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2. SUMMARY

The soil bacterium Bacillus subtilis is capable of surviving most of the ensuing environmental
stress conditions. The dynamic nature of the soil habitat is manifested with varying amounts of
nutrients, frequent flooding and drying and variation of other growth parameters like
temperature, acidity, aeration etc. In order to survive through the wide range of challenges posed
by the environment, B. subtilis has evolved to employ very effective and complex adaptational
responses. These adaptational responses are often multi-faceted and rely on well-orchestrated
regulatory and metabolic networks involving changes in gene expression, control of protein
synthesis and modification and adjustments of cellular metabolism. Hence comprehensive
understanding of the adaptational responses requires generation and integration of data on multi-
omics level. In the current study two major stress conditions were extensively investigated: 1)
energy limitation/starvation which is achieved by limiting glucose in the growth medium, 2)
osmostress resulting from frequent drying out of soil which is simulated by adding 1.2 M NaCl
to the growth medium. In addition to osmostress, the naturally available osmoprotectant glycine
betaine (GB) was supplemented to understand the simultaneous influence of osmostress and

osmoprotection on cellular physiology.

Under conditions of hyperosmotic stress, B. subtilis produces high amounts of proline as an
osmoprotectant via ProH, ProA and ProJ enzymes from glutamate that is replenished from the
tricarboxylic acid cycle (TCA), whereas ProB, ProA and Prol satisfy the anabolic requirement of
proline. In both pathways ProA is the common enzyme. As the central carbon metabolism
(CCM) plays an important role for osmoadaptive synthesis of proline, the main aim of this study
was the multi-omics based elucidation of the regulation of CCM during osmostress (NaCl) and
osmoprotection (NaCl and GB) under glucose limiting conditions in chemostat cultures. To
measure absolute protein abundances by mass spectrometry, a targeted approach (SRM —single
reaction monitoring) using stable heavy isotope labeled artificial standard proteins known as
QconCATs was optimized and implemented in the current study. The SRM technique in
combination with QconCAT provided absolute quantitative data with high dynamic range for the
45 targeted CCM proteins across all the conditions measured. The resulting data were integrated
with the other omics data sets obtained by transcriptome (microarray), metabolome and flux

studies.
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The analysis of global transcriptional changes during osmostress and osmoprotection revealed
major changes including the down regulation of genes involved in utilization of specific carbon
sources and chemotaxis during osmostress, which are partially or completely restored during
osmoprotection. Other changes include the induction of the general stress response and the
response to iron limitation during osmostress which was further increased during

osmoprotection.

The multi-omics analysis of molecules involved in the CCM revealed differences between
normal growth, osmostress and osmoprotection at mRNA, protein and metabolite levels. As
expected, high amounts of proline were synthesized during osmostress. This was achieved by the
significant increase in flux towards proline from the TCA and an increase of ProJ and ProH in
both mMRNA and protein amount, whereas ProA mRNA and protein remained almost unchanged.
Though ProA was not regulated, the ProA protein was always present in higher amounts
compared to the other proline metabolic enzymes and was thus sufficient to sustain proline
synthesis during osmostress condition. However during osmoprotection all enzymes of proline
biosynthesis were present in higher amounts, whereas the mRNA levels remained unchanged.
This observation could be explained by the biophysical properties of GB that can promote
protein stabilization by enhancing protein aggregation/complex formation. Similar observations
could be made in a proteome analysis of a corresponding shake flask experiment under glucose
excess conditions, in which 45 proteins previously described as unstable were stabilized in the

presence of GB either during standard growth or at high osmolarity.

Detailed analysis of the CCM during simultaneous glucose limitation and osmostress revealed an
upregulation of most of the genes and proteins involved in glycolysis. The part of the TCA cycle
from oxaloacetate to 2-oxoglutarate, which supplies glutamate for proline biosynthesis was up-
regulated, whereas the rest of the TCA cycle was either unchanged or down regulated. Though
the protein concentrations of many enzymes increased, the flux through the core CCM was
unaffected, a phenomenon that could be explained by the reduced catalytic activity of the
enzymes at high intracellular ion (K*) concentration due to osmostress. Furthermore, the levels
of many of the measured proteins further increased when GB was added to salt-stressed cells.
This observation can be explained by the biophysical properties of GB and was most pronounced
for the proteins known to interact within the CCM (e.g., CitZ, Icd, Mdh, PckA). On the other
side during osmostress in the presence of excess glucose, proteins of the core CCM were not up-

regulated in contrary to the observation during osmostress at low glucose. During osmostress at
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high glucose the proteins of the CCM were already present at higher abundance to catalyze the
degradation of excess glucose available; therefore the loss of catalytic activity of the CCM
proteins due to osmostress was compensated with higher protein abundances. But the influence
of osmostress on proline biosynthetic enzymes was similar whether the glucose concentration

was low or high.

