proteins are completely absent in
the sigh mutant. This is in agreement with previous analyses
that have demonstrated that transcription of the respective
genes occurs only in strains with active Sigh (refs 36 and 41
and our unpublished resulis). Surprisingly, in contrast 10
SACOLO444, no obvious SigB-binding site can be identified
upstream of SACOL2197"%4 indicating a (i) positive, indirect
regulation pattern. Both proteins display a domain organization
that suggests a function in virulenee, SACOL2197 consists of a
single MAP (MHC class [l analogous protein) domain, The MAP
domain is found in five coples in Eap (extracellular adherence
pratein) for which multiple functions in host-pathogen interac-
tion, including adhesion to host tissue, immune modulation,

and anti-inflammatory functions have been demonstrated.™
The lipoprotein SACOLMA4 consists of two in tandem PepSY
domains that are usually found an the N-terminus of proteases
that are synthesized as chaperones where they display protease
inhibitor activity.™

Additional proteins that were down-regulated in the muant,
and that were previously described as SigB-dependent include
Lyth, LysM, Capa, and the lipoprotein SACOL2365. Further-
more, we quantified 17 additional surface-associated proteins
with decreasing amounts in the mutant that were not charac-
terized as SigB-dependent so far. For example CHEB and 10
lipoproteins that include members of the periplasmatic binding
protein family were also down-regulated in the sigh mutant.
Interestingly, the signal peptide-containing protein YycH,
whose gene is cotranscribed with the genes encoding the
essentinl WalkKMWall (YyeF (YyeG) two-component system, was
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Figure 4, Proportion of quantified and regulated proteins. (A} Quantification, Quantitative data could be obtained for 186 and 271
proteins in exponential and stationary growth phase, respectively. Thus the amount of 62 and 89 call envelope-associated proteins
could be determined. (B) Regulation. Considering solely the proteins with altered amounts in AsigB 45% of all quantified proteins
have call envelope-associated functions, Fifty-three and 92 proteins, including 16 and 27 on/off proteins, in exponential and stationary

phase of growth, respectivaly, changed their amount significantly.

down-regulated in the sigh-mutant. Walk/WalR is known to
conirol the expression of cell wall related functions.™

Compared to the wild-type situation, we observed a different
tendency for the amount of surface-associated proteins. Pro-
teins down-regulated at both time points in the sigh mutant
cither remained unchanged or increased in stationary phase
coelis of the wild type. In contrast, proteins down-regulated only
ar the exponential phase of growth in the SigB-depleted strain
did not usually aceumulate during stationary phase.™

Together, 18 surface-associated proteins were found in
increasing amounts in the sigh mutant strain. With the excep-
tion of SACOL2302, the (iii) negative, indirect effect of Sigh on
the regulated surface-associated protein was restricted to the
stationary phase (Figure 6). Seven out of these 17 proteins
quantified in our analysis were already characterized as sup-
pressed by Sigh in earlier studies.™ ™ Of these, Nuc, Glp@,
SspBil, SspB2, Aur, and HIb belong o the RNAII quorm
sensing system regulated set of secreted virulence factors." In
summary, we found 11 additional profeins with increasing
amounts that were not described o be under negative Sigh-
influence before. Interestingly, we found the SecDF component
of the sec-dependent secretion machinery to be expressed a
a higher level in the sigh-deleted strain. Five thus far unchar-
acterized lipoproteins accumulated at higher amounts in the
sigh muant, of which 3 were predicted w function as peri-
plasmatic binding proteins.

Finally, SACOL1522 that was characterized as positively Sigh-
dependent and SACOLD30Z and SACOL2476 that were char-
acterized as negatively SigB-influenced in earlier DNA-microar-
ray-based studies™ " were also quantified by our approach but
not considered as regulated according to our cutofl criteria.

Discussion

Quantitative Biotinylation Approach for Capturing the
Surface Proteome of S, aurens. Exploring the surface proteome
of pathogenic bacteria is one of the current goals in proteomics.

A gold-standard method for the selective and gelfree capruring
of surface-exposed proteins of the bacterial cell has not been
estahlished to date. Tagging of cell surface-associnted proteins
with Sulfo-NHS-55-Biotin followed by NewtrAvidin affinity-
chromatography resulted in clear enrichment for a specific
protein fraction (Figure 1). The biotinylation approach led w
the identification of 100 proteins in growing and 127 proteins
in nongrowing cells that are known as cell envelope-associated
(Figure 2A).

Nine cell wall proteins besides an uncharacterized one, CIA,
CIfB, EbpS, Pls, SasH, Atl, IsaB, and SdrE including 5 proteins
with LPXTG maotive were found in growing and nongrowing
cells (see Supplemental Table 1 and 2, Supporting Information),
These proteins represent about one-third of the surface pro-
teins of 5. aureus COL predicted by Gill et al."* and Clarke and
Foster,™ Further studies on infection-associated conditions
(e.g., iron starvation) may increase the number of identifiable
proteins, as additive vinlence gene expression should be
achieved, For 5. aurens, COL 66 surface-exposed lipoproteins
are predicted.™ ™ In this study, a total of 40 lipoproteins could
be found representing 61% of the theoretical predicted lipo-
proteome, Interestingly, 43 signal peptide-containing proteins
representing 30% of all staphylococcal extracellular proteins
were found in the biotinylated surface protein fraction, indicar-
ing that these proteins are loosely associated with the cell
surface. Among these 43 proteins, 29 signal peptide-containing
proteins were found in addition 10 a previous study of the
extracellular proteome via 2D-PAGE™ Altogether 135 cell
envelope-associated proteins including membrane-, lipo-, cell
witll-, and export signal-containing proteins could be identified
(seee Supplemental Table 1 and 2, Supporting Information). This
is the highest coverage of the 5. aurens surface proteome 1o
date, particularly because of the advantages of GeLC—MS/MS-
based proteome analyses compared to 2D-PAGE. The applied
approach adds new proteins on the way toward the identifica-
tion of the entire proteome of S, aurews, It allows the detection
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prutedn accession & logd ratio in & logd ratio in
numbaer redin oxpomentinl growih® stationary phase® locabization”

SACOLIGS - off i -2.81 [ Lipoprotein
SACOLO444" = olf ' olf 4 Lipoprotein
SACOLZ187 : off ' off i Signal peptide-containing
SACOLOS06 - —5.77 i —2.88 b Lipoprotein
SACOLEGEY - -3.26 I -1.38 ) Lipoprotein
SACOLOBSE Clfa -2.80 i off ] Sortase substrate
SACOL2584 Isan —1.45 ' —1.00 i Signal peptide-containing
SACOL2252 x (.56 i L.07 4 Membrane
SALCHLIKIG0 Pl= —L16 ' —0,70 v Sortase substrate
SACOL2365 = -0.74 s ~(0.81 ] Lipoprotein
SACOL2088 Sceld —0.68 I ~1.26 4 Signal peptide-containing
SACOLO723 LysM olf ' Signal peptide-containing
SACOL2295 = off ' Signal peptide-containing
SACOLOZE3 LyiM —-275 i Slgnal peptide-containing
SACOL2652 CIfB ~2.66 i Sorase substrate
SACOLOTIS - -2.14 ! -0.32 bl Lipoprotein
SACOLZ27T - —1.38 i 0.30 - Lipoprotein
SACOLOOSS SirA ~1.16 i 1.31 watf Lipoprotein
SACOLO0ZL YycH —1.13 i Signal poptide-containing
SACOLO033 MecA ~0.98 i -0.21 - Signal peptide-containing
SACOLOZTZ - - 105 i 1.83 1 Membrane
SACOLZ 16T - 0.4 H 1.80 1 Lipoprotein
SACOLDI36 CapsA off 4 Membrane
SACOLOBRS - off i Lipoprotein
SACOLDIAT = off 4 Lipoprotein
SACOLOSOT Seb off | Signal peptide-containing
SACOL2G60 IsaB —2.08 1] Cell wall-associnted
SACOLIBAT = ~1.76 i Cell wall-associated
SACOL245] - —=1.2% ] Lipoprotein
SACOLI22S - ~0.84 ) Lipoprotiein
SACOLOZTO .55 " -1.02 i Signal peptide-containing
SACOL2476 == —(L16 -+ 129 =i Lipoprotein
SACOLOA3S D =07 - 0,40 = Signal peptide-containing
SACOLMBE - —{L72 = -0.02 e Lipoprotein
SACOLOTTH = 0,68 = ~0,46 = Membrane
SACOLOZ1T . =057 wF, 031 - Lipopratein
SACOL2403 - —0.50 - —0.14 - Lipaprotein
SACOL1G0D Php3 ~0.48 s ~{.18 = Membrane
SACOLISE Cam$ -0 - -0,35 - Lipoprotein
SACOLIG30 = ~.26 = 014 L Membrane
SACOL2272 ModA ~0,23 - D42 = Lipoprotein
SACDL1490 Php2 —0.22 - 0.11 - Signal peptide-containing
SACOL2467 = ~0.08 - 0,16 s Lipoprotein
SACOL1398 - -0.03 - 0,53 2] Signal peptide-containing
SACOLOBGS Spsh oz o 024 - Membrane
SACOLI522 . i - -6 - Cell wall-associated
SACOLI777 = 0,08 - IR0 - Membrane
SACOL1455 - 012 = 015 S Membrane
SACOLZI4E — 0,26 * 020 .- Signal peptide-containing
SACOL2383 = 0.27 £ 0.54 s Signal peptide-containing
SACOL1066 - 0.28 e 0.31 o Signal peptide-containing
SACOLD44S - 0.36 - 0.21 - Lipoprotein
SACOL1194 Phpl 0,36 s 0,55 s Signal peptide-comaining
SACOLITO4 MreC 0,39 - 0 = Signal peptide-containing
SACOLOSSS = 42 - .30 - Membrane
SACOL1065 = 0.54 e 0,34 -5 Signal peptide-containing
SACOLII0N - .63 - —0.01 - Lipoprotein
SACOLIBIT = 0.75 + (.38 - Lipoprotein
SACOL2152 -0.37 - Signal peptide-containing
SACOL2582 o -0.20 +* Membrans
SACOLIGIS Phpd 017 — Membrane
SACOL1589 - —0.14 - Lipoprotein
SACOLLZR] = 051 - Membirane
SACOLOBSL - ~.56 - Lipoprotein
SACOLOGES = —0.34 - Signal peptide-containing
SACOL1I514 Gty 0,26 e Signal peptide-containing
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Table 1 Continuad
profein aocession & log2 ratio in @ logdd ratio in
number protEin exponentinl growith® stationary phinse” fncalization™
SACOL2A07 - ~0.16 - Lipaprotein
SACOL1574 . 0,08 — Lipaprotein
SACOLI 159 SdhaA 0.8 e Signal peptide-containing
SACOL2552 = 0.22 = Membrane
SACOL1499] = 0.28 = Membrang
SACOLO30A - 0.30 - Signal peptide-containing
SACOLDGES = 0,33 = Lipaprotein
SACOLOB03 - 0,40 - Lipopratein
SACOL2539 SrA 0.4l s Membrane
SACOL2179 = 042 o Sigmal peplide-conaining
SACOL2436 - .52 - Membrane
SACOL1989 - 0.53 s Signal peptide-comaining
SACOLOI2E = 0.56 - Lipoprotein
SACOL238]1 = 0.72 - Membrane
SACOL2302 - 0,83 ! 0.51 o Signal peplide-containing
SACOLINGS - .ol ! Lipapratein
SACOLOS8S - Loz ! Signal peptide-containing
SACOL193z2 - 1.09 t Membrane
SACOLIE62 Glpi) 1.31 t Signal peptide-containing
SACOLDIAI - 1.35 t Lipoprotein
SACOLIZTS = 1.48 ! Membrane
SACOL2003 Hil 2.52 1 Signal peptide-containing
SACOLOSED Nug 280 f Membrang
SACOL1056 SspBl on ! Signal peptide-containing
SACOLIS70 SspB2 an t Signal peptide-containing
SACOL2659 Aur an t Signal peptide-containing
SACOL106S QoxA -0.31 = 0.91 ! Membrane
SACOL2412 - -0.31 - 0.90 t Lipaprotein
SACOL1692 SecDF | Frir ] - 0.3 1 Membrange
SACOL1B2S = 0,45 - 0.82 f Signal peptide-comaining
SACOLOTES - 0.4 - 0.79 I Lipopratein
SACCHL1070 Quxk .38 4 .78 I Lipoprotein

* Average log? fold changes from 4 bisdogical replicotes of 5 aureus COL Asigh compared o 'WT. !, Higher amount (log @ ratho =008 in ot beast 2
bialogical meplicates); ==, no change in amoan; |, Jower amound (log 2 ratio < —08 in i least 2 biologienl replicaies); on, exclusidy present in sigh muang
off, exclusivly present in WT. * For the prediction of ransmembrane domains the TMHMM 2.0 algoridun was wsed*” Protelis were considered to be
lipo-anchored iF projected by DOLOP or Augus," Il proteins exhibited an LPXTG- or NPOQTN moti they were reganded as sonase substrates."*"* Cell
wall-associated protelns were defined according to previous findings,"*™ Signal sequences were estimated by the software tool Signall 3.0,*% * Beliahly

smmllh-st I more than 2 biological replicates, with average fold change in 2 blological rep

licates above amd lower than 0.8 and -0.8, respectively.

Reliably quantified in more than 2 biological replicates, with fold changes above or lower threshold in only 1 biological replicate. * Proteins in bold have
been described aleeudy, =4 Detailed quantitative data see in Supplemental Tables 3 and 4, Supporting Infermation,

of surface-exposed proteins and of proteins whose full function
and localization is unknown so far, Identified extracellular
proteins such as the extracellular autolysin SACOLIBZS can
have both enzymatic and adhesive functions” and are there-
fore found on the surface, The fraction of cytoplasmic proteins
is assumed to contaminate the surface-associated fraction for
two reasons. First, cell lysis during cultivation and experimental
processes (see Supplementary Figure 1, Supporting Informa-
tion) frees intracellular proteins which are then also ragged with
Sulfo-NHS-55-Biotin and therefore enriched and identified.
Enrichment of cytoplasmic proteins due to unspecific binding
on NeutrAvidin agarose can be excluded as only a few hiotin
carboxyl carrier proteins were found in the control reaction.
Second, the identification of intracellular proteins could indi-
cate an additional unknown function of some proteins at the
cell surface. External presence of enolase or GapA2, also found
in this study, was already shown previously.™ ™ Any unex-
pected permeability of the biotinylation reagent would be
nullified as the incorporated disulfide bridge would be eleaved
in the reductive milleu of the cytosol, Cleavage of the biotiny-
lation reagent would make protein labeling impossible.
NN metabolic labeling in combination with hiotinylation
of the labeled surface proteins enables the investigation of

differences in surface protein abundance, On the basis of the
above-mentioned criteria 54 and 62% of the identified proteins
could be quantified in growing and nongrowing cells, respec-
tively. Exemplificd by the analysis of 5 awreus COL WT and
Asigh in exponential and stationary phase, more than one-third
of the guantified proteins are cell surface-associated (Figure
A4A). The presented method is therefore suitable for quantitative
protenmic studies of bacterial surface proteins,
Sigh-Dependent Changes in the Surface-Associated Pro-
teome. The expression of the cell surface-associated and
secreted proteome is under complex contral by overlapping
regulatory eircuits that invelve a large number of different
transcription factors.™ In this study, we quantified a total of
49 surface-associated proteins with altered amounis in the sigh-
mutant (Table 1), In support of the reliability of our approach,
we found that for 14 of these prowins SigB-dependence and
for 7 proteins negative Sigh-influence have previously been
reported, albeit mostly at the transcriptional level 15954154
The majority of the proteins for which we obtained quantita-
tive data could still be identified in the sigh-deleted strain.
These observations suggest that expression of these proteins
is not solely Sigh-dependent and that the temporal impact of
Sigh on expression is modulated by additional regulators tha
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Figure 5. Exemplified comparison of two biological replicates. Normalized log2 ratios of the quantified proteins in two biological
axperiments demonstrates the high reproducibility of the guantification results.
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Figure 6. Up- and down-regulation of cell envelope-associated proteins. Differential protein expression profiling of surface proteins
including membrane proteins, lipoproteing, sonase substrates, cell wall-associated proteinsg and signal peptide-containing proteins in
(A} growing and (B} nongrowing cells comparing 5. aureus sigh mutant and wild type. Log2 ratio above and lower than 0.8 and ~0.8
signifies increasing or decreasing amounts, respectively. For illustrating "on/ off-proteins” a log2 ratio of —6 represants a protein "off”
in the sig8 mutanmt and a log2 ratio of 6 a protein “on” in the sigB mutant,

act up- or downsiream of Sigh. For most of the proteins found
at lower levels in the sigh-mutant, a consensus sequence-
directed search failed to identify potential SigB-binding sites
upstream of the respective genes (data not shown), supporting
the presence of additional regulators that likely act in concen
with Sigh. Further studies are clearly required 1o establish the
mechanistic link between the expression of these proteins and
SigB. Transcription of the two DNA binding proteins SarA and
Sar$ is under partial control by SigB.™"™ Both proteins act as
global regulators and are important components of the complex
network that controls virulence gene expression in 8 arres™
For many of the proteins quantified in our approach, neither
SarA nor Sars dependence has been reported to date. However,
we have found that the down-regulated proteins Isah, SceD,

LytM, LysM, and SACOL2295. for which DNA-array data
indicate a Sigh-dependence, were recently demonsirated to be
under positive ranscriptional control by the essential Walk/
Wallk [YyeG/YyveF) two-component system.™ WalkR was shown
to positively control autolytic activity in Staphylococcns au-
rens.™

Sigh modulates the capacity of 5 aureus 1o adhere and
invade host tssue. " Consistent with this noton we observed
a strong decrease in the amount of the two fibrinogen binding
clumping factors ClfA and CIB in the sigh mutant. This
situation is somewhat reminiscent of what has been described
for Listerfa monocytogenss where a role for Sigh via expression
of the crucial adhesions and internalization molecules InlA and
InlB during host cell invasion has been clearly demonstraged.™
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CIfB of 5 aurens may be of crucial impontance during persistent
nasal-colonization in humans.™ Furthermore, Scel), a putative
Iytic: transglycosylase, was shown o be essential for nasal
colonization in a cotton rat model.™ Interestingly, expression
of SceD was greatly upregulated in response to salt stress,” a
stimulus that also activates Sigh.*"™* A SigB-dependent pro-
moter was predicted in front of the scel? gene™ and it is
tempting to speculate that active Sigh may be important during
persistence in the nose where changes in osmolarity may be
frequent. In addition 1o Sceld, further proteins with a potential
rale in cell wall dynamics were identified in our study (o be
under positive (Isad, Ly, SACOLOZT0, SACOL2295) as well
as megative (SACOL1932, SACOL1825) regulatory influence by
Sigh. In this context it is also interesting to note that overex-
pression of Sigh resulted in cell wall thickening and increased
resistance (o cell wall-acting antibiotics.™ Indeed, several
mutations that led to an increased resistance 1o cell wall-active
antibiotics were demonstrated 1o increase SigB-activity,™
However, the levels of penicillin-binding proteins (PBPs),
important in the final steps of peptidoglyean biosynthesis and
involved in the resistance of 5. aureus to beta-lactams, were
not altered in our study (Table 1). These results are in
accordance with a study by Morikawa and colleagues™ were
no differences in the transcription of PBPs were detected
berween an 8. awrens WT strain and s sigh mutane. Only
overexpression of plasmid encoded Sigh led to an increased
transcription of PRP genes and it was suggested that this is
likely to occur via an indirect puthwujr.""

