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Abstract
Microbial cell factories have been largely exploited for the controlled production of
recombinant proteins, including industrial enzymes and biopharmaceuticals. The advent of
high-throughput ‘-omics’ techniques have boosted the design of these production systems due
to their valuable contribution to the field of systems metabolic engineering, a discipline
integrating metabolic engineering with systems and synthetic biology. In order to thrive, the
field of systems metabolic engineering needs absolute proteomics data to be generated, as
proteins are the central players in the complex metabolic and adaptational networks. Due to
advent of mass spectrometry-based proteomics, a substantial amount of absolute proteomic
data became available in the past decade. However, membrane proteins remained inaccessible
to these efforts.
Nonetheless, comparative studies targeting the membrane proteome have been quite
successful in characterizing physiological processes. Hence, label-free proteomics was used in
a study (Quesada-Ganuza et al, 2019 – Article I) to identify and optimize PrsA in Bacillus
subtilis, for improved yield of amylase. Amylase is one of the most relevant enzymes in the
biotechnological sector. By employing a label-free mass spectrometry approach targeting the
membrane proteome of this bacterium, relative changes in heterologous and native levels of
PrsA could be quantified. The results of this study evidenced that each PrsA shows different
relative abundancies, but with no relevant impact in the yield of amylase.
Even though relative protein quantification can already provide a good visualization of the
physiological changes occurring between different conditions, they are not sufficient to
understand how resources are allocated in the cell under certain physiological conditions.
Therefore, a global method for absolute membrane protein quantification remains the biggest
requirement for systems metabolic engineering.
Hence, with this work, we successfully developed a mass spectrometry-based approach
enabling the absolute quantification of membrane proteins (Antelo-Varela et al, 2019 – Article
II). This study was also performed in the Gram-positive model organism Bacillus subtilis,
regarded as a prolific microbial cell factory. The method developed in this work combines the
comprehensiveness of shotgun proteomics with the sensitivity and accuracy of targeted mass
spectrometry. Fundamental to the method is that it relies on the application of a correction and
an enrichment factor to calibrate absolute membrane protein abundances derived from shotgun
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mass spectrometry. This has permitted, for the first time reported, the calculation of absolute
membrane protein abundances in a living organism.
The newly developed approach enabled to accurately quantify ~40% of the predicted
proteome of this bacterium, offering a clear visualization of the physiological rearrangements
occurring upon the onset of osmotic stress. In addition, this work also provides evidence for
new membrane protein stoichiometries.
Overall, this study enabled the development of a straightforward methodology long-needed
in the scientific and biotechnological community and, for the first time reported, providing
absolute abundances of one of the most puzzling fractions of the cell – the membrane proteome.
The next step of the work summarized here was to implement the afore described method
to a biotechnological relevant strain, as absolute membrane protein abundances are essential to
understand the fundamental principles of protein secretion and production stress. Hence, this
work was applied in a genome-reduced B. subtilis strain, ‘midiBacillus’, expressing the major
staphylococcal antigen IsaA (Antelo-Varela et al, submitted – Article III). The employed
absolute membrane protein quantification methodology enabled the analysis of physiological
rearrangements occurring upon the induction of heterologous protein production. This work
showed that, even though IsaA was successfully secreted into the growth medium, one of the
main requirements for the biotechnological sector, it was still partly accumulated in the cell
membrane of this bacterium. This led to an exacerbated physiological response where
membrane proteins involved in the management of secretion stress were activated. In addition,
this study also showed that a rearrangement of the cell’s translocation machinery occurs upon
induction of production, where a ‘game’ of in- and decrease of transporters takes place.
Anticipating the impact of genetic and environmental insults, such as the ones caused by
production stress, is essential for the field of systems metabolic engineering. Thus, the highly
accurate and comprehensive dataset generated during this work can be implemented in
predictive mathematical models, thereby contributing in the rational design of next-generation
secretion systems.
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Zusammenfassung
Mikrobielle

Zellfabriken

wurden

weitgehend

für

die

kontrollierte

Produktion

rekombinanter Proteine genutzt, einschließlich industrieller Enzyme und Biopharmazeutika.
Das

Aufkommen

von

Hochdurchsatz-"Omics"-Techniken

hat

das

Design

dieser

Produktionssysteme aufgrund ihres wertvollen Beitrags zum Bereich der System-MetabolicEngineering, einer Disziplin, die das Metabolic-Engineering mit Systembiologie und
synthetischer Biologie verbindet, gefördert. Damit der Bereich System-Metabolic-Engineering
florieren kann, müssen absolute Proteomicsdaten generiert werden, da Proteine die zentralen
Akteure in den komplexen Stoffwechsel- und Anpassungsnetzwerken sind. Aufgrund des
Aufkommens der massenspektrometrie-basierten Proteomik wurde in den letzten zehn Jahren
eine beträchtliche Menge an absoluten Proteomdaten verfügbar. Membranproteine blieben für
diese Bemühungen jedoch weiterhin kaum zugänglich.
Nichtsdestotrotz waren vergleichende Studien, die auf das Membranproteom abzielten, bei
der Charakterisierung physiologischer Prozesse recht erfolgreich. Daher wurde in einer Studie
(Quesada-Ganuza et al., 2019 - Artikel I) die markierungsfreie Proteomanalyse verwendet, um
PrsA in Bacillus subtilis zu identifizieren und zu optimieren, mit dem Ziel die Ausbeute an
Amylase zu verbessern. Amylase ist eines der relevantesten Enzyme im biotechnologische
Sektor. Durch Verwendung eines markierungsfreien Massenspektrometrie-Ansatzes, der auf
das Membranproteom dieses Bakteriums abzielt, konnten relative Änderungen der heterologen
und nativen PrsA-Spiegel quantifiziert werden. Die Ergebnisse dieser Studie zeigten, dass jedes
PrsA unterschiedliche relative Häufigkeiten aufweist, jedoch keine relevanten Auswirkungen
auf die Ausbeute an Amylase hat.
Obwohl die relative Proteinquantifizierung bereits eine gute Darstellung der
physiologischen Veränderungen, die zwischen verschiedenen Zuständen auftreten, liefern
kann, reichen sie nicht aus, um zu verstehen, wie Ressourcen unter bestimmten
physiologischen Bedingungen in der Zelle zugewiesen werden. Daher bleibt eine globale
Methode zur absoluten Quantifizierung von Membranproteinen nach wie vor die größte
Herausforderung für das System-Metabolic-Engineering.
In dieser Arbeit wurde erfolgreich ein massenspektrometrischer Ansatz entwickelt, der die
absolute Quantifizierung von Membranproteinen ermöglicht (Antelo-Varela et al., 2019 Artikel II). Diese Studie wurde ebenfalls am grampositiven Modellorganismus Bacillus subtilis
durchgeführt, der als eine produktive mikrobielle Zellfabrik angesehen wird. Die in dieser
9

Arbeit entwickelte Methode kombiniert die Vollständigkeit der Shotgun-Proteomik mit der
Empfindlichkeit und Genauigkeit der gezielten Massenspektrometrie. Grundlegend für das
Verfahren ist, dass es auf der Anwendung eines Korrektur- und eines Anreicherungsfaktors
beruht, um absolute Membranproteinhäufigkeiten zu kalibrieren, die aus der ShotgunMassenspektrometrie stammen. Dies ermöglichte erstmals die Berechnung der absoluten
Membranproteinhäufigkeit in einem lebenden Organismus.
Der neu entwickelte Ansatz ermöglichte die genaue Quantifizierung von ~ 40% des
vorhergesagten Proteoms dieses Bakteriums und ermöglichte die klare Darstellung der
physiologischen Anpassungen, die beim Einsetzen von osmotischem Stress auftreten. Darüber
hinaus liefert diese Arbeit Hinweise auf neue Membranproteinstöchiometrien.
Insgesamt ermöglichte diese Studie die Entwicklung einer einfachen Methodik, die in der
wissenschaftlichen und biotechnologischen Gemeinschaft seit langem benötigt wird und
lieferte zum ersten Mal absolute Häufigkeiten einer der rätselhaftesten Fraktionen der Zelle des Membranproteoms.
Der nächste Schritt der hier zusammengefassten Arbeit war die Implementierung der oben
beschriebenen Methode bei einem biotechnologisch relevanten Stamm, da die Bestimmung der
absoluten

Membranproteinhäufigkeiten

enorm

hilfreich

für

das

Verständnis

der

Grundprinzipien der Proteinsekretion und des Produktionsstresses sein kann. Diese Methode
wurde in einem genomreduzierten B. subtilis-Stamm, „midiBacillus“, angewendet, der das
Hauptstaphylokokken-Antigen IsaA exprimiert (Antelo-Varela et al., Eingereicht - Artikel III).
Die angewandte Methode zur absoluten Quantifizierung der Membranproteine ermöglichte die
Analyse physiologischer Anpassungen, die nach Induktion der heterologen Proteinproduktion
auftraten. Diese Arbeit zeigte, dass IsaA, obwohl es erfolgreich in das Wachstumsmedium
sezerniert wurde, eine der Hauptanforderungen für den biotechnologischen Sektor, teilweise
noch in der Zellmembran dieses Bakteriums akkumuliert war. Dies führte zu einer verstärkten
physiologischen Reaktion, bei der Proteine aktiviert wurden, die am Management von
Sekretionsstress beteiligt sind. Darüber hinaus zeigt diese Studie auch eine Neuordnung der
Translokationsmaschinerie der Zelle, bei der ein "Spiel" des Ein- und Abbaus von Transportern
stattfindet.
Die Vorhersage der Auswirkungen genetischer und umweltbedingter Belastungen, wie sie
beispielsweise durch Produktionsstress verursacht werden, ist für den Bereich des MetabolicEngineering von wesentlicher Bedeutung. Somit kann der während dieser Arbeit erzeugte
hochgenaue und umfassende Datensatz
10

in

prädiktiven mathematischen Modellen

implementiert werden, wodurch ein Beitrag zum rationalen Design von Sekretionssystemen
der nächsten Generation geleistet wird.
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Abbreviations
B. licheniformis

Bacillus licheniformis

B. subtilis

Bacillus subtilis

C. difficile

Clostridium difficile

E. coli

Escherichia coli

FASP

Filter aided sample preparation

iBAQ

Intensity-based absolute quantification index

LC-MS

Liquid chromatography-mass spectrometry

MS

Mass Spectrometry

NSAF

Normalized Spectral Abundance Factors

S. aureus

Staphylococcus aureus

S-Trap

Suspension Trapping

SRM

Selected reaction monitoring

XIC

Extracted ion chromatogram
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1 Introduction
1.1 Proteomics and its contribution to systems biology
Until very recently, systems-level analysis of organisms was not available, mainly due to
the “amour-impossible” between biology and mathematics. Nonetheless, the successes of highthroughput experimental sciences – gen-, transcript-, proteo- and metabolomics – redirected
the focus from molecules to networks 1, and emphasized the need to restructure the dogmas
until then in place, by shifting scientific approaches from a reductionist angle to a holistic one.
Thereby, the birth and rise of systems biology, a discipline that aims to understand how the
interactions of individual components of a system lead to function 2. There are essential
requirements for a complete systems biology study: i) a thorough characterization of an
organism, including all its constituents, respective interactions, and how it leads to function; ii)
a spatio-temporal characterization of a cell; iii) a detailed systems characterization of how the
cell responds to external and internal perturbations. This information is then integrated into
mathematical predictive models to test hypothesis, unravel new biological mechanisms, and
develop rational approaches for cell control and manipulation 3. These modelling efforts
depend on quantitative data, including those on protein abundances, as proteins represent the
cellular building blocks that directly assert the potential function of genes via molecular
signalling and physical interactions

4

. Mass spectrometry (MS)-based proteomics has

fundamentally reformed the way in which biological systems are questioned, due to its ability
to measure thousands of proteins in parallel, providing concentrations at a given time and
state 5.
Quantitative measurements of protein concentrations, delivered by each day more accurate
MS-based proteomics approaches, represent one of the main contributors for the establishment
of systems biology. Quantitative methods in MS-based proteomics can be divided in two major
groups: a) relative quantitative proteomics and b) absolute quantitative proteomics. In relative
protein quantification studies, the same protein and peptide molecules are compared, thereby
allowing the determination of relative quantitative differences in a quite straightforward
manner. On the other hand, absolute protein quantification opposes a bigger challenge, as
different protein and peptide molecules with different MS ionization efficiencies must be
quantitatively compared within the sample in order to determine absolute concentrations of
individual proteins in this sample 6.
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The availability of such absolute data is essential to integrate the “protein level” in systems
biology approaches, as these kind of studies depend on protein concentrations, rather than fold
changes. Absolute protein abundances enable bioinformatical modelling of physiological
relationships between cell components, as well as deduction of new regulatory pathways,
which are essential to predict the growth behaviour and internal states of cells, one of the
biggest challenges for systems biology. Absolute protein abundances enable the calculation of
stoichiometries in protein complexes, operon structures, and metabolic networks. In addition,
protein concentrations are the main contributors to the development of the concept of resource
allocation, which aims to determine whether environmental resources enable cell growth and
survival.
Availability of absolute protein data comprises one of the main contributors to the rational
design of mathematical models able to anticipate the impact of genetic and environmental
insults, thereby allowing to engineer highly capable biological systems with the desired traits.

1.2 The model organism Bacillus subtilis
A multilevel integration of transcriptomics, proteomics and metabolomics data expression
profiles into a systems biology perspective comprises one of the main keys to understand life.
Microbial model organisms are essential in this regard, due to their low complexity and genetic
amenability.
Bacillus subtilis has been extensively studied over the years and, as a consequence, it is
currently the best-described Gram-positive bacterium 7. Initially investigated due to its simple
developmental programs, it is nowadays best known for its capabilities to produce useful
enzymes, fine biochemicals, and as an attractive host for heterologous protein production. B.
subtilis and some of its close relatives have become widely popular in the biotechnological
sector due to their excellent fermentation capacities, high product yields and absence of toxic
by-products

8–11

. Therefore, B. subtilis is widely considered as a “cell-factory” for industrial

enzymes and biopharmaceuticals 12,13. In addition, the relatively close relationships between B.
subtilis and clinically relevant Gram-positive pathogens (e.g. Staphylococcus aureus and
Clostridium difficile) also indicate that this organism might be a relevant source of information
for the development of potential targets for novel antimicrobials. As heterologous protein
producer, B. subtilis poses an advantage over its Gram-negative “rival” Escherichia coli due
the absence of an outer membrane, thereby enabling protein secretion directly into the growth
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medium. This ability facilitates downstream processing steps, a feature much well appreciated
in the biotechnological sector.
However, like all living organisms, B. subtilis has cellular control systems which, on one
hand ensure its survival, but from a biotechnological perspective, hinder the efficient secretion
of heterologous proteins. Hence, in order to achieve optimal yields of commercially relevant
proteins, it is essential to pinpoint the potential bottlenecks occurring during the protein
production route. One of the major limiting steps happening in this process is set by the cell
membrane, as this fraction encloses a display of proteins responsible for mediating the transport
of secretory proteins 14.
Accordingly, one of the studies presented in this work was dedicated to understand how
different PrsAs – post-translocation molecular chaperone of B. subtilis – impacted the yields
of amylase secretion (Article I). This was achieved by employing a relative label-free protein
quantification strategy targeting the membrane fraction of different B. subtilis strains carrying
heterologous PrsAs. The applied methodology enabled to quantify changes in the amount of
this protein on the cell membrane of this organism.
A variety of approaches have been dedicated to the optimization of this bacterium as a
microbial cell factory. However, there is still great possibility for improvement. One of the
main hindrances for the optimization of B. subtilis as a secretion system relies on the lack of
absolute quantitative data on membrane proteins, the key players during transmembrane
transport processes. Whereas comparative studies are able to offer comprehensive
physiological insights into changes occurring upon environmental fluctuations

15–20

, they do

not contribute the necessary information for systems biology. Instead, in order to unveil protein
regulatory relationships enabling the engineering of highly efficient microbial systems,
absolute proteomic data is required.
Nonetheless, this is not an easy task, due to the intrinsic physicochemical properties of this
subset of proteins, namely their low abundance and high hydrophobicity. Hence, a method that
is able to circumvent these bottlenecks is of the foremost importance, due to the commitment
of membrane proteins in crucial biological processes. In view of that, one of the main purposes
of this thesis was to develop a methodology enabling absolute membrane protein
quantification. The developed method relies on the combination of shotgun and targeted MSbased proteomics strategies to accurately quantify the abundances of membrane proteins. The
method was developed using B. subtilis subjected to osmotic shock as proof of principle
(Article II).
15

The ultimate goal of the work here described was to understand how heterologous protein
production affects membrane proteome dynamics in order to be able to maximize secretion
capacities of B. subtilis. Hence, the afore mentioned methodology was applied to a genomereduced strain of B. subtilis (‘midiBacillus’) expressing the immunodominant S. aureus antigen
A (IsaA), as it has been recently demonstrated that bottlenecks in heterologous protein
secretion can be resolved by genome minimization 21,22 (Article III). This approach enabled the
characterization of membrane proteome adaptation in midiBacillus at the levels of molecules
per cell, as well as determination of the accumulation rate of IsaA in the growth medium. This
quantitative dataset provides exceptional understanding of bioproduction stress responses in a
synthetic microbial cell.

2 Results
2.1 Choosing the most suitable label-free protein quantification strategy
Label-free quantification strategies have become increasingly popular in the MS-based
proteomics community and have been replacing or complementing label-based methods,
mostly due to the ease of experimental setup and relatively low cost. Two major concepts have
emerged for this strategy (Figure 1). Spectral counting, which provides protein quantification
by correlating the number of MS2 spectra per protein with protein abundance. The second
method, intensity-based quantification, uses the precursor ion intensity based on the integrated
peptide ion intensities extracted from the MS1 spectra 23.

Figure 1 – Label-free quantification strategies. MS1 refers to intensity-based quantification, whereas MS2
refers to spectral counts.

Both label-free methods offer several advantages compared to metabolic labelling
approaches: i) they are cheaper than any other label-based strategy, as they do not rely on any
special cultivation media or specific reagent to perform the experiment, ii) both approaches
simplify and accelerate the general workflow, as there is no need to calculate labelling
efficiencies; iii) they usually identify a higher number of protein and with a wider dynamic
16

detection range, when compared to label-based methods; and iv) label-free approaches enable
the comparison between several experiments, as they are not limited in multiplexing
capabilities.
Several comparisons have been performed between spectral-counting and intensity-based
approaches and, the latter have performed consistently better, when using high-resolution mass
spectrometers, as these instruments enable the accurate discrimination between co-eluting
peptides with near-isobaric masses and ensures reliable mapping of extracted ion
chromatograms (XIC) to identified peptides 5. Moreover, intensity-based approaches also
permit a better distinction between fold-changes in comparison to spectral-counting approaches
24,25

.

Hence, the determination of membrane protein abundances described in the three different
manuscripts described in this dissertation was achieved by using different intensity-based
quantification approaches, as these can be implemented in both relative and absolute protein
quantification studies.

2.2 Relative protein quantification of membrane PrsA levels (Article I)
In order to enhance and engineer “next-generation” B. subtilis strains, it is essential to
pinpoint the hindrances occurring from the point in which the protein is translated, until it is
secreted into the extracellular milieu. For that, quantitative proteomics data is crucial, as
proteins are the major players of life processes. One of the main production bottlenecks is set
by the cell membrane, as this fraction is occupied by a set of embedded and associated proteins
responsible for mediating the transport of secretory proteins 14.
The majority of bacterial secretory proteins are translocated in an unfolded form via the
highly conserved SecA-YEG pathway

26

. Upon membrane release, these proteins must

immediately fold into their native conformation in order to avoid degradation by extracellular
proteases. The major extra cytoplasmic folding factor in B. subtilis is the PrsA protein

27

,a

lipoprotein attached to the outer membrane of this organism, and folding catalyst for exported
amylases and other enzymes 28–30.
From a biotechnological perspective, PrsA comprises a quite attractive target for improving
secretion yields, as it has already been proven that expression of this protein over wild-type
level benefits the secretion of several amylases 28,30,31. There are a myriad of available amylases
and PrsA foldases in nature, in which the right match has the potential to increase the frequency
of productive interactions between the enzyme and its foldase.
17

Therefore, in this study, six heterologous PrsAs were co-expressed with their cognate
amylases, using B. subtilis as a host. In addition to this combination, a matrix of strains
containing all possible combinations of the six amylase-PrsA pairs was also engineered. All
these strains also contain the native prsA locus at its original location.
One of the aims of this study was to assess how the different matches between enzymefoldase pair affected the levels of PrsA in the membrane. Hence, a MS-based label-free method
(Hi3 approach) was employed to measure both heterologous and native levels of PrsA in the
membrane fraction of 7 strains expressing amyL from Bacillus licheniformis.
The Hi3 approach is based on the assumption that each protein contains at least three
peptides with very good homogenous ionization efficiency and that the abundance of proteins
correlates with the intensity of the three most abundant peptide signals, thereby allowing to
correlate the average intensity of these three peptides with protein abundances 32.
The membrane fraction was prepared by a series of ultracentrifugation steps with varying
buffers, prior to liquid chromatography-mass spectrometry (LC-MS) analysis. This method
enables the enrichment of the membrane fraction with little manipulation steps hence,
decreasing the chances of sample loss 33,34.
The amount of PrsA was calculated by computing the summed-up intensities of the three
highest abundant peptides correspondent to each foldase, divided by the summed-up intensities
of all peptides identified in this sample. By employing this method, relative changes of
heterologous (Figure 2A) and native PrsAs (Figure 2B) in the membrane of B. subtilis could
be quantified.

Figure 2 – Relative abundances of PrsA in the cell membrane. (A) Relative abundances of heterologous PrsA in
the cell membrane fraction. (B) Relative abundance of native PrsA in the membrane fraction. All strains except B.
subtilis 168 are expressing amyL (adapted from Quesada-Ganuza et al, 2019).
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The advantage of using a label-free quantification approach in this study, instead of a labelbased one, is the fact that it permitted to compare relative abundances of different proteins, in
this case, heterologous PrsAs. This is not the case for label-based methods, as these methods
need a metabolic or chemically labelled standard, which might not generate identical heavylabelled peptides pairs. The Hi3 approach enabled the quantification of heterologous PrsAs in
the membrane of B. subtilis showing that different relative abundancies occur for each
expressed foldase. Nevertheless, it has been found that the level of PrsA might not be relevant
for increased yields of amylase or that different foldases fold the amylase with different
efficiency.
Even though relative comparisons already provide a good overview of the physiological
changes happening in the cell upon environmental or genetic perturbation, they do not reflect
the architectural changes of cellular regulatory networks. Instead, the rational design of
organisms in metabolic engineering and synthetic biology relies on absolute protein
abundances rather than relative changes. Even though absolute protein quantification studies
have been successfully applied to determine global concentrations of soluble proteins

32,35–40

,

the same does not hold true for their hydrophobic counterparts. Therefore, a method enabling
the quantification membrane proteins on an absolute scale is crucial, due to the commitment of
this subset of proteins in fundamental biological processes.

2.3 Approaches for absolute membrane protein quantification
Current approaches in absolute protein quantification can be divided in two major groups
i) small-scale absolute protein quantification, and ii) large-scale absolute protein quantification,
both with advantages and disadvantages.
Small-scale studies have mostly relied on the isotope dilution principle 41, in which internal
standards and, consequently, absolute protein quantification, is achieved by the employment of
stable analogues of specific proteolytic peptides of the target protein. The advent of MS-based
proteomics has rapidly boosted this idea by a myriad of approaches applying the same rational
basis. In 2003, Gygi’s lab presented a strategy for the absolute quantification of proteins and
their modification states (AQUA). In this approach, peptides are synthesized with incorporated
stable isotopes, functioning as an internal standard that mimics the native peptides resultant of
tryptic digestion 42. The ratio between heavy-labelled and light version allows to calculate the
abundance of the native peptide. Nonetheless, the AQUA approach becomes more complex
when the number of analytes increases, as each standard peptide would have to be synthesized
19

with the stable-isotope label, and independently measured by selected reaction monitoring
(SRM).
While enabling accurate quantification, the high costs and substantial workload associated
with heavy-labelled peptides hinders their application on a proteome-wide scale. Hence,
alternative methods have been proposed to derive large-scale absolute protein abundances from
label-free shotgun proteomics datasets, in which all identified proteins are attributed an
estimated measure of concentration. Such datasets provide important contributions to the
development of the field of systems biology.
Two methods have been proposed to calculate absolute protein abundances i) using a set
of reference proteins of known abundances to derive a calibration curve upon linear regression
of log-transformed protein abundances and protein quantification signals, or ii) assuming
protein absolute abundances to be directly proportional to the MS signal. Even though the latter
model is more cost-effective, using a set of reference proteins provides higher accuracy as it is
capable of limiting quantification biases.
In order to determine the most accurate approach for further development of a general
method for absolute membrane protein quantification, this work compared two widely used
methods for absolute protein quantification – Hi3 32 and intensity-based absolute quantification
index (iBAQ) – using a whole cell extract of B. subtilis. The iBAQ algorithm employs the sum
of the XIC of all identified peptides per protein, normalized by the number of theoretically
observable peptides 40.
After initial non-sufficient correlations of the results between the methods, the data analysis
was optimized. By omitting proteins below 15 kDa, a correlation of R² = 0.80 were attained
(Figure 3). Overall, the results show a good correlation between the two tested approaches for
absolute protein quantification and demonstrate that both work equally good for proteins with
15 kDa or more. However, the robustness of the Hi3 method relies on the correct and
reproducible identification of the three most abundant peptides of a particular proteins.
Therefore, this suggests that this method might not be the most suitable approach to calculate
absolute membrane protein abundances, as it is biased towards bigger proteins.
Hence, iBAQ seemed to be the most favourable strategy to calculate global abundances of
the membrane proteome. To ensure the quality of this approach, another quality test was
performed by spiking-in a set of 48 human reference proteins with known concentrations
(UPS2) into a total cell extract of B. subtilis. This test showed a linearity in quantification of 4
orders of magnitude provided by UPS2 sample measurement, and a very good correlation (r2
20

= 0.9503), thus being the algorithm used for the development of a global method for absolute
membrane protein quantification.

Figure 3 – Comparison between intensity-based quantification approaches, Hi3 and iBAQ. Left graph
shows all protein identified in both methods. Right graph represents all proteins above 15 kDa. Linear regression
equation and r2 are depicted for each graph.