Osmostressed B. subtilis grew four times slower compared to normal growth conditions, even in
the presence of excess glucose. Therefore, the limiting factors like the levels of ProH and ProJ
and the glutamate availability were investigated. The overexpression of ProH and ProJ enzymes
did not enhance growth of B. subtilis; furthermore the osmoadaptive production of proline did
not increase to the same extent as the ProH and ProJ enzyme concentrations. This observation
suggested that glutamate availability or the activity of these enzymes or ProA, the third enzyme
involved in proline biosynthesis, might be the limiting factor. Supplementation of excess
glutamate during osmostress could partially improve the growth rate, but the amount of the
osmoprotective enzymes ProJ and ProH remained unchanged, whereas the anabolic route of

proline biosynthesis (ProB and Prol) was up-regulated indicating a feed forward regulation.

As part of a joint study conducted by the BaCell-SysMO and BaSysBio consortia which aimed
for the genome wide mapping of transcription units and previously unannotated RNAs of B.
subtilis by means of tiling array hybridizations, we provided mRNA samples from growth at
high and low temperatures (51°C and 16°C) and in the presence of 1.2 M NaCl, shake flask
experiments during transition from exponential growth to the stationary phase, and high density
batch fermentation. The results showed that glucose starvation influenced the highest number of
genes compared to all other stress conditions, which was mainly due to strong upregulation of
sporulation genes, which were not severely affected by the other stress conditions. Furthermore,
there was very little overlap between the regulated genes in each of the tested conditions pointing
to the diversity of the adaptational strategies employed by B subtilis.

Time course analysis of exponentially growing B. subtilis and the transition to stationary phase
was investigated in detail by high cell density fed-batch fermentation (glucose limitation) and
batch fermentation (glucose exhaustion) with glucose as a limiting factor. Transcriptome
analysis of the cells experiencing glucose limitation and glucose starvation revealed major
differences and some similarities as well. Strong and transient upregulation of the SigB regulon

mediating the general stress response was observed immediately after the onset of glucose




Praveen Kumar Sappa Summary

starvation whereas during glucose limitation the SigB regulon showed a rather weak and gradual
increase. Sporulation response at transcriptome level was initiated within 150 to 180 minutes
regardless of whether the cells entered glucose limitation or glucose starvation. A multi-omics
analysis of the CCM for the batch fermentation was performed and the time course data was
integrated and visualized. This analysis provided valuable insights into the dynamic changes
between mRNA, proteins and metabolites.

In conclusion, pathway based multi-omics data were generated, integrated and visualized as a
prerequisite for systems biology approaches and for a better understanding of the complex
adaptational responses of B. subtilis.

10
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3. INTRODUCTION

Bacillus subtilis is a non-pathogenic, rod shaped Gram-positive bacterium belonging to the most
ubiquitous and diverse genus Bacillus that was discovered in 1872 (Cohn F.E, 1872).
B. subtilis is an omnipresent bacterium found in a various habitats like water, soil, air,
decomposing plant residue, intestinal tract of animals [11]. The type strains for B. subtilis are the
Marburg strain NCTC3610 (National Collection of Type Cultures, London, GB) and ATCC6051
(American Type Culture Collection, Rockville, USA). Subsequent mutations to the strain
ATCC6051 by ultraviolet and X-ray radiations led to the development of the strain commonly
used laboratory strain 168 which is auxotrophic for tryptophan [12].