An increased accumulation of surface-associated proteins in
the sigh mutant was almost exclusively observed an stationary
phase, It is conceivable that this negative influence of Sigh is
indirect under these conditions since Sigh can only act as a
positive transcription factor. Increased expression inoa sigh
mutant during stationary phase was already shown for many
extracellular enzymes.*™*" In this case, o" seems o delay the
synthesis of extracellular enzymes in the stationary phase, For
Nuc, Glpl), SspB1, SspB2, Aur, and Hlb, which were quantified
by our approach, this observation could be explained by their
dependence on the cell density activated Agr two-componeni
system. It has been shown that the level of BNALL the
regulatory molecule of the Agr two-component sysiem, was
higher in strains with a deletion in sigh™ However, in a
different study. only a minor effect of Sigh on the level of RNAIN
was reported, leaving the link between Sigh and the Agr
controlled protein expression an open guestion,*”

In summary, we provided guantitative data for 98 staphy-
lococcal surface-associated proteins including 49 proteins with
altered amounts in a sigh mutant, A total of 28 newly charac-
terized proteins have not previously been described as Sigh-
dependent or Sigh-influenced. The SigB-regulated surface
proteome supports a role for Sigh in the modulation of the
cell wall metabolism and the expression of important adhesion
maolecules, Both aspects ane likely to contribute to the fitness
of 8 auwrcus during persistence in its host niche. To our
knowledge we present the first comprehensive gquantitative
analysis of surface proteins for S aurews COL The comparison
of WT and sight mutant showed the potential of the combina-
tion of NN metabolic labeling, biotinylation and GeLC-MS/
MS 1o analyze even proteins with unknown functions, Our
quantitative biotinylation approach is now an estahlished mass
spectrometry-based method for exploring surface protein pat-
tern, therehy adding a next laver to the full understanding of
S arens pathophysiology,

Hempel et al.
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In its natural habitats, Bacillus sulbtilis is exposed o changing osmolarity, necessitating adaptive stress
responses, Transcriptomic and proteomic approaches can provide a picture of the dynamic changes occurring
in salt-stressed B, subilis cultures because these studies provide an unhiased view of cells coping with high
salinity. We applied whole-genome microarray technology and metabolic labeling, combined with state-of-the-
art proteomic technigues, to provide a global and time-resolved picture of the physiological response of §,
subiilis cells exposed to a severe and sudden osmotic upshift. This combined experimental approach provided
gquantitative data for 3,961 mENA transcription profiles, 590 expression profiles of proteins detected in the
cytosol, and 383 expression profiles of proteins detected in the membrane fraction, Our study uncovered a
well-conrdinated induction of gene expression subsequent to an osmotic upshilt that involves large parts of the
Sigh, Sigh¥, Sigh, and SigX regolons. Additionally osmatic upregulation of a large number of genes that do
not belong to these regulons was ohserved. In total, osmotic upregulation of about 300 B, subtilis genes was
detected, Our data provide an unprecedented rich basis for further in-depth investigation of the physinlogical

and genetic responses of B, subilis (o hyperosmotic stress,

Bacillus subilis, a metabolically versatile Gram-positive bac-
terium, is able 1o adapt efficiently to a wide variety of stress
conditions such as heal stress or phosphate deprivation. It is
frequently exposed to nutrient limitations, and in response 1o
such growth-restricting conditions, & subilis mounts 4 com-
plex developmental program that results in the formation of a
highly stress-resistont spore (14). In its natural habitat, the
upper lavers of soil, B subnlis is often challenged with sudden
and often long-lusting changes in asmolality due (o Aooding
ond drving of the soil, These extreme conditions threaten the
cell with rupture or dehydration and necessitate active coun-
termeasures to ensure survivial and growth (7).

After sudden osmotic upshift, 8. seebeilis rapidly accumuliates
K" from the environment via two different K° uptoke systems
(KirAB and KieCD) (263, This imitial phase of osmaotic adap-
tation is followed by the accumulation of compatible solutes
therehy permitting a reduction in the cellular K© level (63).
Compatible solutes are either endogenously synthesized by 5.
subwifis or accumulated from exogenous sources (7). They
counteract the deleterious effects of o hvpertonic emvironment
on cellular water content and cell physiology and allow £
subiilis o proliferate under a wide range of external osmolal-
ities. Proling, the major compatible solme produced by B
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snebilis (65), 15 synthesized via a dedicated osmostress-respon-
sive pathway that comprises at least two pardogue enoymes of
the vegetative proline biosynthetic pathway (4, 28). These
paralogue proline biosynthetic enzymes are ProH, a pyrroline-
S-carboxylate reductase, and Prol, a glitamate S-kinase. Ad-
ditionally, YerD, a putative ferredoxin-dependent glutamaie
synthase, might be involved in providing the precursor for
proline biosynthesis subsequent to a severe osmotic upshift
(28). B, subwilis possesses five osmotically regulated transport
systems (OpuA 1o OpuE) for the acquisition of a broad spec-
trum of compatible solutes from environmental sources, and
the uptake of these compounds provides a considerable degree
of osmostress resistance (T).

Sudden osmotic down-shocks trigger a rapid influx of water,
driving up turgor, which threatens the integrity of the cell. Like
many other microorganisms, K. subrilis expells compatible sol-
utes and ions via mechanosensitive channels {Mscl and YkuT)
to reduce the osmotic potential of its cytoplasm and thereby
counteracts the influx of water (24, 64).

Linder severe hyperosmotic conditions that no longer allow
growth and cell division, B. subtilis activates the o™-controlled
general stress response which provides a nonspecific and pre-
emptive multiple stress resistance to the cells (21). Environ-
mentil and cellular stress conditions are detected by a complex
set of sensor and regulatory proteins that are organized in the
stressosome (433, Signal output from the stressosome activales
the altermative transeription factor o, which in tum triggers
the coordinated transeription of about 150 genes comprising a
general stress regulon (51, 32), Thirty-seven gencral stress pro-
teins hove an important function in cellular protection against
i severe salt shock sinee the disruption of their structural genes
causes a salt-sensitive phenotype. Such a phenotype is also
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exhibited by a sigh mutant and by the disruption of yerf.
Among the o"-controlled gencs are those coding for the im-
port systems for the compatible solutes glycine betaine and
proling, Opul? and OpuE (28). Transcription of both the apul
and opul) genes is under simultancous control of o™ and the
vegetative sigma factor o, thereby linking the nonspecific
general stress response with the sali-specific adaptive response
of B. subulis (7, 21).

Two extracytoplasmic function (ECF) sigma actor regulons,
the o™ and o™ regulons, are also induced subsequent to a
hyperosmotic shock. Both the o™ and o™ regulons are typi-
cally induced by cell envelope stress, and o™ is essential for
growth and cellular survival in high-salt concentrations (29,
51). Severe salt stress has pleiotropic effects on the physiology
of 8 subtilis; the composition of the cvtoplasmic membrane s
altered (40, 41), cell wall properties are adjusted (42), and
swarming capability of the cells is hirgely impaired (57).

The physiological response of B subedlis (o changing osmo-
lality has been analyzed in substantial detail at the level of
single genes or proteins (7), but the potential of large-scale
transcriptomics and proteomics approaches has not yet been
fully explored. Such studies are well suited to provide a global
view on the cellular responses to a particular environmental
challenge. Hoffmann ¢t al. vsed classical two-dimensional gel
electrophoresis ( 2-DE) to compare protein expression patterns
of B subrilis cultures growing under low- and high-saliniy
conditions {25), and Hoper et al, performed a detailed analysis
of the protein synthesis pattern along the growth curve of
severely salt-stressed 8. sulwiliv wsing 2-DE in combination
with dual-channel imaging and gel warping (27). A transcrip-
tomics approach analveing mRNA changes on a time-resolved
scale following a hyperosmotic shock was performed by Steil o1
al., who focused on transcriptional changes that are taking
place in cells of a Asigh mutant strain that were either contin-
uously cultured at high salinity or subjected to an osmotic
upshift (57).

Many membrane proteins, especially transporters of com-
patible solutes and fons, play a crucial role in adaptation of &
seehiilis to salt stress, However, no study has yet addressed the
changes in the membrane proteome of salt-stressed B, sl
cells in a quantitutive manner. Furthermore, quantitative stud-
ies imvestigating salt-induced changes in a prokaryotic mem-
brane proteome are generally rare (6, 22, 31, 67, 68). For these
reasons, we designed an experimental strategy that combined
quantitative shotgun proteomics for the analysis of both the
cytosolic and the cytoplasmic membrane proteome with whole-
genome microarmay data to profile in a time-dependent fashion
the physiological adoptation of B. subdilix to a sudden and
strong osmotic upshift.

MATERIALS AND METHODS

Girewth coniditions ad preparation of the crwde mombrane fraction, Tho 8
suabrtidin 168 (epC2) wildh-type strain (2) was grown seobically ap 370 and 150
rpm in Belilsky minimal mediam (32) without glutnmate o avoid its usige o
precumsor fise biosynthests of the compatible solute proling. Exponentinlly grow-
I cells (optical demsity at S0 nm [OD,] of (4] wene challenged with /7%
[t} MalCl, and samples were faken before amd D, 30, 60, and 150 min afier
the orisel of stness. Colls were harvested by comtrifugation (8000 = g for 10 min
at 450 ), andd cell pelicts were washed twice with TS (30 mM Tris, 150 mM Na(1,
pH 75) Cell bysks was performed in o French press (mindcell; SIM Amineo,
Ruochester, MY, Cell debris was renwoved by centnifugation [HLUHK = g for 20
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min al °C), and the proteln concentmtbon of the supernatan was determimed
(ManoRotipuant; Roth, Germany ],

The above-described growth experiment was perfommed three times in 'N-
lubeded mediam and three times in “Nelabeled medum for relative quantifica-
tion of proteins on o profeome-wide level using cither normal or "*N-labeled
ammniaem slfite o a supplement. N reagents were parchised friom Eurisi-
tope (Saint Aubin Cedex, Frunce), Equal amounts of protein from cach MN-
labeleid mampde time poimt were mived with the pespeative pooled refereme
proleing containing cqual amounts of MN-labeled samples from all five time
perirsts, The mined N/ Nelabeled samples were subjected to ultrscentrifugation
{ NIMLINNO = g foor f0) mnvim o1 4°C00 The resulting pellen wos designated as the crude
mimbrane rnciion, wnd an aligeoet with o protea coitent of 50 mg was used s
the starting maierial for subsequenl membrne prepamtions, The supenatant
was designated as the oytmsobic fraction and analveed further. A schematic nep-
resentution of the workibsa for the proteomicos experiment is given in Fig. 51 in
Il 51 im the supplemental material,

Membrane purification aml SDS-PAGE of membrane and cytosolic proteins,
The membrane preparation was perfomed exactly s deseribed previowsly (19)
Bricfly, to remove contamiinating cytosalic proteins, the crude membrane frac-
o wis subjected e g woestep purification procedure using s strongly alkaling
carbonate buffer fodlised by o high-salt bulfer. The purdicd membrane (raction
wan sibubilized wsing SUDS-PAGE sample buffer, and proteins from boih suboel-
lalar fracthoms were separated vin SDS-PAGE wsing & 1050 {wi'vol) acrylamide
rninip.:l farr membrane Tl'l}lﬂim and 8 127 {wivol ) minigel for cytisaole ;lul:irm
A gel lame was out into 12 equidisiont pieees, and the tryptic in-gel digestion and
the Following peptide clution for liguid chromatography-tandem mass spectnom-
ety {(LO-MSMS) were carmicd out as described previously (15)

N LC-MSMS analysis. The nono-LEO-MSMS analis of peptades derved
From. tryptic in-gel digestion was performed on o lincar tap quadropole (LTO)
Oribtrap (Thermo Fisher Sclentific, Waliham, MA) equipped with o mano-
ACOUITY UPLE (Wabers, Milford, MAL !’q'lliiul were lnaded onto o Im{lp'irlﬁ
odumin {nanoAoquity Symmetry UPLE cofumn, ©,, 5 pm, 180 wm by 20 mmg
Watern) ot o fow e of 10 pl'min and washed for 3 min with %% bufler Al
Fepaides were then ehutesd and separatesd vin an analytical colunm (mnaAcquity
BEHIM UPLC column, Cy LT pm, 100 pm by 100 mm; Waters) with a
decrvasing bufler gradient (from #E5 buffer A o 605 bulfer B{IL1% acetic acid,
W pcctonitribe, distilled water [dH 0]} in o e frame of 80 min. The nass
spectmometne analysis stnrted with o full survey scan im the Orbitrsp (s 300 0
2NN, resodution of SINEY followed by collisson-indoced dissociation and ac-
quisition of MS/MS spectea of the four most abundant precursor sons in (he
LTE Precursars were dynamically exclisded for 30 5, and unassigned charge
stntes s well as singly charged joms were rejected.

Dutabase search sl fltering of data sets, Sequest peak list files | " dia) were
generated from the raw instrament datn (* raw) esing Exuract_man with default
settings implemented in BroworksBrowser 331 SP1. The database scarch was
periormed with SECLEST (version 27, rev. 12) (13}, and the resalt fikes (*out)
wire combined and filiered with DTASchect 1.9 and Contrast {(59), The scarched
database comtnined the farget sequences, which inclsde the compicie proteome
sel of B bl eximcted from UniProtKB (release TLT) (630 and a sot of
commion Laboratory coftemimants s well o o decoy database. The procumor
iderance was set 1o 100 ppm, and inberance for frgment wons was sei 10 1 plomic
mitss wnlt (amuj. In ihese searches, we only allwed fully iyptic peptides, two
missced cleavage sites, apd methiondne mddation |+ 15,5949} as difierential mod-
ification. Only b- and y-ion serics were included in the daiabase scarch, All
searches were performed for either light or heasy (with "N as fised masdifics-
tion) peptides using the same set of parameters. Peplide filler criterin were
adjustod by keoping the envpirscally determined lnlse-positive rute (FPR) (50 lor
each st of combined "N und "N search resubts on g protein level below 3% and
on o peptide level below 19, The following fileer criteria were sufliciently strin-
gont: minimam XCorr soores were set to 22, 28 and 35 for =2, +3 aml +d
charged jom, respectively. and a ACN value of 0,1 wan demanded,

Uniantifheation, normalization, and fboring of probeombe date. The guantif-
cation of metabolically labeled poptides was performed wving the quantification
program Comsus (49). MS] files were generated from the raw nstrament dots
with the RawExtrctor program {version 1.93) and SEQUEST search results of
hevy amd light peptides were combined with Contrast anad ffvered with DTA-
Seleet 19, applying the sbwwe-mintioned filer eriberta. Both M5 (Hes and (he
oombined scarch mesalis were passed 10 Cemsus, and guantificolion was puT-
Tormed using the default serting for high-resalation mass spoctrometry dati,
Cuantificd peptides were extracted from Censis, wsang a default filler and &
strinpent determinant score of 0.5 Smgleton peptides (Lo peptides with one
mopomer below the detccton threshold) os well o8 proteins with only one
quantificd unigue peptide were discarded. Progein ratios were caboulated from
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peplide ratis. iming the weighted average approach Implemented in Censis.
Weighted mermpe protein ratios weee bog, ransformed and median centered
The final data set retained only those proteins that were gquantified with ut least
o V- o MM labeled pepades per sample and thar had al least o expression
values from separme biological rephicates ot the indtial reference time point,
Expression profiles from diffierent replicates were averaged (see Tables 31 ond 52
im fibe 52 i the supplemental material).