2.4 Challenges in absolute protein quantification
Generally, absolute protein quantification is regarded as a quite challenging task, due to the
diligence demanded throughout the whole workflow 36 (Figure 4). Every step must be carefully
monitored in order to achieve maximum quantification accuracy. This task becomes even more
cumbersome when applied to the membrane proteome, due to the intrinsic properties of this
subset of proteins namely, their low abundance and high hydrophobicity. As a result of the
commitment of this subset of proteins in vital biological processes, it is crucial to establish a
general protocol for absolute membrane protein quantification (Article II).
An essential requisite during absolute protein quantification is to determine the exact
number of cells the sample is originated from, as well as how many proteins were successfully
extracted from that initial complex mixture. Hence, cell disruption and protein extraction need
to be optimized and adapted to the organism under investigation (Figure 4, point 1). The next
crucial step during the process of absolute protein quantification consists in the application of
a suitable method to determine protein concentrations. The most sensitive and adequate method
should always be employed considering the physicochemical properties of the sample under
investigation, as a least sensitive assay might lead to under- or overestimation of the total
protein content (Figure 4, point 3). Essential for absolute membrane protein quantification is
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Figure 4 – Key points during absolute membrane protein quantification that might lead to sample loss. Key processes are
numbered in the correct order of the general workflow.

the enrichment of this fraction (Figure 4, point 4). The complexity of the enrichment process
is directly proportional to inaccuracy of quantification. Hence, fractionation steps should be
kept to a minimum for subsequent MS analysis and every step should be verified for efficiency,
but also for reproducibility due to subsequent statistical analysis allowing biological
interpretation 43. One could argue that these extra fractionation steps lead to sample loss.
However, they are crucial to deplete the intracellular material, generally hampering the
detection of the hydrophobic fraction by the MS. The traditional method for membrane
fractionation consists in a series of ultracentrifugation steps with varying buffers (high-salinity
and carbonate), favouring the precipitation of the hydrophobic fraction

34

. Once the crude

membrane extract is obtained, appropriate solubilization, protein determination, proteolytic
digestion/chemical cleavage and separation by LC-MS ensues. The accuracy of MS-based
absolute protein quantification method relies on complete and reproducible digestion of the
sample into protease-specific peptides. Here, incomplete digestion will generate an
underestimation of real protein concentration 44 (Figure 4, point 5). Since membrane proteins
are sheltered by lipids, these must be solubilized either by organic solvents 34,45, organic acids
46

or detergents 47 in order to allow the enzymatic attack. Unfavourably, trypsin displays scarce

cleavage sites within the transmembrane domains (TMD) of membrane proteins as the specific
amino acids for cleavage by trypsin are underrepresented here. Hence, in order to increase
digestion efficiency and sequence coverage, alternative proteases or approaches are worth
exploring. In view of that, during this work, three different digestion approaches were
employed to an enriched B. subtilis crude membrane extract, prepared by differential
centrifugation, as afore mentioned. The membrane fraction was digested using three different
proteases i) trypsin regarded as the standard method for sample digestion for MS, cleaving on
the carboxyl side of lysine and arginine, ii) rapid-trypsin, exhibiting the very same specificity
as trypsin, with the difference that it allows higher digestion temperatures (up to 70°C) and, iii)
chymotrypsin, cleaving on the carboxyl sides of tyrosine, phenylalanine, tryptophan and
leucine. In addition, the “shaving” approach was also tested. This protocol uses proteinase K
22

to cleave off soluble proteins and domains of membrane proteins under highly denaturing
conditions. After this first digestion step, the membrane-embedded proteins are digested with
chymotrypsin and measured by LC-MS without prolonged sample storage 17,18,48. This protocol
aims to exclusively identify the hydrophobic domains of the membrane proteins.
The digestion with three different proteases, enabled the identification of 100, 222 and 217
proteins with at least 2 peptides for chymotrypsin, trypsin and rapid trypsin, respectively. This
qualitative information was then refined by adding the quantitative information of the
percentage of spectra that have contributed to the identification of membrane proteins. This is
a measure for the relative fraction of spectra leading to successful identification events giving
a hint for the relative fraction in the original sample. This was calculated by using the
Normalized Spectral Abundance Factors (NSAF), by summing-up the spectral counts of each
protein and dividing this by its length. These individual values are then normalized by the total
number of peptide spectrum matches in a sample

24

. The results showed that 44%, 34% and

32% of spectra contribute to the identification of membrane proteins for chymotrypsin, trypsin
and rapid trypsin, respectively. Finally, this approach sought to investigate the number of TMD
from the identified membrane proteins. For chymotrypsin, trypsin and rapid-trypsin 39, 79 and
94 proteins have three or more transmembrane domains, respectively. As for the “shaving”
approach, 31 membrane proteins were identified with 30% of the spectra contributing to the
identification of this subset of proteins. Of the 31 identified MP, 13 contained three or more
TMD.
Trypsin showed the best overall performance, demonstrating to be the most favourable
protease to achieve a comprehensive method for absolute membrane protein quantification, as
it provided the highest number of identifications. In addition, the higher percentage of spectra
contributing to the identification of membrane proteins showed by chymotrypsin, appears to
come at the expense of lower identifications, as this method provided less than half of the
identifications provided by tryptic digest. Hence, trypsin was the chosen enzyme for digestion
of B. subtilis’ crude membrane extract.
Subsequently, the most suitable digestion method for determination of absolute membrane
protein abundances was quantitatively evaluated. To do so, three different digestion protocols
applied to a crude membrane extract of B. subtilis were tested: i) in solution 36, ii) filter-aided
sample preparation (FASP)

49

, and iii) suspension trapping (S-Trap)

50

. Quantification was

performed based on the iBAQ algorithm (see point 2.3), while accuracy and sensitivity of
absolute protein quantification were tested by spiking-in UPS2 standards. 516, 493 and 473
membrane proteins were identified by S-Trap, FASP and in-solution digestion, respectively.
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All methods appear to be quite sensitive for absolute membrane protein quantification, as they
all enabled the accurate quantification of 4 orders of magnitude of the UPS2 standards, with
FASP showing the highest correlation (Figure 5A). However, it has been reported that this

Figure 5 - Comparison of three digestion methods – S-Trap, FASP, and in-solution. (A) Linear regression
of UPS2 standards quantified in the three tested digestion methods with respective correlation. (B) Overlap
of the quantified membrane proteins in all three biological replicates between the digestion methods.

method suffers from batch-to-batch variation due the usage of a membrane filter

50

. When

comparing the overlap of quantified membrane proteins amongst the methods, results showed
that S-Trap provided the highest number of quantified membrane proteins (Figure 5B), a result
that is also in accordance with a recently published method comparing these three methods 51.
In addition, S-Trap is also the digestion method allowing for higher SDS concentration (5%),
in comparison to the remaining digestion method and hence, the most suitable to achieve the
purpose of this thesis – global quantification of membrane protein abundances.
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2.5 Development of a global method for absolute membrane protein quantification
(Article II)
Even though important progress has been made in the development of workflows tailored
for the analysis of membrane proteins 52–56, they still oppose one of the biggest challenges for
the field of proteomics. Yet, membrane proteins account for about 30% of ORFs in prokaryotic
and eukaryotic genomes 57, which highlights the urgency in decoding the knowledge enclosed
in this subcellular fraction.
Protein quantification depending on gel-staining techniques is precluded in the analysis of
membrane proteomes 58 and therefore one must resort to MS-based quantification approaches.
MS-based absolute protein quantification usually relies on label-free strategies using either
peak intensities (MS1) or spectral counts (MS2) to approximate absolute abundances (Figure
1)

59

. However, a recently published study comparing accuracy between these approaches

reported an increased error for proteins with less possible tryptic peptides, suggesting impaired
membrane protein quantification

25

. These issues can be circumvented by targeted MS with

SRM, as it has proven to be superior to other methods regarding accuracy, sensitivity and
dynamic range 60. However, it is not suitable for large scale studies, due to high workload and
enormous costs.
Hence, there is an urgent need for the development of a global method for quantification
of membrane proteins due to their commitment in important biological roles: host-pathogen
interaction, production of industrial enzymes and biopharmaceuticals.
In this work, the issues inherent to absolute membrane protein quantification are addressed
by combining the comprehensiveness of shotgun proteomics and the accuracy of targeted MS
with SRM, using B. subtilis subjected to osmotic shock as proof of principle (Article II).
Shotgun proteomics was applied by using the iBAQ algorithm combined with spiked-in
internal standards (UPS2)

40

. The usage of a larger set of reference proteins (e.g. UPS2

standards) to properly calibrate a quantification model significantly decreases the lack of
quantification accuracy generally associated with label-free methods 25, which is shown by the
precision approach described here. A calibration curve was obtained upon linear regression of
log-transformed absolute molar amounts of the spiked-in UPS2 standards and log-transformed
iBAQ intensities, permitting the calculation of molar amounts for all identified membrane
proteins.
The fundamental part of the method is that it relies on the application of a correction and
an enrichment factor to calibrate the data derived from shotgun MS and, for the first time
25

reported, enabled the calculation of absolute membrane protein abundances in a living
organism. The calculation of an enrichment factor is crucial, as the membrane enriched fraction
does not provide information on the original state of the cell. In addition, the correction factor
can rectify for the possible bias introduced by the UPS2 standards, as these do not necessarily
reflect the physicochemical properties of membrane proteins.
Calculation of both factors was implemented by targeted-MS and by chromosomally
tagging two membrane proteins with different number of TMD (4 and 13 TMD) with the
SNAP-tag derived from the human alkylguanine-DNA alkyltransferase

61

. This enabled to

qualitatively and quantitatively assess the enrichment of the membrane fraction. However,
instead of spiking-in heavy-labelled peptides (e.g. AQUA), as conventionally done in this kind
of approaches, the purified SNAP protein ranging 5 order of magnitude was used. This allowed
to derive a calibration curve and thereby permitting to calculate the concentration of native
SNAP. This approach enabled to decrease the costs usually associated with targeted MS
approaches, while maintaining high accuracy and sensitivity. The obtained enrichment factor
provided the mathematical corroboration of the physical process being applied to the proteins
- namely the enrichment of the hydrophobic fraction and depletion of its soluble counterpart
(Figure 6A). Regarding, the correction factor, the results show a slight overestimation of the
shotgun MS approach regarding absolute protein abundances (Figure 6B), which might be a

Figure 6 – Enrichment and correction factor obtained by SRM measurements: (A) Digested total protein
and membrane extract were measured and native SNAP absolute molar amount calculated. Box plot represents
enrichment factor for both control and NaCl conditions. (B) Absolute molar amounts of shotgun and targeted
approaches were used to calculate correction factor derived from targeted and shotgun approaches. Bar plot
depicts correction factor for both control and stress conditions.
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consequence of different physicochemical properties of UPS2 standards in comparison to the
more hydrophobic nature of the proteins under analysis in this study.
The comprehensiveness of shotgun MS enabled to identify ~40% of the predicted
membrane proteome of B. subtilis, with half of these proteins containing three or more TMD.
This shows that the employed methodology is well within the range of the approaches usually
employed for the quantification of this fraction

16,17,19

. By comparing absolute membrane

protein abundances with previously published physiological studies on B. subtilis, it was also
possible to confirm that the data generated by this study, was in accordance with previous
observations. The results showed that the most abundant group of membrane proteins are
transporters. This reflects the ability of this organism to thrive in the soil, as it should be
constantly prepared for environmental fluctuations, thereby exhibiting a myriad of transporters
adaptable to each possible nutritive requirement. In addition, the results have also shown that
when it comes to coping with hyperosmotic stress, the cells dedicate ~4% more of their
“cellular budget” to
coping

with

the

consequences

of

osmotic shock, as
compared to control
cells

(Figure

7).

This shows that the
here

described

method

is

well

capable

of

accurately detecting
physiological
changes resultant of
an

environmental

insult,
offering

thereby
a

clear

visualization

of

adjustments

in

protein
rearrangements.

Figure 7 – Assignment of membrane protein copy number per cell surface to a
specific cellular function. Data was assigned to a specific function according to
SubtiWiki (Mäder et al, 2012) gene categorization. Data is clustered in one hierarchical
level corresponding to “coping with stress” category. Different data attribution between
tested conditions is indicated by a colour code: brown – control and green – NaCl.

One should notice
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that, the non-identification of a protein might not be a just a consequence of poor robustness of
the LC-MS system, but also a result of an absence of expression of that protein at that specific
time, as this is precisely the definition of proteomics.
Lastly, this new workflow also permitted the calculation of stoichiometry of membrane
protein complexes. For instance, it was possible to determine that the components of the stator
of the flagellar motor MotA:MotB are present in a ratio of 1:1 in B. subtilis, as opposed to the

Figure 8 –Workflow for absolute membrane protein quantification by calibration of shotgun-MS by targeted mass
spectrometry: (A) Steps involved in sample preparation starting from sample cultivation until obtainment of crude
membrane extract. Immunoassays for qualitative assessment of membrane enrichment are also depicted for whole cell (6A)
and crude membrane extract (9A); (B) Steps involved in shotgun and targeted-MS for each sample used for measurement.
Shotgun-derived membrane protein abundances were calibrated by targeted-MS abundances derived from B. subtilis strains
carrying the SNAP-tag. Ultimately, absolute membrane protein abundances could be calculated at the level of molecules
per surface area.
28

previously reported ratio of 2:1 in E. coli
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. This suggests a different architecture in the

flagellar motor of B. subtilis.
The innovative workflow developed during the work presented here offers for the first time
the opportunity to determine absolute membrane protein abundances in a living organism
(Figure 8). Therefore, the next phase of this thesis consisted in the implementation of this
methodology in a biotechnological context, in order to generate data that permits the rational
design of next-generation microbial cell factories.

2.6 Absolute membrane protein quantification of genome-reduced Bacillus subtilis under
production conditions (Article III)
Understanding proteome dynamics is essential for biotechnological applications, as
proteins act as the molecular building blocks that directly assert the potential function of genes
into cellular processes, which can be later harnessed for bioproduction 63. Nonetheless, for this
translation between processes to occur, proteomics data must be integrated with other ‘omics’
data into mathematical models, capable of deciphering the processes that determine life. Such
models depend on absolute data, which are molecules per cell.
MS-based proteomics has been quite successful in providing absolute proteomic data to the
field of systems biology. Yet, a piece of the puzzle was still missing – the membrane proteome.
This issue was finally circumvented by the development of a new workflow dedicated to the
absolute quantification of membrane proteins (Article II)

64

. This methodology has relevant

biotechnological applications, as knowledge on absolute abundances of membrane proteins
provides the basis to understand the general principles involved in protein secretion and
production stress of microbial cell factories.
Therefore, this work provides absolute membrane protein concentrations of the genome
reduced B. subtilis strain (‘midiBacillus’) IIG-Bs27-47-24 expressing IsaA
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, the

immunodominant S. aureus antigen A, under secretion conditions (Article III). Importantly,
this strain lacks the genes coding for eight major secreted proteases of Bacillus, reported as one
of the major bottlenecks during heterologous protein production 9,65.
IsaA production was induced during exponential phase and cells were harvested two hours
after the onset of secretion stress (Figure 9A). In order to ensure that the induction machinery
was properly working, the growth media was collected and inspected for IsaA identification
and quantification. Immunoblots confirmed that IsaA has a much stronger signal in the induced
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cells, than in the non-induced ones hence, confirming that Sec secretion apparatus is properly
working (Figure 9B).
In addition to qualitative assessment of IsaA production, MS-based approaches were also
used to quantify absolute concentrations of IsaA in three different fractions of the cell: cytosol,
membrane and extracellular. Absolute abundances were determined by converting iBAQ
intensities of UPS2 standards to known concentrations. Even though the employed method was

Figure 9 – IsaA production by midiBacillus. (A) Growth curves for the three biological replicates until harvesting
point. Asterisks indicate moment of induction. Filled lines represent the strains grown under control condition and
discontinued lines represent the strains in which 1% subtilin was added. Geometric shapes represent different biological

replicates (Circle – midiBacillus replicate 1; Triangle - midiBacillus replicate 2; Square - midiBacillus replicate 3); (B)
Immunoblot showing the overproduction of IsaA for the three biological replicates for each tested condition derived
from the growth medium; (C) Bar plot depicting number of molecules/cell of IsaA for cytosolic and membrane fraction
(filled bar represents induced condition and striped plot represents control condition). Standard deviation between
biological replicates is depicted per each condition; (D) Bar plot depicting molecules of IsaA/mL for extracellular
fraction (filled bar represents induced condition whereas striped bar represents control condition). Almost no IsaA was
found for control conditions. Standard deviation between biological replicates is depicted per each condition.
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exclusively designed to meet the specifications of hydrophobic proteins, UPS2 strategy has
proven successful to determine absolute protein abundances of soluble proteins

40

. For

quantification of IsaA in the growth medium, UPS2 standards were added to the sample prior
to strata bead binding 66 in order to ensure the correction of putative sample loss.
Quantification results showed that midiBacillus accumulated around 30 molecules of
IsaA/cell during overproduction conditions, while this amount showed an increase of more than
2-fold for the membrane fraction, with 72 molecules of IsaA/cell (Figure 9C). In the
extracellular fraction, results show that 6.61E+13 (~3 mg IsaA/mL) and 6.33E+11 (0.3 mg
IsaA/mL) molecules/mL are produced for the induced and control fraction, respectively (Figure
9D). The quantification data derived from IsaA concentrations, along with absolute membrane
protein abundances enabled the calculation of IsaA’s secretion rate, showing that the secretion
machinery of midiBacillus can secrete 2.41 molecules of IsaA per Sec complex, every minute.
This sheds light on the dynamics of heterologous protein secretion, and provides, for the first
time, accumulation rates of a secreted protein. The results showed that even though
midiBacillus is able to secrete at similar levels as other microbial cell factories 13, there is still
possibility for further improvement, as a partial amount of IsaA is accumulating in the cell
membrane of this organism.
Additionally, this work provides a quantitative characterization of the membrane proteome
adaptation of midiBacillus to production stress on the level of molecules per cell for more than
400 membrane proteins, which encompasses around half of the predicted membrane proteome
for this strain 22. In addition, the developed method applied to this minimal strain enabled the
quantification of ~61% of the predicted transporters encoded in the genome of midiBacillus,
permitting a good visualization of the modulation of transmembrane processes occurring upon
the onset of secretion stress (Figure 10).
IsaA is translocated to the growth medium via the highly conserved Sec secretion system.
Protein secretion occurring via this pathway can be separated in three main stages: (i) targeting,
(ii) translocation and (iii) folding and release. This is a complex and elegant process organized
by several players (Figure 10 – Sec secretion system). Even though the results presented in this
study show that there is a general increase in the number of molecules dedicated to secretion
processes (Figure 11), individual proteins constituting the Sec apparatus maintain stable levels
of abundance, except for HtrB (Figure 10). The quality control proteases HtrA and HtrB have
the potential to assist in the folding. When folding is not possible, they can assist in degradation
of misfolded proteins, thereby rescuing the cell, as accumulation of misfolded protein in the
cell envelope is lethal. These two proteases are regulated by the CssRS two-component system,
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the regulon used by B. subtilis to sense secretion stress 67. Overexpression of a secretory protein
and the consequent misfolding activate the CssRS two-component system, which in turn
induces expression of the htrA and htrB genes 68. The method employed in this study did not
enable the quantification of HtrA, which might relate to the dual localization of this protease,
both in the cell wall and extracellular proteome 69. As for HtrB, the results show that the number
of molecules constituting this protein significantly increase their abundance (Figure 10),
suggesting that cells are trying to manage severe secretion stress by activating the quality
control machinery. This idea is corroborated by the presence of IsaA in the membrane fraction

Figure 10 – Illustration of all quantified transporters of midiBacillus and their respective changes during
production stress. Transporters are separated in different categories according to SubtiWiki (Mäder et al., 2012)
gene categorization. This figure also includes a schematic representation of the principal secretion system of
Bacillus subtilis –Sec. Colour code is depicted below the figure and it illustrates the changes of the transporter
relatively to control conditions.
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(Figure 9C & Figure 10 - IsaA), which would naturally trigger a secretion stress response in
the induced cells.
Induction of IsaA production also leads to increased production of biomass, as the results
show that induced cells have a significant increase in the total number of molecules produced
per cell, in comparison to control conditions. This is corroborated by the cytosolic data in which
a significant increase of the total number of molecules dedicated to translational functions is
triggered in induced cells (data not shown).
This study enabled to accurately determine protein allocation between main processes of
the cell membrane during exponential growth and production stress, including protein secretion
(Figure 11). The results showed that the most abundant group of quantified membrane proteins
do not have a predicted function and there is an increase in abundance in the number of
molecules with unknown
function

upon

IsaA

induction. This observation
corroborates

the

already

present idea that membrane
proteins remain one of the
most cryptic elements for
biological sciences, and a
conjunct effort of different
disciplines must be put in
place to unravel the potential
mechanisms enclosed in this
subcellular fraction.
In addition, this study
also showed that the total
Figure 11 - Assignment of membrane protein copy number per cell
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abundance, with some of the

Different functions are depicted in different colors. Y axis represents the

individual
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function, whereas the x axis shows the two tested conditions, control and
1% subtilin induction.

significantly decreasing their
abundance. As membrane33

bound respiratory complexes are widely represented in the membrane proteome, their
regulation might impose an ‘extra’ burden on the membrane, which becomes even more
evident upon stress, possibly induced by the accumulation of IsaA in the cell membrane. This
results in a readjustment of the membrane proteome equilibrium.
This analysis has also allowed to distinctively analyse the response of the transporter
machinery of midiBacillus to production stress, suggesting that cells cope with the effects of
secretion/folding stress derived of IsaA induction by applying compensatory up- or downregulation of genes. Evidence suggests that cells ensure growth and survival by rearranging the
array of transporters in the cell membrane (Figure 10 & 11).
This study leads to the speculation that the display of IMPs on the cell membrane might be
hindered by some deficiency in cell growth, already reported by Reuß and colleagues
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,

leading to a general spatial disorientation for the distribution of these molecules across this
subcellular fraction. This is corroborated by the observations made in this study, in which cell
measurements show a clear increase in the total surface area (µm2) of midiBacillus in
comparison to the parental strain (Figure 12).
Altogether, the results from this study suggest that there are several points during the
secretion process of IsaA that have space for optimization, as the induction of this protein
triggers several groups of proteins involved in the management of severe secretion stress.

Figure 12 – Cell size distribution of the 180 measured midiBacillus cells for each tested condition
and 120 measured B. subtilis parental strain. The y axis shows how frequently a given size appears
in the dataset (μm2) and the x axis represents the log value of the calculated surface area (μm2) of
midiBacillus and parental strain B. subtilis. Blue curve represents the distribution of the parental strain
grown in minimal media (Antelo-Varela et al., 2019), and yellow and red show the size distribution of
midiBacillus during control and induced conditions, respectively.
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This comprehensive dataset might be implemented in a mathematical model dedicated to
fine-tuning of metabolic pathways, defining approaches to minimize stress and increase protein
production, thereby enabling the development of new-generation secretion systems for the
biotechnological industry.

3 Summary & Outlook
This PhD work was integrated in a Marie Skłodowska-Curie Innovative Training Network,
which main aim was to improve the sustainability and economic viability of industrial protein
production in bacteria and to enhance both product quality and quantity.
Bacillus subtilis widely known as a source of useful enzymes and fine biochemicals and as
an attractive host to for heterologous protein production 11. Importantly, B. subtilis can produce
and secrete large quantities of proteins into the culture medium. Therefore, this organism is
widely regarded as a prolific "cell factory" for industrial enzymes and biopharmaceuticals.
Nonetheless, secretion capabilities of this organism are not yet maximized, due to the lack
of knowledge regarding the responses of this bacterium to production of target proteins. To do
so, it is essential to dissect membrane proteome dynamics.
Hence, the focus of this thesis relied in the development of a mass spectrometry-based
approach to determine absolute membrane protein abundances. The described workflow
(Article II) represents a straightforward approach for absolute membrane protein
quantification. It tackles the crucial bottlenecks involved in the handling and preparation of
this fascinating, but technically challenging, class of proteins. This novel approach combines
the accuracy and sensitivity of targeted MS with the resolving power and comprehensiveness
of shotgun MS, thereby providing access to cellular membrane protein concentrations for a
large subset of membrane proteins.
With the method now available, finally membrane proteome dynamics of biotechnological
relevant strains could be scrutinized. A minimal bacterial strain is highly attractive for the
biotechnological sector, as all its remaining biological functions will be uniquely dedicated to
the maintenance and production of high yields of heterologous proteins. However, what is the
impact on the cell? How does the membrane proteome adapt upon overproduction of a
“strange” protein? The second study (Article III) answered these questions by accurately
detecting the physiological changes ensuing heterologous protein production, offering a clear
35

visualization of alterations in protein patterns upon the onset of induction. The results show
that, even though IsaA production is being successfully induced, part of this protein is being
accumulated in the membrane fraction, leading to a severe secretion stress response, and a
reprogramming of the cells translocation machinery.
Overall, the data generated during this PhD thesis has provided valuable contribution to the
understanding of the general principles of membrane proteins involved in protein secretion, as
well as the principles of protein production stress. The highly accurate membrane protein
abundances determined in both these studies can be implemented in predictive mathematical
models aiming to understand the consequences of secretion stress. This data is essential to
determine what are the biological steps that should be modulated in order to reduce production
bottlenecks, thereby enhancing the capabilities of bacterial cell factories to produce higher
quality and greater yields of proteins relevant for the biotechnological and clinical sector.

36

4 References
1.

Barabási, A. L. & Oltvai, Z. N. Network biology: Understanding the cell’s functional
organization. Nat. Rev. Genet. 5, 101–113 (2004).

2.

Westerhoff, H. V. & Palsson, B. O. The evolution of molecular biology into systems
biology. Nat. Biotechnol. 22, 1249–1252 (2004).

3.

Bruggeman, F. J. & Westerhoff, H. V. The nature of systems biology. Trends
Microbiol. 15, 45–50 (2007).

4.

Souchelnytskyi, S. Bridging proteomics and systems biology: What are the roads to be
traveled? Proteomics 5, 4123–4137 (2005).

5.

Bantscheff, M., Lemeer, S., Savitski, M. M. & Kuster, B. Quantitative mass
spectrometry in proteomics: Critical review update from 2007 to the present. Anal.
Bioanal. Chem. 404, 939–965 (2012).

6.

Lindemann, C. et al. Strategies in relative and absolute quantitative mass spectrometry
based proteomics. Biol. Chem. 398, 687–699 (2017).

7.

Earl, A. M., Losick, R. & Kolter, R. Ecology and genomics of Bacillus subtilis. Trends
Microbiol. 16, 269–275 (2008).

8.

Goosens, V. J., Monteferrante, C. G. & van Dijl, J. M. The Tat system of Grampositive bacteria. Biochim. Biophys. Acta - Mol. Cell Res. 1843, 1698–1706 (2014).

9.