B. subtilis was the first nonpathogenic microorganism which was genetically transformed by
Spizizen et al.[13] in 1961. Therefore, B. subtilis evolved to be a model organism for Gram-
positive bacteria and holds an equivalent status as that of Escherichia coli which is a model
organism for Gram-negative bacteria. The analysis of the complete genome of B. subtilis
containing approximately 4200 genes started after the publication of the complete genome
sequence by Kunst and coworkers in 1997 [14], which was recently updated by Barbe et al. 2009
[15] and Belda et al 2013 [16]. Analysis of several knock out mutants identified 271 genes to be
essential for B. subtilis [17]. These studies also helped to raise interesting biological questions

that subsequently led to understanding several genetic aspects of B. subtilis.

In addition to the scientific interests, the metabolic diversity of the members of the genus
Bacillus led to profound usage in industrial processes like the production of carbohydrates,
proteases and other enzymes. The most industrially prominent bacteria of the genus Bacillus are
B. licheniformis, B. pumilus, B. amyloliquefaciens and B. mojavensis [18-20]. B. subtilis is one
of the preferred workhorses among other bacteria because of its ability to acquire natural
competence for the uptake of plasmid as well as the chromosomal DNA. This genetic property is
exploited to understand and characterize the molecular phenotype and for the production of
various extracellular enzymes like a-amylase, dextranase, bio-surfactants and antibiotics etc. [21,
22] that have a high commercial importance. B. subtilis is also widely used in probiotic food
products and in food processing industries leading to the approval of GRAS (generally regarded
as safe) status by the US food and Drug Administration (FDA).

11
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3.1 STRESS RESPONSES

B. subtilis has a complex lifecycle as it often encounters wide range of environmental stress
conditions. In order to sustain in different conditions in its habitat, B. subtilis exhibits a very
sophisticated network of adaptational responses. Depending on the availability of the nutrients
B. subtilis can enter into one of the three main different genetic programs. These responses
include entry into the stationary phase, which is comparable to the laboratory shake flask culture
where a large number of stress dependent genes are regulated including morphological changes
like motility. The second response is the development of competence which involves the
binding, processing and internalizing of exogenous high molecular weight DNA[23]. When the
two main alternative strategies fail, B. subtilis can enter the third and last ultimate response
known as sporulation which is a highly organized process of the vegetative cell differentiating
into dormant, dry and tough endospore resistant to most of the environmental stress
conditions[24]. Apart from these, other kind of stress responses includes biofilm formation,

antibiotic production and cannibalism etc.

All the above mentioned response strategies adopted by B. subtilis are a result of well-
orchestrated global gene expression network controlled by various sigma factors associated to its
core RNA polymerase. The sigma factor A (¢™) functions as general and housekeeping sigma
factor and the rest of the sigma factors are considered as alternate sigma factors with specialized
functions. The major alternate sigma factors in B. subtilis are SigB. SigD, SigH, SigL, SigWw,
SigE, SigF, SigG, and SigK[25]. The last four sigma factors (SigE, F, G and K) and SigH (early
sporulation genes) are mainly involved in sporulation. SigL is involved in expression of
degradative enzymes and metabolism of alternate carbon sources. SigD is involved in motility
and chemotaxis. SigW along with few other sigma factors provide resistance to antimicrobial
compounds [26]. SigB is the factor controlling the general stress response and receives signal

cues from both energy and environmental stress responses[4].

Apart from these sigma factors there are several other DNA binding proteins that induce or
repress the expression of their target genes in a given condition. The major pleiotropic
transcriptional regulators in B. subtilis are CcpA, CcpN, TnrA and CodY. While CcpA and
CcpN play an important role in carbon metabolism, TnrA regulates the nitrogen metabolism
(discussed later in detail). CodY regulates branched chain amino acid synthesis, degradation of
histamine and asparginine, competence, motility and sporulation [27]. The stringent factor RelA

(ribosomal associated protein) indirectly regulates several genes involved in protein translation

( ]
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and amino acid biosynthesis [28]. Accumulation of uncharged tRNAs at A site of ribosomes
triggers the RelA dependent synthesis of (p)ppGpp that binds to RNA polymerase and inhibit the
transcription of several genes that mainly code for components of the translational apparatus
(rRNA, tRNA, elongation factors etc.) which is known as stringent response [28, 29].