Transcriptome analysis. Cell harvesting and prepamtion of total BRNA wene
performed as deseribed previowshy (16). RNA samples wene DiNse teeated and
pirified wsing the BMeasy minikit (Diagen. Hidden, Germany ). The quality of
RMA preparatiion was oonineled wing the Agilent 2100 Biunalyzer according
by the manufaciurers instrections (Agilemt Technobsgies, Wakfheonn, Gier-
many ), Greneration of the CyACyS-labeled cDNAs g hybrikization to whaole-
penane DMNA microarrays (Ewrogentes, Cologne, Ciermany ) condaining DNA
fragments orginating from 4022 B wivil genes as duplicate spois were per-
Formed s deseribed by Jargen et al, (35), The slides were scanned with a
ScanArray Express sconner (Perkinklmer Life and Analytical Sciences, Monea,
laly), and signal Intensities of the ndiddual spols were guantifbed with the
ScanArray Express image analysis sodware (PerkinElmer Life and Analytical
Sciences). Three hybridizations with mRNA from three blological replicates
were performed with the samples labebed with CyS and o poobed reference
labweled withy O3, resulting in six measureméents por gene. Genes wend conshidened
sigmificantly expressed i TIFS of the featune pisels had indensities more than 2
standlard deviations shove the background pisel intemity b four of the six
meassrements, Intensity-dependent (Lowess) normalbation wis perfomed us-
ing the GeneSpring software ( Agilem Technologies), and the mtios of duplicaie
spots were averaged for further analyses, resulting in three bisdogically indepen-
dent cxpression valses por lime poinl. The expression prodikes from three bio-
logleal replieates were averaged, and meomplete expression peadiles ilscanded
The mRNA expression data nmo ovailable o supplemenial material {see Table 51
im fike 52 m the supplemental malerial),

Statistical, chustering, and functional annotation analyses, The TIGR M-
tiexperiment Viewer belonging fo the TM4 software suite (53) was used for
one-way anphsi of varance (AMNOVA), figere of merit (FOM) analyses, and
K-medinns clustering (KMOC) of both the trameriptomic and the proleomic data
scts. The confidence bevel for the ANOVA resulis was set 1o WA (P < 17
For tramseriptomic datn and 10 555 (< 0.05) for proteomic data, The KM was
anly perfrrmed on statistically significant mRNA and profein expression profiles
T number of clusters for the KM appeoach was derived using ihe ligure of
merit implemsentation of the TM4 software suite (53) Bricfly, o figure ol miri
is wn estimate of the predictive poser of & clustering algorithm. Since the FOM
and KMC caloulations were both performed in the Eudidean space, the aserage
capression profiles were stambardized in ofder 1o have @ mean expression valise
ol e amd stunddard devigtion of 1, This simple standardizatvn ensures that
similar cxpression profiles are chime in Euclidean space, therehy clustering 1o-
gether. The averaged and standardieed mENA wnd prodein cxpression profiles
were subjected v KMC wsing 11 clusiers for ironscriptomic data and nime
clusters for proteomic date. Euclidean distance was wseil a3 metric, aml o max-
i ol 50 feratsons was allowed. The Gene Functional Classilication foanl
provided by DAVID {Database for Annotation, Visualization and Inegrated
Disoovery) hininformatics resounces was ised to doerme the first hioksgically
meaningful imerpretations of gene or protein clusters (11, 36 amd for all
DAVID ools, delaalt parameters were emphved. Lists of regubon memben
were oomypiledd for the o, o™, o™, and o™ regubons using the DETBS database
155§ and adiitional data from genome-wide stedies (8, 12, 33, 51, 52),

Membrane protein and signal peptide prediction. Four algoothms werne wsed
to predict integral membrane proveins (IMPs) amd transmembrane helboes
(TMH): TMHMMIO (39, S6), SOSUTLI (23, 45, 46), HMMTOPF2O (61, 62),
angd Phobius (37, 38). Signal peptides were predicied using LipoP 10 (34),
Signal P30 (5, 4T), amd Phobius. Predsotion resalts were codmduned in the follow-
g way, (i) Istegral membrane proteins were comsbdered if ot least vwo of all four
algorithos. (TMHMMZO, SOSUL HMMTOPR, and Phobiun) predicted irams-
membrane beboes mmd (in order to discriminale betsecn N-terminal TAMHs and
sgral peptides) il Phobios predicted an least one TMH or oo sigaal pepiide
seqpuence, (i) Lipoproteing were considened if Lipo" L predicts a signal pepti-
dase 11 clesvage sile and Phobies a signal peptie. {iii ) Finally, seenéted protein
were comaidered If Slipnal P30 o well as Phobms predicted o signal peptide and
W the protein wis mol assigned s o lipoprotein using the programs mentioned in
parameter il This cellubar localization presdiction of proteins resulied in the

3 of 1027 integral membrane protcins, ¥ lipopooteins, amd 274 Sec-
v secteted prodeins in the complete proteome set of Bl o,

J. Bacteriod.

Microarray data sooessbon number. The microarmay dala ane accessible
theough GED Series acvessson no, GREITRMES (hipewwwonehindmonihogovipeo
lquery/ace. cgitace = GREIRMS)

RESULTS AND DISCUSSION

Aiming for a comprehensive picture of the ranseriptional
response of B subvilis 10 o sudden and strong increase in
medium osmolality, we monitored the mRNA expression pro-
file using whole-genome microarrays. We complemented this
data set with a "“*N/"*N metabolic labeling strategy in order to
track changes in the relative protein levels of the cytosol and
the evtoplasmic membrane proleome,

Bacterial cultures were propagated in a minimal medivm o
carly exponential phase (ODy, of (.4) and were then exposed
to o strong osmotic upshift by the addition of 6% (wivol)
MNaCl. This sudden increase in salinity resulted in a growth
arrest for 60 to 90 min, after which growth was resumed at a
stromgly reduced rate (27, 60), Samples for the proteomic as
well as for the transcriptomic experiments were taken along
the growth curve before and 10, 30, 60, and 120 min after the
addition of NaCl,

Glohal changes on transcriptome and proteome level, Ohver-
all, in our proteome study we could idemify 2,169 proteins with
at least one unigue peptide (FPR, 11.2% on protein level) and
1,710 proteins with at least two unigue peptides (FPR. 0.6%:)
along the growth eurve. The proteins identified in our study
represent S3% and 429 of the theoretical protein complement
of B, subslis, respectively. Morcover, the protein identifica-
tions are based on 14,334 and 13,875 unigue peptide identifi-
cations (FPR, 1.9% and 0.1%, respectively, on the peptide
level). With an average of 6.6 unigue peptides or aboul 26%
Average sequence coverage per protein identification, this large
data set represents a rich resource for further analyses (lar-
geted analyses andior reamalyses) of changes in the B, subyilis
proteome under salt stress conditions, but this data set (for
details, see files 51 and 83 in the supplemental material) might
prove useful also for studies not connected with the cellular
CRMONC SIFESS response,

To monitor global changes in gene transeription subsequent
to an osmaotic upshift, microarrays of the entire gene inventory
of B. subtifis were used (o sereen the transcription profile of the
osmaotically challenged cells at various times, The results of
these experiments were then compared to changes observed in
the proteome profile of these cells (Fig. 1), Immediately after
the hyperosmotic shock with 6% (wtvol) NaCl, the B, subtilis
cells ceased growth, and concomitantly the number of signifi-
cantly expressed mRNA species decreased dramatically from
3447 in exponentially growing cells down o 2007 mRNA
species 30 min alter the cells were exposed 1o salt stress, In
contrast, the total number of identified proteins remained
nearly unaffected by the sall treatment of the B, sulailis cul-
tures. Only the proteins identified in the membrane fraction
showed a substantinl increase (20%) within the first 10 min
after salt stress. OF the 218 proteins identified, only a subset
(30%) can be considered as truly associnted with the cytoplas-
mic membrane either as integral membrane proteins, lipopro-
tein, or seereted or peripheral membrane protein. The remain-
ing 70% of the proteins detected in the membrane fraction are
of cytosolic origin. A functional annotation analysis of these
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FIG. 1. Mumbers of significantly expressed transcripts and reliably
identificd proteins along the growth curve, Mictoarmays were screened
for significantly exproessed gencs using pivel statistics as described in
Materinls and Methods, and the corresponding numbers of protein
identifications along the growth curve are based on at least two unigue

peptide identifications from all three hiological replicates.

proteins using the DAVID Gene Functional Classification tool
revealed five overrepresented groups among these cytosolic
proteins: rikosomal proteins, proteins involved in histidine and
arginine biosynthesis, aminoacyl-IRNA synthetases, and glveo-
Ivtic enevmes, It is certainly possible that these proteins end up
in the membrang fraction due to their physiological roles dur-
ing salt stress adaptation. However, one should keep in mind
that denatured proteins or proteins subjected 1o degradation
might appear in the membrane fraction as well.

In contrast, more than 70% of the %8 proteins identificd in
growing cells—but not in early salt-exposed cells—are nssoci-
wted with the eytoplasmic membrane, This finding may point to
cither a general protection mechanism against hyperosmotic
shiock or the vulnerability of membrane proteins o high salt
concentrations.
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K-medians clustering of significantly regulated mRNA and
proteins. The stringent filterning procedures of the transcrip-
tome and proteome data set resulted in a comprehensive data
sel of 3,960 mRNA expression profiles as well as expression
profiles for 390 proteins identified in the eytosolic fraction and
383 proteins identified in the membrane (raction. Among
these, 165 proteins could be guantified in either subcellular
fraction. Within these data sets, the one-way ANOVA identi-
fics 949 mRNAS with significant changes at £ < 1077, as well
as 29 proleins in the evtosol and 59 proteins in the membrane
fraction with significant changes at P < 0,05, Among the 59
significant proteins of the membrane fraction were, with over-
lapping predictions, 17 imtegral membrane proteins, 6 lipopro-
teins, 5 scereted proleins, and 33 proteins tha were either
peripheral membrane proteins or eytosolic contaminants. The
difference between significantly regulated mRNAs and pro-
teins illustrates nicely the different induction behavior and
tumover rates of bacterinl mRNAs (with half-lives between
seconds and minutes) (20) and proteins (hali-lives of minuics
to hours),

KMC was applied to both the statistically significant tran-
seriptome and proteome data sets in order (o group mRNAs
and proteins with a similar temporal expression pattern in
response 1o the imposed osmotic upshift. The results are dis-
plaved in Fig. 2. The corresponding functionally enriched gene
and protein groups are summarized in Table 1, and detailed
information 5 available as supplemental material (sce files
544 and 548 in the supplemental material). Overall, mRNA
and protein clusters are in good accordance, In particular, the
femporary downregulation of most vegetative functions due to
the growth arrest of the osmotically challenged 8. subilis cells
is well reflected by bath the mRNA and the protein comple-
mentl. However, most changes in response to the csmolic up-
shift at the mRNA level were observed within the first 30 to &0

==
=
NN

FIG, 2. Results of the K-medians clustering of the transcriptomic (A) and proteomic (B) expression profiles. The cytosolic and the membrane
prodeomes were clustered together, The expression profiles are color-coded, corresponding to their similarity {correlation coefficient) to the cluster
median. The KMC results as well as the respective functional analysis data are available in files 54A and 548 in the supplemental material.
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TABLE 1. Summary of functional snnotation enrichment analyses for the KMOC results of the transeriptomic and profeomic data
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* Differem significance thresholds for the DAVITY Funsctional Annotatkon Clestering approach were spplicad for the transcriptomic data and the pristeomic data, Since
the number of penes per cluster is reasonably high for the tramcriptomic data, a I value of =005 was applicd. Because the number of proteins per cluster is, with
few exceptbons, rather low, & bess stringend /* valoe {=0.1) wan chisen as a significance theesholll The P value s given in pareniheses. *, no significant (1" = 0.015)
lunctional annotation cluster (e mext best it B disployed); 1, po significant (1 = 000) funethonal annotatkon cluster (the nexe best hit is displaved ).

min, whereas the corresponding changes in the protein pattern
occur at a far slower rate. The changes in the proteome of the
salt-stressed cells were probably not complete at the last time
point (120 min) analyzed in owr experiments,

General and cell envelope stress response. The initinl re-
sponse of B subtilis 10 o sudden and strong osmaotic upshift is
characterized by a strong and immediate activation of the o"
regulon, leading to synthesis and sccumulation of proteins
conferring a broad stress resistance to B, subalis cells (21). The
o regulon comprises at least 37 proteins that are eritical for
prowiding osmostress resistance, as judged by the salt-sensitive
phenotype of their structural genes (28), Almost all of these
a-dependent salt stress protective proteins are significantly
upregulated either early at the mRNA level or in later adap-
tation stages of the osmotically challenged cells on the protein
level (Fig. 3A), Only a small number of these proteins are of
known function, However, their immediate and strong induc-
tion subsequent fo the osmotic up-shock and, at later times,
their accumulation in osmotically stressed cells strongly sug-
gest o physiologically important function for this group of
proteins within the acclimatization process of B subuilis 10
high-salinity surroundings.

In addition to the o regulon, three large ECF regulons
(o™, o™, and «™), which specifically govern the physiological
response 1o cell envelope stress, are affected by a suddenly
increase in the external osmolality. The o™ and o™ regulons
are known 1o be involved in salt stress adaptation (29, 510, A
compiled set of 132 known or probable members of the o,
o™, and o regulons was sorted according 1o expression pat-

terns and regulon memberships (Fig. 3B see Table 51 in file 55
in the supplemental material). This classification revealed four
groups of genes with similar expression profiles, each of which
was associated with one prevalent ECF transcription factor,
The color-coded expression pattern of these genes indicates a
sequential activation of the general and cell-surface stress
regulons. The o' regulon is activated immediately after the
shift to high salinity, and the onset of o"-controlled gene ex-
pression is followed by the induction of the o™ regulon, which
shows maximum activation after 30 min. The o™ regulon is the
last to be induced, with maximum induction 60 min after the
salt shock, We also observed partial repression of the o™ regu-
lon, Our data clearly show that there is a sequential activation
of the transcription of the o®, o™, and o™ regulons, but one
should keep in mind that there is evidence for functional and
regulatory redundancy of the ECFs (44).

We observed that the differential activation of the above-
discussed stress regulons at the mBRNA fevel by salt stress was
not reflected one-to-one ot the protein level. Fifty-four expres-
sion profiles were acquired for 43 proteins whose structural
genes are under the (partially overlapping) control of o™, o™,
and o™ (see Table 52 in file 55 in the supplemental material),
Remarkably, among this set of profeins, only six proteins
showed significant changes in response (o salt stress, The pen-
icillin-hinding protein PonA and the membrane-localized pro-
tease FisH are under the control of o™, and both proteins
exhibited a significant downregulation in the membrane frac-
tion. In contrast, three Y™ proteins (YaaN, YuaG, and Yual)
under the control of o™ show significant upregulation. In ad-
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FIG, 3. General, cell envelope, and specific osmostress responses, Expression profiles shown in panels A and B are based on standirdized log,
ratic walues, and expression profiles in pancls © and D are bog, ratio based, The minimum and muximum displayved log, ratkos are =3 for the
transcriptomics data and =2 for the proteomics data. CGenes/proteins exhibiting significant changes are asterisked, (A) The 35 proteins given bere
belong 1o the :r"-;l-|.'|1L'1t|IL'11I: general stress regubon and were alreidy shiwn (o be indispensable for the adaptation to high salinity {25)
{B) Displaved are 131 mRNAs which are presumed or shown to be under the control of either o™, o™, or &, In order to reveal overall expression
pllgIms, the mRNA cxpression ||i|~||i|:\ wene sored ..“,...'Illijllli: o their ECF |:|h:||1h-\'|-Ji||| andd their L"-llll."\'\illll |11|-|I||.: (Ch |'\11rrni|1|| ]1||l|5|h.'\ of
chaperones and ATP-dependent profeases as well as regulbator and adapter proteins myvobeed in protein quality contool ane shown, (1) Specibic
cemosiress respanse proteins, The upper growp contains proteins involved in uptake and synthesis of compatible solutes, whereas bath lower

groups comprise systems (presumably) imobved in Na® extrusion (middle group) and K extrusion (lower group)

dition, YeeC, which is o member of the detoxification operon
veeL DEFGH and under the control of o®, a™, and o% is
significantly upregulated in the membrane fraction. Proteins
under the control of o™ (DD, LytR, PhpX, YabP, Ywbl, and
YwhM) are mostly integral membrane proteins, lipoproteins,
o secreted proteins and were detected in our experiments in
the membrane fraction. Each of these six proteins exhibits a
nonsignificant downregulation in the salt-stressed cells.
Owverall, expression profiles of proteins and mEMNASs corre-
spond reasonably well, bul some proteins exhibit regulation
patterns that are opposed 1o their observed profile at the
mENA level. Several explanations for this unexpected behav-
ior are conceivable. Since many ECF-controlled genes encode
for proteins that are known (o be secreted or localized at the
cellular surface, a plansible explanation is that the respective
profeins are subject to a localization shift upon stimulation
(e.p., secretion). However, targeted protein degradation and
mBNA-relnted processes are possible explanations. In any
case, further experimental evidence is required 1o elucidate the

phvsiological significance of the observed counterintuitive
changes in the context of hyvperosmaotic stress.