Pohl, S. & Harwood, C. R. Heterologous protein secretion by Bacillus species. From
the cradle to the grave. Advances in Applied Microbiology 73, (Elsevier Inc., 2010).

10.

Cui, W. et al. Exploitation of Bacillus subtilis as a robust workhorse for production of
heterologous proteins and beyond. World J. Microbiol. Biotechnol. 34, 1–19 (2018).

11.

Zweers, J. C. et al. Towards the development of Bacillus subtilis as a cell factory for
membrane proteins and protein complexes. Microb. Cell Fact. 7, 10 (2008).

12.

Schallmey, M., Singh, A. & Ward, O. P. Developments in the use of Bacillus species
for industrial production. Can. J. Microbiol. 50, 1–17 (2004).

13.

Westers, L., Westers, H. & Quax, W. J. Bacillus subtilis as cell factory for
pharmaceutical proteins: A biotechnological approach to optimize the host organism.
Biochim. Biophys. Acta - Mol. Cell Res. 1694, 299–310 (2004).

14.

Bolhuis, A. et al. Evaluation of bottlenecks in the late stages of protein secretion in
Bacillus subtilis. 65, 2934–2941 (1999).

15.

Papanastasiou, M. et al. The Escherichia coli peripheral inner membrane proteome.
37

Mol. Cell. Proteomics 12, 599–610 (2012).
16.

Otto, A. et al. Systems-wide temporal proteomic profiling in glucose-starved Bacillus
subtilis. Nat. Commun. 1, (2010).

17.

Hahne, H., Wolff, S., Hecker, M. & Becher, D. From complementarity to
comprehensiveness - Targeting the membrane proteome of growing Bacillus subtilis
by divergent approaches. Proteomics 8, 4123–4136 (2008).

18.

Wolff, S., Hahne, H., Hecker, M. & Becher, D. Complementary analysis of the
vegetative membrane proteome of the human pathogen Staphylococcus aureus. Mol.
Cell. Proteomics 7, 1460–1468 (2008).

19.

Dreisbach, A. et al. Monitoring of changes in the membrane proteome during
stationary phase adaptation of Bacillus subtilis using in vivo labeling techniques.
Proteomics 8, 2062–2076 (2008).

20.

Zielke, R. A., Wierzbicki, I. H., Weber, J. V., Gafken, P. R. & Sikora, A. E.
Quantitative proteomics of the Neisseria Gonorrhoeae cell envelope and membrane
vesicles for the discovery of potential therapeutic targets. Mol. Cell. Proteomics 13,
1299–1317 (2014).

21.

Suárez, R. A., Stülke, J. & Van Dijl, J. M. Less is more: Toward a genome-reduced
Bacillus cell factory for ‘difficult proteins’. ACS Synth. Biol. 8, 99–108 (2019).

22.

Reuß, D. R. et al. Large-scale reduction of the Bacillus subtilis genome: Consequences
for the transcriptional network, resource allocation, and metabolism. Genome Res. 27,
289–299 (2017).

23.

Ankney, J. A., Muneer, A. & Chen, X. Relative and absolute quantitation in mass
spectrometry – based proteomics. Annu. Rev. Anal. Chem. 11, 49–77 (2018).

24.

Zybailov, B. et al. Statistical analysis of membrane proteome expression changes in
Saccharomyces cerevisiae. Anal. Chem. 5, 2339–2347 (2006).

25.

Ahrné, E., Molzahn, L., Glatter, T. & Schmidt, A. Critical assessment of proteomewide label-free absolute abundance estimation strategies. Proteomics 13, 2567–2578
(2013).

26.

Fu, L. L. et al. Protein secretion pathways in Bacillus subtilis: Implication for
optimization of heterologous protein secretion. Biotechnol. Adv. 25, 1–12 (2007).

27.

Hyyryläinen, H. L. et al. Penicillin-binding protein folding is dependent on the PrsA
peptidyl-prolyl cis-trans isomerase in Bacillus subtilis. Mol. Microbiol. 77, 108–127
(2010).

28.
38

Chen, J. et al. Combinatorial Sec pathway analysis for improved heterologous protein

secretion in Bacillus subtilis: Identification of bottlenecks by systematic gene
overexpression. Microb. Cell Fact. 14, 1–15 (2015).
29.

Jacobs, M., Andersen, J. B., Kontinen, V. & Sarvas, M. Bacillus subtilis PrsA is
required in vivo as an extracytoplasmic chaperone for secretion of active enzymes
synthesized either with or without pro- sequences. Mol. Microbiol. 8, 957–966 (1993).

30.

Vitikainen, M. et al. Quantitation of the capacity of the secretion apparatus and
requirement for PrsA in growth and secretion of α-amylase in Bacillus subtilis. J.
Bacteriol. 183, 1881–1890 (2001).

31.

Vitikainen, M., Hyyryläinen, H.-L., Kivimäki, A., Kontinen, V. P. & Sarvas, M. K.
Secretion of heterologous proteins in Bacillus subtilis can be improved by engineering
cell components affecting post-translocational protein folding and degradation. J. Appl.
Microbiol. 99, 363–375 (2005).

32.

Silva, J. C., Gorenstein, M. V., Li, G.-Z., Vissers, J. P. C. & Geromanos, S. J.
Absolute quantification of proteins by LC-MSE . Mol. Cell. Proteomics 5, 144–156
(2005).

33.

Eymann, C. et al. A comprehensive proteome map of growing Bacillus subtilis cells.
Proteomics 4, 2849–2876 (2004).

34.

Blonder, J. et al. Enrichment of integral membrane proteins for proteomic analysis
using liquid chromatography-tandem mass spectrometry. J. Proteome Res. 1, 351–360
(2002).

35.

Muntel, J. et al. Comprehensive absolute quantification of the cytosolic proteome of
Bacillus subtilis by data independent, parallel fragmentation in liquid
chromatography/mass spectrometry (LC/MS E ). Mol. Cell. Proteomics 13, 1008–1019
(2014).

36.

Maaß, S. et al. Efficient, global-scale quantification of absolute protein amounts by
integration of targeted mass spectrometry and two-dimensional gel-based proteomics.
Anal. Chem. 83, 2677–2684 (2011).

37.

Maaβ, S. et al. Highly precise quantification of protein molecules per cell during stress
and starvation responses in Bacillus subtilis. Mol. Cell. Proteomics 13, 2260–2276
(2014).

38.

Wiśniewski, J. R., Hein, M. Y., Cox, J. & Mann, M. A “Proteomic Ruler” for protein
copy number and concentration estimation without spike-in standards. Mol. Cell.
Proteomics 13, 3497–3506 (2014).
39

39.

Malmström, J. et al. Proteome-wide cellular protein concentrations of the human
pathogen Leptospira interrogans. Nature 460, 762–765 (2009).

40.

Schwanhäusser, B. et al. Global quantification of mammalian gene expression control.
Nature 473, 337–342 (2011).

41.

Barr, J. et al. Isotope dilution-mass spectrometric quantification of specific proteins :
model application with apolipoprotein A-I. Clin. Chem. 42, 1676–1682 (1996).

42.

Gerber, S. A., Rush, J., Stemman, O., Kirschner, M. W. & Gygi, S. P. Absolute
quantification of proteins and phosphoproteins from cell lysates by tandem MS. Proc.
Natl. Acad. Sci. 100, 6940–6945 (2003).

43.

Trötschel, C. & Poetsch, A. Current approaches and challenges in targeted absolute
quantification of membrane proteins. Proteomics 15, 915–929 (2015).

44.

Cañas, B., Piñeiro, C., Calvo, E., López-Ferrer, D. & Gallardo, J. M. Trends in sample
preparation for classical and second generation proteomics. J. Chromatogr. A 1153,
235–258 (2007).

45.

Goshe, M. B., Blonder, J. & Smith, R. D. Affinity labeling of highly hydrophobic
integral membrane proteins for proteome-wide analysis. J. Proteome Res. 2, 153–161
(2003).

46.

Washburn, M. P., Wolters, D. & Yates III, J. R. Large-scale analysis of the yeast
proteome by multidimensional protein identification technology. Nat. Biotechnol. 19,
242–247 (2001).

47.

Han, D. K., Eng, J., Zhou, H. & Aebersold, R. Quantitative profiling of differentiationinduced microsomal proteins using isotope-coded affinity tags and mass spectrometry.
Nat. Biotechnol. 19, 946–951 (2001).

48.

Fischer, F., Wolters, D., Rögner, M. & Poetsch, A. Toward the complete membrane
proteome. Mol. Cell. Proteomics 5, 444–453 (2006).

49.

Wiśniewski, J. R., Zougman, A., Nagaraj, N. & Mann, M. Universal sample
preparation method for proteome analysis. Nat. Methods 6, 359–362 (2009).

50.

Zougman, A., Selby, P. J. & Banks, R. E. Suspension trapping (STrap) sample
preparation method for bottom-up proteomics analysis. Proteomics 14, 1006–1000
(2014).

51.

Ludwig, C. et al. Data‐independent acquisition‐based SWATH‐MS for quantitative
proteomics: a tutorial. Mol. Syst. Biol. 14, e8126 (2018).

52.

Vuckovic, D., Dagley, L. F., Purcell, A. W. & Emili, A. Membrane proteomics by high
performance liquid chromatography-tandem mass spectrometry: Analytical approaches

40

and challenges. Proteomics 13, 404–423 (2013).
53.

Shukla, H. D., Vaitiekunas, P. & Cotter, R. J. Advances in membrane proteomics and
cancer biomarker discovery: Current status and future perspective. Proteomics 12,
3085–3104 (2012).

54.

Poetsch, A. & Wolters, D. Bacterial membrane proteomics. Proteomics 8, 4100–4122
(2008).

55.

Savas, J. N., Stein, B. D., Wu, C. C. & Yates, J. R. Mass spectrometry accelerates
membrane protein analysis. Trends Biochem. Sci. 36, 388–396 (2011).

56.

Sprenger, R. R. & Jensen, O. N. Proteomics and the dynamic plasma membrane: Quo
Vadis? Proteomics 10, 3997–4011 (2010).

57.

Wallin, E. & von Heijne, G. Genome-wide analysis of integral membrane proteins
from eubacterial, archaean , and eukaryotic organisms. Protein Sci. 7, 1029–1038
(1998).

58.

Santoni, V., Molloy, M. & Rabilloud, T. Membrane proteins and proteomics: Un
amour impossible? Electrophoresis 21, 1054–1070 (2000).

59.

Neilson, K. A. et al. Less label, more free: Approaches in label-free quantitative mass
spectrometry. Proteomics 11, 535–553 (2011).

60.

Picotti, P. & Aebersold, R. Selected reaction monitoring-based proteomics:
Workflows, potential, pitfalls and future directions. Nat. Methods 9, 555–566 (2012).

61.

Keppler, A. et al. A general method for the covalent labeling of fusion proteins with
small molecules in vivo. Nat. Biotechnol. 21, 86–89 (2003).

62.

Kojima, S. & Blair, D. F. Solubilization and purification of the MotA/MotB complex
of Escherichia coli † . Biochemistry 43, 26–34 (2007).

63.

van Dijl, J. M. & Hecker, M. Bacillus subtilis: From soil bacterium to super-secreting
cell factory. Microb. Cell Fact. 12, 1–6 (2013).

64.

Antelo-Varela, M. et al. Ariadne’s thread in the analytical labyrinth of membrane
proteins: Integration of targeted and shotgun proteomics for global absolute
quantification of membrane proteins. Anal. Chem. 91, 11972–11980 (2019).

65.

Krishnappa, L. et al. Extracytoplasmic proteases determining the cleavage and release
of secreted proteins, lipoproteins, and membrane proteins in Bacillus subtilis. J.
Proteome Res. 12, 4101–4110 (2013).

66.

Bonn, F. et al. Picking vanished proteins from the void: How to collect and ship/share
extremely dilute proteins in a reproducible and highly efficient manner. Anal. Chem.
86, 7421–7427 (2014).
41

67.

Hyyryläinen, H. L. et al. A novel two-component regulatory system in Bacillus subtilis
for the survival of severe secretion stress. Mol. Microbiol. 41, 1159–1172 (2001).

68.

Darmon, E. et al. A novel class of heat and secretion stress-responsive genes is
controlled by the autoregulated CssRS two-component system of Bacillus subtilis. J.
Bacteriol. 184, 5661–5671 (2002).

69.

Antelmann, H. et al. The extracellular proteome of Bacillus subtilis under secretion
stress conditions. Mol. Microbiol. 49, 143–156 (2003).

70.

Mäder, U., Schmeisky, A. G., Flórez, L. A. & Stülke, J. SubtiWiki - A comprehensive
community resource for the model organism Bacillus subtilis. Nucleic Acids Res. 40,
1278–1287 (2012).

42

Published manuscripts
The work here presented will be/have been published under the titles:

Article I

Quesada-Ganuza A., Antelo-Varela M., Mouritzen J.C., Bartel J., Becher D.,
Gjermansen M., Hallin P.F., Appel K.F., Kilstrup M., Rasmussen M., Nielsen A. (2019).
Identification and optimization of PrsA in Bacillus subtilis for improved yield of amylase.
Microb Cell Fact. 18 (1):158. Available at: https://doi.org/10.1186/s12934-019-1203-0.
A.Q.-G. performed strain constructions, cultivations, activity assays, preparation of samples
for MS analysis and data analysis. M.A.-V. prepared samples for MS analysis. M.A.-V., J.B.
and D.B. performed the MS analysis and Hi3 data analysis. K.F.U.A. performed strain
construction. M.G.J.M. and P.F.H.a. performed the phylogenetic analysis. J.C.M., M.K. and
M.D.R. contributed with scientific discussions. M.D.R., A.Q.-G. and A.K.N. designed the
experimental work. A.Q.-G. and A.K.N. drafted the manuscript. M.K. helped writing and
revising the manuscript. All authors read and approved the final manuscript.

Article II

Antelo-Varela M., Bartel J., Quesada-Ganuza A., Appel K., Bernal-Cabas M., Sura T.,
Otto A., Rasmussen M., van Dijl J.M., Nielsen A., Maaß S., Becher D. (2019). Ariadne’s
thread in the analytical labyrinth of membrane proteins: integration of targeted and
shotgun proteomics for global absolute quantification of membrane proteins. Anal Chem.
91 (18): 11972-11980. Available at: https://doi.org/10.1021/acs.analchem.9b02869.
M.A.-V., J.B., A.O., S.M., and D.B. conceived and designed the experiments. M.A.-V.
performed experiments and analysed the data. A.Q.-G., K.A., and A.N. designed the primers
and performed strain construction. M.B.-C. contributed reagents and cloning strategy. T.S.
performed the sample measurement. S.M., A.O., A.N., M.R., J.M.v.D., and D.B. supervised
the project. M.A.-V. wrote the manuscript, and S.M. and D.B. provided all necessary
corrections. All authors have read and approved the manuscript.

43

Article III

Antelo-Varela M., Aguilar Suárez R., Bartel J., Bernal-Cabas M., Stobernack T., Sura
T., van Dijl J.M., Maaß S., Becher D. (2019). Membrane modulation of super-secreting
“midiBacillus” expressing the major Staphylococcus aureus antigen – a massspectrometry based absolute quantification approach. Front. Bioeng. Biotechnol..
(submitted).
M.A.-V., S.M. and D.B. conceived and designed experiments. M.A.-V. analysed the data.
R.A.S. engineered the strain used in this study. M.A.-V., J.B., M.B.-C. and T.St. performed
experiments. T.Su. performed the sample measurement. J.M.v.D., S.M. and D.B. supervised
the project. M.A.-V. wrote the manuscript and S.M., J.M.v.D and D.B. provided all necessary
corrections. All authors have read and approved the manuscript.

Prof. Dörte Becher
(Supervisor)

44

Minia Antelo (PhD candidate)

Article I

Identification and optimization of PrsA in Bacillus subtilis for improved yield
of amylase

Quesada-Ganuza A., Antelo-Varela M., Mouritzen J.C., Bartel J., Becher D., Gjermansen M.,
Hallin P.F., Appel K.F., Kilstrup M., Rasmussen M., Nielsen A. (2019)

Microb Cell Fact 18 (1):158.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons license, and indicate if
changes

were

made.

The

Creative

Commons

Public

Domain

Dedication

waiver

(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this
article, unless otherwise stated.

45

(2019) 18:158
Quesada‑Ganuza et al. Microb Cell Fact
https://doi.org/10.1186/s12934-019-1203-0

Microbial Cell Factories
Open Access

RESEARCH

Identification and optimization of PrsA
in Bacillus subtilis for improved yield of amylase
Ane Quesada‑Ganuza1, Minia Antelo‑Varela2, Jeppe C. Mouritzen1, Jürgen Bartel2, Dörte Becher2,
Morten Gjermansen1, Peter F. Hallin1, Karen F. Appel1, Mogens Kilstrup3, Michael D. Rasmussen1
and Allan K. Nielsen1*

Abstract
Background: PrsA is an extracytoplasmic folding catalyst essential in Bacillus subtilis. Overexpression of the native
PrsA from B. subtilis has repeatedly lead to increased amylase yields. Nevertheless, little is known about how the over‑
expression of heterologous PrsAs can affect amylase secretion.
Results: In this study, the final yield of five extracellular alpha-amylases was increased by heterologous PrsA coexpression up to 2.5 fold. The effect of the overexpression of heterologous PrsAs on alpha-amylase secretion is specific
to the co-expressed alpha-amylase. Co-expression of a heterologous PrsA can significantly reduce the secretion stress
response. Engineering of the B. licheniformis PrsA lead to a further increase in amylase secretion and reduced secretion
stress.
Conclusions: In this work we show how heterologous PrsA overexpression can give a better result on heterologous
amylase secretion than the native PrsA, and that PrsA homologs show a variety of specificity towards different alphaamylases. We also demonstrate that on top of increasing amylase yield, a good PrsA–amylase pairing can lower the
secretion stress response of B. subtilis. Finally, we present a new recombinant PrsA variant with increased performance
in both supporting amylase secretion and lowering secretion stress.
Keywords: Bacillus subtilis, Recombinant protein production, Secretion stress, PrsA
Introduction
Enzymes are used as catalysts to manufacture a variety
of commercial products—like sugar, beer, bread, and
ethanol. They are also used directly in products such
as household care detergents, where they help remove
stains and enable low-temperature and more sustainable laundry [1]. Many of these industrial relevant
enzymes are produced in Gram-positive bacteria such
as Bacillus licheniformis and Bacillus subtilis which
are well known for high-level protein secretion and are
generally regarded as safe [2, 3]. To achieve commercially relevant yields of enzymes, it is crucial to identify
potential bottlenecks in the protein production route
*Correspondence: aknn@novozymes.com
1
Research and Technology, Novozymes A/S, Krogshoejvej 36,
2880 Basgvaerd, Denmark
Full list of author information is available at the end of the article

from transcription, translation to folding and secretion. Even though several heterologous proteins can be
produced in these Bacillus species in very high yields,
some enzymes cannot be secreted into the extracellular medium in titres high enough for their production
to be economically cost-efficient. The bottlenecks that
the production of heterologous proteins encounter can
be found at different stages. In the cytoplasm, newly
synthesized proteins can form insoluble aggregates and
thus be degraded. On the membrane, they can be either
poorly targeted or rejected by the preprotein translocation system. If the proteins are not folded quickly and
correctly after translocation, they can be degraded by
the several proteases that exist around the membrane,
cell wall or extracellular medium. Two of the quality control proteases that degrade misfolded proteins
around the cell-wall interface are HtrA and HtrB [4].
The expression of these is controlled by the CssRS two
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component system [5]. CssS is a sensor kinase that
responds to overexpression of secretory proteins and
heat stress by phosphorylating both itself and CssR, a
cytoplasmic response regulator. The phosphorylated
CssR activates the bicistronic CssRS operon and the
htrA and htrB genes [6]. This response is referred to as
secretion stress, which has been shown to be triggered
by the secretion of heterologous alpha amylases, such
as AmyQ from Bacillus amyloliquefaciens, or B. subtilis’ Lipase A [7].
Most exported bacterial proteins are translocated
through the highly conserved SecA-YEG pathway
[8]. Proteins are exported through this pathway in an
unfolded state and to avoid proteolysis they must fold
into their native conformation shortly after the signal peptide is cleaved, and leave the membrane. At this
post-translocational stage, various thiol-disulphide oxidoreductases, negatively charged cell wall polymers and
folding catalysts play a prominent role [9].
The major extra cytoplasmic folding factor in Bacillus subtilis is the PrsA protein [10]. PrsA belongs to
the parvulin family of prolyl cis/trans isomerases (PPIases), which are ubiquitous in all types of cells and cell
compartments, and catalyze rate-limiting protein folding steps at peptidyl bonds preceding proline residues
[11]. PrsA and PrsA like proteins are widely conserved
among gram-positive bacteria, and while it is essential
for viability in many non-pathogenic Bacillus species, it
is also involved in antibiotic resistance in gram-positives
[12] such as Staphylococcus aureus [13], and it is essential for virulence and survival within the host cell in the
pathogenic Listeria monocytogenes [14]. In addition, it
has been shown that heterologous PrsAs are able to functionally complement complex activities such as flagellum-mediated swimming motility and pH resistance [15].
PrsA forms dimers in vivo and has two domains: PPIase
domain and NC or chaperone domain [11]. The PPIase
domain, which has a structure homologous to human
Pin1, is the only one responsible for the PPIase activity
of PrsA and it contains the hydrophobic proline-binding
pocket [16]. The NC or chaperone domain is formed by
the N-terminal (Ser4-Gly114) and C-terminal (Arg208Ser260) regions and exhibits a motile clamp-like segment
conserved among chaperones.
The PPiase domain is located near the NC domain,
and both domains are joined by a short linker of 5 amino
acids. This linker confers the PPIase domain rotational
freedom from the chaperone domain. The dimeric form
of PrsA is achieved solely by the interactions of the NC
domains, and when dimeric, these form a highly hydrophobic bowl-like crevice surrounded by charged amino
acids. This crevice, together with the two clamp regions,
could sequester unfolded or unstable polypeptides of
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up to 20KDa, or even more considering the flexibility of
both the NC and the PPI domains [11].
In B. subtilis, PrsA is a lipoprotein attached to the outer
part of the membrane, and it is essential for cell viability
due to its function on assisting the folding of the Penicillin Binding Proteins responsible for the synthesis of the
cell wall [10]. PrsA may also take on other roles as there is
now good evidence that it acts as a very efficient folding
catalyst for exported amylases and various other enzymes
[17–19].
In microbial cell factories, the yield of different amylases varies from one amylase to another even when
industrial and biological settings are kept constant. PrsA
foldases, when co-expressed with heterologous amylases,
often enhances yield by supporting post-translocational
folding and secretion of the product [19]. Expression of
PrsA over wildtype level has in several studies proven
beneficial for secretion of amylases such as AmyS (from
Geobacillus stearothermophilus) [20], AmyL (from
Bacillus licheniformis) [17] and AmyQ (from Bacillus
amyloliquefaciens) [19]. Even though the native PrsA can
support the production of various heterologous enzymes
in B. subtilis, it may not be the optimal choice of PrsA
for enhancing secretion of heterologous amylases from
this bacterium. There are several examples that overexpression of the native PrsA may increase, decrease or
not affect the secretion of the heterologous protein being
produced, depending on the target exoprotein [20]. The
B. subtilis amylase (amyE) evolved in the same host as its
cognate PrsA and may, therefore, have a better fit to this
PrsA than heterologous amylases.
Nature offers a wide range of both amylases and PrsA
foldases and choosing the right match may increase the
frequency of productive interactions between the enzyme
and its foldase. For heterologous expression of amylases,
it is most obvious to co-express the cognate prsA gene.
The choice is more open in cases with engineered amylases, but a prsA gene from an organism close by in the
evolutionary tree would be a good starting point.
In this study we set out to co-express six heterologous PrsAs with their cognate amylases, using B. subtilis as host. The heterologous amylase–PrsA pairs were
equipped with their native signal peptides but were
expressed from identical, non-native promoters at chromosomal locations. Furthermore, we constructed a
matrix of strains containing all possible combinations of
the six amylase-PrsA pairs and studied the importance
of choice of PrsA for production of specific amylases.
We show how the different heterologous PrsAs show
diversity of specificity against the different amylases. In
addition, we found that the cognate PrsA results in the
highest increase in production in most cases. Moreover, we demonstrate how a good PrsA–amylase match is
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not only capable of increasing the amylase yield, but also
relieves secretion stress. Lastly, we present a new recombinant PrsA that shows better performance on both
improving AmyL secretion and on relieving secretion
stress.