3.2 CENTRAL CARBON METABOLISM

The central carbon metabolism (CCM) is an important fundamental component of metabolic
network in all-living organisms. CCM consists of glycolysis, pentose phosphate pathway,
tricarboxylic acid (TCA) cycle and other anaplerotic reactions that replenish the consumed
metabolic intermediates. The major role of the CCM is to harnesses the chemical energy stored
in carbohydrates for the production of precursors required for the biosynthesis of
macromolecules (proteins, peptidoglycans, DNA, RNA, lipids etc.,) and for the production of

energy currency of the cell i.e. ATP and NADH.

Glycolysis involves sequential conversion of glucose into pyruvate. Two German biologists
Hans and Eduard Buchner brothers in 1897 using yeast lysate mentioned a first indication of
glycolysis. Later in 1905, Harden and Young together reported ethanol production and proved
that phosphate is required for the fermentation process using Yeast lysate. By 1940 all of the
reactions of the glycolysis pathway were known from the research of Embden, Meyerhof, Parnas
and Warburg, thus glycolysis is also known as the Embden-Meyerhof pathway as well. In 1937
Hans Krebs discovered a cyclic sequence of reactions that explained the oxidation of an
unidentified ‘triose’ derived from glycolysis in pigeon breast muscle[30]. This pathway was later
named as Krebs cycle or Citric acid cycle or Tri-Carboxylic Acid cycle (TCA cycle).

Glucose is the preferred source of carbon for most of the living organism including B. subtilis, as
glucose can enter CCM directly without any further modifications. But availability of free
glucose in natural habitat is often a rare scenario, so B. subtilis is able to secrete extracellular
enzymes like amylase, gluconases etc., to degrade polysaccharides like amylase, glucans etc.,
into more simple monosaccharaides like glucose. Glucose and other simple carbohydrates are
then transported into the cells via an active and bifunctional transport system known as
phosphoenol pyruvate-dependent sugar phosphotransferase (PTS) system [31, 32]. The PTS
system is responsible for conversion and import of extracellular free glucose to glucose-6-

phosphate (Glu-6-P). Intracellular glucose generated from degradation of di- or oligosaccharides

13
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is converted to Glu-6-P by glucose kinase [33]. Glucose-6-phosphate isomerase (Pgi) performs a
reversible isomerization of Glu-6-P to fructose-6-phospahte which is then phosphorylated to
fructose-1,6-bis-phosphate (FBP) by 6-phosphofructokinase (PfkA) (Figure 1). One molecule of
FBP is then split into two C-3 molecules, dihydroxyacetone phosphate (DHAP) and
glyceraldehyde-3-phosphate (GAP) by fructose-bisphophate aldolase.
Isomerization/interconversion of DHAP to GAP is done by triose-phosphate isomerase (TpiA).

Glucose-6-P
}
Fructose-6-P
LLLESHY
)
Fructose-1,6-bis-P

Dihydroxy e-P Glyceraldehyde-3-P
Comn ) )|
HADHH +

1,3-bis-P-glycerate

ADP
)
AT
Glycerate-3-P

e |

Glycerate-2-P
!

E4 P-Enclpyruvate

,' ADP— Proline
/
1 Pyruvat(;dhA — (ProH ) ((ProG_]_Prol_]
\ Acetyl-CoA y-glutamic-semialdehyde
. 4
\ y-glutamyl-P
Oxaloacetate Citrate
/
Prol
Malate Isocitrate
i
)| | e
Fumarate /
4 GItA
g:g 2-Oxoglutarate Glutamate ——— » Glutamine
A cemt)
Succinate
v\
Succinyl-CoA

Figure 1 : Schematic representation of glycolysis, gluconeogenesis, TCA cycle and proline
biosynthetic proteins in B. subtilis.

Subsequent enzymes required for the conversion of GAP to phosphoenol pyruvate (PEP) are
encoded in a single operon (cggR-gapA-pgk-tpi-pgm-eno). The first gene product of cggR
(central glycolytic genes regulator) [34] is the repressor of this operon. This repression effect by
CggR is antagonized by FBP that increases during glycolytic growth conditions[35]. Apart from
CggR all other members of this operon are glycolytic enzymes, which are present in high
abundance. This differential abundance is achieved by RNase Y an endoribonuclease that
cleaves between mRNA of cggR and gapA generating two mature transcripts with different
stabilities (Figure 2). While the transcript of cggR is unstable, the transcript of gapA is stabilized