Protein gquality control. In 8. sabailiv, the functional imtegrity
of proteins is ensured through protein guality control mecha-
nisms that include the action of molecular chaperones, pro-
tein-folding catalysts, and ATP-dependent proteases. As men-
tioned above, shortly after the shift 1o hyperosmotic conditions
numerous eyiosolic proteins with predicted vegetative func-
tions were observed to be enriched in the membrane fraction,
A representative set of these types of proteins (Purl, phos-
phoribosylformylglveinamidine synthase 11 involved in purine
biosynthesis; I, ketol-acid reductoisomeranse involved in
branched-chain amino acid synthesis; and PatA, an amino-
transferase involved in lysine hiosynthesis) is shown in Fig. 3C.
We also found that numerous integral membrane proteins or
peripheral membrane proteins (e.g.. ATP-hinding proteins of
ABC transporters) showed a clear downregulation in the mems-
brane fraction after hyperosmotic shock, These proteins are

represented in Fig. 3C by Sec, which possesses 10 transmems-
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brane helices and belongs to the Sec protein seeretion system.
Both facts indicate the involvement of protein quality control
meéchanisms in response (© the osmotic upshift, either in the
refolding or degradation of unfolded vegetative proteins or in
the {targeted) degradation of membrane proteins, Figure 3C
shows expression profiles of some quality control proteins.
Significant induction on mENA level could be obscrved for
hreA, mesA, clpF, clpX, clpE, and mecA. On the protein level,
it is interesting 10 note that an ennichment of chaperones
(ClpC, ClpX, and ClpY) is observed in the membrane fraction
concomitantly with their depletion in the eviosalic fraction. In
addition, the ATP-dependent LonA protease was upregulated
in the membrane fraction and hence could carry out degrada-
tion of misfolded proteins, while the membrane-anchored pro-
tease FisH, which degrades both eytosolic and membrane pro-
teins (54), was itsell subject to degradation. The issue of
whether the observed enrichment of vegetative proteins in the
membrane fraction corresponds o a real physiologically rele-
vant change in protein localization during salt stress needs
further careful studics, However, our dita hint that the sudden
imposition of hyperosmotic conditions might induce denatur-
ation and misfolding of both evtosolic and membrane proteins
in B, subjilis,

Osmospecific response. The stress response of B, suebrilis 1o
sudden increases in osmolality comprises not only o"-con-
trodled general stress proteins, but alse many salt-specific stress
proteins. The transcription of the genes encoding this latter
group of proteins appears (o be mostly independently from
alternative sigma factors. Many of the salt-specific proteins are
of known function. These proteins display a significant upregu-
lation at either the mRNA or protein level (Fig. 3D). In par-
ticular, all Opu transporters {Opud to OpuE) for compatible
solute sequisition are immediately vpregulated ot the mRNA
level, with maximum induction after 30 min, and the corre-
sponding transport proteins accumulate to significant levels in
the eytoplasmic membrane after 60 or 120 min. It has o be
noted in this context that the specific substrates of these os-
moprotectant uptake systems (7) were not present in the
growth medium. Consequently, their induction reflects their
osmotic control. When 8, subwilis uses proline as a nutrient
rather than as an esmoprotectant, this amino acid is imported
via the high-affinity proline uptike system YepO and degraded
by the YegM and YegN engymes to glutamate (7). Expression
of the vegMNE operon is induced by low levels of extracellular
proline (5. Moses and E. Bremer, unpublished data). We ob-
served o significant upregulation of the transcription of the
yegMNG operon in the salt-stressed cells in the Tate adaptation
phase; this apparent osmotic induction of the yegMNO operon
probably reflects the leakage of proline from the osmotically
stressed and hence proline-producing cells and the subsequent
induction of yegMNO expression (8. Moses and E. Bremer:
unpublished data), The H™ fglutamate symporter GIUP did not
show a significant change in mRNA level, whereas the H™ and
Ma " fglutamate symporter GIT was downregulated at both the
mBENA and the protein level, consistent with the cellular need
for a tightly controlled low intracellular Na™ level, Twenty-
nine possible candidates for the active Na® extrusion systems
wire extracted from UniProtkB using the GO annotation “so-
dium ion  transpon” (GOUKNGS14), Among  these, two
Na"/H" antiporters were found Lo be significantly upregulated
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in the osmotically challenged B. subvilis eells: (i) the mup-
ABCEDEFG operon, involved in pH homeostasis (32), and the
Mrp complex, which probably constitutes the major Na® ex-
trusion system operating in B, subifis; and (i) Nhak, an Na*,
K*, Li*, and Rb*/H" antiporter (18), Disruption of the
mrpABCEDEFG operon causes o strong sensitivity toward
MNa " (36}, and upregulation of nhak expression in response to
cither NaCl or KCl has already been reported (15),

When 8. subiilis is exposed 1o a sudden shift from hyper- to
hypo-osmotic conditions, the cells have o jettison very rapidly
those 1ons and organic solutes that were accumulated under
high-csmaolality growth conditions in order to reduce water
entry (7). Expulsion of these solutes by B, subiilis is accom-
plished vie the transient opening of mechanosensitive channels
(24). A single channel of large conductivity {Mscl. wype) and
three channel proteins of small conductivity (MseS types
Yh¥, YKIC, and YkuT) are present in 8. subrilis (24, 64). We
observed a minor reduction in the mRNA level for the mscl.
gene, but found a significant induction on the mRNA level for
the ¥ and ykuT genes in our transcriptome study. An up-
regulation of the WY and yku T genes at high salinity has been
observed previously (64), The transient opening of mechano-
sensitive channels in B subaliv serves as o safety valve for
osmotically down-shocked cells, The observed induction of
vidY and ykuT might thus be interpreted as a preemptive
measure of high-salinity-challenged B. suhrifts cells for the next
osmotic down-shock. It also should be noted that the yhul
gene s part of the o regulon,

The initinl response of £ subeilis to an csmotic upshif is the
massive accumulation of K ions (26, 65). The K' content of
the cells is reduced again when compatible solutes are nocu-
mulated in the second adaptation phase to the high-salinity
challenge (65). To scarch for B subilis proteins potentially
involved in the extrusion of K°, a list of all proteins with the
GO annotation “potassium ion transport” (GO:0006813) was
extracted from the UniProtKB database. Among the nine pro-
teins retrieved by this search, the K export system YhaTU
(17) and the putative K™ channel protein YugO were signifi-
cantly induced at the mRNA level. These observations suggest
that both the YhaTU and the YugO systems might function in
o concerted fashion in the export of K during the prolonged
adaptation process of B subilis 1o high-salinity surroundings.

After the initial uptake of K=, 8. sufrifis starts to synthesize
large amounts of the compatible solute proline, which is accu-
mulated to maintain torgor and general cellular functionality
(26, 63). Two routes for proline biosynthesis from its precursor
glutamate operate in B subrifis (43 ProB, ProG, and Prol
catalyze anabolic proline biosynihesis, and at least two paral-
ogue proteins ( ProH and Prod) are presumed to be responsible
for high-level proline synthesis under hyperosmotic conditions
(4, 7, 28). The ProA enzyme is used by both proline biosyn-
thetic routes (4, 7). Consistent with the cellular role for these
two proline biosynthetic routes, we found that the genes in-
volved in the anabolic proline biosynthesis were repressed,
presumably due to the growth arrest, but those used for the
osmoadaptive proline production (profff) were induced
(Fig. 4).

The large amounts of proline produced under osmotic stress
conditions (65) require a continuous supply of the precursor
molecules 2-oxoglutarate and glutamate. Recemly, Hiper et
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al. (27) ohserved in a comprehensive proteome study of =alt-
shocked 8. subrifis cells thot the ensymes of the tricarboxylic
acid (TCA) cyvele leading 1o the synthesis of 2-oxoglutarate
remained present in the sale-stressed cells, whereas the svnthe-
st and amounts of those engymes that participate in the TCA
cycle reactions from 2-owoglutarate to oxaloacetate were ne-
duced. In this way, the osmotically challenged 8. sufwiliv cell

ensures an adequate supply of 2-oxoglutarate that then can be
comverted via the GOGAT (glutamine-2-oxoglutarate amino-

transierase ) cnEyme Il '_.‘_Illli1|1|i|||_'. the immediate Procursor

% for the Irnscriplomics el and =2 for the prsteonmics data, Crenes profeins

for the biosynthesis of proline. Qur transcnptome and  pro-
teome data support the findings of Haoper et al. (27).

Ihe adaptation of B, subilis to high salinity is also acoom-
panied by rearmangements in either the composition or struc-
ture of the cell envelope, In particular, the lipid and faty acid
composition of the oytoplasmic membrane s affected (42).
Lopez et al. found an increase in the content of cardiolipin at
the expense of phosphatidylglveeral, an increase in saturated
straight-chain faity acids, and a decrease in the level of iso-
branched fatty acids, as well as an increase in unsaturited Tatty
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acids, These changes are thought to lead to a higher salt re-
sistance of the B scbeifis cell (410, Due o the salinity-induced
growth arrest observed in our experiments. most cnéymes in-
volved in faty acid and lipid synthesis are repressed on the
mRNA level and are downregulated on the protein level (Fig
3). In particular, the significant repression of the genes encod-
ing for the fatty acid synthesis proteins AcpA, FabG, FabZ,
and FabL strongly indicates a reduced necd for membrane
building blocks in these almost pongrowing cells.

In contrast to the above-described findings, we observed an
induction for a few genes and proteins involved in faty acid
synthesis, The imitial condensation step of the fotty acid syn-
thesis in 8, subilis is carmied out by two f-ketoacy] acvl carrier
protein (ACP) synthases, FabHA and FabHB, which can use
either acetyl coenzgyme A (CoA) or branched acyl-CoA prim-
ers (Y9, A third f-ketoacyl-ACP synthase, FobF, carries oot
chain elongation. Interestingly, in the course of cellular adap-
tation of the & subrilis cells to high salinity, we found that the
transcription of the fabfHA and fabH8 genes was reciprocally
regulated. The fahHEB pene was repressed, and, interestingly,
the encoded enzyme has the higher specific activity for

brunched-chain primers (%). This result s in good agreement
with the decreased need for isobranched fatty acids under salt
stress conditions (41). More detailed studies on the apparent
different roles for the FabhHA and FabHB enzvmes during salt
stress adaptation might thus be rewarding,.

B, subvifis has three (putative) cardiolipin synthase genes,
cliA (formerly known as ywnE), wiE, and ywiE. In our data,
transcription of the clsd gene as well as the ywiE gene is only
marginally affected by salt stress, but the o"-controlled ywif
gene is induced more than 8-fold. Nevertheless, vwill and wE
are not essential during hyperosmotic conditions, whereas ol
s required for increpsed osmotolerance in 8. subailis (28, 40).
A third distinet biochemical change in the membrane compo-

sition is the increase in unsaturated fatty acids, which is cata-
vzed by a membrane-located A%-desaturase encoded by the
cold-inducible des gene (1), The expression of the der gene is
reguloted vin the DeskKR two-component regulatory system
responsive 10 membrane lipid fuidity (10). After a 60-min
imposition of hyperosmotic stress, we observed a 3-fold induc-
tion of the des gene. This is not only in good agreement with
the observation made by Lopez et al. (40) on membrane fatty
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acid and lipid composition under hyperosmotic conditions, but
it also suggests that the DesKR two-component system senses
changes in membrane fuidity after the exposure of 8. subvilis
cells to NaCl in the growth medium.,

We found that the anabolic reactions of the faty acid and

lipid metabolism are downregulated, likely a consequence of

the growth arrest. However, the expression of genes coding for
proteins invalved in degradation of free fatty acids vie B-oxi-
dation show global upregulation (Fig. 5). These penes are
mostly controlled by the FadR repressor, which is negatively
regulated by long-chain acyl-CoAs. It 15 worth notice that both
end prodlucts from straight-chain as well as branched-chain acyl-
CoA degradation end up in the TCA oycle either us acetvl-CoA
or suceinyl-CoA and could in principle complement the anaple-
rotic reactions catalyzed by the PekA and PycA enzymes

Along with the composition of the ovioplasmic membrane,
exposure of 8 subvilis 1o high salinity also influences the prop-
erties of the cell wall (42), Given the growth arrest that the B

suebifis cells experienced in our salt stress experiment, nearly
all enzymes involved in the biosynthesis of the cell wall and its
precursors are downregulated on both the mRNA and protein
levels (Fig. 6). Few genes and enzymes show the opposite
regulation. Among this group of salt-stress-induced genes is
penicillin-binding protein Phpd® (phpE); upregulation of phpf
expression has already been reported, and the disruption of
gl results in o salt-sensitive phenotype (48). Expression of
phpE is controlled by the alternative sigma fuctor o™, and
Phpd® functions as an endopeptidase that is involved in the
cleavage of peptidoglycan cross-links. Hence, Fhpad® could play
an important role in the cell wall rearrangements that take
place during osmoadaptation of & sufilis (48),

Concluding remarks. The strategy we emploved for the
study of severely salt-stressed B subiilis cells examines in par-
allel and in a time-resolved manner the gquantitative changes of
the transcriptome, the cytosalic proteome, and the membrane
proteome. This genome-wide approach covers not only the
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whole mRNA complement of B, subvilis cells, but also the two
largest subproteomes. A higher proteome coverage of salt-
stressed B subtifis can be achievable in future studices by em-
ploving tools that specifically target the most hydrophobic com-
plement of the proteome (66), the secretome (3), and the cell wall
proteome of B sulwilis (Hempel et al., unpublished data),

The data presented here provide a comprehensive picture of
the dynamic changes in gene expression and the concomitam
alterations i the level of proteins that occur in & subifis cells
exposed to a severe salt shock, Qur study complements previ-
ous genetic and physiological studies on the osmotic stress
response of B, subtilis. In combination with other genome-wide
transcriptional profiling (57) and proteomic studies (27) of
salt-stressed 8. subrilis cells, our data provide an unprecedented
rich bhasis for further in-depth investigation of the physiological
and genetic responses of 8 sebilic 1o hyperosmaotic stress,
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Abstract

The genome sequence is the “blue-print of life,” but proteomics provides the link to the actual physiology of living cells.
Because of their low complexity bacteria are excellent model systems to identify the entire protein assembly of a living
organism. Here we shaw that the majority of proteins expressed in growing and non-growing cells of the human pathogen
Staphylococcus aureus can be identified and even quantified by a metabolic labeling proteomic approach. 5. aureus has
been selected as model for this proteomic study, because it poses a major risk to our health care system by combining high
pathogenicity with an increasing frequency of multiple antibiotic resistance, thus requiring the development of new anti-
staphylococcal therapy strategies. Since such strategies will likely have to target extracellular and surface-exposed virulence
factors as well as staphylococcal survival and adaptation capabilities, we decided to combine four subproteomic fractions:
cytosolic proteins, membrane-bound proteins, cell surface-associated and extracellular proteins, to comprehensively cover
the entire proteome of 5. gureus. This quantitative proteomics approach integrating data ranging from gene expression to
subcellular localization in growing and non-growing cells is a proof of principle for whole-cell physiological proteomics that
can now be extended to address physiological questions in infection-relevant settings. Importantly, with more than 1700
identified proteins (and 1450 quantified proteins) corresponding to a coverage of about three-quarters of the expressed
proteins, our model study represents the most comprehensive quantification of a bacterial proteome reported to date. It
thus paves the way towards a new level in understanding of cell physiology and pathophysiclogy of 5. aureus and related
pathogenic bacteria, opening new avenues for infection-related research on this crucial pathogen.
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Introeduction

Maphylococrus anvreus 15 0 Gramepositive hwoman pathogen of

increasing symificance, mainly due o is high incidence and the
inercasing spread of antibiotc resistances,  Multiple  sirulence
factors allow & awrews 1o cawse o broad spectrum of infections
disrases, ranging from superficial abseesses of the skin 1w severe
dizeases such as endocanditis, osteomyelitis, toxic shock syndroane
or sepeis. Furthermore, S o s particularly important i
healtheare settings, where it is cansing up o 40% of nosocomial
infections, Vancomyein and related antibiotics form the drugs
of Last resort aganst resistant strains.  Therelore, the recemt
emergenee of vancomyvein/ methicillin-resistant S, aerens siraims
PN i resajor threat for the health cire system, requiring the
development of new therapeutic options aginst 5, oo nfections
[1]: Since new therapeutic strategies could involve neatralization
o virulenee etors or divect eliminaton of 8, s o better

understunding of hoth cell physiology and  pathophysiology s

@ PLoS OME | www.plosona.org

urgently regquired (o successfully combun 8. gures infections, This
crucial goal ean be reached by a functional genomics approach
which opens a new perspective in S aveees research because cell
plivsiology and pathogenicity can be anabaed ar a genome-wide
:1|:'i|||.'.

The release of the first complete buctenal genome sequence i
195 opened the era of functonal genomics, In the same vear, the
term protecsmie was coned o deseribe the complete sor of proteins
symthesized under specific physiological ciroumstanees [2]. Where-
as the genome sequence only provides the “blue-prim of life",
proteomics B regquired o brang this “ue pom of Lile” w cell
function, because proteins can be regarded as the mam players of
life. Om the other hand the genome sequence s necessany o
identify all cellular proteins expressed . genome-wide scale by
miass spectrometry. Cleardy, the route from the genome sequence
via trmnscriptoanies, profeamics and  metabolomics pwards 8
syatems biology |:|r'I1.F:u1'|iL'r' leacks 1o o e qquadity in understand-
g life i general. Because of their low complexity = only a few
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hundred  differemt proteins make a cell viable - bacteria are
extremely attractive model systems o bring the genome sequence
ta real life.

First proteomics studies date back o 1975 when OFarrell
published the rwo-dimensional gel electrophoresis rechmigque thia
alloaws the separation of thowsands of protein spots inoan area of
W20 em in oswee [5]. After the inital enthosiom for gel-based
proteamics up 0 the ey nineties, it became evident thian only
parts of a bacteral proteome can be visnalized by this method.
Many proteins escape detection by gel-based proteomics, hydro-
phobic membrane proteins and low abundance proteins being the
micst promminent classes, The implementation of mass spectrometry
of peprides with mild jonization methods and online LC-MS/M5
provides @ smitable alternative o gel-based protecsmics that has
seen spectacular advances over the past 10 years, providing a
completely new quality in proteamic research [4-6].

Compreliensive proteomic coverage has recently been reported
for the non-pathogenic cukarvotic mode] organism Sacelarongees
cerveniae [7]. Mann and coeworkers were the first to show that a
combination of state of the an proteomics consisting of highly
seusitive mass specteometry, @i labeling with stable sotopes
anel appropriate boinformanie analysis, allows the identification
and even comparative quantification of almest the entire protesme
of exponentinlly growing haploid and diploid 5. cenrivine colls.

Here we show that almest the entire proteome of 8, anere COL,
whise genome sequence became available i 2605 [B], can be
identified and even quantified by a combinaton of 2-0) gel-hased
and LO-MS/MS-based proteamic technigues, Since therapeutic
strategies divected against 8 awrews could either target extracellular
amel seereted proteins or the pathogens metabalism, we integrated
the analysis of the different subproteomes o provide evidence thit

Cuantitation S.aweus Proteome

an integrated proteomic view of ell physiobosy and vimilence will
help o come w0 a new quality in the understanding of general
cellular processes of S awree, This approasch wonld thus generate
the prevequisites for a deeper understanding of the behinaowr of
this pathogen in it human host. The  proteomic view  of
metabolism and virulenee of S awens presented here constitutes
o onr knowlbedge the most comprehensive quantiative study of a
bacterial proteome 10 date and opens 2 new  dimension in
infectiop-related research of this crucial pathogen.