Results
The evolutionary relationship of amylase and PrsA variants

The evolutionary relationships of the PrsA and alphaamylase homologs used in this study are shown in Fig. 1.
The sequence divergence within our set of alpha-amylase
homologs is in general higher than what is found within
the PrsA homologs which appear to be more conserved.
Among bacterial proteins, essential genes appear to be
more conserved than non-essential genes [21]. The B.
subtilis AmyE protein is however atypical since it is quite
distantly related to the AmyE homologs from the other
closely related Bacillus species used in the study. This is
also evident from the classification of GH13 amylases
in the Carbohydrate Active Enzyme Database (CAZY)
which has subdivided the GH13 family into subfamilies
and mapped the B. subtilis AmyE to family GH13_28, and
the rest of the AmyE homologs to the GH13_5 amylase
family [22, 23]. The two amylase families are primarily distinguished by the presence of a large C-terminal
carbohydrate binding domain in the GH13_28 members, which is completely absent in the members of the
GH13_5 family. Of phylogenetic significance is also the
presence of a large number (15 in the aligned area, shown
in Additional file 1: Figure S1) of deletions spanning from
1 to 60 amino acids, in the amino acid sequence of the
common domains of the GH13_5 family compared to the
GH13_28.
Indels, defined as insertions or deletions are strong
phylogenetic markers [25] and show that the division of
the two amylase families did not happen late in the amylase evolution. Accordingly, a deep branching is found
between AmyE and the GH13_5 family members (Fig. 1,
right panel). Aside from B. subtilis, some isolates of B.
amyloliquefaciens (not AmyQ), and B. atrophaeus contain amylase genes belonging to the GH13_28 family. The
closest homologues to this atypical Bacillus amylase gene
cluster are in Streptococcus isolates, while the genes in
Clostridium isolates are somewhat more distant relatives.
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This atypical relationship is not observed for the PrsA
proteins in the same organisms listed in Table 1. Here all
PrsA proteins share a high degree of similarity, with only
a few indels present (Additional file 1: Figure S2). Here
Geobacillus stearothermophilus harbors the PrsA protein
that diverts the most, as expected from the general phylogenetic relationship of the six bacterial species shown
in Fig. 1 and Table 1.
This analysis shows that the evolutionary relationship
between secreted amylases and their native extracellular PrsA foldases is different for the AmyE/PrsA pair in
B. subtilis than for the AmyL/PrsABl, AmyQ/PrsABa, and
AmyS/PrsAGs pairs in B. licheniformis, B. amyloliquefaciens], and G. stearothermophilus, respectively. It also
raises doubts whether the B. subtilis AmyE would be
more evolutionary adapted to the B. subtilis PrsA than
AmyL, AmyQ, or AmyS. Therefore, the effect of different
PrsA homologues on heterologous amylase production
was investigated.
Chromosomal organization and expression of amyE/prsA
homologous in B. subtilis

Expression cassettes were constructed and integrated
into the chromosome of B. subtilis AN2 as described in
Experimental Procedures. PrsA expression cassettes were
integrated into the pel locus and consisted of the synthetic promoter PconsSD followed by a prsA gene and
the B. subtilis prsA native terminator. Expression cassettes for amylases were integrated into the amyE locus
and consisted of the synthetic promoter PconsSD followed by an amy gene and the B. amyloliquefaciens amyQ
terminator. All the elements remained constant between
strains except for the open reading frame of the gene of
interest in the expression cassettes (Fig. 2).
Initial experiments using strains which express gfp
from the expression cassettes in either amy- or pel- loci
verified the activity of PconsSD throughout the culturing
period (Fig. 3). All strains used in this study also harbor
the native prsA locus at its original location. Inactivation of the native prsA gene was only possible if preceded
by the expression of either B. subtilis, prsABl or prsABa.
However, we observed no significant differences in amylase activities when these three strains were compared
to their respective isogenic strains harboring the native

Fig. 1 The interrelationship between members of the PrsA family proteins used in the study (left) and between the members of the AmyE family
used (right). The phylogenetic tree was based on the mature protein sequence excluding signal peptides and calculated with the Phylogeny.fr tools
(http://www.phylogeny.fr/) [24]. Branch lengths are proportional to the divergence of the amino acid sequences within each tree
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Fig. 2 Expression cassettes for amylase and prsA expression. a The expression cassette for amylase expression containing the amyE locus 5′ and 3′
regions for homologous recombination, the PconsSD promoter followed by the amylase gene and the amyQ terminator. b Expression cassete for
prsA expression containing the pel locus 5′ and 3′ regions for homologous recombination, the PconsSD promoter followed by the prsA gene and
the native terminator of B. subtilis prsA

Table 1 PrsA (A) and amylase (B) identity matrices
B. subtilis

B. licheniformis

B. amyloliquefaciens

G. stearothermophilus

B. sonorensis
L12

B. sp. NSP9.1

(A) PrsA
B. subtilis
B. licheniformis

100

66

85

55

67

70

66

100

66

50

85

86

B. amyloliquefaciens

85

66

100

54

66

69

G. stearothermophilus

55

50

54

100

51

55

B. sonorensis L12

67

85

66

51

100

84

B. sp. NSP9.1

70

86

69

55

84

100

(B) Amylase
B. subtilis
B. licheniformis

100

35

25

31

35

30

35

100

65

81

84

84

B. amyloliquefaciens

25

65

100

66

67

67

G. stearothermophilus

31

81

66

100

83

81

B. sonorensis L12

35

84

67

83

100

85

B. sp. NSP9.1

30

84

67

81

85

100

Percent sequence identity between (A) PrsA homologs and (B) amylase homologs of different species calculated based on the pairwise Smith and Waterman
alignment of the mature protein sequence

prsA locus. This suggests that the activity arising from the
native locus in these strains is overshadowed by the abundance of their homologous expressed from the strong
PconsSD promoter in pel locus. A matrix of strains coexpressing all the combinations of the previously listed
prsA’s and amylases, one to one, was constructed.
Relative quantification of membrane PrsA protein levels
by quantitative proteomics analysis

The strains expressing amyL from B. licheniformis from
the amy locus and co-expressing each one of the previously listed prsA’s from the pel locus were selected for
the measurement of the PrsA levels in the membrane
fraction.

A quantitative proteomics analysis of the membrane
fraction of all the AmyL expressing strains and the
parental B. subtilis 168 sigF strain was performed by
label-free quantification by LC-MS/MS. The Hi3 relative quantification method determines protein abundancies by adding up the signal intensity of the three
most abundant peptides of each protein. The relative
amount of PrsA is calculated by computing the Hi3
data of all strains and calculating the ratio of the PrsA
intensities divided by the sum of the whole detected
proteome intensities. This way the amount of the heterologous PrsAs relative to the total amount (or intensity) of all the proteins detected, can be compared
with each other. In Fig. 4 the relative amounts of the
heterologous PrsAs are shown, whereas the relative
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Fig. 3 Gfp expression through growth. A gfp gene was inserted in the amy or pel locus in the same context as the amylase or prsA genes
respectively to assess its expression profile. The GFP signal and the cell density were measured on-line in a Biolector plate reader

amounts of the native B. subtilis PrsA in each strain
are shown in Fig. 5.
As can be seen in Fig. 4, all heterologous PrsAs are
detected in the membrane. Nevertheless, the relative
amount of each of them is not the same in all strains.
This could be due to variations in either mRNA degradation, degradation in the cytoplasm, incorrect
destination sorting or degradation after translocation
through the Sec pathway. Regarding the native B. subtilis PrsA (Fig. 5), it is an interesting observation that
the strain that overexpress AmyL but no heterologous
PrsA has a twofold increase of native PrsA in comparison to the wildtype B. subtilis 168 strain. The amount
of the native PrsA is not increased in the strain overexpressing the B. subtilis PrsA, and it is surprisingly
reduced in the strain co-expressing the cognate P
 rsABl
with AmyL. The same twofold increase in the amount
of native PrsA can be seen in the strain co-expressing
PrsABN with AmyL.

Heterologous co‑expression of prsA and amylase cognates
and effect on amylase activity

Table 2 shows amylase activities measured in supernatants from each series of strains co-expressing a specific amylase and the various heterologous prsA genes
included in this study. Values in each series are set relative to the strain that expresses the amylase from the
amyE locus but which do not co-express any prsA from
the pel locus. The table reveals that the highest amylase
activities in most cases were obtained when the heterologous amylase was co-expressed with its cognate prsA
gene in B. subtilis. Some non-cognate combinations of
amylase and prsA genes were also observed to increase
amylase activity other than the cognate ones, but none
of these were superior to a cognate pair (Table 2). The
only exception to this general observation was when the
G. stearothermophilus amylase (AmyS) and PrsA were
co-expressed in B. subtilis. In this case the extracellular amylase activity was lower than when the amylase
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Fig. 4 Relative abundance of heterologous PrsA in the cell membrane fraction. The membrane proteome of B. subtilis strains was analysed by
LC-MS/MS and label-free Hi3 quantification. The relative amount of heterologous PrsA is given as the PrsA intensities divided by the sum of the total
proteome intensities. All strains except B. subtilis 168 are expressing amyL. Levels of heterologous PrsA are shown except for B. subtilis 168 and No
added PrsA strains, in which only the native PrsA is present. For the strain co-expressing a second copy of B. subtilis PrsA from the pel locus, the total
amount of B. subtilis PrsA is shown

Fig. 5 Relative abundance of native PrsA in the membrane fraction. The membrane proteome of B. subtilis strains was analysed by LC-MS/MS and
label-free Hi3 quantification. The relative amount of native PrsA is given as the PrsA intensities divided by the sum of the total proteome intensities.
All strains except B. subtilis 168 are expressing amyL
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Table 2 Relative extracellular amylase activity in growth medium of Bacillus subtilis 168 sigF co-expressing
heterologous amylases and heterologous prsA genes
Origin of heterologous prsA gene inserted into the pel locus
Origin
of heterologous
amyE
homologue
inserted
into the amyE
locus

None (only
wild type prsA
gene)

+ B. subtilis
prsA

+ B.
licheniformis
prsABl

+ B.
amyloliquefaciens
prsABa

+ G.
stearothermophilus
prsAGs

+ B.
+ B. NSP9.1
sonorensis L12 prsABN
prsABson

Bacillus subtilis
(amyE)

1 (0.09)

1.25 ( 0.11)

0.91 (0.06)

1.18 (0.13)

1.17 (0.18)

0.84 (0.07)

0.56 (0.16)

Bacillus licheniformis (amyL)

1 (0.08)

1.20 (0.15)

1.40 (0.08)

1.48 (0.06)

1.44 (0.08)

1.46 (0.10)

1.06 (0.17)

Bacillus
amyloliquefaciens (amyQ)

1 (0.08)

1.18 (0.13)*

1.27 (0.18)

1.19 (0.05)*

0.29 (0.01)

0.94 (0.007)

0.89 (0.02)

1.40 (0.22)

2.19 (0.15)

2.41 (0.21)

1.01 (0.05)

0.93 (0.03)

1.74 (0.03)

Geobacillus stearo- 1 (0.13)
thermophilus
(amyS)
Bacillus sonorensis
L12

1 (0.1)

0.95 (0.28)

2.35 (0.41)

2.07 (0.25)

1.72 (0.18)

2.54 (0.19)

1.94 (0.44)

Bacillus NSP9.1

1 (0.17)

1.12 (0.26)

1.77 (0.15)

1.64 (0.16)

1.38 (0.1)

1.26 (0.13)

1.50 (0.10)

Values are calculated as the mean of six determinations, normalized to the level of amylase activity in the strain expressing each amylase with no added prsA gene.
Results highlighted in italics are statistically significant ( p < 0.05) for a pairwise t-test Bonferroni corrected regarding the strain overexpressing the amylase with no
added prsA expression. Results marked with an asterisk have a p value 0.10 < p > 0.05

was co-expressed with a prsA gene from either of B.
subtilis, B. licheniformis ( prsABl ), or B. amyloliquefaciens ( prsABa). Only in the case where AmyQ was coexpressed with the G. stearothermophilus ( prsAGs) PrsA
did we observe a severe negative effect of extra PrsA on
amylase activity.
The development of biomass in cultures was monitored
on-line and all grew alike except those expressing prsABN .
These cultures ended up with optical densities approximately 40 percent lower than the cultures expressing
other PrsAs likely due to increased cell lysis in their stationary phases (Additional file 1: Figure S3). The level of
amylase activity in the supernatant was still comparable
to other cultures indicating that PrsABN may be particularly good at supporting amylase secretion as compared
to the other expressed homologs.
It is interesting to notice that the amount of PrsA found
in the membrane and the effect of that PrsA on AmyL
secretion does not seem to be directly connected. PrsABl,
PrsABa, PrsAGs and P
 rsABson, despite appearing in different amounts in the membrane (Fig. 4), have the same
positive effect on AmyL secretion (Table 2).
Effect of PrsA in the secretion stress response

Overproduction of amylases in B. subtilis has previously
been reported to cause secretion stress. The cell responds
by increasing the production of the quality control proteases HtrA and HtrB of the CssRS regulon which then

remove misfolded proteins that would otherwise block
the essential secretion machinery [5, 26]. To measure
how co-expression of the various heterologous prsA
genes with AmyL affects activity of the CssRS regulon, we
employed a promoter fusion between the secretion stress
inducible htrA promoter (PhtrA) and the lacZ gene. The
PhtrA-lacZ cassette was integrated into the xylose locus
of the chromosome and the level of beta galactosidase
activity was measured as an indicator for the degree of
secretion stress (see Fig. 6 and experimental procedures).
Figure 7 shows the beta-galactosidase activities measured in 24-h old cultures of the various prsA expressing
strains, all expressing AmyL from the PconsSD-amyL
fusion used above. The figure reveals that co-expression of prsABl or prsABson with AmyL not only result in
increased amylase activities in the supernatants (Table 2)
but also leads to a significant decrease in activity of the
htrA promoter. This observation may indicate that PrsABl
(the cognate PrsA) and PrsABson both are able to support proper heterologous secretion of AmyL in B. subtilis
and by doing so also decreases cellular secretion stress.
The remaining four PrsAs, even those influencing AmyL
secretion, do not seem to have any significant effect on
the PhtrA activity when co-expressed with AmyL. Figure 7 also reveals the interesting observation that a strain
co-expressing amyL and prsABN does not appear more
secretion stressed than the reference strain with no extra
prsA, suggesting that the increased cell lysis during the
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Fig. 6 Expression cassette for measuring htrA induction. The expression cassette contains the xyl locus 5′ and 3′ regions for homologous
recombination, the PhtrA promoter followed by the lacZ gene

Fig. 7 Specific β-galatosidase activity after 24 h. Two independent experiments with biological triplicates in each one were conducted and β
-galatosidase activity was measured in the culture pellets. P-values are calculated by a pairwise T-test Bonferroni corrected

stationary phase is not a direct consequence of secretion
stress.
Engineering of PrsAs chaperone domain for improved
amylase secretion

As noted previously we observed increased cell lysis
in stationary phase cultures of all strains expressing
prsABN and this increased cell lysis was not correlated
with a significant decrease in final total amylase activity.
One potential and very interesting explanation to this
could be the presence of specific structural or biochemical features in PrsABN that somehow facilitates superior
amylase secretion, despite having a detrimental effect on
cell growth. This observation led to the following question: would it be possible to modify PrsABl to facilitate a
superior specific amylase secretion, like the one observed
with PrsABN, while at the same time maintaining normal
growth without cell lysis?

PrsA has two domains: the PPIase domain, responsible for the peptidyl prolyl cis-trans isomerase activity,
and the NC or chaperone domain [11]. While the PPIase
domains of the PrsA homologues are highly conserved,
the NC domains are more variable [15] (Additional file 1:
Figure S2). The latter differs greatly between species, both
in sequence and molecular surface, which varies from
very hydrophobic, as in B. subtilis, to very polar, as in L.
monocytogenes’ PrsA1 [14]. This diversity on sequence
and charge may reflect the diverse substrate specificities [11] and hence also explain the variations in yield of
amylase we obtain dependent on choice of PrsA. It has
been speculated that the bowl-like crevice formed by the
NC domains of dimeric PrsA is involved in sequestration of unfolded or unstable polypeptides [11]. Dynamic
interactions between the chaperone and its substrate
would be highly dependent upon the charge distribution/
electronegativity in the surface landscape in this region,
and could influence the frequency of productive substrate
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Fig. 8 Modelled structures of PrsABl and PrsABN. The models were constructed by alignment to the known structure of B. subtilis PrsA (MUSCLE) and
the calculation of the distribution of charges was done by PDB3PQR [27] and PROPKA for pKa calculations [28]. Positive charges are shown in blue
and negative charges in red. a PrsA from B. licheniformis. b PrsA from B. NSP9.1. c Recombinant P
 rsABl-BN

Fig. 9 The six residues selected for substitution. The figure shows the NC domain of a PrsABl and b PrsABN. Positive charges are shown in blue,
negative charges in pink. Red shows hydrophobicity

interactions [14]. PrsABl and PrsABN are very similar, differing in only 34 out of 286 positions (Additional file 1:
Figure S2). Nevertheless, we observed a substantial difference in electronegativity when the NC domains of the
two proteins were compared (Fig. 8). To bring the NC
chaperone region of PrsABl closer in structure to PrsABN,

six amino acids were substituted (Fig. 9). This new
recombinant PrsA was named PrsABl-BN.
The recombinant prsABl-BN mutant was co-expressed
with amyL and the yield of AmyL was compared to strains
co-expressing amyL together with the prsABl , prsABN ,
or just the wildtype levels of prsABs gene (Fig. 10a). The
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Fig. 10 Total amylase activity and β-galactosidase activity after 24h of growth. Two independent experiments with three biological replicates were
conducted in each case. P-values were calculated with a pairwise t-test Bonferroni corrected. a Total amylase activity in the supernatant. Results are
normalized to the level of amylase activity in the strain expressing each amylase with no added prsA gene. b Specific β-galactosidase activity in the
cell cultures after treatment with lysozyme. P-values are calculated by a pairwise T-test Bonferroni corrected

surface re-modeled 
PrsABl-BN foldase increased total
amylase activity compared to that of the native PrsABl
and PrsABN foldases. Furthermore, the strain expressing AmyL with this new recombinant PrsABl-BN foldase
appeared less secretion stressed than when AmyL was
expressed with the native foldases, with an almost inverse
correlation between AmyL yield and Secretion Stress
level (Fig. 10). In addition, the strain expressing PrsABl-BN
showed no increased lysis in the stationary phase compared to the wildtype strain (Additional file 1: Figure S3).
Regarding the amount of PrsA present in the membrane, there is less 
PrsABl-BN present than 
PrsABl,
(Fig. 11a). There is also less heterologous PrsA in the
membrane than native PrsA in both cases (Fig. 11a).
As can be seen in Fig. 11b, in both cases the amount of
native PrsA that can be found in the membrane is lower
than in the strain expressing AmyL and no extra PrsA
and there is no significant difference between the native
amounts of PrsA between the two heterologous PrsA
expressing strains.

Discussion
In this study we set out to co-express six heterologous
PrsAs with each of six heterologous amylases, using
B. subtilis as a host. We constructed a matrix of strains
containing all combinations of the six amylase–PrsA
pairs and studied the importance of choice of PrsA for

yield of amylases. Essential genes tend to be more conserved among bacteria than non-essential genes [21].
Even though correct folding of amylases is dependent on
PrsA, the essential function of this foldase is however not
related to the folding of amylases. The penicillin binding protein 2B (PBP2B), which in B. subtilis is an essential protein required for the synthesis of the cell wall, is
dependent on PrsA for proper folding [10]. Thus, it may
have been essential for PBP2B to evolve with a the cognate PrsA but there is no strict dependency of the amylase to evolve with the cognate PrsA.
Inactivation of the native prsA gene was only possible
in strains expressing either B. subtilis, B. licheniformis or
B. amyloliquefaciens prsA. This suggests that although
a heterologous PrsA can complement B. subtilis’ native
one, not all PrsAs can do so. B. anthracis PrsA has previously been shown to complement B. subtilis PrsA for
both cell viability and heterologous protein secretion
[29]. In L. monocytogenes, several different heterologous
PrsAs can complement some of the native PrsA2 functions, like swimming motility, pH tolerance, and secretion of virulence factors, but not for others, like osmotic
stress and cell wall biosynthesis [15]. So, even if some
PrsA functions are very conserved among Gram positives, this foldase also appears to be very diverse in its
substrate specificity. This may explain why some PrsAs
can complement B. subtilis’ own, while others cannot,
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Fig. 11 Relative abundance of PrsA in the membrane fraction. The membrane proteome of B. subtilis strains was analysed by LC-MS/MS and
label-free Hi3 quantification. The relative amount of native PrsA is given as the PrsA intensities divided by the sum of the total proteome intensities.
a Measured relative amounts of heterologous PrsA. b Measured relative amounts of native PrsA

possibly because they don’t facilitate proper folding of the
essential PBPs.
We expressed heterologous prsA genes in B. subtilis
and measured their abundancies by relative quantification of the membrane proteomes. Different relative
abundancies of the heterologous PrsAs were found in the
membrane despite the fact that the different PrsAs were
expressed from an identical genetic context. This could
be due to several reasons: different levels of transcription, mRNA degradation, PrsA degradation in the cytoplasm, incorrect destination sorting, or degradation after
translocation through the Sec pathway. Despite these differences, several PrsAs had identical effects on the yield
of AmyL, suggesting that either the amount of PrsA is
not relevant at this level or the different foldases fold the
amylase with different efficiency.
If the reason for the differences in PrsA levels is incorrect sorting, some PrsA could accumulate in the cytosolic or extracellular fractions. Nevertheless, it has been
shown that this foldase is only active in its dimeric form,
and dimerization is only thought to occur when anchored
to the membrane or present in the medium in very high
concentrations (750 µM) [11]. Therefore, it is unlikely
that soluble PrsA present in the media could affect the
folding of the amylases.
To our knowledge, there are no reports on the regulation of the prsA gene expression in B. subtilis. However, an interesting observation of this work was that

the level of native PrsA was affected in some of the
strains expressing amyL. The native PrsA level was twofold higher in the strain expressing amyL compared
to the wild type B. subtilis 168 strain. We also noticed
that the native PrsA level went back to normal when
some heterologous PrsAs were co-expressed, but not
others. Remarkably, the level of the native PrsA was
back to normal when the cognate PrsA from B. licheniformis was expressed. We also observed that this cognate PrsA is superior to the other tested heterologous
PrsAs when it comes to relieving secretion stress in
AmyL producing strains. When looking at the genetic
context in which the native PrsA gene is located, we
identified two putative σ A promoters centered 60 (P1
promoter) and 92 bp (P2 promoter) upstream of the
reading frame. Both promoters match 5 of the 6 canonical bases in their −10 and −35 boxes, and two transcriptional start sites (TSS’s) were mapped at exactly
+1 in accordance with these locations. Superimposed
on the −35 region of P1, we see a putative CssR binding box (TTTT TAC A) which share 7 of 8 bases with
the canonical sequence (TTT
TCA
C A) [5]. Another
putative CssR box (TTT
TCA
AA) is found between
the start codon and the Shine–Dalgarno sequence but
located on the other strand. The location and orientation of these putative CssR operator sites opens for
speculations about CssRS being involved in regulation
of prsA expression. A sensible notion is that CssRS calls
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for increased expression of the prsA foldase gene when
poorly folded proteins are detected in the membrane/
wall interface. In support of this theory we observed
a twofold increase of native PrsA in the membranes
of cells which over-express AmyL as compared to a
B. subtilis reference strain. Overexpression of AmyL
triggers the CssRS to two-component system to autophosphorylate CssR which then becomes able to activate transcription from the htrA- and htrB- promoters.
While CssR is thought to act as a classical activator
of the htrA/B promoters by binding to operators just
upstream of their −35 boxes, the location of the putative CssR operators in the prsA P1 promoter region
suggests that the regulator protein in the case of prsA
regulation functions as a classical repressor. This could
be by means of DNA looping facilitated by dimeric
CssR or simply by monomeric CssR preventing access
of the RNA polymerase to P1 when bound to its operators in the same promoter.
De-repression of a transcription site by CssR has
already been reported in the case of the anti-adaptor
protein YirB. The repressor YuxN forms a DNA loop
by binding two boxes upstream and downstream of the
yirB promoter. CssR P then binds a box that overlaps the
upstream YuxN box, derepressing the yirB promoter [30].
Unless in prsA, in the case of yirB, the CssR P binding box
is located upstream of the −35 site. In the gram-positive
bacterium Staphylococcus aureus, PrsA is regulated by
the VraRS two component system. Two TSS’s have also
been identified in this case, one located 42 bp upstream
of the ATG start codon, and another 139 bp upstream of
ATG. The ATG proximal TSS has the VraR binding box
on and upstream of the −35 site [12].
Overexpression of the native PrsA from B. subtilis
increased the activity of AmyE, AmyS and AmyQ in the
media in accordance with previous studies [19, 20], but
had no significant effect on the other amylases tested
in this work. While PrsA enhances productive secretion of enzymes like alpha amylases or subtilisin, it has
no effect or even a detrimental one in the secretion of
other proteins [20]. Thus, PrsA seems to have specificity for its substrates. As we have shown, the specificity of
the PrsAs for its cognate amylase seems to be maintained
in most cases even when expressed in a different host.
In all cases, except in the case with the G. stearothermophilus pair, the cognate pairs gave the highest amylase
yields or at least just as high as other non-cognate pairs.
In the case of G. stearothermophilus amylase, though,
co-expressing its cognate PrsA had no measurable effect
on its secretion, but other PrsAs (B. subtilis, B. licheniformis and B. amyloliquefaciens) had. This observation
illustrates the great potential of strain optimization prior
to commercial exploration of microbial cell factories. G.
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stearothermophilus PrsA is phylogenetically the furthest
away from the hosts PrsA. It is possible that although
the G. stearothermophilus cognate amylase–PrsA pair
would perform best in their original host, their interaction could be affected when moved to such a different
host like Bacillus subtilis. The physicochemical properties around the membrane-cell wall interface could affect
the nature of those interactions.
Overexpression of most heterologous PrsA proteins did
not affect the growth profiles of the strains, except in the
case of strains expressing P
 rsABN. This could indicate that
this particular PrsA might be very good at supporting
amylase secretion but have a detrimental effect on other
cell functions. As all strains were expressing both nativeand heterologous prsA genes, two different homodimers
and one heterodimer could potentially form. One of these
combinations could increase folding efficiency for certain
alpha-amylases, but reduce proper folding of other physiologically relevant proteins. The increase in cell lysis, a
phenotype that is seen when PrsA is depleted or defective
[19], might be a symptom of this.
In this work we measured the effect of heterologous
PrsA over-expression on the secretion stress response of
cells with forced alpha-amylase production. The intensity of the secretion stress response, defined as the level
of activity of the CssRS regulon, was previously shown
to be correlated with the level of AmyQ production [6].
Also, the introduction of the prsA3 mutation, which
reduces the level of PrsA more than tenfold, was shown
to induce the secretion stress response in B. subtilis. This
response was further increased if the prsA3 mutation
was combined with AmyQ production [26]. Thus, overexpression of amylase may impose stress to the cell and
the intensity of this stress may be affected by the abundance, and perhaps also the nature of the co-expressed
PrsA. In this study we show that heterologous expression of a PrsA in an alpha-amylase secreting strain could
increase amylase secretion and at the same time decrease
secretion stress. In an AmyL producing strain, the coexpression of B. licheniformis PrsA, B. sonorensis PrsA,
and a mutated B. licheniformis PrsA decreased the secretion stress response while increasing amylase activity in
the supernatant. A previous study showed that the secretion stress response, measured by a htrB-lacZ reporter
gene fusion, decreased with the decrease in heterologous
AmyQ secretion [31]. To our understanding, these two
results are not contradictory: In the previous work, the
decrease on AmyQ production was due to the lack of stability of the plasmid coding for amyQ, which would most
probably result in a lower amount of AmyQ being produced, translocated though the Sec system, misfolded at
the membrane-cell wall interface, leading to a decrease
on CssS activation.
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In our work, the chromosomal AmyL expression cassettes were the same in all strains, so the production
and translocated amount of AmyL through the Sec system is expected to be the same. If the prsA co-expressed
has a positive effect on the post-translocational folding of AmyL, more amylases would be rescued with
less accumulation of misfolded proteins as a result. This
would end in both an increase in the amount of secreted
proteins and less stimulation of CssS. The recombinant PrsABl-BN, whose design was based on differences
between the NC domains of the wild type foldases PrsABl
and PrsABN, not only increased the measured activity of
AmyL in the supernatant and decreased secretion stress,
but also maintained a growth profile during the stationary phase similar to the parental B. subtilis 168 strain.
This suggests that the cause of the detrimental interactions of P
 rsABN was not transferred to the recombinant
Bl-BN
PrsA
. The substitution of only 6 amino acids around
the NC domain affected significantly the efficiency of
the folding and secretion of AmyL. The changed amino
acids increased slightly the overall charge of this domain,
which is very hydrophobic in the case of PrsABl. It is possible that a more charged NC domain affects the specific
interaction between the unfolded amylase stretches and
the PrsA positively. Since the primary physiological role
of PrsA in the cell most likely is to fold PBPs and not
amylases, it appears that there is room to improve this
foldase for biotechnological purposes.
The positive effect that point mutations had on the
effect of PrsABl-BN compared to PrsABl not only adds to
the idea that the NC domain of PrsA could be important
for substrate specificity, as suggested for the PrsA proteins of L. monocytogenes [14], but also opens a door for
the design and improvement of PrsA.