14
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due to the presence of stem-loop at the 5’end[36]. The final step of glycolysis involves the
conversion of PEP to pyruvate mediated by pyruvate kinase. The net energy yield of glycolysis
is 2 molecules of ATP and NADH for each glucose molecule.

cggR") @ —= glycolysis

cggR gapA

gapA operon >

primary bicistronic mRNA L Rt S

mature mRNA [ ngR >3 5 gapA ?3

Figure 2: Stabilization mechanism of gapA mRNA. Processing of cggR and gapA transcript by RNase Y
[10]. RNaseY cleaves the bicistronic transcript inbetween the two hairpin loop structures leaving behind
the less stable cggR transcript and much stable transcript gapA which is protected on both ends by the
hairpin structures (figure obtained from Martin et al 2012 [10])

When required B. subtilis can synthesize glucose from TCA cycle intermediates like
oxaloacetate (OAA) and malate, this process is known as gluconeogenesis. Gluconeogenesis is
important for B. subtilis when growing on TCA intermediates as the only carbon source [34, 37].
The main purpose of gluconeogenesis is to generate intermediates for anabolic growth such as
glucose-6-phosphate to generate peptidoglycans (cell wall biosynthesis), also production of
ribose-5-phosphate and glycerol-3phosphate via pentose-phosphate shunt pathway [38]. All the
enzymes that catalyze reversible reactions of glycolysis are part of gluconeogenesis, except for
the irreversible enzymes like GapA, PfkA and PykA. Conversion of OAA to PEP is catalyzed by
phosphoenolpyruvate carboxykinase (PckA) (Figure 1). When malate is supplied as the only
carbon source to B. subtilis leads to induction of gluconeogenesis via four malic enzymes that
generate pyruvate[39]. Among the four malic enzymes the malate dehydrogenase(Mdh) and the
NADP —dependent malic enzyme(YtsJ) are essential for the growth of B. subtilis when malate is
the only carbon source[40]. The other two enzymes are malic enzymes (MaeA and MleA), of
which MaeA is known to be expressed only in the presence of malate[39]. Catalysis of
glyceraldehyde-3-phosphate is performed by glyceraldehyde-3-phospate dehydrogenase (GapB)
which acts in exact opposite manner to GapA [34]. GapA is required when cell grow in
glycolytic conditions, whereas GapB is required during gluconeogenic growth conditions. This

differentiation is achieved for GapA and GapB by having different cofactor dependencies. While
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GapA is only dependent on the co-factor NAD, whereas GapB is 50 fold more effective in
presence of NADP compared to NAD [41]. De-phosphorylation of fructose-1,6-bisphosphate to
fructose-6phosphate is catalyzed by fructose-1,6-bisphosphatase(fbp)[42].

Pyruvate from glycolysis has two fates: pyruvate is reduced to lactate catalyzed by lactate
dehydrogenase (Ldh), with the simultaneous oxidation of one molecule of NADH[43] or the
conversion of pyruvate to acetyl-CoA by pyruvate dehydrogenase complex(PdhA, PdhB, PdhC,
PdhD) encoded by two operons pdhAB and pdhCD. This step generates one NADH molecule.
Acetyl-CoA is then either converted to acetate by the enzyme acetate kinase (AckA), which is a

part of overflow metabolism (discussed later) or enters into TCA cycle.

The first enzyme of TCA cycle is the citrate synthase (CitZ) that converts acetyl CoA and
oxaloacetate from the cycle to citrate. This is an irreversible process; hence this is the rate
limiting step of TCA cycle. Aconitase (CitB) catalyzes the conversion of citrate to isocitrate that
is further reversibly converted to 2-oxoglutarate by isocitrate dehydrogenase (lcd). CitB is also
known to be a RNA binding protein regulating iron metabolism [44].