Results and Discussion

In ardier 1o visualize the entire proteome of 80 o, we started
with the hypothesis that roughly 2000 prowins are being
syithesized from the genome that contains abour 2600 groes
[#]. This assumpticn is supported by our transeriptional profiling
stuchies, Using DNA microarray technigues from about 2400 genes
spotted on the DNA armay abooe 1975 (B2%) genes were found o
b expressed above background level in growing and 111D (46%)
genes in stationary-phase cells (see Text 81, Table S1). Thus,
approximately two thowsand genes ane expressed inwotal i baoth
conditions cormesponding o an expression level of B3% (see Talde
511 In order w visualize the entire proteome we intentionally
aimed at o combination of different subproteomic  fractions
(Figure 1) instesnd of a comprehensive analysis of one single
fraction, Most of the virulence factors that are in the foens of
infection-related  proteomic stwdies of S gwens are either cell
surface-exposed or even secreted into the extracellular space.
Combined  analyvsis  of  different subproteomes  would  allow
simultaneous coverage of infection=relevant immunogenic, sur-
face-exposed and extracellular proteins besides the intracellular

I— Bacterial culture ——1

Cells Supernatant
L]
Cell disruption
|
Protein raw
[ etma — ]
Cytonalic faw Precipitation
[proteng mermbiane fﬂm
Enrichment
Purified membrane Shaving Surface associated Extra colular protein
proteins {Proteinase K} proteins |
I |
10 gel 20 el 10 gl Chymatryptic 1D el 10 gel
separation separation seEparation digestion eparation separation
Tryptic Tryptic Tryptic Peptides originating from  Tryptic Trypic
digeation digestian digestion  trand membrane domasns  digestion digesition
L L] L] L] L]
ESAL- MALDH ES-LL- ESELC- ESHLE- ES-LL-
MS/MS TalTof BASMS WSS LLETL M5
Arshysis Anabpiy Arahysis Anabyiiy Anabysis Anabyiy
| | I | |
Fraction of Fraction of membrane and Fraction of cell surface Fraction of
cytosolic proteins membrane assoclated proteins  assoclated proteins extracellular proteing

Figure 1. Analysis strategy for investigation of all sub-proteomic fractions of 5 aureus. The mixture of the differentially labeled cells has
been carried out on different levels, For analysis of the cytosolic proteins and membrane proteins by LC-MS/MS the samiples were mixed on protein
level using aliquots with the same protein amount. For 2-D gel analysis identical amounts of pratein were separated on individual gel, For the fraction
of cell surface-associated proteins the cells were mixed prior to the biotinglation step in equal amounts. Extracellular proteins were mixed after the

precipitation step.
dok10.137 journal pone. 00081 76.9001
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proteins that are required for basic metabolism and other cellular
proscesses, Furthermaore, such a pre-fractionation would also reveal
detailed  information about  the subproteomic  distribution of
proteins, Therefore, four particular proteomic fractions, namely
the cvtosolic, membrane-bound, cell  surface-asociated  and
extracellular subproteomes were anabyeed in order o define and
assemble the entire proteame.

Even if the visualization of the protein inventory is the main
topic of this project  physiological  sdies  require protein
expression profiling and  quantification w follow the up- and
down-regulation of single proteins in response 1o physiological
stimuli. In this study exponentially growing cells were compared to
non-growing cells of the siationary phase as a proof of principle,
becawse a shiflt from growing o none-growing  conditions s
probably a typical situation in most of the namral microhabitats
in the human host,

Cytosolic Proteins

To initiate the analysis of cytosolic proteins we first employed
gel-bazsed proteamics, Gel-based proteomics technigques have been
extensively used o characterize the regulation of gene expression
and metabolism of 8, s in response o infection-related stimuli
such as oxygen starvation [9], different kinds of stress such as
oacidative siress [10], and were also used w assign the involved
proteins o regulons [11], the building blocks of the genetic
adapaation network. Two-dimensional gel electrophoresis (-1
PAGE) s still a powerful wol o address phyvsiological issues, in
particular because most of the metabolic pathways and the most
obvious stress/starvation responses are visualized by gel-based
proteomics in a convenient, eye-catching and  intuitive  way
(“metabolism at a glanee™ [12,13]).

For this study we analyeed the proteome pattern in growing and
non-growing  cells cultivated  in Bicexpress  medium in the
analyvtical windows of pl 47 and for the first time also of pl 6
11 In wial 683 prowins were identified (Figure 2, Figure 51)
covering most of the metabolic pathwayvs (Figure 52). Different
panterns of cytosolic proteins that respond o the transition from
growth to stationary phase can be visualized and easily be
quantified by image analvsis,

The data indicate a dramatic reprogramming of protein
synthesis in the non-growing state with many vegetative proteins
repressed (e by the stringent response] and others strongly
induced (red labeled in Figure 2A) forming a complex adapational
protein. network in order o face starvation and  stress. A
comprehensive  stress/starvation proteomics  signature  library
[14] s a useful toolbox for prediction of the physiological stane
of cells [15,16], which will be impaortant for physiological studies as
for defining the main nutrents (metabolic proteome signatures)
and the predominant stress/starvation stimuli of S auews cells
umpcher infection-relevant conditions [for relmed studies see 17, 18],

Because 2-13 gels cover only about 25% of the protcome, 1-D
gel-based protein prefractionation in combination with LC-MS/
MS (GeLC-MS/MS) was emploved to detect the missing proteins,
and 1o idemify and guantily the majority of expressed proteins,
Using this technigque, more than 1100 proteins were identified in
the eytosolic fraction of growing and non-growing cells, most of
them having a predicted pl in the range of 3.5 w0 7.5 (Figure 2B).

Besides the proteins already covered by 2-13 PAGE, about 500
new proteins were ddentified by the GeLC-MS5/MS approach,
mostly low abundant proweins, but also very acidic or alkaline, as
well as very large or small proteins (Figure 3). In total, a proteomic
coverage of about 6B7% was achieved from 1796 predicied
cytosolic proteins. Notably, the proteomic coverage of highly

‘@ PLoS ONE | www.plosone.org
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expresed genes 15 up o W% while for low-expresed genes the
coverage is lower (Figure 4).

Importantly, the dynamics of protein synthesis in growing and
non=growing cells can be followed and compared by integrating 2-
I gel-hased and GeLC-MS/MS-based approaches. In Figure 2B,
the quantitative GeLC-MS/MS data are combined with the
experimental 2-I¥ gel data (Figure 2A) in a virmual 2-10 gel, using
the same color code for up- and  down-regulated  proteins,
Imporantly, the two approaches revealed similar levels of up- or
down-regulation of proteins in non-growing cells (Figure 3, Tahle
52).

The color code used in Figure 2 visualizes three major classes of
proteins:

I.  wvellow labeled prowins probably no longer synthesized in
non-growing cells but =ill present and more or less stable

IL green labeled proteins no longer synthesized and  even
degraded in non-growing cells and

1. red labeled proteins enrviched in non-growing cells due w
increased synthesis

Transcription of class | and class 11 proteins have been analyveed
by Northern Bloting for a few wtwpical candidate genes [Table 53,
Figure 53). In non-growing cells the transcription of the genes
encoding “vellow and green proteins™ was repressed at similar
levels ar the onset of stationary phase, lea 1o a shut off of the
new synthesis of the proteins, These proteins, however, already
synthesized in growing cells and still present in non-growing cells,
have two different fates: Either they are stable and kept at the same
level as in growing cells or they are present in lower levels than in
growing cells strongly indicating degradation. The reason for this
different behavior- either stable or degraded- might be a reflection
of the activity of the proteins. Those proteins that are stll active
might be stable (vellow proteins) whereas the proteins no longer
active and thus not required might be degraded (green proteins),
thus at least partially relicving nutrient starvation. We suggest tha
such unemploved proteins synthesized and required in growing
cells are no longer active and integrated in functional complexes in
non=growing cells, which makes them vulnerable o proteolytic
attack, for example by Clp proteases [unpublished data, see also
19]. Ribosomal prodeins, translational factors and some  key
enzymes for amino ackd biosynthesiz are the most obvious
members of this group of “green proteins” (Figure 2). The
maolecular mechanisms  that make the unemploved  proteins
accessible 1o the Clp machine have w be smdied in fumure
CXPCrITenLS,

This recyeling of inactive proteins is probably a major nutrient
resource for non-growing cells starved for carbon and  energy
sources, Particularly the ribosomes synthesized in high amounts in
growing and partly inactive in non-growing cells form a major
endogenous nutrient source, This degradation of ribosomes is
observed at the RNA and protein level (Figure 2, Figure 541 The
recyeling of ribosomes s probably a crecial component of the
physiology of starving cell [20].

The proteins particularly synthesized in the satonary phase
(class HI, red labeled proteins in Figure 2) will likely have adaptive
functions in the non-growing state, among them specific starvation
proteins that may help 1o make new substrates available (e
carbon overflow products) and even specific and general stress
proteins to make the non-growing cells more stress resistant than
growing cells [21]. Among the “red proteins” we found eg. the
PEP carbosvkinase (PekA), a gluconcogenetic eneyme indicating
the absence of glucose, some TCA cyele eneymes indicating
carbon sowrce  limitation  in non-growing cells and  proteins
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Figure 2. Changes of protein expression pattern. Framed sections are presented separately on right side of the figures. A 2-D gel-based
expression analysis by Dual Channel Imaging: The overlay of the false color image of growing cells (green) and non-growing cells (red) is
shown. This overlay résults in the following color code: | proteins probably no longer synthesized in non-growing cells but still present and more or
less stable (yellow cobord, Il. proteins no longer synthesized and even degraded in non-growing cells (green color) and I, proteins enriched in non-
growing celis (red labelled). B GeLC-MS/MS-based expression analysis: Spot position derived from theoretical pl and theoretical malecular
weight, spot size derived from spectral counts determined by Census software, spot color derived from log2 ratio of stat/exp, [green< —(0L8,
red =+0.8, yellow=~08, =+0.8), Figure has been created in Microsoft Excel € Growth curve and RNA content: Sampling points (arrows) are
indicated in the growth curve [line graph). The relative decrease of total RNA content with decreasing growth rate is shown in the same graph (line
with squares)
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Figure 3. Comparative analysis of the cytosolic protein fraction. A Qualitative analysis: In summary 1180 proteins were identified,
inchuding 1095 proteins predicted as cytosolic proteins (but also proteins predicted to be cell wall-associated - 13, membrane proteins - 29,
extracellular proteins - 23 and lipoproteins -20), Thus, 1% of the predicted cytosolic proteins were identified. B Quantitative analysis: 1029
proteins have been quantified In summary in both approaches with an overlap of 520 proteins. With the 2-D gel-based approach 610 protefns could
be quantified and 265 proteins were found altered in amount (175 proteins - labeled in red - in higher anount and 90 proteins - labeled in green - in
lower amount in the stationary phaset). By GelC-MS 939 proteins could be quantified and 320 proteins were changed in quantity (170 proteins -
labeled in red - in higher and 150 proteins - labeled in green - in lower amouwnt in the stationary phase), Therefore, about one thind of the cytosolic

has to be considered as regulated.
dol:10L137 1 journal. pone, 00081 76.9003

belonging 1o the phosphate regulon (eg. Mhol, SACOLI424)
which suggests phosphate sturvation. These protecmic signatures
are useful 1ools for a general evaluation of cell physiology and
metabolism (detaled information see Table 52, Fuure 54).

A Voronot treemap-based lavout of KEGG's 80 awran COL
gene orthology was used o mitively visealize the changes in the
prifein  expresion pattern in non-growing cells compared 1o
growing cells. The up- (red color) and down-regulation (green
color) of most of the proteins asssgned o uonctional categories can
b visuabized] which is illustrated for the already mentioned down-
regulation of the translational machines such as rbosomal proteins
o arminoacyl-tRNA=senthetases i non-growing cells. Additional
pronounced changes m different branches of metaboliam ane
higghlighted n Figure 5.

Membrane Proteins

The membrane prodeome was analvzed by a combination of
GeLC-MS/MS [21] and a shaving approach |22]. Whereas the
first approach also idemificd a large fraction of eyvosolic proteins -
either membrane-associisted or evtosolic contaminations = mem-
brane shaving only revealed proteins with 1 w 21 rans-membrane
dhomiaing. [n s interesting w note thar only by the shaving approach
the most hydropholic species of membrane-spanning peprides,
wsually lacking lvsine- and arginine residues as arges for ivptic
digestion, were wdenificd. Emploving a combination of  both
approaches, 56% of all predicted membrane proteins coubd e
detected (Figure 6. The coverage is even higher if we consider that
not all membrane proteins were expressed under the physiological
conditions tested in this study, Tn additson o mtegral membeane

-@ PLoS ONE | www.plosone.org

proteins, the membrane-targewsd analysis resulied in the dentifi-
cation of 125 proteins with o cvtoplasmic location, but temporany
or permanent membrane association, D should be noted thin this
number represents only an estimate of perpheral membrane
prateins. Nevertheless, this group of membrane-associated proteins
s important, due o their esennal roles o processes such as
membrane and cell wall metabolism, signal ransduction  and
respiration,

In this sty the membeane proteomes of 8, aseeas was quantified
for the first tine. Several integral- and  membrane-assocuited
proteins, such as the froctose-spaecific enzvme 11 (EL, four further
Ell components of unknown substate specificity of the phospho-
tramsferase system (FI5) and the ghvoernl upake facilitator GlpF
were up-reguilated in non-growing cells due o carbon source
limitation (Figure 7), Besides up-regulation of GlpF, two further
transporters importing Oy carhon sotrces, namely, phosphoglye-
erate and glyeerol-3-phosphate and four cytsolie enevmes acting
downstream of €y catabaolite uptake were detected in inereased
guantity in the membrane fracion, This nding indicares tha the
gheeml consuming pathway forms emome complexes asocinted
with the membrane bound uptake facilivonor, Glyeerol consump-
tiom was tightly connected to virulence in owo close relatves of 5,
anrens, the mtracellular pathogens Listesn monocyfogemes [23,24] and
Myeoplaoma pacwresin [25]. Such  observations  justifv Further
research to obtin a better understanding of ghveerol utilization
in & awrenws and s potential dvolvement i pathogenicity.
Furthermore, |1 ransporters, mostly of the AT hinding cassctoe
(ABL) wpe, iwolved in the upoke of aming acids  aned
oligopeptides were also uperegulated. The sorong upregulation of
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many mrEnspon proteins is o result of glecose starvation in non-
growing cells,

Among the proteins showing decreased quantities, the high
affinity ron compound ABC ansporters were most striking
(Figure 7. Five of the six down-regulated proteins represent
lipoproteins that are responsible for binding ol iron subsiraes,
However, the phvsinlogical sigmificance of this finding remains o
e elucidaned [26].

In general the transition from exponential growth o stationary
phase b associated with broad quantitive changes in te
membrane  proteome  involving both  protein induction and
degradation in non-growing cells [(30% of the proteins covered
being regulied). Nevertheless, there are proteome licets which
sectm 1o remain constant in guantity throughowe different phases of
growth, These include the Sec machinery for protein transloca-
tin, which serves in membrane protein biogenesis aml protein
secretion during all growth stages [27]. Summarizing this part, the
present study documents the highest quantitative coverage of a
hacterial membrane proteome to date,

Cell Surface-Associated and Extracellular Proteins

From an infection-related point of view, secreted proteins still
bowned v the eell surfice or secreted o the extracellular space
form thie most crucial clivs of proteins of S, aures, becawse most of
the vimlence factors can be found in these two subproteamic
fractions,

The group of cell surface-exposed proteins contains, bessdes
membrane proteins with extended extrscellular loops, also lpd-
mislified proteins, proteins covalently coupled w peptidoglvean by
sortase, and cell wall-asociaed proteins not covalently bound 1o
cell wall components [28]. To define this class of proteins, a

@), PLoS ONE | wwwplosonerg

bictinylation approsch was emploved with a reagent thiat is unable
woenter the eell, thus strongly Gvouring the biotinvlaton of
surface-exposed  protein domains. After affinity purification on
NeutrAvidin columns biotinvlated proteins were enriched, iden-
tified and quantified. By this techmigue 146 cell surface-associated
proteins were identilicd, among them 48 membrane proteins, 4
proteins covalently attached o peptidoglyean, 37 lipoproteins and
37 eell wall-associated proteins containing a signal peptide, and
various cytosolic contaminants. Some of these cell wall-associated
prateins were also found in the exirseellular space, indicating that
this subgroup of secreted proteins s only loosely associated with
the eell surface, Lipoproteins and membrane proteins with
perpheral kops were found i the membrane fraction as well as
in the biovnylaed fraction as expected  (Figuee 55, Surface
adhesins such as the fibronectin-hinding proteins (Fobps) [25] and
the  Gbrinogen-binding  protein CHB - [350]  are preferentially
svithesized during growth, whereas CIEA & higher expressed in
non-growing cells [31]. Judged from the quantitative biotinylagion
approach CIB showed a six times decreased level whereas the
CIEA level increased more than three times in non-growing cells
compared w growing cells. Other components hke the mmmo-
domimnt protein lsaB [32,53] were present in more than wenfold
increased amount on the surface of cells in stationary phase (Figure
561, Furthermore, there are also many changes in the level and
pattern of membrane and lipoproteins covered by this biotinyla-
tion approach. Again, this is the highess coverage of identified and
quantificd cell surface-exposed proteins puldished so G,
Following virulence prowin production along the growth curve,
we observed a shilt from the svithesis of certain cell surface-
anchored proteins in growing eells, which may facilitate host cell
adhesion, biofilm formation or even cell wvasion [1] 1w the
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Figure 5. Coverage of gene functional categories. The coverage of gene functional categories was displayed by using the KEGG orthology of 5.
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dai: 11371 fjournal. pone 00081 76,9005
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Flgure 6. Numbers of theoretical and identified integral membrane proteins. Comparison of identified integral membrane proteing with
the numbers of theoretical membrane proteins considering predicted trans-membrane domains (TMDs). This comparison indicates that there was no

bias against proteins with a higher number of TMDs.
doi:10.1371/journal pone. 00081 76.9006

synthests of extracellular proteins in the stationary. phase. These
extracellular proteins are vimlence [ctors, such as toxins and
superantigens, but alse eneymes which are required  for eell
spreading. The analysis of the secretome is the method of choice
for covering the entity of extracellular vimlence factors which are
extremely variahle i different S awens strains. Usoally, gel-hased
approaches guarantee a high coverage ol this fraction [34], b
gellree approaches vield protein identification that overlap with
those from gel-based approaches and also allow  deweetion of
additional  extracellular  proteins. In this study we used a
gpuamtitative Gel.C-MS5/MS approach and identified 57 extracel-
Iular protems particularly i the stationary phase (Fiure 555 I
relevant 1o note that not all proteins chamcterized by an M-
terminal signal sequence and signal peptidase | cleavage site will
b secreted o the eoracellular space, The exisence of so called
Sec-attached  proweins which are retained at the evioplasmic
membrane by still unknown mechanisms was discovered recently
[35]. Unfortunately, it is sill difficult to predict the proteins that
belong to this class. Invportamtly, the presem panorama view of the
& anreuy secretome can now be used o address crueial ssues, such
as the assignment of secreted proteins w vinilence regulons, or
assessment of the vimlence  potential of  well-defined  clinical
bsnlites,

A Proteomics and Transcriptomic Comparison

Using the genes that were detected as expressed  above
background level in our ranseriptional profiling smdy s a
baseline, the products of about B0% of the expressed genes were
wlentified at the proteome bevel (Figure ), Almost all proteins were
detected  for highly expressed  genes, whereas this proportion
covervel by proteomics decreases with decreasing gene expression
level (see Figure 4). These resulis indicate that some proteins, in
most cases probably lew-abundance proteins, are sill missing in
oair protein inventory of cells because of the low expression rate of
the corresponding genes.  Furthermore, we found thim gene
prodlucts present at very low level were exclusively detecied by

@. PLoS ONE | wwwplosane org

LCAMS-MS-techniques compared o gel-hased proteomics rein-
forving the statement of their higher sensitivity. In growing cells
there is o good comelation between traseriptomics and proteo-
mics, This i3 no longer true for non-growing cells mainky becavse
many proteins synthesized in growing cells are still present but no
longeer synthesreed.