Experimental procedures
Strains and growth conditions

Bacillus subtilis strains used in this study are listed in
Additional file 1: Table S1. They are sporulation deficient derivatives of 168 (trpC2, sigF). AN2 is the parental
strain which was used as a host for heterologous expression of proteins. Strains were cultivated at 37C in LB
medium supplemented with chloramphenicol (6 µg/mL)
or erythromycin (1 µg/mL) when appropriate. Competent cells and transformation of B. subtilis was obtained
as described in Yasbin et al. [32]
Construction of B. subtilis strains containing heterologous
prsA‑ and/or amy‑ alleles

Gene Splicing by the Overlapping Extension (SOE)
method [33] was used to generate linear recombinant DNA for transformation. Recombinant DNA
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was directed to a specific locus by addition of flanking
regions containing sequences homologous to that locus.
An antibiotic resistance marker gene was also included.
Chromosomal integration was facilitated by homologous recombination and cells in where double cross over
events occurred were selected for on LB agar plates containing the appropriate antibiotic. A PrsA expression cassette targeting the pel locus was assembled by use of the
following DNA components: pel 5′ region (2.5 kb PCR
product) + ermC (1.45 kb PCR product) + synthetic
consensus promoter with SD sequence (pconsSD, 212 bp
synthetic DNA) + prsA open reading frame with terminator (970 bp PCR product) + pel 3′ region (3.3 kb PCR
product). Chromosomal DNA from AN2 was used as a
template for PCR amplifications except for ermC where
a Novozymes in-house plasmid served as a template. The
resulting 8.73 kb SOE-PCR product thus targets the pel
locus and contains the prsA expression cassette linked to
an erythromycin resistance marker gene. This linear DNA
was used directly for transformation of B. subtilis AN2
resulting in strain AQ34 which contains the PrsA(bs)
expression cassette in pel locus. AQ34 chromosomal
DNA then served as a master template for amplification
of flanking regions used to direct ermC and heterologous
prsA genes (orf exchange) to the pel locus of AN2. Templates for amplification of heterologous genes were either
chromosomal DNA isolated from the indicated organism or synthetic DNA. Similarly, an expression cassette
for the Ban-amylase (amyQ) targeting the amyE locus
was assembled by use of the following DNA components: amyE 5′ region (2.8 kb PCR product) + synthetic
consensus promoter with SD sequence (PconsSD, 172 bp
synthetic DNA) + amyQ open reading frame with terminator (1.69 kp PCR product) + cat (1.2 kb PCR product)
+ amyE 3′ region (3.6 kb PCR product). Chromosomal
DNA from AN2 was used as a template for PCR amplifications except for cat where a Novozymes in-house
plasmid served as a template. The resulting 9522 bp SOEPCR product thus targets the amyE locus and contains
the amyQ expression cassette linked to a chloramphenicol resistance marker gene. This linear DNA was used
directly for transformation of B. subtilis AN2 resulting in
strain AQ1 which contains the AmyQ expression cassette
in amyE locus. AQ1 chromosomal DNA then served as
a master template for amplification of flanking regions
used to direct cat and heterologous amylase genes (orf
exchange) to the amyE locus of AN2. The native amyE
becomes inactivated in this process. Templates for amplification of heterologous genes were either chromosomal
DNA isolated from the indicated organism or synthetic
DNA.
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Growth conditions, protein sample preparation, and mass
spectrometry (MS)

Bacillus subtilis cells were grown aerobically at 37 °C
in the presence of 20% glycerol in a synthetic minimal
medium [34]. For the analysis of the membrane fraction,
cells were harvested by centrifugation at early stationary
phase. The cells were disrupted mechanically in a Precellys 24 homogenisator (PeqLab; 3 x 30 s at 6.5 ms− 1).
Glass beads (0.1–0.11 mm diameter) and cell debris were
removed by centrifugation (20,000xg, 10 min, 4 °C). Subsequently, the protein concentration of the samples was
determined. Membrane proteins were enriched according to the protocol published in Eymann et al. [35]. All
samples were analysed by the GeLC-MS workflow. After
electrophoretic fractionation of each mixed sample
by one-dimensional SDS-PAGE, gel lanes were sliced
into 10 equidistant gel pieces followed by tryptic digestion as described by Eymann et al. [35]. For LC-MS/MS
analyses of 1D gel samples, in-house self-packed columns
were prepared and used with an EASY-nLC II system
(Thermo). The peptides were loaded onto the column by
the LC system with 10 µL of buffer A (0.1% (v/v) acetic
acid) at a constant flow rate of 500 nL/min without trapping. The peptides were subsequently eluted using a nonlinear 100 min gradient from 1 to 99% buffer B (0.1% (v/v)
acetic acid in acetonitrile) with a constant flow rate of
300 nL/min and injected online into the mass spectrometer. MS and MS/MS data were acquired with an LTQ
Orbitrap XL (Thermo). After a survey scan at a resolution of 30 000 in the Orbitrap using lockmass correction,
the five most abundant precursor ions were selected for
fragmentation. Singly charged ions, as well as ions without detected charge states, were not selected for MS/MS
analysis. Collision-induced dissociation (CID) fragmentation was performed for 30 ms with a normalized collision energy of 35, and the fragment ions were recorded in
the linear ion trap.
Comparable protein amounts were calculated by the
Hi3 method as described by Silva et al. [36]. For data
processing and protein identification, raw data were
imported into MaxQuant (1.6.3.3) where database search
was carried against the respective B. subtilis strain with
added contaminants from MaxQuant contaminant
list with the following parameters: peptide tolerance:
default, min fragment ions matches per peptide: 1, match
between runs was enabled with the default settings, primary digest reagent: trypsin, missed cleavages: 2, variable modifications: oxidation M (+15.9949), acetylation
N, K (+42.0106). Results were filtered on 1% FDR on
spectrum, peptide and proteins level PSM. The peptide.
txt file obtained from the MaxQuant (1.6.3.3, or above)
search was loaded into R (v1.1.463); modified peptides
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were filtered out; peptide intensities of each biological
replicate were separately normalized by division through
the median, and the intensity sum of the three peptides
of the corresponding protein with the highest normalized
intensity were calculated, if at least three peptide intensities were reported in the corresponding biological replicate. A table containing these normalized intensities was
exported to .xlsx format for each strain. A protein was
only considered valid for quantification if values were
existent in two out of 3 biological replicates [37]. In order
to determine the relative amount of PrsA, we divided its
intensity by the summed intensity of all quantified proteins. This value was then compared between all strains
to see what are the changes between the expression of
heterologous PrsAs.
Construction of strains containing the phtrA‑lacZ fusion

A LacZ expression cassette under the control of the htrA
promoter and targeting the xyl locus was assembled by
SOE PCR using the following DNA components (Fig. 6)
: 5′xyl region (3.4kb PCR product) + spc (1.2 kb PCR
product) + string A containing phtrA and the first 12 of
the lacZ gene (1.6kb PCR product) + string B containing
the second 12 of the lacZ gene (1.6 PCR product) + 3′xyl
region (4.2 kb PCR product). Chromosomal DNA of AN2
was used as a template for PCR amplification of the 5′
and 3′ xyl regions and an in house plasmid was used as a
template for the amplification of the spc resistance gene.
The resulting PCR product was used direcly for transformation of strains AQG640, AQG492, AQG98, AQG77,
AQG97, AQG174, AQG126 and AQG647 resulting in
strains AQG735, AQG736, AQG737, AQG379, AQG741,
AQG742, AQG745, AQG746 respectively, which express
the lacZ gene under the htrA promoter.
Microplate fermentation

The BioLector is a microfermentation system that monitors online common fermentation parameters such as
biomass, pH, oxygen saturation and fluorescence. It
contains a temperature and humidity controlled incubation chamber that carries a single microplate. The fermentation can be monitored continuously by an optical
fiber that moves below the plate. In this work, a BioLector® (m2p-Labs, Baesweiler, Germany) was used for the
measurement of scattered light and GFP fluorescence.
Cultivations were performed in LB media, at a shaking frequency of 1000 rpm, 37 °C and 85% humidity in
48-well Flowerplates (M2p-labs), covered with a Sealing
Foil with Reduced Evaporation (M2p-Labs). The fermentation was carried out in biological triplicates for 24 h,
and the supernatant was harvested for subsequent amylase activity measurements.
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Amylase activity assay

Culture samples were measured for amylase activity in
technical duplicates in 96 well plates. A calibration curve
with increasing concentrations of BAN amylase (0–500
UCF/µL, Novozymes in-house product) was added to
each 96 well plate. AmyL (Roche/Hitachi) Reagent 1 (66
mL) and Reagent 2 (16 mL) were mixed, and 180 µL of
the mixture was added to the plate. The colorimetric
reaction was measured in a Cytation5 plate reader at
A405 nm, 23 °C for 6 min, measuring absorbance each
minute. One unit of alpha amylase activity was defined as
the amount of enzyme required to increase one unit of
absorbance per minute under the assay conditions.
β‑Galactosidase assay

Cells were grown in 1.5 mL LB media in biological triplicates in Flowerplates at 37 °C and 1000rpm. After 24 h of
growth, the OD600 was measured in technical duplicates,
and the culture was transferred to 1.5 mL eppendorfs
and centrifuged for 5 min at 15,000xg. The supernatant was discarded and the pellets were resuspended in
1 mL Z-buffer (10 mM DTT, 60 mM Na2 HPO4 , 40 mM
NaH2 PO4 , 10 mM KCl, 1 mM MgSO4 , pH 7.0) and 10µL
lysozyme (25 mg/mL) and incubated for 60 min at 37 °C
and 700 rpm. After incubation, 2 technical replicates of
100µL each were transferred to new tubes, and 0.4 mL
of ONPG was added to initiate the reaction. This was
carried out at 30 °C and 700 rpm for 15 min when 1 mL
Na2 CO3 1M was added to stop the reaction. After 15 min
of stopping the reaction, the absorbance of the samples
at 420 nm and 550 nm was measured. This experiment
was done twice. One β-galactosidase activity units was
defined as (Miller units: nmol O.D.−1 min−1).
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ABSTRACT: The ﬁeld of systems biology has been rapidly developing in the past
decade. However, the data produced by “omics” approaches is lagging behind the
requirements of this ﬁeld, especially when it comes to absolute abundances of
membrane proteins. In the present study, a novel approach for large-scale absolute
quantiﬁcation of this challenging subset of proteins has been established and evaluated
using osmotic stress management in the Gram-positive model bacterium Bacillus
subtilis as proof-of-principle precedent. Selected membrane proteins were labeled
using a SNAP-tag, which allowed us to visually inspect the enrichment of the
membrane fraction by immunoassays. Absolute membrane protein concentrations
were determined via shotgun proteomics by spiking crude membrane extracts of
chromosomally SNAP-tagged and wild-type B. subtilis strains with protein standards of
known concentration. Shotgun data was subsequently calibrated by targeted mass
spectrometry using SNAP as an anchor protein, and an enrichment factor was
calculated in order to obtain membrane protein copy numbers per square micrometer. The presented approach enabled the
accurate determination of physiological changes resulting from imposed hyperosmotic stress, thereby oﬀering a clear
visualization of alterations in membrane protein arrangements and shedding light on putative membrane complexes. This
straightforward and cost-eﬀective methodology for quantitative proteome studies can be implemented by any research group
with mass spectrometry expertise. Importantly, it can be applied to the full spectrum of physiologically relevant conditions,
ranging from environmental stresses to the biotechnological production of small molecules and proteins, a ﬁeld heavily relying
on B. subtilis secretion capabilities.

T

comparisons of protein abundances, providing appropriate data
represents a challenge for the scientiﬁc community.
Mass spectrometry (MS)-based proteomics has fundamentally reformed the way in which biological systems are
questioned due to its capability to measure thousands of
proteins in parallel.2 Whereas a decade ago, most proteomic
experiments predominantly provided a qualitative view of a
biological system by enumerating its protein constituents,
quantitative measurements are now inherent of practically
every proteomic assay.3 Thus, in the past few years there has
been a rapid increase in the amount of relative and absolute
protein data produced,4−8 contributing to a great advance in

he past century was a successful period for molecular
biosciences, as a great amount of data elucidating the
function of individual molecules was produced. Despite its
achievements, the results of this period came to corroborate
the already present idea that, rarely, a biological function can
be traced to a single molecule. Oppositely, most biological
features are a result of intricate relationships between the cell’s
numerous componentsgenes, RNA molecules, proteins, and
metabolites. Deducing and modeling this complexity is the
focus of systems biology, aiming at a quantitative understanding of cellular systems.1 These modeling endeavors are
highly dependent on quantitative data, including those on
protein abundances, as proteins represent the main carriers of
biological activity and, hence, can provide answers regarding a
high range of cellular processes. As systems biology approaches
depend on absolute proteomic data rather than on relative
© 2019 American Chemical Society
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the ﬁeld of systems biology. Nevertheless, there are still many
poorly understood traits. In particular, when it comes to
absolute abundances of the membrane proteome, few if any
data are available. This is mainly due to the characteristics of
this speciﬁc subset of proteins, namely, their low abundance
and their highly hydrophobic nature. However, due to the
commitment of this speciﬁc protein class in crucial biological
functions, there is a great need for a general method for
absolute membrane protein quantiﬁcation.
The here-described method addresses the issues inherent to
absolute membrane protein quantiﬁcation, by providing several
control points throughout the workﬂow. To achieve this, two
membrane proteins with diﬀerent numbers of transmembrane
domains (TMD)4 and 13were provided with the socalled SNAP-tag derived from the human alkylguanine-DNA
alkyltransferase,9 enabling the visualization of the hydrophobic
fraction enrichment. The tag was chosen due to the availability
of a wide range of possible substrates, thus enabling its
adaption to the envisioned scientiﬁc question. In addition,
absolute membrane protein concentrations were determined
by integrating targeted mass spectrometric analysis of a SNAPpuriﬁed protein with quantiﬁcation derived from calibrated
shotgun proteomics data, where UPS2 human protein
standards10 were used to spike each sample. Fundamental to
the method is that it relies on the application of a correction
and an enrichment factor, which for the ﬁrst time permit the
calculation of absolute membrane protein abundances in a
living organism.

tetraethylammonium bromide (TEAB; 50 mM). The pellet
containing the ﬁnal crude membrane extract was resuspended
in 50 μL of 1× SDS (sodium dodecyl sulfate) solubilization
buﬀer (5% SDS, 50 mM TEAB, pH 7.55). The obtained pellet
was designated as crude membrane extract, and 10 μg of
material was used for protein digestion using the S-Trap
protocol according to the manufacturer (ProtiFi). For shotgunbased absolute quantiﬁcation, UPS2 proteins (Sigma-AldrichMerck) were added in a 1:4 ratio (2.5 μg). For liquid
chromatography/mass spectrometry (LC/MS) analysis, 4 μg
of peptide mixture per biological replicate was desalted using
C18 Zip Tips (Merck Millipore). Peptide concentration was
determined using the Pierce quantitative colorimetric peptide
assay (Thermo Fisher Scientiﬁc). Preparation of whole cell and
membrane extracts for targeted proteomics followed the same
digestion protocol as described above, except for the addition
of UPS2 standards. For each condition six biological replicates
were processed belonging to the three diﬀerent strains.
LC/MS Data Analysis of Shotgun MS and Global
Absolute Quantiﬁcation of Membrane Proteins. For data
processing and protein identiﬁcation, raw data were imported
into MaxQuant (1.6.3.3)13 incorporated with an Andromeda
search engine,14 and processed via the iBAQ algorithm.10
Database searches were carried out against a reversed B. subtilis
168 database15 with manually added SNAP and UPS2
sequences and with common contaminants added by
MaxQuant. The database search was performed with the
following parameters: peptide tolerance, 4.5 ppm; min
fragment ions matches per peptide, 1; match between runs
was enabled with default settings; primary digest reagent,
trypsin; missed cleavages, 2; ﬁxed modiﬁcation, carbamidomethyl C (+57.0215); variable modiﬁcations, oxidation M
(+15.9949), acetylation N, K (+42.0106). Results were ﬁltered
for a 1% false discovery rate (FDR) on spectrum, peptide, and
protein levels. All identiﬁcation and quantitation data are
summarized in the Supporting Information (Table S-3), and
the mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE16 partner
repository with the data set identiﬁer PXD014272. Only
proteins quantiﬁed in four out of six biological replicates were
considered for further analysis.
LC/MS Data Analysis of Targeted MS and Absolute
Quantiﬁcation of Native SNAP. Raw ﬁles were processed
using Skyline 4.2 (MacCoss Lab software17). On the basis of
the added amount of puriﬁed SNAP protein, the absolute
amount of native SNAP protein in both measured fractions
was calculated. Absolute protein abundances derived from
selected reaction monitoring (SRM) were compared to
shotgun MS absolute protein abundances, and a correction
factor was obtained by calculating a ratio between the targeted
and the shotgun average concentration of native SNAP. In
addition, an enrichment factor was attained by calculating the
ratio between the median value of native SNAP in the
membrane and whole cell extract fraction. This value allowed
the subsequent calculation of protein copy numbers per total
surface area (molecules per square micrometer), as it
accurately provides the percentage of enrichment of the
hydrophobic fraction and, thus, allows us to calculate back to
the natural form of the membrane protein in the cell prior to
enrichment. A ﬁnal transition list for the SNAP protein is
provided in the Supporting Information (Table S-4).
Further Experimental Details. Experimental details on
determination of the bacterial cell size, Western blotting,

■

MATERIALS AND METHODS
Bacterial Growth and Sample Preparation. Strains and
cloning strategies are detailed in the Supporting Information
(paragraph “strain construction”, Tables S-1 and S-2). For all
proteomics analysis, the bacteria were grown in Belitsky
minimal medium.11 Exponentially growing cells (optical
density at 500 nm [OD500] of 0.4) were challenged with 6%
(w/v) NaCl, and samples were taken 60 min after the onset of
stress. Control cells, to which no NaCl was added, were
collected at the same time point. Cells were harvested by
centrifugation (10 000g for 15 min at 4 °C), and cell pellets
were washed twice with TE buﬀer (20 mM Tris, 10 mM
EDTA, pH 7.5). Cells were mechanically disrupted using the
FastPrep24 instrument (MPBiomedicals), as it has proven to
be the most eﬃcient method for Bacillus subtilis cell
disruption.5 Cell debris was removed by centrifugation
(20 000g for 10 min at 4 °C), and the protein concentration
of the whole cell extract was determined by ninhydrin assay.12
An aliquot with a protein content of 2.5 mg was used as
starting material for membrane preparation. This lysate
adjusted up to 1.5 mL of Tris EDTA buﬀer (10 mM EDTA,
20 mM Tris−HCl, pH 7.5) and subjected to ultracentrifugation (100 000g at 4 °C). The supernatant was discarded, and
the pellet was detached from the bottom by adding 0.75 mL of
high-salt buﬀer (10 mM EDTA, 1 M NaCl, 20 mM Tris−HCl,
pH 7.5) and incubating in an ultrasonic bath for 5 min at room
temperature. This was followed by pipetting the suspension up
and down until the pellet was homogenized. The pipet was
then rinsed with 0.75 mL of high-salt buﬀer, and the solution
was incubated in a rotator at 8 rpm and 4 °C for 30 min,
followed by ultracentrifugation under the same conditions as
above. Pellet resuspension and ultracentrifugation were then
performed with alkaline carbonate buﬀer (10 mM EDTA, 100
mM Na2CO3, 100 mM NaCl, pH 11), and in a ﬁnal step with
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Figure 1. Workﬂow for absolute membrane protein quantiﬁcation through calibration of shotgun MS by targeted mass spectrometry. (A) Steps
involved in sample preparation. Filled lines refer to all experimental procedures, and irregular lines illustrate the resultant whole cell and membrane
extracts derived from sample preparation. Rounded squares represent immunoassays performed during the workﬂow needed to visually conﬁrm
membrane enrichment, but not being part of the main sample preparation process. (B) Steps involved in targeted MS for each sample. Irregular
lines illustrate the samples obtained from step A needed to conduct the targeted approach. Filled lines show the experimental procedure
enumerating each consecutive step of the method. (C) Steps involved in shotgun MS analysis. Irregular lines correspond to samples used for the
shotgun MS experiment and obtained from step A. Filled lines display the experimental procedure. “R” and the respective color make reference to
the results ensuing the respective panel.

shotgun MS, and targeted MS analysis are provided as
Supporting Information.

living organism. This was achieved by optimizing previously
established methods for absolute protein quantiﬁcation and
adapting them to the speciﬁc requirements imposed by the
unique characteristics of membrane proteins. Shotgun
proteomics was combined with the usage of spiked-in internal
standards (UPS2) prior to membrane fraction digestion,

■

RESULTS
Here we report, for the ﬁrst time, a method exclusively
developed for absolute membrane protein quantiﬁcation in a
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allowing for the calculation of absolute membrane protein
abundances. Nonetheless, in order to calculate the number of
protein molecules per square micrometer of membrane area, it
was essential to calculate an enrichment factor, as the
membrane-enriched protein fraction does not reﬂect the
cell’s membrane proteomome in its native state. In addition,
a correction factor was also calculated, as UPS2 standards do
not necessarily mimic the physicochemical properties of
membrane proteins. To do so, two diﬀerent membrane
proteins were chromosomally tagged using the SNAP-tag
and the abundances of these proteins were measured before
and after membrane enrichment by measuring SNAP-tag
protein absolute abundances by targeted proteomics. The
experimental pipeline is graphically represented in Figure 1.
To demonstrate the accuracy of our method we chose B.
subtilis 168, the model for Gram-positive bacteria, exposed to
osmotic shock as a proof of principle. In particular, protein
concentrations were determined 1 h after the onset of stress,
thereby comparing control and stress conditions. Moreover, as
this study was dedicated to the study of the membrane
fraction, the absolute numbers presented here were focused on
the membrane protein data set of this organism.
Optimization of Shotgun-Based Absolute Quantiﬁcation and Sample Preparation for Global Quantiﬁcation of Membrane Proteins. Label-free MS approaches have
shown to be best suitable for large-scale absolute protein
quantiﬁcation.18 Hence, in order to develop the described
method, a widely accepted method for global absolute
quantiﬁcation was testediBAQ10by analyzing a total
protein extract of B. subtilis. This method uses the sum of all
peptide peak intensities of a sample divided by the number of
theoretically observable tryptic peptides as indicator of protein
abundances. This approach showed a linearity in quantiﬁcation
of 4 orders of magnitude with the UPS2 standards, and a very
good correlation (r2 = 0.9503) (Figure S-1), thus being the
method used in this study. Furthermore, in order to ensure
eﬃcient digestion of the crude membrane extract, several
digestion protocols were testedin-solution,5 ﬁlter-aided
sample preparation (FASP),19 and suspension trapping (STrap).20 Also, accuracy and sensitivity of quantiﬁcation was
tested by spiking in UPS2 standards in each sample. The
method that provided the highest number of membrane
protein identiﬁcations was S-Trap, with a total of 516
membrane proteins, followed by FASP and in-solution digest,
which identiﬁed 495 and 473 membrane proteins, respectively
(Table S-5). As for sensitivity and accuracy of membrane
protein quantiﬁcation, all methods enabled the quantiﬁcation
of 4 orders of magnitude of UPS2 standards, with FASP
showing the highest correlation, followed by S-Trap and insolution digest (Figure 2A). Nevertheless, it has been reported
that the FASP approach suﬀers from batch-to-batch
variation,20 as this method relies in the use of a membrane
ﬁlter hindering its application in high-throughput proteomic
studies, and thereby suggesting that it might not be the most
adequate method for the purpose of this study. Furthermore,
we compared the overlap between the quantiﬁed membrane
proteins for all the tested methods. For this purpose, values
were only considered valid if present in all three biological
replicates. The results show a considerable overlap between the
three approaches, with S-Trap providing the highest number of
quantiﬁed membrane proteins (Figure 2B). A recently
published study has also compared these three digestion
methods and has shown that the most eﬃcient digestion

Figure 2. Comparison of three digestion methodsS-Trap, FASP,
and in-solution. (A) Linear regression of UPS2 standards quantiﬁed in
the three tested digestion methods with respective correlation. (B)
Overlap of the quantiﬁed membrane proteins in all three biological
replicates between the digestion methods.