Conclusion and Outlook

Ohir progress o the way towards the entire proteome of 5,
gureny becomes evident from the combined subprotecsmic data
(Figure #). In toaal a coverage of about BO%: of the expressed genes
was ohtained. Notably, proteins were identified with an average
seqquence coverage of 35%, although a much lower coverage
would have been sufficient 1o identify a protein with  high
confidence,

Besides dewmiled  mformation on the expression of  proteins,
reliable information abou the localization of almest all proteins in
the cell was gained. Several proteins were exclusively identified in
one of the four subproteomic fractions indicating their localization
in the cytosol or trgeting to the cviosolic membrane, cell wall or
even o the extracellular miliew. For proteins of still unkiown
function this information s of special interest as it provides clues
for the identification of their cellular role. An interesting example
is SACOL 1373, a protein of ankoown function thar remains
membrane-associated  during growth, bt s secreted into the
medium during stationary phase.

The curvent stuely dioes not anly provide the protein inventory
of & aorewr cells, but also gquantitanive dita on the mojority of
proteins cxpressed mgrowing compared to non-growing cells in all
four subproteomic fractions. A list contining all data on up- and
dowre-regulation  of the entire protein inventory,  including
informtion on subeclular localeation of proteins, s presented
in Table 82 The clustering of major protein groups is indicated by
the color code used in Figure 2. In many cases proteins are either
down- (green) or up-regulaed (red). On the other hand there are
alsn many proteins probably oo lenger syothesized ban stable in

December 2009 | Volume 4 | lssue 12 | eB176
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Figure 7. Membrane proteins which were found in altered amount. Several of the membrane proteins Increased in amount in stationary
phase are Involved in the transpost of amino acids or oligopeptides [from left to right: SACDOL2451, SACOL2309, SACOL2452, SACOL2453, SACOLOG93
(OppD), SACOLOZ9Z (Opp), SACOLO9% (DppF), SACOLD995, SACOLI9E3, SACOLZ450, SACOLO991 (OppBil CPS (capsular polysaccharide)
biosynthesis [SACOLO1SY (Cap5P), SACOLOVIE (CapSC), SACOLO143 (CapSH], SACOLOV3T (CapSB), SACOLO13& (CapSA), SACOLDI4Z (CapSG),
SACOLO150 (Cap50), SACOLO14S (Capsl), glyceral utilzation [SACOLOBO0S, SACOL1514 (Gpsdl, SACOL2415 (Gpm), SACOL1320 (GlpkK), SACOL139
(GIpF], SACOLOZ00, SACOLO40T (GIpT]l or consumption of alternative sugars [SACOL1393 (GIcT), SACOL2663, SACOLOS16, SACOLOITE, SACOLO224,
SACOL2316), Of the proteins down-regulated in staticnary phase numerows could be assigned to the category of inon uptake facilitation [SACOL2010,
SACOL22T?, SACOL2167, SACOLO799, SACOLODSS (SirAl, SACOLO704] or to the class of cell surface proteins which are associated to pathogenicity of
5. aureus [SACOL2348, SACOLOGOS (Pbpd), SACOL2418 (Sbi), SACOL2291 (SsaA2), SACOL2652 (CIfB)). Proteins indicated with a log2 ratio of 5 and -5

represent “on”/"aff” proteins, respectively,
dai:10.1371/journal. pone. 00081 76.9007

non-growing cells (vellow). This quantitative proteaimics approach
comparing growing e non-growing colls s only & siarcting point,
amiel the huge amount of proteome datm reguines many followeup
stdies i order 0 understand  the protein dvnamics in a
physiological context, Furthermore, this approach can now s
extended o many other physiological issues, mfection-related ones
included, The future challenge will now be o ansfer this huoge
amount of proteome data o new hypotheses: which will fnally
generate new physiological knowledge.

This progress in bacterinl proteomics will have o great impact
omn fumre studies on cell physiobogy of 8, s and related Gram-
positive bacterin, and it owill thus drsmatically improve our
knowledge about the behavior of these pathogens in the human
host, First of all proten expression profiling in response to
environmental stmuli can now be secomplished with a high
proteomic coverage to identify almost all proteins that make the
cell vinble, Furthermore, the virnlence protein inventory of a cell
can b captured, analveed, and quantified. Protein expression

'@ PLoS ONE | www.plosone.org

prafiling, however, is anly the first step owards the understanding
of life processes. Using a combination of gel-based and gel-free
proteomics the final destination and e of each single protein can
be followed an a protesme-widie scale [13], Detailed stodies on ohe
dynamics of the membrane proteome, on the phosphoproteome
and its robe i ostemal vamsduction, on the damage, repair e
degradation of proteins or an the protein interaction network will
provide a new qualiy in wnderstanding cell physiology and
pathophysiology of 8 aweews, therchy opening a new era in
infection-related research.

Materials and Methods

8 owrews COL was grown in "Ndabeled or  unlabeled
Biokxpres® (000 medivm (Cambridge lsotope Laboratories,
Andovi, MA, USAL) under vigorous agitation at 37 °C. Cells were
harvested ar an O, of IL3 o sample exponennially growing cells
or five hours after the cells completely reached stationary phase

December 2009 | Volume 4 | Issue 12 | eB176
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Figure B. Summary of identified proteins. This summary considers the predicted localization In the cell considering the expected gene
expression. A: Electron microscopy picture of 5, gevews COL with llustrated subcellular protein fractions. B: Identified proteins colored according to
the predicted localization in the cell displayed in a theoretical 2-D gel. C: Summary of identified proteins in relation to expected gene expression.
Software tools used for the prediction of protein localization are given in the full methods section (Text 51),

dai:10.1371/journal pone. 00081769008

(O absount 4). Cells were disrupted and protein raw exeracts of
eytosolic and membrane profeins. were prepared as deseribed
[9.22). Exwracts of extrocellular proteins were prepared by TOA
precipitation s 4°Coover pight. For preparation ol extracts of
surface-associated proteis, cells were treated with Sulfo-NHS-55-
Riowin pries to elispuption. Biotimlated proteing were enriched by
MeurAvidin agarose aflinity purification. Protein raw extracts of
labweled and unlabeled cells were either analyeed separately by 2-10
gel image anahvsis or 121 mixed and frther separated via 1-13
PAGE (Figure 1), Proweins separated in 2-1 PAGE were identified
vin MALDI-ToF/MS afier in-gel digestion [36] using a Proteome
Anabyer A800  (Applied Biosystemns, Foster Ciy, ©A) and
subsequent. MASCOT search, Peptides onginated from in-gel
digestion of 1-D gels were separated by RP chromatography using
a nancACQUITY™ UPLC™ System (Warers, Milford, MA),
Separated peptides were online sulgected 1w MSOS analvsis in a
LTO-Orbitrap (Thermo Fisher Sciemific, Waltham, MA, LUSA),
which was mun in daasdependent mode. Resulting spectrn were
swarched agningt o wrge-decoy  database  vsing SEQUEST
fversion 27 rev. 12) The database wis composed of all protein
sequences of 8, aures COL exvracted from the Nagonal Cenver for
Biotechnology Informition (NCBI) bacteria genomes plus com-

-@ PLoS ONE | www.plosone.org

man contaminants and an appended set of the reversed sequences
created by Bioworks Browser, Ouomnitaive dat were obiained
implemwenting the Census software wol [37],

Full Methods and any associnted references are available as
Tex 51.

Supporting Information

Text 81 Supplementary materials and methods.
Found  ar: doi: 100157 L joumal pone 00081 76,001 (009 MB
(B18 (8]

Figure 81 Relerence -1 map of cvioplasmic proteins of S
aurcis COL grown in Bioexpress 1000 (Cambridge  Tsotope
Laboratories, Andova, MA, USA) medium in the pl mnge 4-7.
Cells were harvested at ODGO0O of 0.5 w0 sample exponentially
growing cells, ln this reference map 5353 proteins were skewched,
represented in 732 spots, It has 1o be considered that 428 proteins
appear i singhe spots whereas 125 proteins are disiributed inoa
least two spaots, indicating post-transhtional modifications.,

Found at: doi: 10,137 1/ jourmal pone, 00081 760002 (387 MB TIF)

Figure 82  Identified proveins in the 2-1 map (pl 4-7 and G- 10
ivolved i the main meabaolic pathways, Green labeled proteins
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were identified whereas vellow labeled proteins were not identified
in the 2-13 gel based approach,
Foune an: doi: 10,137 1/ jowrmal, pone (0081 76,5000 (£.69 MBTIF)

Figure 83 Northern blod analvsis of selected genes, Toal RNA

s extracted from 8. aureus COL cells cultured in BioExpress®
medium at different time points during growth and stationary
phase, Equal amouniz of RNA were separated by denaturating
RMNA gel electrophoresis and blotted onto positively charged nvlon
membranes. The membranes were hybridized with digoxigenin-
labeled RNA probes for the respective genes, The diagrams show
the quantified Northern blot signal intensities bevor (open squars)
and afier scaling (closed squars) for the decrease in ol RNA
content, The schematic representations of the gene loci are based
on the sequence of 5. aureus COL, Major transcripts representing
the predicted wranscriptional organization of the operons based on
the Northern blot analyses are shown as arrows. Dual channel
false color images show the results from 213 gel-hased expression
amalysis for the genes analveed by Northern blot: growing cells

(green) and non-growing cells (red).
Found an: doi: 10,157 1/ jowrmal. pone 0008 | 76,5004 (1.26 MB TIF)

Figure 54 Comelation between the protein ratios of hiological
replicates used 1o obtain the quantitative data. The caleulated
correlation was 084, Selected regulated functional groups are
highlighted,

Found an: doi: 10,157 1 jowrmal, pone 0008 | 76,5005 (0,26 MB TIF)

Figure 85 Regulation of proteins identificd in the fraction of cell
surface-associated and extracellular proteins,
Found an: doi: 10,157 1/ jowrnal. pone 0008 | 76,5006 (1,46 MB TIF)

Figure 56 Regulated cell surface amd cell wall-associated proteins,
Class | proteins are colored in vellow, class 11 proteins in green and
class U1 proteins i red, 1-SACOL2G52 (CHE), 2-5ACOL190,
FBACOLZAME, +-SACOLIT2S (RplT), 5-SACOLI0GE (Fome), 6-
SACOLIA2S,  7-5A00L0958 (DR, BSACOLOTIZ, 95A-
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Systems-wide temporal proteomic profiling in
glucose-starved Bacillus subtilis
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Ulrike Mader'*, Michael Lalk®, Michael Hecker' & Darte Becher'

Functional genomics of the Gram-positive model organism Bocillus sublilis reveals valuable
insights into basic concepts of cell physiology. In this study, we monitor temporal changes in
the proteome, transcriptome and extracellular metabolome of B sublilis caused by glucose
starvation. For proteamic profiling. a combination ol i vivo metabolic labelling and shotgun
mass spectrometric analysis was carried out for five ditferent proteomic sublractions (cytosolic,
integral membrane, membrane, surface and extracellular proteome fraction), leading to the
idantification of -52% of the predicted proteome of & subtils, Quantitative proteomic and
corresponding transcriptomic data were analysed with Voronoi treemaps linking functional
classification and relative expression changes of gene products according to their fate in the
stationary phase, The oblained data comprise the first comprehensive profiling of changes
in the membrane sublraction and allow in-depth analysis of major physiological processes,
including monitoring of protein degradation,
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cell, the integration of tailored approaches addressing differ-

ent levels of regulation &s needed. Therefore Bacillius suliilis, a
Gram-positive prokaryote serving as a model organism’, was subject
to a wide range of transcriptomic™', proteomic'’ and metabolomic
studies™’. Unlike transcriptome analysis, proteomic studies do not
necessarily cover all possible gene products of the cell. For a long time,
the entirety of all proteins represented a far too complex mixture to be
analysed at once, due to the large ranges of protein abundance, pl (iso-
eletric point), mobecular weight, solubility or localization®. A recent
examiple demonstrates that these limitations in analytics of large-scale
profeomics can be overcome by application of different digest enzymes
and gas-phase fractionation during mass spectrometry analysis’,

Soluble proteins are the most intensively studied species of pro-
teins due 1o their favourable accessibility. In two dimensional gel-
based studies, the majority of the proteins localized in the cytosol,
the extracellular space or the cell wall have been differentially
accessed', More effort has to be spent on proteins with multiple
membrane-spanning domains, extreme pls or molecular weights or
with low abundance, In contrast 1o highly abundant soluble pro-
teins' " they necd to be enriched and specifically analysed.

Elaborate methodologies are known for subfractionation of cell
extracts ather than cytosolic proteins. Extracellular proteins secreted
into the growth medium can be acid precipitated and subsequently
analysed"”, Cell wall bound and surface localized proteins arne
addressed by LiC] extraction and subsequent proteomic analysis via
two dimensional gel electrophoresis’, Proteins from the cell surface
of intact cells can be biotinylated and subsequently affinity purified".

Owing to the hydropathy and low abundance of the proteins'®, the
membrane proteome still represents one of the least accessible subpro-
teomes. Proteomic analyses of membrane proteins of B, suftilis have
been developed over a longer period of time™"™"", Wolfl et al™ and
Hahne ef al" have proven that a combination of highly complemen.
tary envrichment and analytical techniques allows a very comprehensive
amalysts of the membrane proteome in Gram-positive bacteria.

“The aim of this study was the systems-wide profiling of compart-
ment-specific changes on the proteome level in B, subtilis caused
by glucose starvation. State-of-the-art complete metabolic labelling
with stable nitrogen isotopes as described by MacCoss ef al™ and
high mass accuracy mass spectromietry were applied to retrieve a
maximum level of proteomic data, We investigated cytosolic proteins,
two different membrane fractions consisting of transmembrane and
membrane-attached proteins (membrane-shaving fraction {MSF)
and enriched membrane fraction (EMF]), proteins attached to the
cell surface (biotinylation-enrichment fraction (BEF)) and secreted
extracellular proteins (extracellular fraction) of B, subtilis. To sub-
stantiate and complement the proteomic profiling. transcriptome
data were acquired together with the quantification of extracellular
metabaolites. The proteomic and transcriptomic data were visualized
by using Voronol treemaps to enable the intuitional accessibility and
immediate comparison of the systems-wide data,

In this study, we demonstrate temporal dynamic processes at the
protein level that are so far unrivalled. Particularly, the temporal
survey of membrane prodeins in combination with the other more
easily accessible subproteomes allows a broad monitoring of protein
dynamics, The data reveal a comprehensive and unbiased overview
on the physiological processes in B, subrilis as a model enabling
in-depth analyses, including post-translational regulation of bio-
synthetic pathways, and an everview on time-dependent processes
in the bacterial membrane as protein synthesis and degradation.

Fur a complete understanding of physiological processes in a

Results

Cualitative and quantitative analysis of the proteome. Metabolically
labelled B. subtilis proteins from growing and non-growing cells were
fractionated to obtain five different subproteomes lor a comprehensive
view on regulatory and physiological changes (Fig. 1). Entry into

1 WA TLIEE IR bALTH

stationary phase was provoked by glucose deprivation at an optical
density (500 nm) of 1 {Supplementary Fig. $1). Based on our workilow,
allowing highly accurate (average mass deviation of <2ppm. in
our analysis) and rellable data (0,11% false positives on average on
protein level), we were able to considerably cover the proteome of
B, subwilis. In waal, 2,142 proteins were identified with at feast two
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Figure 1 | Distribution of proteins identified according to the
subfractionation workflow. (a) Workilow ol the profeamic experimant
The preparation of the five different subcellular fractions is exemplified
with the most crucial steps. The starting paind for all proteomic samples

is the bacterial batch cell culture. The first crossroads s the separation
between complete cells for the BEF (bictinylation-enriched fraction)
aiming at the surface-exposed proteing, the coll cultune medium for the
extracedlular proteins and cells for the cytosolic/membrane fractions
“M/TM mizing depicts the stage in sample preparation, where mizing of
the labelled pool and the unlabelied samples occurred. The earliest time
point in experimental setup is chosen to minimize Introduced effects by the
Labelling procedure to the quantitative data. Proteomic analyses (GelC-M5
and LC-M5) were performed with high-resolution and high mass accuracy
mass spectrometry (2142 total identified proteins with an FPR (Talse-positive
rale) of 0% and LB&p pum. mass acowracy ). (b) Distribution of prodeins
identified with a predicted subcellular localization in the different sublractions
analyzed. The area of the circles is proportional to nurmber of identified
proteins. () VENN plot of protein identifications in the different designated
subcellular fractions. Mumbers for the membrane fraction are summarized
from EMF and M5F. Prediction of subcellular localization is according to
Zhou et al™ Loci of localization assigned were as lollows: intracellular;
integral membrane profeins (multitransmembeane, multitransmembrane
(lipid-modified N termini}): membrane-associated proteins (lipkd anchored,
LP=TG cell wall anchored, N-terminally anchored (no cleavage sitel,
N-terminally anchored {with cleavage site), C-terminally anchored

(with cleavage site), intracellular,/ TMH start alter 60); secreted (secreted
wia minor pathways (bactersocin} (no cleavage site), secretory (released)
(with cleavage sita}),
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Table 1| Proteins identified according their predicted subcellular location.

Predicted localization Cytosaol EMF MSF BEF Extracellular  Combined — Theorebical proteome  Coverage
Intraceliular 1446 amn 52 584 767 1.51 2797 54 0%
Integral mambrane Q4 251 287 2 T8 &1 832 43.4%
Membsane associated 122 155 28 47 75 187 343 54.55%
Sacreted 26 3z 3 T K| 83 133 62.4%
All prateing 1,688 B49 EF ] &40 a3l a4z 4,105 52.2%

Migrrdie of proteiny. seniified bor every proteormic sublesction ansbysed and assgned (o (heir theovetical [predicted) eskraton. The
precdieled lncalzatun compansd with the Heoretes palsome

tekiinctions combined lor 8 o

peptides, which represents 52.2% of the entire predicted proteomse
(Table 1; Supplementary Data 1), We were able to assign 552 proteins
solely found in the cytosolic fraction (Fig. 1), while 344 proteins were
exclusively found to be associated with or completely inserted into the
bacterial membrane, Furthermore, 81 proteins were identified only in
the extraceflular space. A substantial number of proteins were found
in multiple subcellular fractions: 509 proteins were found in two, 389
in three and 266 proteins in all subproteomes.

Subfractionation of the bacterial cell extract led to an enrichment
of proteins with varying physical properties and different localiza-
tons, The proteins predicted as intracellular were found mainly in
the cytosolic fraction (Fig. 1), As expected, most integral membrane
proteins were detected by using the membrane enrichment and
the membrane-shaving approach. Membrane-associated proteins
can be found primarily in the membrane-enrichment fraction and
in the cytosolic fraction. The predicted secreted proteins could be
identified 10 the highest extent in the extracellular fraction.

Based on the identification data, we carried out a relative quanti-
fication with the software Census®', This software compares the "N
mass traces of the respective samples with the "N mass traces of
pooled labelled protein extracts used as a standard. Altogether, we
were able 1o obtain quantitative data for 2,048 proteins. The quan-
ttative results for every subfraction are provided in Supplementary
Data 52-56.

Correlation of proteome and transcriptome data. According o
Becher et al.¥, three groups of proteins can be distinguished dur-
ing the time course in cells entering the stationary phase: proteins
no longer synthesized in non-growing cells but still present and
relatively stable, proteins no longer synthesized and diminishing in
amount, prabably as a result of degradation, and proteins enriched
in non-growing cells due to increased synthesis. In non-growing
cells, many proteins are still present and probably (at least partially]
active but no longer synthesized. The most significant advantage of
a global proteomic study s that it yields information on the rela-
Hve protein abundance, whereas transcriptomic studies monitor
mRNA abundances as an indicator of changes in transcriptional
activity and hence are unsuitable for capturing the protein inven-
tory of cells. We combined both approaches and also performed
an array-based transcriptome analysis under the same cultivation
conditions to correlate our data on proteomic abundance with the
corresponding transcriptional gene expression profiles.

Visualization via Voronol treemaps. To support the analysis of our
gene expression data from transcriptome and proteome levels, we
used the functional gene citegorization from KEGG orthology™
and a structured representation of gene regulatory information
derived from Subtiwiki®*. Both schemes classify genes/proteins
in an acyclic multihierarchical tree graph according to their func-
tion or regulation, respectively. For a well-arranged visualization,
we adapted treemaps for an intuitive display of large omics data
sets with their relative expression data and functional/regulatory
classification (Figs 2,3).

rverige demsity B percendage of et fed prodens n gl

Trarscripioms

Figure 2 | KEGG-orthology treemap of growing B. subtilis. (a) Gene
expression of growing B subtilis compared with average expression dusing
the time cowrse in calis entering the stationary phase. (b) Relative protein
amaount determined in cytosolic fraction of growing B subtilis compared with
the average protein amount during the investigated time course. Each cell

in the graph displays a single gene bocus that belongs to other tunctionally
related elements in parent convex-shaped categories. These are again
sumimarided in higher -level categories. Functionally related elements spem in
close neighbourhood to each other, Gene functional data are based on KEGG-
orthology (for example. main level (metabolism)/ st sublevel {carbohydrate
mutabalism)/second sublevel(ghycobysz)), To visunbize differences in
eupression level/ prolein amaount compated with the average level colour
coding was applied as following: blue—decraased level (dec. ), grey—same
bewel as average (avg ), orange—increased level (inc), These ligures are part
of the time course analysis (Supplermentary Movies 51 and 53), moniloring
the changes from exponential growth (o late stationary phase
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Transcrptoms

Figure 3 | Regulon treemap of growing B. subtilis. (a) Gens expression

ol growing B. sublilis compared with average expression during the time
cowrse i cells entoring the stationary phase. (b) Relative protein amount
determined in cytosolic fraction ol frowing B subinis compared with the
pverage protein amount during the mmyestigated time course, Each cell in
the graph displays a single gens locus that belongs 1o ather hierarchically’
structurally related elements in pareni conves-shaped categories: These
are again summarized in higher-level regulatory calegonies. Functionally
related elements seem in close neighbourhood to each other, Treemap
design s based on herarchically strectured regulatory data (black

borders: regulon/thin black borders within the regulons: operon/smallest
celis: gena). + /'~ deplict regulons being induced { +) or repressed (=)
depending on the regulator assigned (o the area. To visualize differences in
expression lovel/protein amount compared with the average level colour
coding was applied as lollowing: bue—decreased level (dec. ), grey—same
level a5 average (avg ), orange—increased level (inc,), These figures are
part of the time course analysts (Supplementary Movies 52 and 54),
monitoring the changes from exponential growth fo late stationary phase

The treemap concept was established by Shneiderman™ and origi-
milly served for the display of hierarchical structured data from software
muoslules or file systems. The visualizatbon is not based on a tree graph
bt on the planar combination of rectangular elements. Balzer and
Deussen™ improved this concept and developed Voronol Treemaps,
which use irregular, convex elements for treemap construction. This
concept is very powerful and allows a visual perception of hicrarchies
that may contain several thousand dements. We adapted this concept™
to link hierarchically structured regulatory (regulon/operon/gene) or
gene functional data (for example, main level (metabolism )/first sublevel
{carbohydrate metabolism/second sublevel/(glycolysis)) within Voronod

4

treemaps with data from gene expression measurements, Our treemaps
combine arcas representing functionally related elements in parent con-
vex-shaped categories, which again become summarized in higher-level
categories. After treemap constrsction and optimization, functionally
related elements seem in chose neighbourhood 1o each other.

Expression data were visualized in the treemaps using a colour
gradient: For illustration of protein expression level, colours of the
range blue (lower than average) grey (equal to average) and orange
{higher than average) were applied to Voronoi cells (Figs 2,3}

Most prominent examples of negative changes in protein amount
belong 1o the nucleotide metabolism, the translational machinery
and the biosynthesis of amino acids, as can be deduced from the
Supplementary movie 51 illustrating the proteomic cytosolic frac-
tion. Proteins related to the degradation of amine acids and to the
metabolism of carbohydrates increase in amount,

The Supplementary movie 52 displays the alteration of protein
amounts with a treemap based on the transcriptional regulatory
units. Regulons with many genes marking the céssation of exponen-
tial growth and the transition towards the stationary phase caused
by plucose starvation are: the stringent contral (consisting mostly of
ribosormal proteins), PurR, Fur, FadR, SigL and CepA.

For a comparison and a comprehensive representation of proc-
esses taking place in the starving cell, the same visualization by Voro-
noi treemaps is provided for the transcriptome data in Supplementary
Mowies 53 and 54.

In-depth analysis of changes on proteome/transcriptome level. In
addition to the general overview on processes in the cell as provided
by Voronoi treemaps, it is possible to monitor biological processes
on the proteome level through in-depth analysis of the data, To fol-
Jow the relative change in abundance throughout the complete time
course for a specific protein, data for each protein were normalized
to the first time point. The quantitative data were subjected to a
significance analysis over the time course using analysis of variance.
About a quarter of all identified proteins could be assigned 1o be
significantly (P-value<0.01) altered in amount {Supplementary
data 52-56).

As expected’, most obvious changes occurred for proteins of the
carbohydrate metabolism: the key enzymes for gluconcogenesis,
Gaph and PckA, strongly increase in amount, whereas glvcalytic
eneymes of the glycolysis remain relatively unaffected. Enzymes of
the tricarboxylic acid cvcle (TCA) increase more than twofold in
protein amount (Fig. 4).

The proteomic profiles of several biosynthetic enzymes suggest
that they undergo targeted degradation: besides the already known
protease substrates™, the data reveal PyrB, ParE, ArgG, Argl, LeuA,
Sat and DhbC as new substrate candidates, according to the steeper
slopes of decrease in protein amount compared with other members
of functionally related biosynthetic pathways (Fig. 5). The decrease
in protein amount is in agreement with the decrease at the tran-
script level.

The analysis of soluble proteins of the major metabolic pathways
is well established and a wealth of information is known on B, subrilis
coping with nutrient stresses. On the contrary, the membrane pro-
teome covering the interface of the cell to the environment has been
underrepresented in proteomic studies for a long time. For a broad
understanding of processes in the model organism B. subrilis, this
subgroup was included in the present study,

Proteins involved in glycerol, ribose, lactate, nucleoside, succinate
and fumuarate uptake and zinc uptake exhibit an increased amount
in the stationary phase. Conversely, a decrease was found for trans-
porters of malate, Fe'* citrate, Fe'* hydroxamate, hydroxymethyl-
thiamin (HMP)/thiamine transport and unknown substrates. ABC
transporter systems found to be increasing in protein amount are
specific for glutamate (GlnH/GInG), arginine ( RocC, RocE) and for
oligopeptides (YhiB, dpp and app operons).
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Figure 4 | Quantitative changes in proteins of the central carbon
matabolism. (a} Graphical representation of the central carbon
metabaliem. The main metabolic mtermediates are Halcized, (b) Change
of protein amaunt Tor ghycolytic enrymes. (€) Change of probain amount
for gluconeogenic key enzymes. (d) Change of protein amount for TCA,
enzymes. Error bars indicate 5.d. of the biokogical replicates (n=3)

Discussion

The major focus of this work is directed towards a global view on the
pricesses on the proteome level in B subtilis cells faced with glucose
starvation. The combination of metabolic labelling with the exist-
ing toolbox of methods to access different proteomic subfractions
opens up the possibility for systems-wide studies, previously only
possible at the transcriptome level,

Consequently, the analysis of 2,142 proteins regarding their
dynamic change during a biological important process—the shift
from growing to non-growing state—in a single study is a great
step forward compared with previous studies of B subriiz, such
s Hahne of al", as reviewed by Walff ef al” or as comprehensive
studies most recently published by Soufi ef al ™ However, it has 1
be considered that gene products of lowly expressed genes are still
underrepresented in our study (Fig. 6).

Diespite our extensive fractionation scheme before mass spectro-
metric measurement, numerous proteins were additionally identi-
fied in other than the predicied subcellular fraction (Table 1), For
eytosolic proteins this can be explained by cell lysis after transition
to the stationary phase and the still existing potential for improve-
ment regarding the fractionation. In addition, overrepresentation of
anticipated cytosolic proteins throughout the whole analysis may be
explained by their increased analytical accessibility in our GeLC-MS
approach and the high proportion of cytosolic proteins in the most
abundantly transcribed growps. Furthermore, after imposition of
starvation, cytosolic ‘unemploved” proteins are prone to aggregation
and degradation™ ", Proteins without substrates can form insoluble
aggregates in the cell, which are spun down via ultracentrifugation

Figure 5 | Changes in protein amount for proteins of selected
biosynthetic pathways. (a) Members of the puring biosynthetic pathway
(PurR; PurB; Purk; PorM; Purb®; PurbcPurD®; Porl®; PurQy®; PurC®; Purf®)
(b} Mermbers of the pyrimidine blovmihetic pathway (Pyrkl Pyre: PyrC”;
PyrF Pyr ALY, PyrD; PyrAB; PyrB). (¢} Members of the arginine biosynthetic
pathway (ArgC: ArgDy; ArgF*; ArgH* Argl: CarB; ArgG®; Argl”), (d)
Members of the leucing/isoleucine biosynthetic pathway (LeuC; Leudy;
P LewB®;IB*; VM LeuA ), (o) Members of the cysteine woaynthetic
pathway (Y4B, YegQ: CysH, YvgR CysC; Sat* ). (f) Members of {he
bacillibactin bicsynthetic pathway (DhbA®,DhbB"; DbE*; DhbF*, DhBC*),
Lo, ratios are corrected for the first time point. Asterisks indicate proteins
that are significantly sitered as determined by analysis of variance
{P-value < 0.00), Error bars indicate 5.4, of the biological replicates (n=3)
Grey shading: area of maximal s.d.s. Red: centroid of all proteins displayed,
Blue: possible protease targets,

after cell disruption in our preparation process, as was also observed
by Hahne ef al." (Supplementary Figs 52-54),

In general, enrichment of proteins of a specific localization has
worked out well. Proteins belonging to a predicted subcellular loca-
tion were found 1o the most extent in the corresponding subfraction
of our workflow (Fig. 1b). A total of 1,511 cytosolic proteins were
identificd resulting in a considerable coverage of the 2,797 cytosolic
proteins. The large set of guantitative data obtained for the cytosolic
proteins enables a display with Voronod treemaps, representing the
main metabolic functional clusters in a single, intuitionally acces-
sible graph. This avoids inherent shortfalls of shotgun proteomics
yielding only tables with numerical values or representations; for
example, by heatmaps lacking functional relatedness in visualiza-
tion, Bath erthology-based and regulon-based Voronoi treemaps
consistently display changes on two complementary and physiologi-
cally meaningful levels of physiological regulation (Figs 2 and 3).

MNecessary physiological regulation at the transition from expo-
nential growth to the late stationary phase implics marked changes
at the transcript and proteome level. Concomitant sampling of large-
scale proteomics and transcriptomics data opens up the possibility
for comparing both on a global scale, As expected, a correlation

M | | RO 10 M3 rcormirm THET | wearsr nature comynaturecomeumic ationn 5
© 2010 Macmillan Publishers Limited. All rights resarved.

199



Systems- wide temporal proteomic profiling in glucose-starved Bacillus subtilis

ARTICLE

1.0

Mumber of ditfererd mAkAs
£

"3 a3 30%% 38

$P LIS I LI LIS
Array Bignal imlensity

Figure & | Comparison of identified proteins depending on the maximum
transcript intensities. The transcripts are binned according to thelr
maximum array skgnal intensity over the whaole time course. The number of
genes belonging to the respective resembling group of transcript intensity
Is indicated in the bar charl in blue. Displayed in red is the proportion ol
transcripts with accordingly identified translation products (proteins),

The proteomsc coverage of highly expressed genes is >90%, whereas for
lowly expressed genes the coverage is significantly lower, as displayed with
the circles on the y axts on the right shie.

analysis of the two levels of regulation according to Fournier et al™
shows faster changes at the transcript level and a delayed cellular
reaction on the proteome level (Supplementary Fig. 55).,

The temporal offset of carly mRNA and later protein changes
could be related 1o the immediate cellular response on the transcript
level and the time needed to accumulate the translated proteins,
Accumulated proteins will then remain longer at their cellular local-
iration contrary to their corresponding short-lived transeripts. The
same situation holds true for mRNA/protein degradation: immedi-
ate responses towards decreased levels of mRNA are followed by
slower degradation or even persistence of the protein species.

The data obtained in this study reflect how glucose-starved cells
modulate the metabolism by synthesis of new metabaolic activity,
degradation of specific components under starvation conditions
and search for alternative nutrients. As a direct consequence of
glucose depletion, the cells switch from glycolytic to gluconeogenic
metabolism. This is based on the existing glycolytic pathway and
additionally requires new enzymatic activity of glycerine aldehyde-
3-phosphate-dehydrogenase (GapB) and phosphoenolpyrovate car-
boxykinase (PekA )™ (Fig. 4¢) Due to the importance of the TCA in
stationary phase metabolism for energy generation, proteins of the
TCA are induced significantly”. Regulation of expression of genes
for the TCA in 8 subrilis is complex™". Based on the proteomic
data, regulation of the enzymes is in agreement with the knowledge
so far’. Altogether, information about changes on proteome and
transcriptome level for the main carbohydrate metabolism agree
with already published data, underpinning the reliability of the data
generated in the present work.