protocol was S-Trap, as it provided the best overall
performance, with the highest number of protein identiﬁcations, reproducibility of quantiﬁcation, and sensitivity,21 which
is well in accordance with our data (Figure 2 and Table S-5).
Also, since S-Trap digestion allows for a slightly higher
concentration of SDS (5%) in comparison to FASP and insolution digest, it was the chosen method for membrane
protein digestion.
Accurate Absolute Membrane Quantiﬁcation Workﬂow. To adapt an absolute quantiﬁcation approach to the
speciﬁcities of membrane proteins, we applied the SNAPtechnology. The SNAP-tag served two functions: (1)
qualitative assessment of the enrichment of the membrane
fraction, and (2) calibration of the shotgun proteomics
absolute data (Figure 1, results R3 and R4). We
chromosomally tagged two B. subtilis membrane proteins
with diﬀerent numbers of predicted TMD22YodF (unknown
function and with 13 TMD) and YhdP (responsible for
magnesium export and with 4 TMD)in order to have a
quantiﬁcation method valid for diﬀerent classes of membrane
proteins. The nontagged parental version of B. subtilis was also
used for quantiﬁcation in order to verify that absolute protein
abundances were not aﬀected by the insertion of the tag. It is
of course unfeasible to tag all membrane proteins of this
organism, but we believe that tagging diﬀerentially abundant
proteins, which have diﬀerent molecular weights and varying
numbers of TMD, provides already a fair representation for
quantiﬁcation and proof-of-principle purposes. To ensure that
the tag did not have an eﬀect on bacterial growth, we
compared the growth curves of all the three strains, both in
control and osmotic shock conditions, and no diﬀerence was
observed (Figure S-2).
The qualitative assessment of the enrichment of membrane
proteins was achieved by loading the whole protein and
membrane extract for both conditions (control and NaCl) on a
SDS gel, and then detecting the tagged proteins by
immunoassays (Figure 1, result R2). In order to test the
limit of detection of the SNAP protein and also the speciﬁcity
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calculation for absolute membrane protein quantiﬁcation due
to the intrinsic hindrances involved in the handling of this
subset of proteins (Figure 1, result R5, and Figure S-6).
Determination of a correction factor was achieved by
calculating a ratio between the absolute molar amounts of
the native SNAP protein obtained in the SRM approach and its
shotgun counterpart (Figure 1, result R4). We calculated a
median ratio of 0.622 and 0.654 for control and NaCl,
respectively (Figure S-6B). This shows that, even though the
UPS2-based absolute quantiﬁcation is very accurate, it still
provides a slight overestimation of total protein abundances.
Moreover, this overestimation does not appear to be
condition-dependent, as the calculated correction factor is
similar for both tested conditions.
Both the correction and enrichment factor were then used to
calibrate the data obtained by the shotgun approach.
Determination of Cellular Protein Concentrations.
Cell counting was performed at the moment of harvesting;
thus, every sample was analyzed taking into account the
number of cells present in a given volume of medium. As
incomplete cell lysis might represent a possible source of error,
the disruption method as developed by Maaß et al. was
employed, as it has proven to provide disruption eﬃciencies
better than 99% for B. subtilis.5 With this sample disruption
eﬃciency and knowing the number of cells per volume of
culture, the determination of protein copy numbers per surface
area was possible. This value was calculated after accurate
determination of the average size of B. subtilis cells in the two
tested physiological conditions using light microscopy (Figure
1, result R1). Absolute protein amounts per microgram of
crude membrane extract, protein concentrations, copy
numbers per surface area, and molecules per cell for all
membrane proteins quantiﬁed by shotgun MS are presented in
the Supporting Information (Table S-3). A table showing the
average sizes of all measured B. subtilis cells per condition is
also available in the Supporting Information (Table S-7).
Absolute membrane abundances were calculated by plotting
the log-transformed iBAQ intensities against known logtransformed absolute molar amounts of the spiked-in UPS2
standards.10 The resulting linear regression was used to ﬁt
iBAQ intensities to absolute standard protein amounts. The
slope and intercept from this calibration curve were then used
to convert iBAQ intensities of all identiﬁed B. subtilis proteins
to molar amounts. This enabled the quantiﬁcation of 4 orders
of magnitude for the UPS2 standards for both control and
stressed cells, with an r2 of 0.9753 and 0.9624, respectively
(Figure S-7). After determination of absolute molar amounts
of the quantiﬁed proteins these values were calibrated by
applying both the correction and enrichment factor derived
from the SRM approach (Figure 1, result R5).
Biological Signiﬁcance of Determined Membrane
Protein Concentrations. Our study provides, for the ﬁrst
time, a method exclusively developed for absolute membrane
protein quantiﬁcation in a living organism. Consequently, there
are currently no absolute membrane quantiﬁcation studies
available for any bacteria, and thus, comparison with published
data is impossible. To corroborate the accuracy of this newly
developed approach, the determined absolute protein concentrations were therefore compared to other types of data from
previously published physiological studies. In this study we
determined that the ATP synthases subunitsAtpF and
AtpEare the most abundant proteins in B. subtilis with
about 160 molecules/μm2 each during exponential phase for

of the anti-SNAP antibody we conducted immunoassays and
veriﬁed that the anti-SNAP antibody is highly speciﬁc toward
the SNAP protein (Figure S-3A). We also observed that the
limit of detection of the SNAP protein is in the range of 25 ng
(Figure S-3B), allowing us to detect the tagged proteins in very
low concentrations and in a highly speciﬁc manner. The
immunoassays for YodF- and YhdP-tagged proteins in the two
diﬀerent conditions were performed in triplicates and showed a
consistent enrichment of the membrane fraction, independent
of the number of transmembrane domains (Figure S-4, parts A
and B). Second, the pure SNAP protein served as anchor
protein for targeted MS analysis and further calibration of the
absolute protein abundances obtained from the conversion of
iBAQ intensities to molar amounts for all identiﬁed membrane
proteins (Figure 1, results R3, R4, and R5). This was achieved
by measuring a calibration curve of the puriﬁed SNAP protein
ranging 5 orders of magnitude (0.001−10 pmol on column) by
SRM (Figure 1B, step 3c, and Figure S-5). The calibration was
based on six transitions of three peptides weighted according
to their area-to-background (A/B) ratios before being averaged
over the peptide AUC (area under the curve) intensities to
result in the calculated absolute abundance of the SNAP
protein. Then, the log-transformed weighted averages of AUC
intensities were plotted against known log-transformed
absolute amounts of the SNAP-puriﬁed protein. The SNAP
calibration curve shows the sensitivity and wide dynamic range
of the SRM approach as this method enabled the accurate
quantiﬁcation of three peptides over 5 orders of magnitude and
with an r2 of 0.9985 (Figure S-5). This calibration enabled us
to calculate absolute amounts of native SNAP in the respective
strains before (whole-cell extract) and after (crude membrane
extract) enrichment (Figure 1, result R3).
Calibration of Shotgun MS Results Using Targeted
Proteomics. The pure SNAP protein served as anchor to
calculate absolute amounts of its native form in the
chromosomally tagged strains, in order to allow the calculation
of the concentration for the two diﬀerent tagged membrane
proteins by targeted MS (Figure 1, result R3). The slope and
intercept from this calibration curve were used to convert
SRM-based weighted AUC intensities of the chromosomally
SNAP-tagged strains to absolute molar amounts. Four
biological replicates of digested whole cell and membrane
extract were measured for each condition, control and 6%
NaCl (w/v), and absolute amounts of the SNAP-tagged
protein were calculated.
We calculated the ratio between native SNAP absolute
molar amounts of membrane and total cell extract in order to
determine the enrichment factor between whole cell extract
and enriched membrane protein sample (Figure 1, result R3).
This resulted in values of 4.40 and 5.02 for control and NaCl,
respectively (Figure S-6A). This is the quantitative corroboration of what is already visible in the immunoassays (Figure S4)an eﬃcient enrichment of the membrane fraction
regardless of the number of TMD. In addition, the SRM
results show that there is a slightly higher enrichment in the
osmotically stressed cells. Remarkably, this same tendency is
shown by our ninhydrin-based protein determination assay, in
which the control replicates have a marginally lower
concentration than the osmotically challenged cells (Table S6).
The SRM approach was used to calibrate the shotgunderived absolute data by applying a correction and an
enrichment factor, both being essential to develop an accurate
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both control and stress conditions. Consistent with this
observation, a previous study investigating the transcriptional
architecture of B. subtilis reported that genes encoding enzymes
involved in ATP synthesis are among the most highly
expressed genes and also among the least tightly regulated
ones.23 This is well in accordance with the present data, as
AtpF and AtpE have a similar abundance under both tested
conditions (Table S-3). The present quantitative approach also
uncovered a wide dynamic range for low-abundant membrane
proteins, where the values ranged between 100 and 0.05
copies/μm2.
Details on the assignment of membrane protein copy
numbers per cell surface to a speciﬁc cellular function are
presented in the Supporting Information (Figure S-8A). By far,
the most abundant group of membrane proteins are transporters, with ∼19% of the quantiﬁed protein molecules being
assigned to this functional category. This reﬂects the versatility
of transport systems in this organism and is consistent with the
qualitative results from a previous study targeting the
membrane proteome of B. subtilis.24 Furthermore, our data
shows that ∼12% of the quantiﬁed membrane proteins are
involved in stress management. Interestingly, our results show
that, when it comes to coping with hyperosmotic shock, the
cells dedicate 4% more of their “cellular budget” to coping with
the consequences of the hyperosmotic stress as compared to
the control cells (Figure S-8B).
Additional support for the reliability of our quantiﬁcation
method can be derived from the known physiological
responses of B. subtilis to imposed salt stress. According to
previous investigations, the initial response of this organism to
acute osmotic stress relies on the uptake of large amounts of
potassium ions, followed by a phase of adaptation in which
compatible solutes such as proline and betaine are accumulated
via synthesis and uptake.25 Accordingly, we observed that B.
subtilis dramatically increased the copies of GltA, the large
subunit of the glutamate synthase, upon salt stress (Figure 3,
Figure S-9 and Table S-3). This could be explained by the
imposed deprivation of glutamate, a precursor for proline
synthesis, from the Belitsky minimal growth medium used in
our present study. As a consequence, B. subtilis try to
synthesize new molecules of glutamate to be able to produce
the compatible solute proline. Also, the data shows a general
increase in the copy numbers of proteins belonging to the Opu
family, with a clear predisposition for the OpuA operon
(opuAA−opuAB−opuAC) which mediates the uptake of
glycine betaine. OpuE, necessary for the uptake of proline,
also shows a signiﬁcant increase. However, it is present in
much lower copy numbers than the other proteins of the Opu
family. This might relate to the fact that proline is the only
compatible solute used by B. subtilis that can also be exploited
as a nutrient, limiting the eﬀectiveness of exogenously provided
proline as an osmostress protectant.26 As a consequence, this
organism might give preference to more eﬃcient uptake
systems for compatible solutes, like OpuA, present in higher
abundances (Figure 3 and Table S-3). A table with all
membrane protein abundances signiﬁcantly changed during
osmostress is available in the Supporting Information (Table S8).
Lastly, our quantitative membrane proteome data can be
applied to assess the stoichiometry of membrane protein
complexes (Table 1). For example, our method reports a ratio
of 1:1 as opposed to 2:1 for the components of the stator of
the ﬂagellar motor MotA:MotB in Escherichia coli.27 This

Figure 3. Voronoi treemaps illustrating copy numbers per square
micrometer of membrane proteins in stress and control conditions.
Proteins quantiﬁed via shotgun MS are displayed as single cells, which
are functionally clustered according to the SubtiWiki gene orthology
(ref 36). A protein appearing more than once is included in more than
one functional category. GltA and Opu family of transporters are
highlighted for ease of visualization. Cell size corresponds to protein
abundance, and color code indicates abundance in each of the
measured conditions: brown, proteins more abundant in control
conditions; blue, protein more abundant in stress conditions; white,
no diﬀerence in protein abundance.

suggests a diﬀerent architecture of the ﬂagellar motor in B.
subtilis. We also compared the stoichiometry of the Sec system
for protein translocation across the membrane with previously
published data. This showed that accessory components
SecDF and SpoIIIJ (MisCA) are present in about the same
amounts as the main translocation channel component SecY,
which is in agreement with previously published data for E.
coli.28 On the other hand, the SecE channel component was
not detected and SecG was detected in 4-fold lower amounts
than SecY. The latter could be due to the fact that SecG of
Gram-positive bacteria may be poorly retained in the channel
and released into the medium.29 Lastly, a recently performed
study suggested a putative complex between the signal peptide
peptidase SppA and the stress protein YteJ, hinting that SppA
is 2 times more abundant than YteJ (G. Henriques, O.
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Table 1. Stoichiometry Information for Selected Proteinsa
MotA:MotB
SecDF:SecG:SecY:SpoIIIJ:YrbF
SppA:YteJ

B. subtilis

literature

organism

1.0 ± 0.3:1.0 ± 0.2
1.0 ± 0.1:0.4 ± 0.1:1.7 ± 0.5:1.0 ± 0.2:3.4 ± 1.8
3.7 ± 0.2:1.0 ± 0.1

2:1
1:1:1:1:1:1
2:1

E. coli (ref 27)
E. coli (ref 28)
B. subtilis (P.C.)

a
Stoichiometry composition of known protein complexes was determined using the absolute quantiﬁcation workﬂow herewith described and
compared to previous observations (column “literature”). The standard deviation between replicates is also presented in the table. Literature values
were extracted from the indicated references as well as the organism in which these studies were performed. P.C. stands for personal
communication.

order to achieve a more comprehensive data set, more
representatives of this group of proteins should be studied in
similar detail. However, the present results show that the
enrichment factor is similar for membrane proteins with
diﬀerent physicochemical properties (4 and 13 TMD),
indicating that additional SNAP-tagged membrane protein
representatives would not contribute further insights.
As membrane proteins are generally present in lower
abundances in comparison to soluble proteins, one could
also argue that data-independent acquisition (DIA) would
comprise a suitable technique to absolutely quantify membrane
proteins, especially since all peptides within a deﬁned mass-tocharge ratio are subject to fragmentation, in contrast to datadependent acquisition (DDA) where the mass spectrometer is
inherently biased to pick for fragmentation those peptides with
the strongest signal.33 However, a study comparing DIA and
DDA reported that, in low-complexity UPS2 samples, both
methods identiﬁed similar numbers of peptide ions and
proteins, with DIA identifying only more peptide ions than
DDA only for higher-abundant proteins.34 Thus, we believe
that DDA is a suﬃciently powerful method to meet the
requirements of absolute membrane protein quantiﬁcation.
Regardless, the absolute quantiﬁcation of membrane proteins
will certainly beneﬁt from the endeavors that are currently
being dedicated to diﬀerent data acquisition methods and
instrumentation in the vast world of mass spectrometry.
The workﬂow here described comprises a highly comprehensive and accurate method to determine membrane protein
concentrations in an absolute manner, a methodology not
available until now. The resulting information is essential for
systems biology investigations, since this ﬁeld relies on detailed
knowledge of the concentrations of expressed proteins as a
function of the cellular state in order to build mathematical
models that simulate biological processes.
Even though this newly developed method does not cover
the entirety of the membrane proteome of B. subtilis, it is
capable of accurately detecting the physiological changes
resultant of an imposed stress, oﬀering a clear visualization of
alterations in protein arrangements. The straightforwardness of
our method allows it to be easily applied to any type of
physiological condition. This will enable researchers to address
diﬀerent types of research questions, for instance, in the
biotechnological sector, which is in need of detailed
quantitative information on cellular responses at the level of
the membrane to fully understand the consequences of
secretion stress.35
Lastly, it should be noticed that membrane protein
quantiﬁcation is probably more prone to error than the
quantiﬁcation of soluble proteins, due to the physicochemical
properties of membrane proteins. However, the precision of
the introduced approach (comparison Table 1) is in full
accordance with recently reported MS-based approaches

Delumeau, M. Jules, personal communication). This result is
well in accordance with our ﬁndings.

■

DISCUSSION

Here we report the ﬁrst methodology for absolute
quantiﬁcation of membrane proteins as exempliﬁed with the
model Gram-positive bacterium B. subtilis.
One of the most crucial steps in membrane preparation is
the enrichment of this fraction. This was accomplished by
washing isolated membranes with diﬀerent buﬀers that favor
the precipitation of hydrophobic proteins and, at the same
time, allow the consequent depletion of their soluble
counterparts. Importantly, our approach tackled this bottleneck for absolute membrane protein quantiﬁcation by
providing two control pointsimmunoassay and targeted
proteomicswhich ensure the correct determination of the
membrane fraction enrichment, independently of the number
of TMD contained in proteins belonging to this subcellular
fraction. In addition, samples were digested using the S-Trap
technology,20 which combines the advantage of eﬃcient SDSbased protein extraction with rapid detergent removal, thereby
enabling an eﬃcient solubilization of membrane proteins and
making them more accessible for proteolytic digestion. This
innovative implementation led to identiﬁcation of 496
membrane proteins of B. subtilis, of which 231 contain four
or more TMD. Of the remaining 265 membrane proteins, 105
have no TMD according to the HMMTOP2.0 prediction
tool,22 suggesting that they are likely membrane-associated
proteins. The number of membrane protein identiﬁcations is
higher than the one reported by previous studies targeting the
membrane of B. subtilis,24,30,31 which is most likely due to the
employed digestion method and the usage of faster and more
sensitive mass spectrometers. Nonetheless, there is still room
for improvement, as the present study covers ∼40% of the
predicted membrane proteome of this organism. In this respect
it is noteworthy that a recently published study employed a
coacervate-based diﬀerential phase method to enrich hydrophobic proteins of yeast, resulting in 13% more identiﬁcations
of integral membrane proteins and 25% more identiﬁcations of
low-abundant proteins.32 Our present methodology for
absolute membrane protein quantiﬁcation could probably be
combined with this recently developed membrane enrichment
method, but the correction and enrichment factors developed
in this study would still be essential to accurately determine
membrane protein concentrations.
The protocol for absolute membrane protein quantiﬁcation
developed in this study makes use of two chromosomally
SNAP-tagged membrane proteins with 4 and 13 TMD, in
order to cover a broad spectrum of membrane proteins with
diﬀerent physicochemical properties. This allowed for the
extrapolation of their behavior to the rest of the proteins
belonging to this subcellular fraction. One might argue that, in
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targeting soluble proteins5−7 (approximately 2-fold error
among 3 orders of magnitude), which corroborates the
accuracy of the here presented protocol.
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■

CONCLUSION
Recent developments in the mass spectrometry ﬁeld have
allowed the successful determination of absolute abundances of
soluble proteins.4−8 However, the quantiﬁcation of their
hydrophobic counterparts in biological membranes has until
now failed to succeed. The described workﬂow represents a
straightforward approach for absolute membrane protein
quantiﬁcation. It tackles the crucial bottlenecks involved in
the handling and preparation of this fascinating, but technically
challenging, class of proteins. Our novel approach combines
the accuracy and sensitivity of targeted MS with the resolving
power and comprehensiveness of shotgun MS, thereby
providing access to cellular membrane protein concentrations
for a large subset of membrane proteins. We believe this
approach will help to answer long-standing questions of the
scientiﬁc community regarding membrane protein dynamics in
response to physical, chemical, and physiological perturbations,
that are both of fundamental scientiﬁc and biotechnological
interest.
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(8) Wiśniewski, J. R.; Rakus, D. J. Proteomics 2014, 109, 322−331.
(9) Keppler, A.; Gendreizig, S.; Gronemeyer, T.; Pick, H.; Vogel, H.;
Johnsson, K. Nat. Biotechnol. 2003, 21 (1), 86−89.
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Danchin, A. Microbiology 2009, 155 (6), 1758−1775.
(16) Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.;
Hewapathirana, S.; Kundu, D. J.; Inuganti, A.; Griss, J.; Mayer, G.;
Eisenacher, M.; et al. Nucleic Acids Res. 2019, 47 (D1), D442−D450.
(17) MacLean, B.; Tomazela, D. M.; Shulman, N.; Chambers, M.;
Finney, G. L.; Frewen, B.; Kern, R.; Tabb, D. L.; Liebler, D. C.;
MacCoss, M. J. Bioinformatics 2010, 26 (7), 966−968.
(18) Gerber, S. A.; Rush, J.; Stemman, O.; Kirschner, M. W.; Gygi, S.
P. Proc. Natl. Acad. Sci. U. S. A. 2003, 100 (12), 6940−6945.
(19) Wisniewski, J. R.; Zougman, A.; Nagaraj, N.; Mann, M. Nat.
Methods 2009, 6 (5), 359−362.
(20) Zougman, A.; Selby, P. J.; Banks, R. E. Proteomics 2014, 14 (9),
1006−1000.
(21) Ludwig, K. R.; Schroll, M. M.; Hummon, A. B. J. Proteome Res.
2018, 17, 2480−2490.
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Bacillus subtilis has been extensively used as a microbial cell-factory for industrial enzymes due to
its excellent capacities for protein secretion and large-scale fermentation. This bacterium is also an
attractive host for biopharmaceutical production. However, the secretion potential of this organism is
not yet maximized, mostly due to a limited understanding of critical rearrangements in the membrane
proteome upon high-level protein secretion. Recently, it was shown that bottlenecks in heterologous
protein secretion can be resolved by genome minimisation. Here, we present for the first time
absolute membrane protein concentrations of a genome-reduced B. subtilis strain ('midiBacillus')
expressing the immunodominant Staphylococcus aureus antigen A (IsaA). We quantitatively
characterize membrane proteome adaptations in midiBacillus upon production stress at the level of
protein molecules per cell and show that midiBacillus secretes 2.41 molecules of IsaA per minute.
This quantitative dataset offers unprecedented insights into bioproduction stress responses in a
synthetic microbial cell.
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In 1974, Wacław Szybalski provided a contemporary interpretation of synthetic biology and
prophesied that biology would eventually evolve from a descriptive discipline to a re(designing) one
(Szybalski, 1974). The almost half century of research ensuing these assertions demonstrated their
accuracy, as the knowledge on the inventory of biological functions that microbial cells are able to
integrate into their physiological and metabolic circuits has substantially increased, thereby paving
the way for synthetic biology – engineering of living cells from individual parts, which are
intentionally assembled to yield a functional unit (Agapakis et al., 2010; Elowitz and Leibler, 2000;
Fredens et al., 2019; Gardner et al., 2000; Gibson et al., 2010; Hutchison et al., 2016; Ro et al., 2006;
Venetz et al., 2019). While four decades ago cell engineering mostly relied on random mutagenesis
followed by screening processes (Parekh et al., 2000), the rapid development of high-throughput –

Introduction

Membrane modulation of super-secreting “midiBacillus”
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

omics approaches have altered this tendency, leading to the development of systems metabolic
engineering, a discipline that integrates metabolic engineering with systems and synthetic biology,
with the ultimate goal of delivering highly sophisticated microbial cell factories (Chen et al., 2010;
Lee et al., 2005, 2012; Makino et al., 2011). Central to systems metabolic engineering is the
integration of –omics derived experimental data into mathematical models capable of understanding
and anticipating the cellular behaviour of microorganisms under any genetic or environmental
perturbation (Endy and Brent, 2001; Patil et al., 2004; Stelling, 2004). Proteins are an essential part
of the endeavours to uncover the systematic properties of biological systems as they represent the
central players in the complex metabolic and adaptational network (Aggarwal and Lee, 2003). While
relative protein quantification is enough for a comparison of protein abundances between samples,
this data does not meet the requirements of mathematical modelling in systems biology. Instead, in
order to decipher physiological cell responses upon the onset of stress, absolute proteomic data is
required. Accordingly, the past few years witnessed a general effort to produce suitable absolute
protein data, mainly owed to the accomplishments of mass spectrometry (MS)-based proteomics
(Maaß et al., 2011; Maaβ et al., 2014; Malmström et al., 2009; Muntel et al., 2014; Wiśniewski and
Rakus, 2014). However, some traits remain a challenge for this discipline. When it comes to absolute
numbers of membrane proteins, few if any data is available, mainly due to the low abundance and
high hydrophobicity of this subset of proteins. However, membrane proteins represent major players
in microbial physiology, participating in many different essential processes that relate to nutrient
acquisition and cellular homeostasis. One of these essential mechanisms is protein secretion, a
process that is nowadays heavily exploited in the biotechnology industry as it greatly facilitates the
downstream processing of proteins. Importantly, secreted proteins can be produced in massive
amounts to the extent that it leads to ‘bioproduction stress’. Thus, defining the changes in the
membrane proteome that follow the overproduction of secreted proteins during bioproduction stress
is of major relevance for the biotechnological sector (van Dijl and Hecker, 2013).
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We have recently published a study describing a method to circumvent the issues inherent to absolute
membrane protein quantification, by simultaneously combining the comprehensiveness of shotgunMS and the accuracy of targeted-MS. Fundamental to the method was the application of a correction
and enrichment factor which, for the first time reported, allowed the calculation of absolute
membrane protein abundances in a living organism (Antelo-Varela et al., 2019). To prove the
accuracy and reliability of the new method, Bacillus subtilis was used as model organism and the
response to osmotic shock was examined for proof of principle.
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B. subtilis has been extensively used as a microbial cell factory for industrial enzymes and
biopharmaceuticals production (Schallmey et al., 2004; Westers et al., 2004; Zweers et al., 2008).
This bacterium is also an attractive host for heterologous protein production due to its excellent
fermentation and high product yield capacities (van Dijl and Hecker, 2013). Nevertheless, like all
living organisms, B. subtilis has cellular control systems which, on one hand ensure the production of
high-quality proteins (Darmon et al., 2002; Hyyryläinen et al., 2001) but, on the other, represent a
major bottleneck in heterologous protein production (Bolhuis et al., 1999; Krishnappa et al., 2013;
Pohl and Harwood, 2010; Tjalsma et al., 2000; Zweers et al., 2009). Hence, Aguilar and colleagues
engineered a minimal strain of B. subtilis (Reuß et al., 2017) for heterologous production of “difficult
proteins” natively secreted by Staphylococcus aureus and demonstrated that these were successfully
produced in the genome-reduced, but not in the wild-type strain (Suárez et al., 2019). However, in
order for the minimal strains to reach their full potential as next-generation microbial cell factories it
is crucial to obtain information regarding absolute membrane protein abundances. This information is
crucial to calculate the “resource expenses” for sustaining the bacterial membrane proteome and,
more specifically, for optimal abundance of protein translocases upon overproduction of secreted
This is a provisional file, not the final typeset article
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proteins during industrial fermentation processes. Integrating this data on such resource expenses in
mathematical models will allow for the rational design and behavioural prediction of organisms in
metabolic engineering and synthetic biology.
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In this study, we provide absolute membrane protein concentrations of the genome-reduced B.
subtilis strain (midiBacillus) IIG-Bs27-47-24 expressing IsaA, the immunodominant Staphylococcus
aureus antigen A (Suárez et al., 2019). To engineer this strain 1401 genes were systematically
deleted from the parental strain B. subtilis 168, which represents a genome-reduction of 30.95%
(Reuß et al., 2017). IsaA production was induced by a high-level subtilin-regulated expression
system (SURE), an inducible system based on subtilin sensing by SpaR and SpaK, which regulate
and drive the transcription of the PspaS promoter (Bongers et al., 2005). Notably, the midiBacillus
lacks the genes for eight major secreted Bacillus proteases, which were previously identified as one
of the main bottlenecks for heterologous protein production (Krishnappa et al., 2013; Pohl and
Harwood, 2010).
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Here, we quantitatively characterize the membrane proteome adaptation of midiBacillus during
production stress on the level of molecules per cell for more than 400 membrane proteins, which
encompasses around half of the predicted membrane proteome of this strain (Reuß et al., 2017).
Furthermore, we determined protein allocation between main processes of the cell membrane during
exponential growth and production stress, including protein translocation. This comprehensive
dataset might be implemented in a mathematical model dedicated to fine-tune metabolic pathways,
defining approaches to minimize stress and increase protein production.
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Strain Construction. The bacterial strains and plasmids used in this study are listed in Table S1. The
spaRK genes were chromosomally integrated in the amyE locus of strain IIG-Bs27-47-24 by
transformation of competent cells with plasmid pNZ8900. The “super-competence” of Bacillus was
induced with mannitol as described by Rahmer and colleagues (Rahmer et al., 2015). Subsequently,
the strain IIG-Bs27-47-24 carrying the spaRK genes was transformed with the plasmid pRAG3::IsaA
for the inducible expression of IsaA, as previously described (Suárez et al., 2019). Moreover,
secretion of IsaA was directed into the growth medium by N-terminal fusion to the signal peptide of
the xylanase XynA (SPXynA) of B. subtilis (Gilbert et al., 2017).
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Subtilin Production. For subtilin production, B. subtilis ATCC 6633 was grown overnight in
Lysogeny Broth (LB) medium and samples were harvested by centrifugation (10,000 × g for 10 min
at 4 °C). The free-cell supernatant containing subtilin was collected and subsequently incubated at 80
°C for 10 min, prior to freezing at -20 °C.
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Cell Culture and Protein Preparation. For all proteomics analysis, bacteria were grown in LB
medium. Exponentially growing cells (optical density at 600 nm [OD600] of 0.9) were induced with
1% subtilin (v/v), and samples were taken 120 min after the onset of induction. Control cells, to
which no subtilin was added, were collected at the same time point. For every experiment, three
independent biological replicates were analysed. 30 mL of bacterial cell culture was harvested by
centrifugation (10,000 × g for 15 min at 4 °C), and cell pellets were washed thrice with Tris EDTA
(TE) buffer (20 mM Tris, 10 mM EDTA, pH 7.5). The corresponding supernatants were filtered and
stored at -80 °C for further preparation of the extracellular protein fraction. Cells were mechanically
disrupted using the FastPrep24 instrument (MPBiomedicals). Cell debris was removed by
centrifugation (20,000 × g for 10 min at 4 °C), and the recovered supernatant was designated as
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whole cell extract. Protein concentration of these extracts was determined by a Bradford-based assay
(Bradford, 1976).
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Membrane Enrichment. An aliquot of the whole cell extract with a protein content of 5 mg was
used as starting material for membrane preparation. This lysate was filled up to 1.5 mL TE buffer and
subjected to ultracentrifugation (100,000 × g at 4 °C). The supernatant was designated as cytosolic
fraction and the pellet was detached from the bottom by adding 0.75 mL high salt buffer (10 mM
EDTA, 1M NaCl, 20 mM Tris-HCl, pH 7.5) and incubation in an ultrasonic bath for 5 min at room
temperature. This was followed by pipetting the suspension up and down until the pellet was
homogenised. The pipette was then rinsed with 0.75 mL high salt buffer and the solution was
incubated in a rotator at 8 rpm and 4 °C for 30 min, followed by ultracentrifugation under the same
conditions as above. Pellet resuspension and ultracentrifugation were then performed with alkaline
carbonate solution (10 mM EDTA, 100 mM Na2CO3, 100 mM NaCl, pH 11), and in a final step with
tetraethylammonium bromide (TEAB; 50 mM). The pellet containing the final crude membrane
extract was ressupended in 70 µL 6 M urea/2 M thiourea.
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150

Sample Preparation for MS Analysis. For shotgun-based absolute quantification, 10 µg of crude
membrane and cytosolic extract were used for protein digestion using the S-Trap protocol according
to the manufacturer (ProtiFi). The cytosolic fraction was also used for quantification of the IsaA
protein in this particular sub proteome. UPS2 (Universal Protein Standard) proteins (Sigma-AldrichMerck) were added in a 1:4 ratio (2.5 µg). For LC/MS analysis, 4 µg of peptide mixture per
biological replicate was desalted using C18 – Zip Tips (Merck Millipore). Peptide concentration was
determined using the Pierce Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific).
Preparation of whole cell- and membrane extracts for targeted-MS followed the same digestion
protocol as described above, except for the addition of UPS2 standards. Instead, samples were spiked
with heavy peptides of the anchor proteins used in this study – QcrA and YwbN – to a final amount
of 5 pmol. A detailed list of used peptides and their optimized transitions is available in Table S2.
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Preparation of Extracellular Protein Fraction for IsaA Quantification. Extracellular samples
have been prepared according to Bonn et al. (Bonn et al., 2014). Briefly, the volume of culture
supernatant correspondent to 10 µg, plus 2.5 µg of UPS2 standards were incubated with 12.5 µl of
primed StrataClean beads (Agilent). Beads were subsequently precipitated by centrifugation, washed,
ressupended in 1 mL TE buffer, dried and resolved in 20 µl reducing sodium dodecyl sulfate (SDS)
sample buffer (125 mM Tris-HCl pH 6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 3.75% (v/v) βmercaptoethanol, 0.04% (w/v) bromophenol blue). Samples were incubated at 98 °C for 10 min and
subsequently the respective proteins were separated by SDS-PAGE. The electrophoretic run was
performed at 150 V for approximately 15 min to ensure that the proteins were released from the strata
beads. After fixation and staining, one piece of the gel corresponding to the extracellular protein
extract was excised and tryptically digested as previously described (Bonn et al., 2014). Peptide
concentration was determined using the Pierce Quantitative Colorimetric Peptide Assay (Thermo
Fisher Scientific). For liquid chromatography coupled mass spectrometry (LC/MS) analysis, 1 µg of
peptide mixture per biological replicate was desalted using C18 – Zip Tips (Merck Millipore).
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Determination of Cell Size. Bacterial cell size was determined at the harvesting point for both
conditions – control and induction (1% subtilin (v/v)). For this purpose, midiBacillus cells were
photographed with a size scale using a light microscope (Leica DM2500 LED) coupled to a digital
camera (Leica DMC2900). Length and width of the cells was determined with the help of ImageJ
software (Abràmofff et al., 2005) as described elsewhere (Maaß et al., 2011). 180 midiBacillus cells
were imaged for each condition allowing for calculation of cell size distribution and standard
This is a provisional file, not the final typeset article
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deviation. Surface area of cells was calculated assuming a cylinder and two hemispheres for the rodshaped Bacillus cells. A table showing the average sizes of all measured midiBacillus cells per
condition is available in the Table S3.
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SDS-PAGE and Western Blotting for IsaA visualization. Protein samples were separated by SDSPAGE as described previously (Eymann et al., 2004). Before loading, whole cell extract and crude
membrane extract samples were loaded with equal amounts to allow for a quantitative signal
interpretation. Proteins separated by SDS-PAGE were blotted onto a nitrocellulose membrane (GE
Healthcare). Subsequent immunodetection of bound proteins was performed with the human
monoclonal antibody 1D9 against IsaA (van den Berg et al., 2015). For visualization of antibody
binding, the 1D9 antibodies were labeled with IRDye 800CW (LiCor Biosciences). Fluorescence was
recorded at 800 nm with an Odyssey Infrared Imaging System (LiCor Biosciences). Three
independent biological replicates were analyzed for each tested condition.

183
184
185
186
187
188
189
190
191
192
193

Shotgun MS Analysis. Digested protein mixtures of cytosol (2 µg), membrane (2 μg) and
extracellular (1 µg) fraction were separated on an Easy nLC 1200 coupled online to an Orbitrap Elite
mass spectrometer (Thermo Fisher Scientific). In-house self-packed columns (i.d. 100 μm, o.d. 360
μm, length 200 mm; packed with 3.0 μm Dr. Maisch Reprosil C18 reversed-phase material
(ReproSil-Pur 120 C18-AQ) were first loaded with 12 μL of buffer A (0.1% (v/v) acetic acid) at a
maximum pressure of 400 bar and subsequently eluted. Elution of peptides took place with a
nonlinear 166 min gradient from 1 to 99% buffer B (0.1% (v/v) acetic acid in 95% (v/v) acetonitrile)
at a constant flow rate of 300 nl/min. Spectra for the eluting peptides were recorded in the Orbitrap at
a resolution of R= 60,000 with lockmass correction activated. After acquisition of the Full-MS
spectra, up to 20 dependent scans (MS/MS) according to precursor intensity were performed in the
linear ion trap after collision-induced dissociation (CID) fragmentation.
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Targeted MS Analysis. Synthesis of the synthetic AQUA peptides with heavy arginine and lysine as
well as the subsequent purification was done by Thermo Fisher Scientific. For each protein four
peptides were designed and three were used for quantification (Table S4). For SRM-method
development, all feasible transitions of QcrA and YwbN were monitored to keep four to six
transitions per peptide with the highest peak areas. After selection, collision energies were optimized
for each of these transitions and the final transition list was generated (Table S2). In order to check
for the dynamic range of both AQUA peptides, known amounts of QcrA and YwbN (0.001 – 10
pmol on column) were used to generate a calibration curve and linear regression and r2 were
calculated. After critical assessment of the applicability of the QcrA and YwbN peptides, 5 pmol of
each AQUA peptide were spiked into the digested whole cell and crude membrane extract. Three
independent biological replicates were analysed for each condition. Digested protein mixtures (2 μg)
were separated on an Easy nLC 1000 (Thermo Fisher Scientific) coupled to a triple quadrupole mass
spectrometer (TSQ Vantage, Thermo Scientific) operated in nano-electrospray mode. Peptide
separation was carried out using in-house self-packed columns (i.d. 100 μm, o.d. 360 μm, length 200
mm; packed with 3.0 μm Dr. Maisch Reprosil C18 reversed-phase material (ReproSil-Pur 120 C18AQ) and by applying a nonlinear 81 min gradient from 1 to 99% buffer B (0.1% (v/v) acetic acid in
acetonitrile) at a constant flow rate of 300 nl/min. For ionization 2400 V of spray voltage and 240 °C
capillary temperature were used. The selectivity for both Q1 and Q3 were set to 0.7 Da (FWHM).
The collision gas pressure of Q2 was set at 1.2 mTorr. TSQ Vantage was operated in selected
reaction monitoring (SRM) mode followed by data acquisition.
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LC/MS Data Analysis of Shotgun MS and Global Absolute Quantification of Membrane
Proteins. For shotgun proteomics we analysed three different proteome fractions: cytosol, membrane
5
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and extracellular. Nevertheless, cytosolic and extracellular fractions were only analysed for the
quantification of IsaA, whereas for the membrane fraction we analysed the entire dataset. Thus, as
the employed method was exclusively designed for the analysis of the hydrophobic fraction, the
absolute numbers presented here were focused on the membrane protein dataset of this organism
(Antelo-Varela et al., 2019). For data processing and protein identification, raw data were imported
into MaxQuant (1.6.3.3) (Tyanova et al., 2016a) incorporated with an Andromeda search engine
(Cox et al., 2011), and processed via the intensity-based absolute quantification (iBAQ) algorithm
(Schwanhäusser et al., 2011). Database search was carried out against a reversed B. subtilis IIGBs27-47-24 database (Reuß et al., 2017) with manually added UPS2, IsaA, SpaR, and SpaK
sequences and with common contaminants added by MaxQuant. The database search was performed
with the following parameters: peptide tolerance: 4.5 ppm; min fragment ions matches per peptide: 1;
match between runs was enabled with default settings; primary digest reagent: trypsin; missed
cleavages: 2; fixed modification: carbamidomethyl C (+57.0215); and variable modifications:
oxidation M (+15.9949), acetylation N, K (+42.0106). Results were filtered for 1% false discovery
rate (FDR) on spectrum, peptide and protein levels. All identification and quantitation data are
summarized in the Supporting Information (Table S5) and the mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the PRIDE (Deutsch et al., 2017;
Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD015496 (username:
reviewer21883@ebi.ac.uk; password: BtaszDMK). Proteins were only considered for further analysis
if quantified in three out of three biological replicates.
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A permutation-based FDR approach implemented in the Perseus platform was used to calculate
significantly changed membrane protein abundances during overproduction (Tyanova et al., 2016b).
The following parameters were used: number of randomizations: 250; FDR: 0.05; S0: 0.1.
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LC/MS Data Analysis of Targeted MS and Absolute Quantification of AQUA peptides. For
targeted MS analysis we analysed three independent biological replicates per each tested condition
for two different fractions: whole cell and membrane extract. Raw files were processed using Skyline
4.2 (MacCoss Lab Software (MacLean et al., 2010)). A peptide ratio of native and heavy species was
based on four to six transitions that were averaged. Based on the added amount of heavy peptides, the
absolute quantity of target anchor proteins could be calculated (Maaß et al., 2011). Absolute protein
abundances derived from SRM were compared to shotgun MS absolute protein abundances derived
from iBAQ intensities and a correction factor was obtained by calculating a ratio between the
targeted and the shotgun average concentration of QcrA. In addition, an enrichment factor was
attained by calculating the ratio between the averaged value of QcrA in the membrane fraction and
the total cell extract. The enrichment factor allowed the subsequent calculation of protein copy
numbers per total surface area (molecules/µm2), as it accurately provides the percentage of
enrichment of the hydrophobic fraction and, thus, allows to calculate back to the natural structure of
the membrane proteome in the cell prior to enrichment. The second protein analysed in the targeted
approach YwbN, a secreted protein, served as confirmation for depletion of non-membrane proteins.
Like for QcrA, we calculated both a correction and enrichment factor to demonstrate that the
employed method is exclusively designed for global quantification of membrane-associated proteins.

256

3

257
258
259
260

The membrane proteome comprises one of the most fascinating fractions of the cell due to its
involvement in central cellular processes. Thus, knowledge regarding this specific subset of proteins
is of foremost significance. However, the analysis of membrane proteins comprises one of the biggest
challenges for the scientific community due to their low abundance and high hydrophobicity, which

Results & Discussion
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substantially hampers their comprehensive analysis. In this study we combine the comprehensiveness
of shotgun proteomics with the accuracy of targeted MS to calculate global membrane protein
abundances of a genome-reduced B. subtilis strain expressing the immunodominant staphylococcal
antigen A (IsaA). Production of IsaA was induced during exponential growth and cells were
harvested two hours after the onset of stress. The employed method was able to accurately
characterize the membrane proteome responses of the investigated midiBacillus during production
stress, including protein concentrations of ~61% of the predicted transporters of this strain.
Furthermore, protein concentrations of IsaA are also provided for three fractions – cytosol,
membrane and extracellular. Therefore, this dataset does not only help to understand the bacterial
physiology during heavy secretion, but is also applicable for bioinformatics modelling of B. subtilis
production stress responses, potentially improving the engineering of microbial cell factories.
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Calculation of SRM-derived Enrichment and Correction Factors. A crucial point to determine
absolute membrane protein abundances relies on accurate calculation of an enrichment factor, as the
membrane-enriched protein fraction does not reflect the cell’s membrane proteome in its native state.
Furthermore, it is also indispensable to apply a correction factor to the shotgun-MS derived data, as
UPS2 do not necessarily replicate the unique physicochemical properties of membrane proteins
(Antelo-Varela et al., 2019). Thus, in this study we used two anchor proteins – QcrA and YwbN serving two different functions. The Rieske-iron subunit membrane protein QcrA was used to
calculate both the enrichment and correction factors, whereas the secreted Dyp-type peroxidase
YwbN served as proxy to demonstrate that the applied method is exclusively designed for membrane
proteins (Goosens et al., 2013; Jongbloed et al., 2004).
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In order to check for the dynamic range of QcrA and YwbN, a calibration curve spanning 5 orders of
magnitude was generated and a linear regression calculated. Our results show that we are able to
accurately quantify these proteins across the whole dynamic range with an r2 of 0.9948 and 0.9866
for QcrA and YwbN, respectively (Figure 1A and 1B, respectively). Based on the calibration curve, 5
pmol of each heavy labelled peptide was added to three biological replicates of digested whole cell
and membrane extract samples for each tested condition – control and 1% subtilin induction –
enabling the calculation of absolute amounts of target anchor peptides (Maaß et al., 2011).
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To determine the enrichment factor between whole cell extract and enriched membrane protein
sample, a ratio between QcrA absolute molar amounts of membrane and whole cell extract was
calculated resulting in values of 6.14 and 4.51 for control and 1% subtilin induction conditions,
respectively (Figure 1C). Even though there is slightly lower enrichment for the induced fraction, the
difference is not significant (p = 0.63, paired t-test), and might simply be a reflection of biological
variance. The same calculations were performed for YwbN by determining the ratio between
membrane and whole cell extract molar amounts, resulting in values of 1.70 and 1.36 for control and
1% subtilin induction conditions, respectively (Figure 1C). This corroborates the argument that the
employed method is exclusively dedicated to the investigation of absolute membrane protein
abundances, as the enrichment factor is considerably lower for YwbN, supporting the idea that the
employed method is exclusively designed to meet the requirements of hydrophobic proteins.
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In addition to the enrichment factor, a correction factor was determined by calculating the ratio
between the absolute molar amounts of QcrA obtained by SRM and shotgun-MS. We calculated a
median ratio of 0.41 and 0.42 for control and induction conditions, respectively (Figure 1D). This
shows that even though UPS2-based absolute quantification is very accurate, it still provides a slight
overestimation of total protein abundances, which is in accordance with the recently published study
on global membrane protein quantification (Antelo-Varela et al., 2019). This overestimation may be
7