Upon transition to the stationary phase, extensive reprogramming
of gene expression takes place’, shutting down gene expression needed
for exponential growth, including amino-acid biosynthesis, purine
amd pyrimidine synthesis and the translational machinery (Supple-
mentary movie 53}, Confirming the findings of Eymann ef al™ and as
displayed in Supplementary movie 54, genes of the stringent response
are immediately downregulated by nutrient starvation. Ribosomal

=100 =50 o & 120 s
Thma in min

Figure 7 | Change of protein amount for ribosomal proteins from the
cytosolic fracthon. Relative quantitative changes for proteins belonging to
thi ribosome (¥piD; Rpsl; RpsO; Rpsl®; RpmB; RpsP;"RpsD; Rpsl; RpsH;
RpdDy: RpshA®; Rpl@®; RpsE®; RpsF*; Rpsh; RpsS: RpsG*; RpsT*; RplC*; RpmaA;
RpiL"; RplR*; RplQ*; RpsQ®; RpdE"; RpIK; RpsB; Rpmi: Rpd5*; RplF; Rpdl; Rpld
RplW*; Rpsk®; RptA®; RpdP*; RphD°; RpsC: RplV™; RpldT=; Rpll®; RplN*; RplL";
RplM* ). Log, ratics are corrected for the lirst time point. Asterisks indicate
proteins that are significantly altered as determined by analysis of varnance
{P-walue<0.01). Error bars indicate s.d. of the biological replicates {n=3)
Grey shading: area of maximal s.ds. Red: centroid of all proteins displayed.

proteins as part of the negative stringent response regulon decrease
markedly in protein amount (Fig. 7), leading to a reduction <70%
of the original amount of the ribosemal machinery inside the cell 2h
after nutrient depletion. The ribosomes contain a substantial fraction
of intracellular protein content™, and consequently the degradation
and recyeling of amino achds represent a source of nutrients in times
of starvation,

As growth ceases, biosynthesis of amino acids is no longer
needed. Besides the downregulation of biosynthetic genes, the
protein amount of a large fraction of enzymes decreases. In con-
cordance with transcriptomic data, enhanced degradation is seen
for key enzymes of biosynthetic pathways. Noticeably, degradation
rates for enzymes catalysing the first committed steps of biosyn-
thetic pathways were higher than those of other constituents of
the respective pathways (Fig. 5). While such elevated protease-
dependent degradation has been reported previously for PurF and
PyrB™, our large-scale study adds new potential substrates for spe-
cific degradation (ArgG, Argl, LenA, Sat and DhbC) that remain
to be further investigated in future studies,

The general stress response mediated by the alternative RNA
polymerase sigma factor Sigh provides the B sebtilis cell with mul-
tiple stress resistance strategies in anticipation of future stresses,
The entire Sigh regulon is induced directly after the transition to the
starvation phase (Supplementary Movie 54). Changes on transcript
level for the sigh regulon are only reflected by six SigB-dependent
general stress proteins on protein level. Besides the general stress
marker proteins Yvyv[) and GsiB, the proteases ClpC and ClpP
increase in protein amount at the later time points 60 and 120 min
after the transition. This is in good correlation with the increased
protein aggregation and retrieval of aggregated cytosolic proteins in
the EMF (Supplementary Figs 82-54),

Previous work revealed that a substantial number of membrane
proteins is affected by amino-acid depletion or glucose downshift
in the membrane of B subtifis*. Indeed, we could detect major
changes in the membrane proteome, so far only described in tran-
seriptomic studies,

Amaong the transporters that were diminished in protein amount,
the major iron uptake systems revealed highly congruent changes
(sec Supplementary Fig. 56). The marked decrease imposed on the

TN | o | DO WU H0RE mcommal 137 | weww nalure comy/naturecommunicatlona

B 2010 Macmillan Publishars Limited, All rights resarved.

200



Systems- wide temporal proteomic profiling in glucose-starved Bacillus subtilis

Fur® regulon suggests non-iron-limiting conditions. it remains 1o
be elucidated if this is caused by the decreased biosynthetic activ-
ity of the cell compared with exponential growth. Remarkably, this
notion is in accordance with data obtained for the closely related
Staphylococeus aureus™,

The largest group of induced transporter systems belongs 1o the
CepA regulon that is derepressed on cessation of growth due to the
glucose downshift. The Supplementary movies 54 and 52 of the regu-
lom-based Voronot gives an impression of the complexity of
derepression andfor substrate induction of CopA-controlled operons
and exemplifies changes of transporter prodeins, Operons within the
CopA regulon are turned on in a sequential manner, resulting in a time-
dependent insertion of new transporter profeins into the membrane
{ for details see Supplementary Figs 57-514). Accordingly, most operons
for catabolism of alternative carbon sources are under the transcrip-
tional control of multiple layers of a regulating network that allows for
fine-tuning by tenyporal dependence and strict order of preference.

The high slopes of increase in protein amount result from the
absence of most of the transporter proteins in the exponential
growth phase. Taking the normalized spectral abundance factors
(MNSAFs) for these proteins into account, the final concentration of
the respective proteins seems to be low in comparison with other
transporters identified in the MSF (illustrated in Supplementary
Fig. 515). It becomes clear that B subtilis deploys new transport
capacities for alternative carbon and energy sources at the onset of
stationary phase, following glucose depletion to allow sensing and
utilization of new nutrients.

Interestingly, determination of extracellular metabolites reveals
that most of the substrates of the newly installed transporter sys-
tems are absent or at least not detectable in our study (Supple-
mentary Fig. S1). A particular example is the induction of the
citrate transporter CIM Y. In contrast 1o the two other homologous
uptake systems for different C4 TCA cycle intermediates, Detp®
and MaeA™, no substrate is present in the medium during the
entire cultivation and therefore substrate induction of CitM is not
likely to take place. On the contrary, the malate transporter MaeA
decreases in protein amount as a consequence of malate exhas-
tion in the growth medivm. Furthermore, DetP increases markedly
in amount in the stationary phase as its substrates, succinate and
fumarate, accumilate in the medium during cultivation and are
used as nutrients and building blocks in the starved cell. It remains
to be elucidated if the substrates found in the growth medium cause
antitermination/induction (degradation products of lysed bacteria
or exported metabolites) or if an increase in protein amount is a
consequence solely of derepression of the CepA-mediated carbon
catabalite repression.

Similar to the temporal derepression of CepA-dependent oper-
ons, parts of the Spo0A regulon were induced for a short time ot
the beginning of the stationary phase (Supplementary movie 53).
Low-threshold induction of Spo0A genes leads to expression of the
cannibalism operons skf and sdp (Supplementary Fig. S16)*", The
transient expression of genes and accumulation of these two sys-
tems—encoding among others, proteins being located at the cell
membrane—to either protect the cell and to enhance/generate nutri-
ent availability adds another important aspect of glucose starvation,

Taken together, this work is the first global study that monitors
time-dependent changes of integral membrane proteins of B, subfilis
Changes in the transport systems of the bacterial cell encountering
limited nutrient availability are crucial switches for the adaplation
of metabalic pathways and consequently for survival. Despite the
shiort time of derepressionf/induction of the CepA-regulated genes,
it could be shown that new sets of nutrient uptake systems are
inserted into the membrane, Preventive or substrate-induced provi-
sion of additional transporter specificity seems to be a major event
after the onset of stationary phase following nutrient depletion in
B. subrilis,
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To summearize, this work represents the first comprehensive study
on concomitant transcriptome and large-scale proteome dynamics
ta be followed over five time paoints for B. subtilis coping with physi-
ological perturbations. We monitored tempaoral and spatial changes
on the proteome level covering all subcellular localizations in our
global approach on glucose-starved B, sulbtilis to an unparalleled
extent, So far, the analysis of soluble proteins of the major metabolic
pathways has been well established and a wealth of information is
known on B, subtilis coping with nutrient stresses,

We were able to add qualitative and quantitative information
gathered on the proteome level for the membrane proteome cover-
ing the interface of the cell to the environment that was underrep-
resented in proteomic studies for a long time. In this regard, time
dependent insertion of additional substrate transporters into the
membrane after glucose starvation could be shown,

The combination of subfractionation techniques with state-of-
the-art metabolic labelling and highly accurate mass spectrometry
allows a more comprehensive overview of highly dvnamic temporal
and spatial processes in the model organism 8 subilis than was pos-
sible before. Most importantly, by concurrent sampling of large-scale
proteomic and transcriptomic data, it was possible to reveal rapid
alterations at the transcript level reflected at a slower rate of the pro-
teome level, introducing new functionalities needed in stationary
phase and degrading specific enzymes in biosynthetic pathways.

Classification of proteins according to changes or stability was
carried out and the implications for different physiological situations
were shown. Eluckdation of protein stability of specific pathways and
the underlying mechanism seem to be one of the most promising
topics to follow-up. It could be shown that degradative processes
involve different subcellular locations that should be involved in
future studies on targeted degradation in B, subiilis and its relatives.

Systems-wide quantitative proteomic studies are valuable tools
ta display the actual situation of the “players of life, the proteins, in
o biological sample, We assume that due to the experimental setup
and the used strain that is widely spread among the Bacillus com-
munity, this work with its spectral and raw data available in open
repositories will be the base for future targeted approaches in the
Bacillus community and beyond.

Methods

Bacterial growth and metabolic labelling. B sbvils wild-type strain 168 (rpc2) =
wan acrobically at 37 "C in a synthetic minimal medium® supplemented with
elthet |5N-ammoniam sidphatel | 53--teyplophan (00078 mbd, 98 abom % cuocss,
Cambridge lstope Laboratories) or "N -ammoniom sulphate znd "N-1-tryp-
tophad. Glocose and L-malkate were added 1o a fnal concemrmathon of 005% each o
Indisee glacose starvation sfier growth wan 0D, of 10, Cells were callected by
centrifugation at different time points along the growth curve {expanential growth,
tramsithon phase, tramsition phase + 30, +&0and « 120min ). Relative quantification
Tased om mistabilic kabelling of cell extracs was carried oul as published by MacCons
el al ™ "N labedled cells were prepared in triplicate to obtain three biclogicd

replicates (m=31,

Preparation of mived metabolically labelled cell extracts. The washed cells were
disrupted mechanically in a French press (Simaminco S1M ) and the cell debris was
remnoved via centrifugation {14000 at 4% for 20mii),

Subsequently, the protein concentration of the wnlabelled "N -samples and the
pocled "N -samples was determined. The same peotein amount of the 'N-unbibelled
anal labsellexd "N- pooled protein extracts were mised 1o olsain o metsholically labelod
cefl extract for further fractionation procedures.

Fractionation of metabolically labelled cell extracts. Membrane proteins were
enriched acoording 1o the protocol puldished in Eymann o ol leaving out the
estracthon of proteins by n-dodecyl-[-p-malioside treatment. In briel, sedinsended
oell membranes are subjected to 1 ultracentrifugation/ washing steps.
Including washing of the pellets with high-sali and carbonste buifer resulting in
the EMF thas is depleted of cytosplic proteins. The cytosolic fraction represents the
supernatant after the first altracentrifugation step in the membrane-entichmeny
ool
m‘l}w preparation of the imtegral membrane peptides is described by Walf et al ™
Brieily, the bacterial mermbrane is span down via ultracentrifugation, subpected 1o a
carbonate washing step and digested with Prodeingsek in weea to deplete all soluble

M5 | e | OOk V3038 necrmena 3T | wwwt nafure comynalunecomemanicalions 7
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loops from the membrane, Transmembrame domaeios resting in the cell membrane
are sibsequently digesied with Clymotrypsin in a buffer containing a deterngent
(RapiCiess, Waters Corparation) suitable in mass spectrometry-based workdlaws,
resulting in the MSE,

Preparation of extracellular protelns. To analyse the extracelbular praleame,
proteins in the cell mediam were acid precipitated according te Antelmann of ol
In brief, proteins in the supernatant were precipitasted on ice over night by sdding
109 TCA s the sipertatant that resulted from cell gathering. The precipitate was
washed tharoughly with ethanal and the resulling protein pellet was dissolved

i wrea/thiures, After determination of proteln concentration and poaling of ihe
"N-labelled exiracellulsr probeims, equal protein amounts of the "N-samples and
M- pooled samples were mized b obtain the mctabolically labelled extracelbilar
fraction.

Praparation of proteins samplos. The blotinylstion

and enrlchment of surface proteins were performed following the
protood published by Hempel of al® In brief, labelled ("N} and unlshelled ("5}
cells were callooted by cemtrifugation and subsequently bhotinylabed by Salpho-NHS-
R5-Hiotin on lce. Alter g ol the reaction and cells were mived
before cefl Iysis o obtain the metabalically labefled extract afier the fodlowing cell
disruption. Rlotimydated proteiny were afiniry purified with BewtrAvidin agarse.
Elutbon of the purified and washed biotintysted proteing was carried out by adding
reductive SD5 sample hudfer,

Sample preparation and protecmics maasuromaent. Freparation of proboin
fractions and explamation of the workflow leading to mass spectmmetric results
s described in more detail in the Supplementary Methods. In brief, samples that
were analysed by the GelC-MS workflow {EMFE, cytosolic fraction, extracellular
raxtion, BEF) were (ractbonated by 10 5006 Gel electrophoresss followed by tryptic
digestion, as described in Dreishach of al * The membrane-shaving (MSF) samples
were prepared acoording to Wolll af ol " The tryptic-digested priteins wene sib-
fected 10 & reversed phase C18 (dmu&mmwhrumnd o i nanoAC-
QUITY-UPLL { Waters Corporation). Peplides were fint ¢ § and desaled
on & irspping cobumn. Mass spectromsetry {M5) and MS/MS data were acquired
with an enline coupled LTO-Orbitrap mass spectmmeter (Thermao Fisher ). The
digests resulting from the membrane-shaving fraction were subjected to reversed
phase C18 colomn chromatography operated on o neno SACCOUTTY-LPLE (Waters
Carporation) with a ene colimn setup online couphed with an ETO-Ovrbitrap nas
spectrometer { Thermo Fisher).

Subsrquent o sample preparation. samples were subjected o LE-MS/MS
analysis as described in Supplemeniary Methosda

All mass wpectrometry raw data are deposited into the PRIDE dstabase with
scvession numbers of 111821 1458 (hatpefwww, el ac ubfprided).

Data analysls. The " dia files cxtractod from *.raw Kles wsing BioworksBrowser
A1 5P (Therm Fisher Scimtific) with no charge state deconvalution and deiso-
toping performed on the duty were searched with SEQUEST version v (rev. 12
(Thermo Faber Scientific) sgainn o B andislis varget-decoy protein soquence
database (complete proteame set of B by extracted from UniprotkD scbease
12.7 {UniPros Consortium, Nucic acids research 2007, 15, DI95-197) with 2 set of
common lshoraiory contaménants) compibed winh BoworksBrowser, The scarches
were performed in two iterations: First, for the Gel.C- M5 analyses the following
wesrch paramelers wml.utd.nrrru:trpe I!q.]'ll.lrliﬁ&l' peplhk biderance, 1
m olerance for b, 1 e b- anil y-bon sevies vaniable modifica-
b, methionine (1599 Da); @ maximem of three modificstions per peptide wai
llowed, For the membrane shaving approsch, the following search parameters
were appliel: enryme type. nong; peptide wlerance, 10ppom.: tolerance for frag:
imend o, | amo b and yelon series: an onddation of methionine {1599 Da) and
a carbooysmidomethylation (3702 Da) of cysteine were comidered as variable
usodifications with a maximum of three modifications per peptide. In the second
iteratian, the mais shifl of all amino acuds completely labelled with "N-nitrogen
wank takion inlo account in the search parsmeters.

Fesubting * dta and *.out Bles were assembled and filbered aiing DTASelect
fverslan L0U25) [ parsmeters Gel C-MS: -y 2 -¢ 2 -C 4 -<here —decoy Reverse_ -p 2
A 2=t =G 2 -0 613 - fp 1L005; parameters membrane shaving: --nostats -1 1.9 -2
223NN -4 37510299 <a fulse -p | -y 0 -d 01 1 2 u ~herel, The protein false-
poitive rate was calculsied for cach analysis sccording b Peng of L™

Data analysis relative quantification. The workflow for relative quantification
was carrhed out sccanding to MacCoss of all™ The cured search results served as the
base for the lunher analysis waing the softwane Cenaas™ o obtain quantiiative data
ol "M-peaks (sample) and "N peaka (pooled reference™). The soffwarne extracts the
respective mass traces of the o knfopologues within a defined scan mnge centred
annuid the fraginent scan, leading bo successful identification of the respective
peptide. The ratho af the peak imtensithes is sibsequently calculated for all everview
scans contained in the chosen peak bounidaries. Peptide ratios and conshined
peotetn ratkos ane Amally exported (B -values > 0.7 and only unigue peptides:
preteins failing bo be relatively quantified nmduchdmu:lly in the graphical

8 WA THIRS
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wser interisce for on'off proteing). Protein relatively quantified with at least iwo
poptides were taken imto account for the subsequent analysis.

All quantificathon results of a complete GeLC-MS run were median centred
aral ratbos wee bog, - tramfiormed and averaged over the biological replicates. Time
couniree data for cach protein were adpisted 1o the first Hme poist as reference point;
I wilhusish infvrmation for the first fime point were not faken
into sccoant for & detailed discussion,

Far a more detalbed description on dats analysis including combination of
quantification resubts, pormalization and anabysis of variance, see
Methods.

Normalized spectral abundance factors. To evtimate the relative proportion of
tramspumrier prodeins within the MSE the NSAFs were calculated fior these proteins
sccording to Fybailoy ef al ™ In Arief, the MSAF for o protein i the number of
spectral courts {SpC; the total pember of MEMS specira sccoamting for this
specific protegi) divided by the length L of the protein and divided by the sium of
Spil for all proteins in the profenmic experiment. The NSAF is a measare for the
relative ponthon of & protein in a profeomic enalysts and proponional e the protein
amenint in the samyjhe.

Prediction of protein localization. I'redictions of protein locabizstion in the cell
were assigned ucconding o the Locaiel® algorithm™.

Voronol treemaps. Alporithms for treemap calculations have been established in
IAVA L6 by using the cormespoading JDK snd have been formery described in detail™,

Extracellular matabolite sampling and maeasuromant by 'H-NMR. [cteation
and determination of concentrations for extracellular metabolites is described in
detail in Sapplementary Methods.

'l'mumnﬂrlh Generathon of tramscriptome data b described bn detail
methods. The complete data st is accessible through GEO Series
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