Membrane modulation of super-secreting “midiBacillus”
306
307
308

due to different physicochemical properties between this human set of proteins and the bacterial
membrane proteome. Furthermore, this overestimation is not affected by different physiological
conditions as the correction factor is similar for both control and production stress conditions.
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Just like for QcrA, we also determined the correction factor for YwbN by calculating a ratio between
absolute molar amounts of SRM and shotgun-derived data. This provided a median ratio of 0.02 and
0.06, for control and induced conditions, respectively (Figure 1D). This comprises an overestimation
of one order of magnitude, again demonstrating that the employed method is optimized for
membrane protein quantification, but not their soluble counterparts.
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Both the correction and enrichment factor of QcrA were used to calibrate the data derived from the
shotgun approach as developed earlier (Antelo-Varela et al., 2019) and described in the methods
section.
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Absolute Quantification of Membrane Proteins. Determination of protein copy numbers per
surface area was possible after preparation of a cell count calibrated sample. In order to do so, the
same disruption method as developed by Maaß and colleagues was employed, since it has proven to
provide disruption efficiencies better than 99% for B. subtilis (Maaß et al., 2011). Moreover, the
average size of midiBacillus cells for the two tested physiological conditions was determined using a
light microscope. We observed that cells of this strain tend to form long filaments of non-separated
cells, which seems to be in accordance with previous observations (Reuß et al., 2017). Our
measurements showed that cell sizes follow a normal distribution thus, allowing to confidently
calculate cell surface area (Figure 2). Furthermore, cell dimensions of midiBacillus were compared to
the parental strain, which showed a clear increase in total surface area (µm2), most likely due to the
extensive genome reduction. A table showing the average sizes of all measured midiBacillus cells per
condition is available in the supplementary information (Table S3).
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Absolute membrane abundances were calculated by plotting the log-transformed iBAQ intensities
against known log-transformed absolute molar amounts of the spiked-in UPS2 standards
(Schwanhäusser et al., 2011). The resulting linear regression was used to fit iBAQ intensities to
absolute standard protein amounts. The slope and intercept from this calibration curve were then used
to convert iBAQ intensities of all identified midiBacillus proteins to molar amounts (Figure S1). The
absolute protein molar amounts of shotgun-MS derived quantification were subsequently calibrated
by applying both the correction and enrichment factor derived from the SRM approach (AnteloVarela et al., 2019). In order to provide reliable data, only proteins quantified in three out of three
biological replicates were considered for further analysis. In this study, we were able to quantify 448
membrane proteins, of which 22 proteins are exclusively quantified in one of the physiological
conditions (Table 1 and table S5). Absolute protein amounts per microgram of crude membrane
extract, protein concentrations, copy numbers per surface area and molecules per cell for all
membrane proteins quantified by shotgun-MS and calibrated by targeted-MS are available in the
supplementary information (Table S5). From the 448 membrane proteins, 187 contain less than three
predicted TMD and 239 have three or more predicted TMD, according to HMMTOP2.0 (Tusnády
and Simon, 2001). We were able to accurately quantify almost half of the predicted membrane
proteome of midiBacillus, which comprises a higher coverage than previous studies targeting the
membrane proteome of the parental strain 168 (Dreisbach et al., 2008; Hahne et al., 2010). This is
most likely due to the usage of faster and more sensitive mass spectrometers, more specific protocols
for membrane proteome analysis, and the fact that midiBacillus is expressing a higher percentage of
its membrane proteome as it was designed to not harbour “unneeded” genes (Reuß et al., 2017). 150
proteins significantly changed their abundance during production stress (Table S6). Significance was
This is a provisional file, not the final typeset article
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calculated using a permutation-based FDR approach implemented in Perseus software (Tyanova et
al., 2016b).
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During exponential growth, cellular concentrations of proteins span from very few molecules per
surface area (molecules/µm2) (0.0004 molecules/µm2 for the two-component sensor kinase KinA) to
about 4 molecules/µm2 (ATP synthase AtpF). Due to this low copy number, we had a closer
inspection at the proteins presenting this same behaviour. We verified that the majority of proteins
showing such low copy numbers are mostly involved in the transport of very specific substrates
(OpuCA, OpuCC), have unknown function (YcbM, YlmA), or are two-component sensor kinase,
usually related to sporulation (KapB, KinA, KinE) (Table S5). This data suggests that these proteins
might be present in only a small subpopulation of the cells and are only expressed under very specific
physiological conditions. This behaviour has already been reported in literature as a way for the
bacterial community to optimize its resources by differentiating into distinct cell types, having
numerous metabolic processes activated at the same time, but not in all the same cells (Lopez et al.,
2009), a phenomenon described as bistability (Dubnau and Losick, 2006). For instance, during the
exponential growth phase, only a fraction of the cells was shown to express sigD, the gene for the
sigma factor necessary for flagellar production, which results in heterogeneity in motility (Kearns
and Losick, 2005). Also, when comparing results with previously published data on global absolute
quantification, we observed a striking difference between obtained absolute values (Antelo-Varela et
al., 2019; Maaß et al., 2011; Maaβ et al., 2014; Muntel et al., 2014).
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Nevertheless, it should be noticed that this is the first global quantification study performed on a
genome-reduced strain, as opposed to the previous studies performed on the parental wild-type strain
of B. subtilis, which makes comparisons difficult. Moreover, midiBacillus has a 20 times larger
surface area than its parental strain (Antelo-Varela et al., 2019) (Table S3), which might be a
consequence of using a rich medium as opposed to a chemically defined one, or a deregulation in cell
growth as a consequence of genome reduction (Reuß et al., 2017). For instance, when comparing the
number of molecules per surface area of the ATP synthase AtpF with the recently published study for
absolute membrane protein quantification, we observe that wild-type B. subtilis produces ~168
copies of this protein per surface area, whereas midiBacillus produces ~2 molecules per surface area.
However, taking into account the surface area of both strains, we also observe that the parental strain
has a total surface area of 1.8 µm2, whilst midiBacillus has a total surface area of 40 µm2, which
comprises a total number of 302 and 65 molecules of AtpF per cell for the wild-type and genomereduced strains, respectively. Moreover, AtpF is the most abundant protein in this study, which is
corroborated by the recently published study on absolute membrane protein quantification using the
B. subtilis parental strain (Antelo-Varela et al., 2019). Hence, it seems that the number of molecules
per surface area is not proportional to cell size, as midiBacillus maintains a relatively stable level of
protein copy numbers. In a direct proportionality case, a strain with a 40 µm2 area, would have
instead 7.5 copies of AtpF per surface area.
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The availability of global absolute protein quantification allows to calculate stoichiometries of
membrane complexes. However, few if any data is available concerning the stoichiometry of
membrane complexes of B. subtilis, which makes comparison quite cumbersome. Nevertheless, we
compared the stoichiometry of the IsaA-secreting Sec system for protein translocation across the
membrane under control conditions with previously published data targeting the peripheral
membrane of Escherichia coli (Papanastasiou et al., 2012) (Table S7). This showed that accessory
components SecDF and SpoIIIJ (MisCA) are present in about the same amounts as the main
translocation channel component SecY in midiBacillus, which is in agreement with the previously
published data for E. coli. On the other hand, the SecE channel component was not detected and
9
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SecG was detected in four-fold lower amounts than SecY. The latter could be due to the fact that
SecG of Gram-positive bacteria may be poorly retained in the channel and released into the medium
(García-Pérez et al., 2018). Even though the results from this study are not entirely in accordance
with the ratios reported for E. coli, it should be mentioned that they are in accordance with the ratios
reported by recently published data exclusively dedicated to the determination of absolute membrane
protein abundances in B. subtilis (Antelo-Varela et al., 2019).
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Heterologous production of IsaA. The aim of this study is to understand how the membrane
proteome is modulated under production of a heterologous protein – the immunodominant
staphylococcal antigen A. Thus, to induce production of IsaA, 1% subtilin was added to
exponentially growing cells and the effect of induction was assessed two hours after the onset of
stress (Figure 3A), as previously described (Suárez et al., 2019). We have determined absolute
abundances of IsaA in three different fractions of the cell: cytosol, membrane and extracellular, by
converting iBAQ intensities of UPS2 standards to absolute IsaA concentrations. Even though the
method applied in this study is designed to meet the requirements of hydrophobic proteins, the UPS2
strategy has proven to be accurate for cytosolic proteins (Schwanhäusser et al., 2011). In order to
ensure an accurate determination of IsaA in the extracellular fraction, UPS2 were added prior to
strata bead binding in order to ensure that we were able to correct for putative sample loss during the
experimental workflow.
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For the cytosolic fraction, we verified that midiBacillus contained around 30 molecules of IsaA/cell
during overproduction conditions. This amount increases for more than double in the membrane
fraction with 72 molecules of IsaA/cell (Figure 3B). Finally, for the extracellular fraction, we
quantified 6.61E+13 molecules/mL (~3 mg IsaA/mL/~12 molecules of IsaA/cell) and 6.33E+11
molecules/mL (0.3 mg IsaA/mL/0.21 molecules of IsaA/cell) molecules/mL for the induced and
control fraction, respectively (Figure 3C). Additionally, we calculated IsaA’s secretion rate, and
determined that the Sec machinery secretes, on average, 2.41 molecules of IsaA per minute, as
opposed to control conditions, in which the Sec machinery secretes only 0.05 molecules of IsaA per
minute, corroborating the idea that we are, in fact, pushing the secretion machinery of midiBacillus
for heterologous production of IsaA.
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Comparing the results of secreted IsaA to other examples of protein products that are successfully
produced in B. subtilis, we verified that midiBacillus is capable of secreting well within the margins
of biotechnological products (Westers et al., 2004). In this experiment we produced 3 mg/L of IsaA
to the cultivation medium, which is three times more than what is industrially produced for IFNalpha 2, which is in the range of 0.5-1 mg/L (Palva et al., 1983).
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Nevertheless, these results indicate that there is still room for improvement, as there is still a
considerable amount of IsaA accumulating in the membrane fraction. This accumulation of IsaA
could be a hint of aberrant translocation by the Sec secretion machinery and/or unsuccessful
processing of the signal peptide by signal peptidase (Bolhuis et al., 1999). Moreover, it has been
reported that precursors of IsaA tend to accumulate in the cell in a similar strain to the one used in
this study (Suárez et al., 2019). Hence, one could argue that production of IsaA would improve by
modulating the signal peptide to obtain an efficient signal peptidase cleavage site, as several studies
have already shown (von Heijne, 1998; von Heijne and Abrahmsèn, 1989). Furthermore, an
increased expression of signal peptidases could also enhance the capacity of the secretion machinery
(Tjalsma et al., 1998).
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General Membrane Proteome Adaptation to Heterologous Protein Production. The membrane
proteome is crucial for cellular homeostasis and life in general. This is shown by the wide range of
vital processes played by membrane proteins, such as energy transduction, phospholipid biosynthesis,
cell wall biogenesis, cell division, and protein translocation (Zweers et al., 2008). Naturally, the
overproduction of heterologous proteins will disrupt the membrane proteome balance, as these
proteins will have to endure abnormal levels of secretion. This response is well reflected by the
results presented in this study.
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Our data shows a significant increase in the total number of protein molecules/cell during induced
secretion of IsaA in comparison to control conditions (p = 0.0004, paired t-test). This might be a
result of a decreased number of translatable mRNA as a consequence of the significant genome
reduction of midiBacillus (Suárez et al., 2019), leading to a more effective translation and thus, a
general increase in the number of molecules per cell at the time of induction. To validate if the
number of molecules/cell dedicated to translational functions increased during induction we took a
look at the cytosolic fraction and found that, indeed, ~4% more of molecules are dedicated to this
particular cell function. We were able to accurately quantify ~50% of proteins predicted to exhibit
translational functions and, of these, ~23% significantly increase their abundance (data not shown).
This strengthens the idea that, in fact, the translational machinery is induced leading to an increase in
the total number of molecules/cell. Hence, in order to be able to compare the changes happening in
the membrane fraction between production and control conditions, the number of molecules/surface
area (µm2) was normalized by the total amount of molecules/µm2 of the corresponding replicate.
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Our results show that the most abundant group of membrane proteins do not have a characterized
function with ~10% of the quantified protein molecules being assigned to this functional category,
with a clear increase in the induced physiological state (Figure 4 and Figure S2). This is presented
with more detail in Table 1, where the majority of ON proteins – only expressed after induction –
have an unknown function. These results suggest that there are still poorly understood, but apparently
crucial, features of secretion stress responses and future studies on this subject will be of foremost
importance for the optimization and design of efficient microbial cell factories.
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Our results also show that there is a significant decrease in the number of molecules dedicated to cell
respiration during induction conditions (Figure 4 and Figure S2). B. subtilis has a branched
respiratory chain, in which some complexes generate proton motive force whilst others establish an
escape valve of extra reducing power. The aerobic respiratory chain of this bacterium is composed of
several dehydrogenases, namely type-2 NADH dehydrogenase (Ndh), succinate dehydrogenase
(SDH, containing three subunits A, B and C) and glycerol 3-phosphate dehydrogenase, which
reduces a menaquinone pool (Montes De Oca et al., 2012). Several respiratory complexes are
involved in menaquinol oxidation. Electrons can flow to a b6c complex, constituted by three subunits
(QcrA, B and C), a membrane-bound cytochrome c550 and a cytochrome caa3 oxidase, which has four
subunits in cluster (CtaCDEF) (Lauraeus and Wikström, 1993). In addition, B. subtilis has three
quinol oxidases: an aa3-600 oxidase, which are essential for growth and is constituted by four subunits
(QoxABCD), a bd oxidase and a bb’ type oxidase which dependency for growth depends on oxygen
concentration (Azarkina et al., 1999). Moreover, a second supercomplex contains SQR: nitrate
reductase (Nar) complexes and is proposed to drain an excess of reducing power from the membrane
(Montes De Oca et al., 2012). Our results show that proteins constituting the aerobic respiratory
chain of B. subtilis significantly decrease their abundance, whilst proteins belonging to the nitrate
reductase supercomplex are absent in secretion stress condition (Table 2). For instance, our data
shows that during induction, the cell produces 0.07 molecules/µm2 of QcrA, which is in the same
range as the production of CtaCDEF – 0.05, 0.03, 0.05 and 0.02 molecules/µm2, respectively.
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Membrane-bound respiratory complexes constitute a major part of the membrane proteome thus,
their regulation and biogenesis may impose a burden on the membrane, especially when stress is
already in place. In fact, a study performed in E. coli has examined the connection between Cpx, the
counterpart of the B. subtilis CssRS two-component regulatory system, with respiratory complexes
(Hyyryläinen et al., 2001). Results of this study have shown that the Cpx response directly represses
the transcription of these respiratory complexes conferring adaptation to stresses that compromise
membrane homeostasis (Guest et al., 2017). This is corroborated by the present study, as our results
also show that IsaA (72 molecules/cell) is being accumulated in the membrane fraction of
midiBacillus (Figure 3B), which will most likely alter the membrane equilibrium thus, leading to
decreased abundances of respiratory complexes.
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The cell wall of B. subtilis is a multi-layered structure formed by a copolymer of peptidoglycan (PG)
and anionic polymers (teichoic and teichuronic acid) and contains lipoteichoic acid (LTA) and
proteins. The cell wall represents a decisive factor for the efficient secretion of proteins. Two major
cell wall properties may determine the passage efficiency of a secretory protein – charge density and
crosslinking index (Cao et al., 2017). Naturally, environmental disturbances such as increased
secretion might create gaps in the PG layer, resulting in cell lysis. Hence, cells face the challenge of
expanding and separating the PG layer during growth and division, respectively, without jeopardizing
its integrity, meaning that the enzymes responsible for orchestrating this operation must be under
rigorous spatiotemporal control (Mignolet and Viollier, 2011). Amongst the key-players in PG
remodelling and synthesis are the penicillin binding proteins (PBPs), divided into two main
categories – class A (or high molecular weight) and class B. The former are the primary cellular PG
synthetases, whereas class B PBPs are solely monofunctional transpeptidases (Sauvage et al., 2008).
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Besides the general increase in the number of molecules/µm2 involved in cell wall synthesis, which
increases by ~1% (Figure 4 and Figure S2), our data shows a specific increase in the abundance of
PBPs (Table S6). Particularly, we verified that PonA (2.2-fold change and 0.1 molecules/µm2 during
induction conditions), a class A penicillin-binding protein 1A/1B, contributing to cell elongation and
division, significantly increases in abundance during secretion stress (Table S6), reinforcing the
essential role of this protein in maintaining cell wall homeostasis and PG integrity during
environmental insults, such as abnormal secretion rates.
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Moreover, our data shows that PBP4, also belonging to the PBPs class A functional family, acting as
glucosyltransferase/ transpeptidase, significantly increases its abundance during IsaA induction
(Table S6). A previously published study showed that the molecular chaperone PrsA is required for
the stability of several PBPs, including PBP4, as the proteome analysis suggested that this protein
was one of the main PrsA-dependent proteins in the membrane (Hyyryläinen et al., 2010). It might be
that the increase in abundance of PBP4 is due to the increased chaperone activity of PrsA, and/or it
might be a response to exacerbated protein secretion, leading to a natural need of the cell to maintain
PG homeostasis.
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Besides the general response of the proteins involved in PG homeostasis, there is also a significant
increase in abundance of proteins responsible for LTA synthesis (Table S6). LTA is a polymer linked
to the membrane by a lipid anchor and it was shown to play a crucial role in bacterial growth and
physiology, cation homeostasis and cell division (Percy and Gründling, 2014). B. subtilis possesses
four paralogues of the S. aureus LTA synthase (LtaS) that produce LTA – LtaS, YfnI, YvgJ and
YqgS. Three of these proteins are described as synthases, whereas YvgJ acts as a primase that adds
the first glycerolphosphate subunit to the lipid anchor (Pompeo et al., 2018). Our results show that,
except for YgqS, all three LTA proteins significantly increase their abundance (0.04, 0.06, 0.004
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molecules/µm2 for LtaS, YfnI and YvgJ, respectively) (Table S6). YgqS is reported as being
involved in sporulation thus, it might not play a significant role during secretion. On the other hand,
YfnI is assumed to be the “stress” enzyme playing an important role during cell envelope stresses
(Jervis et al., 2007). Hence, we might speculate that the cells significantly increase the abundance of
YfnI as a physiological measure to counteract the stress caused by IsaA induction. Furthermore,
LtaS, which has been described as a modulator of YfnI activity (Wörmann et al., 2011), also shows a
significant increase in abundance, hinting that proteins involved in LTA synthesis orchestrate a
sophisticated physiological response to survive environmental insults such as secretion stress.
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Besides the amount of crosslinking of the thick PG layer of the cell wall, which determines the size
of the holes in the peptidoglycan network, charge density may also play a significant role in the
efficiency of secretion. During or after translocation across the cell membrane, native mature proteins
promptly fold into their native conformations helped, in many cases, by divalent metal cations that
concentrate at the wall-membrane interface due to the anionic properties of the cell wall (Stephenson
and Harwood, 1998). The charge of the cell wall is mediated by the degree of D-alanyl esterification
of wall teichoic acid (WTA) and LTA, encoded by the dlt operon (Neuhaus and Baddiley, 2003). Our
data shows a significant increase in abundance in a member of this operon family – DltB – a protein
described to be under the regulation of cell surface stress sigma factor σM (Eiamphungporn and
Helmann, 2008) (Table S6). This same result has also been reported by a previous study investigating
the response of B. subtilis to secretion stress (Hyyryläinen et al., 2005). Nonetheless, there is
evidence supporting the idea that inactivation of dltB and dltD (not quantified in our data) leads to
increased secretion of specific proteins (Hyyryläinen et al., 2000), as it is inferred that the absence of
D-alanylation leads to a localized increase in cation concentration at the membrane-wall interface
(Hughes et al., 1973), a beneficial condition for protein folding. Hence, this would be a very
interesting feature to explore in strains engineered for secretion of heterologous proteins, such as the
one used in this study. Additionally, the number of molecules/µm2 dedicated to proteolysis functions
show a decrease of ~0.6%, most likely affecting the rate of turnover of the cell wall. A similar
physiological response has also been reported by Hyyryläinen and colleagues during severe secretion
stress (Hyyryläinen et al., 2005). In addition, our results also show reduced abundance levels of
numerous proteins during IsaA production, which can be interpreted as an attempt of the cell to cope
with the harmful effects of this stress.

561
562
563
564
565
566
567
568
569

Another trend evidenced by the results described in this study is the increase of ~0.8% in the number
of molecules/µm2 dedicated to the utilization of specific carbon sources upon IsaA induction. This
might be a result of the “metabolic burden” resultant of heterologous protein production (Figure 4
and Figure S2). Naturally, the introduction of foreign DNA in the host organism leads to changes in
the core metabolism, as a certain amount of cellular energy is required to maintain the newly
introduced DNA (Glick, 1995). Moreover, the higher the rate of production, the greater the amount of
energy required to maintain this production within the host cell, which might also result in a
rearrangement of the metabolic needs, hence forcing the host organism to seek for alternative sources
of carbon, and supress the ones that are detrimental during secretion.
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The Response of MidiBacillus Transporter Machinery to Production Stress – Protein
translocation is an essential mechanism that ensures the movement of proteins onto the surface or
into the extracellular milieu, thereby ensuring cell survival. The majority of bacterial proteins
directed to cross the cell membrane are exported via the highly conserved Sec-dependent secretion
pathway (Tjalsma et al., 2004). However, there are other more specialized systems in place – the
twin-arginine translocation (Tat) pathway, a pseudopilin export pathway for competence
development, and pathways using ATP-binding cassette (ABC) transporters.
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Upon induction of IsaA production via the Sec secretion system, we found that the number of
molecules per surface area dedicated to protein secretion increased by approximately 1% (Figure 4
and Figure S2). This physiological effect was somehow anticipated, as we can visually corroborate
an increase in heterologous protein production (Figure 3C), and quantitatively assess that the Sec
machinery secretes, on average, 2.41 IsaA molecules/min upon induction.
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Protein secretion via the Sec pathway can be separated in three main stages: targeting, translocation,
and folding and release (Tjalsma et al., 2004). This is a finely tuned process in which several
constituents are involved (Figure 5 – Sec secretion system). In order for a protein to be translocated
through the cell membrane, it has to be maintained in a competent state, a condition provided by
membrane associated and cytoplasmic chaperones, such as SRP/FtsY (Honda et al., 1993) and CsaA
(Müller et al., 2000), respectively. Our data shows that SRP/FtsY maintains a stable level of
molecules during production stress (0.12 molecules/µm2), whereas CsaA was not evaluated by this
study as it is not part of the membrane proteome (Figure 5 – Sec secretion system).
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The translocation machinery consists of Sec A (motor protein), a heterotrimetric SecYEG complex
(pore), SecDF (chimeric protein) (Bolhuis et al., 1998; Tsirigotaki et al., 2016; van Wely et al.,
2001), YrbF (homologue of E. coli YajC) (Chen et al., 2015), and SpoIIIJ/YqjG (homologue of E.
coli YidC) (Saller et al., 2011). SecA is localized in the cytosolic fraction, thereby not being
considered for this study. As for the rest of the Sec translocation complex, our data shows that, just as
SRP/FtsY, the number of molecules that constitute each individual part of the complex, do not
significantly increase their abundance (0.19, 0.46, 0.71, 3.30, 0.76 molecules/µm2 for SecG, SecY,
SecDF, YrbF and SpoIIJ, respectively). (Figure 5 – Sec secretion system). Hence, even though
induction of secretion leads to a slight increase in the number of molecules dedicated to this cell
function, it does not seem to significantly increase any particular component of the Sec machinery.
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Following translocation, the secretory protein is cleaved by one of the type I signal peptidases (SipSW) (Tjalsma et al., 1998) or lipid modified by the diacylglyceryl-transferase (Lgt) (Leskelä et al.,
1999) and cleaved by the lipoprotein-specific signal peptidase (Lsp) (Bolhuis et al., 1999). The
method employed in this study enabled the quantification of two of the type I signal peptidases –
SipS and T – and the diacyglyceryl-tranferase (Lgt), all preserving a balanced number of molecules
per surface area during production conditions (Figure 5). Naturally, the signal peptides previously
cleaved by the afore mentioned proteins must be degraded, a function carried out by two different
proteins – SppA and TepA (Bolhuis et al., 1999). TepA is not a predicted membrane protein and,
hence, it is not contemplated in the present data. As for the signal peptide peptidase SppA, our data
shows that, just as for the rest of the Sec translocation apparatus, the number of molecules is
maintained at stable levels, with no significant increase in abundance (Figure 5). Similarly, the
responsible proteins for the folding of secreted proteins, PrsA (Kontinen and Sarvas, 1993), BdbBC
(Bolhuis et al., 1999), and/or SpoIIIJ/YqjG (Tjalsma et al., 1998), do not seem to be activated, as the
number of molecules/µm2 do not increase during overproduction (Figure 5). The last step to ensure a
successful protein translocation comprises a thorough quality control stage, a task implemented by
HtrA, HtrB (Noone et al., 2001) and WprA (Margot and Karamata, 1996). The cell wall protease
WprA is not encoded in the genome of midiBacillus due to the extensive genome reduction in this
strain (Reuß et al., 2017). The quality control proteases HtrA and HtrB have the potential to assist in
the folding or, when folding is not possible, degradation of misfolded proteins, thereby rescuing the
cell, as accumulation of misfolded protein in the cell envelope is lethal. The cell quality control
proteases HtrA and HtrB are regulated by the CssRS two-component system, the regulon used by B.
subtilis to sense secretion stress (Hyyryläinen et al., 2001). Overexpression of a secretory protein and
the consequent misfolding activate the CssRS two-component system, which in turn induces
This is a provisional file, not the final typeset article
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expression of the htrA and htrB genes (Darmon et al., 2002). The method employed in this study did
not enable the quantification of HtrA, which might relate to the dual localization of this protease,
both in the cell wall and extracellular proteome (Antelmann et al., 2003). As for HtrB, the results
show that the number of molecules constituting this protein significantly increase their abundance
(Figure 5 and Table S6), which might hint that cells are trying to manage severe secretion stress by
activating the quality control machinery. This idea is corroborated by the presence of IsaA in the
membrane fraction (Figure 3B and Figure 5 - IsaA), which would naturally trigger a secretion stress
response in the induced cells. A study performed by Hyyryläinen and colleagues showed that severe
secretion stress leads to the significant induction of, not only htrA and htrB, but also liaIHG
(Hyyryläinen et al., 2005). Lia genes are regulated by the LiaRS two-component system, which is
strongly induced by cell wall antibiotics that interfere with the lipid II cycle in the cell membrane
and, to a lower extent, by the accumulation of misfolded protein in the cell envelope, but still with
quite an unknown role (Kobayashi et al., 2001; Mascher et al., 2003, 2004). Our results also show
that LiaH (showing significant homology with E. coli phage shock protein A) is one of the activated
proteins during IsaA induction (Table 1), corroborating the role of this protein in managing severe
secretion stress.
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The abundance patterns of the transporters encoded in midiBacillus suggest that cells cope with the
effects of secretion/folding stress caused by IsaA induction by compensatory up- or down-regulation
of genes. For instance, our results show that a big part of the proteins annotated as ABC transporters
are either OFF during IsaA induction, or they significantly decrease their abundance (Figure 5 – ABC
transporters), which corresponds to an overall decrease of ~0.6% in the number of molecules
dedicated to this cell function (Figure 4). Oppositely, we verify that ~ 30% of the proteins with an
unknown function show a significant increase in abundance (Figure 5 – Unknown), which comprises
an overall increase of ~1% in the number of molecules/µm2 (Figure 4). Apparently, induced cells are
dealing with severe secretion stress by rearranging their array of transporters in order to maintain a
viable cell structure, one that permits a viable growth and survival. Moreover, one should bear in
mind that midiBacillus cells already show some growth deficiencies and they present a bigger surface
area. Hence, one might speculate that these phenotypes resultant of vast genome reduction might
hamper the correct placement of integral membrane proteins in the cell surface, as the spatial
orientation is somehow disrupted. All these features should be taken into account when engineering
microbial cell factories because, even though midiBacillus is already quite efficient in secreting IsaA
to the growth medium (Suárez et al., 2019), the results from our study show that there is still some
room for improvement, as there is still some heterologous protein being accumulated in the cell
membrane, causing the secretion stress response machinery to be induced.
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Biology is, without a doubt, one of the most complex fields of science as the slightest alteration has
the potential to become catastrophic for the homeostasis of a biological system.
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A minimal bacterial strain is highly attractive for the biotechnological sector, as all its remaining
biological functions will be uniquely dedicated to the maintenance and production of high yields of
heterologous proteins. However, what is the impact on the cell? How does the membrane proteome
adapt upon overproduction of a “strange” protein?

664
665
666

In this study, we answer this question by applying a highly accurate method for absolute membrane
protein quantification at the level of molecules/µm2 (Antelo-Varela et al., 2019). We were able to
detect the physiological changes ensuing heterologous protein production, offering a clear

Conclusion
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visualization of alterations in protein patterns upon the onset of induction. Our results show that,
even though IsaA production is being successfully induced, part of this protein is being accumulated
in the membrane fraction, leading to a severe secretion stress response, and a reprogramming of the
cell’s translocation machinery. The exactness of the data described in this study can be implemented
in predictive mathematical models aiming to understand the consequences of secretion stress and,
what are the points that should be modulated. This data will be of the foremost importance to develop
new-generation secretion systems for the biotechnological industry.
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Table 1
Determined protein amounts (in molecules per surface area) of ON/OFF proteins in control and induction
conditions. Absolute amounts for all quantified proteins can be found in supplementary Table S5.
Molecules/µm2
Protein

Function

MW [kDa]

Control

1% subtilin

YfhA

Acquisition of Iron

35.955

0.0010

YufO

Uptake of guanosine

56.299

0.0005

YufQ

Uptake of guanosine

33.738

0.0003

YvsH

Uptake of lysine

50.258

0.0015

NarI

Nitrate respiration

25.296

0.0049

NarH

Nitrate reductase (γ subunit)

55.472

0.0010

NarG

Nitrate reductase (α subunit)

139.1

0.0022

NarK

Nitrite extrusion

42.925

0.0110

YxzE

Unknown

6.8355

0.0127

HutM

Histidine uptake

51.624

0.0032

YbfB

Unknown

45.235

0.0003

KapB

Control of sporulation initiation

14.668

0.0007

YlmA

Unknown

29.699

0.0007

YwoG

Unknown

43.08

0.0008

YcgR

Unknown

32.49

0.0009

Des

Phospholipid desaturase

40.708

0.0013

YkpB

Unknown

33.572

0.0019

YhaJ

Unknown

19.64

0.0020

YfmJ

Unknown

36.662

0.0038

YwqA

Unknown

106.03

0.0041

Pss

Biosynthesis of phospholipids

19.613

0.0159

LiaH

Resistance against oxidative stress

25.698

0.0167

977
978
979
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Table 2
Regulation and function of quantified proteins involved in respiration. Absolute amounts for all quantified proteins and regulation of
significantly changed abundances can be found in supplementary Table S5 and S6, respectively.
Protein

Function

Regulation

-LOG(P-value)

Difference

CccA

Cytochrome c550

↓

1.29

-0.25

CccB

Cytochrome c551

=

0.38

-0.07

CtaC

Cytochrome-c oxidase (subunit II)

↓

4.07

-0.76

CtaD

Cytochrome-c oxidase (subunit I)

↓

3.52

-0.77

CtaE

Cytochrome-c oxidase (subunit III)

↓

3.07

-0.65

CtaF

Cytochrome-c oxidase (subunit IV)

↓

3.24

-0.84

CtaG

Formation of functional cytochrome C-oxidase (caa3)

↓

3.04

-0.71

CydA

Cytochrome bd ubiquinol oxidase (subunit I)

↓

3.28

-0.87

CydB

Cytochrome bd ubiquinol oxidase (subunit II)

↓

3.52

-0.82

CydC

ABC transporter required for expression of cytochrome bd

↓

3.81

-0.97

CydD

ABC transporter required for expression of cytochrome bd

↓

3.18

-0.71

NarG

Nitrate reductase (α subunit)

OFF

NarH

Nitrate reductase (β subunit)

OFF

NarI

Nitrate reductase (γ subunit)

OFF

NarK

Nitrite extrusion protein

OFF

Ndh

NADH dehydrogenase

↑

2.31

0.31

QcrA

Rieske factor, menaquinol:cytochrome c oxidoreductase (iron-sulfur subunit)

↓

2.97

-0.49

QcrB

Menaquinol:cytochrome c oxidoreductase (cytochrome b subunit)

↓

2.23

-0.27

QcrC

Menaquinol:cytochrome c oxidoreductase (cytochrome b/c subunit)

↓

2.72

-0.29

QoxA

Cytochrome aa3 quinol oxidase (subunit II)

=

0.62

-0.05

QoxB

Cytochrome aa3 quinol oxidase (subunit I)

=

0.29

-0.05

QoxD

Cytochrome aa3 quinol oxidase (subunit IV)

=

0.57

0.17

QoxD

Cytochrome aa3 quinol oxidase (subunit III)

=

0.04

0.03

ResA

Cytochrome c biogenesis

↓

3.42

-0.26

ResB

Cytochrome c biogenesis

↓

2.90

-0.25

ResC

Cytochrome c biogenesis

↓

1.83

-0.25

Sco

Maturation of cytochrome c oxidase caa3

↓

2.77

-0.37

YojN

Unknown

↑

3.39

0.39
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Figure 1. Results of absolute quantification by targeted MS. (A) Linear regression of the fivepoint calibration of QcrA. Slope, intercept and r2 are depicted. X axis shows the log10-transformed
peptide concentration of the corresponding dilution and y axis shows the log10- transformed area
under the curve (AUC) derived from SRM; (B) Linear regression of the five-point calibration of
YwbN. Slope, intercept and r2 are depicted. X axis shows the log10-transformed peptide concentration
of the corresponding dilution and y axis shows the log10- transformed area under the curve (AUC)
derived from SRM; (C) Digested whole cell and membrane extract were measured and QcrA and
YwbN amounts calculated. Geometric forms depict enrichment factor for both anchor proteins and
for both physiological conditions, with the respective error bars for three replicates; (D) Absolute
molar amounts of shotgun and targeted approaches were used to calculate a correction factor derived
from both these approaches. Bar plot depicts correction factor for both anchor proteins and for both
tested physiological conditions.
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Figure 2. Cell size distribution of the 180 measured midiBacillus cells for each tested condition
and 120 measured B. subtilis parental strain. The y axis shows how frequently a given size
appears in the dataset (µm2) and the x axis represents the log value of the calculated surface area
(µm2) of midiBacillus and parental strain B. subtilis. Blue curve represents the distribution of the
parental strain grown in minimal media (Antelo-Varela et al., 2019), and yellow and red show the
size distribution of midiBacillus during control and induced conditions, respectively.
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Figure 3. IsaA production by midiBacillus. (A) Growth curves for the three biological replicates
until harvesting point. Asterisks indicate moment of induction. Filled lines represent the strains
grown under control condition and discontinued lines represent the strains in which 1% subtilin was
added. Geometric shapes represent different biological replicates (Circle – B. subtilis IIG-Bs27-47-24
replicate 1; Triangle - B. subtilis IIG-Bs27-47-24 replicate 2; Square - B. subtilis IIG-Bs27-47-24
replicate 3); (B) Bar plot depicting number of molecules/cell of IsaA for cytosolic and membrane
fraction (filled bar represents induced condition and striped plot represents control condition). No
IsaA was quantified during control conditions. Standard deviation between biological replicates is
depicted per each condition; (C) Bar plot depicting molecules of IsaA/mL for extracellular fraction
(filled bar represents induced condition whereas striped bar represents control condition). Almost no
IsaA was found for control conditions. Standard deviation between biological replicates is depicted
per each condition.
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Figure 4. Assignment of membrane protein copy number per cell surface to a specific cellular
function. Data was assigned to a specific function according to SubtiWiki (Mäder et al., 2012) gene
categorization. Data is clustered in one single hierarchical level. Depicted on the graph are the eight
most relevant functions for the interpretation of this study. Different functions are depicted in
different colors. Y axis represents the number of protein molecules (artificial units) dedicated to a
specific cell functions, whereas the x axis shows the two tested conditions, control and 1% subtilin
induction.
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Figure 5. Illustration of all quantified transporters of midiBacillus and their respective changes
during production stress. Transporters are separated in different categories according to SubtiWiki
(Mäder et al., 2012) gene categorization. This figure also includes a schematic representation of the
principal secretion system of Bacillus subtilis –Sec. Colour code is depicted below the figure and it
illustrates the changes of the transporter relatively to control conditions.
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Abbreviations

1025

AUC – Area under the curve
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FDR – false discovery rate
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iBAQ algorithm – intensity-based absolute quantification algorithm
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