The inter-conversion of 2-oxoglutarate to glutamate reversibly is marked as a key link between
carbon and nitrogen metabolism, which is forward catalyzed by glutamate synthase (GItA and
GItB known as GOGAT)[45]. Expression of GOGAT is facilitated by the binding of GItC, a
transcription factor activated in the presence of glucose[46]. Repression of GOGAT is achieved
in presence of the global nitrogen metabolism regulator TnrA which is activated in the absence
of glutamine[47]. The reverse catalyzes of glutamate to 2-oxoglutarate is independently
performed by two glutamate dehydrogenases- RocG and GudB (Figure 3A). However, in vivo
only RocG is functionally active whereas GudB is enzymatically inactive[48]. Interestingly
functional inactivation of RocG leads the B. subtilis to acquire spontaneous mutations that
produce functional GudB[49] by an unknown mechanism. This regulatory mechanism signifies
the role of glutamate in cellular metabolism. In vivo RocG expression is induced by the presence
of nitrogen sources like arginine via two transcription factors AhrC and RocR along with the
sigma factor SigL. CcpA represses RocG in presence of glucose. As glutamate is also generated
by catabolism of several amino acids (including arginine, ornithine, histidine and proline),
conversion of glutamate to 2-oxoglutarate creates the entry point for several amino acids into the
TCA. Biosynthesis of proline is marked as the key protective mechanism when B. subtilis

encounters hyperosmolar conditions (see below).
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Figure 3: Regulation of nitrogen metabolisms in B. subtilis. A) The link between central carbon
metabolism and nitrogen metabolism. B) Regulation of the gene glutamate dehydrogenase (rocG) in
presence of arginine and glucose (Figure obtained from Katrin et al 2012 [3]).

Conversion of 2-oxoglutarate to succinyl-CoA is catalyzed by a complex of 3 subunits i.e., 2-
oxoglutarate  dehydrogenase  (E1  subunit-OdhA and E2  subunit-OdhB) and
PdhD(dihydrolipoamide dehydrogenase or E3 subunit of pyruvate dehydrogenase). Succinyl-
CoA is dephosphorylated to succinate by SucC and SucD (succinyl-CoA synthase beta and alpha
subunits) generating a GTP. Succinate is oxidized to fumarate by a complex of succinate
dehydrogenase(SucA, SucB and SucC) generating a FADH,. Fumarate is hydrated to malate by
fumarase (CitG). Malate is oxidized to oxaloacetate by malate dehydrogenase (Mdh) generating
a NADH; there by completing the cycle. To summarize the TCA cycle, one molecule of acetyl-
COA is completely oxidized to two molecules of CO,, yielding three molecules of NADH, one
molecule of NADPH, FADH and GTP. Reducing equivalents like NADH and FADH are
oxidized via oxidative phosphorylation for the production of ATP whereas NADPH is used in

the anabolic reactions.

As the TCA cycle intermediates are also used for other metabolic processes, to maintain a steady
state within the pathway there are several ways to replenish the metabolic intermediates. This
process is known as anaplerosis. The main anaplerotic step that branches from glycolysis and
replenishes OAA for sustained TCA cycle involves the conversion of pyruvate to OAA by
pyruvate carboxylase (PycA) with the consumption of one ATP[50]. Oxaloacetate (OAA) is also
generated from transamination of aspartate. Succinyl-CoA which is a product of 3-oxidation of

fatty acids is also an anaplerotic step for TCA cycle.
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3.2.1 Regulation of CCM

Central carbon metabolism is a robust process which is stringently controlled depending on the
extracellular nutrition and intracellular energy levels. Presence of glucose in the growth medium
leads to the accumulation of fructose-1,6-bis-phosphate which is an activator of CcpA which in
turn shuts down the expression of all the genes responsible for utilization of secondary carbon
source, this phenomenon is termed as carbon catabolite repression(CCR)[35]. CcpA is a
pleiotropic global regulator of carbon metabolism which interacts with phosphorylated forms of
ATP dependent HPr(component of PTS system) and its paralogue Crh. This binding leads to
strengthening the affinity of CcpA for cre sites (12-base pair sequence preceding promoter of
target genes) and regulating the target genes. Both HPr and Crh are phosphorylated on serine by
HPr kinase/phosphorylase in the presence of fructose-1,6-bis-phosphate (FBP) [32, 51]. Unlike
Hpr, Crh cannot be phosphorylated on His-15 which acts as a phosphate donor during glucose
import and hence Crh is not a part of phospho transfer system[52]. Glucose-6-phosphate and
FBP are also known to interact directly to CcpA and affect its activity. Both the non-
phosphorylated forms of Hpr and Crh (that are accumulated during gluconeogenic growth) can
bind to GapA (glyceraldehade-3-phosphate) and are able to inhibit GapA activity. In addition,
the non-phosphorylated form of Crh has an inhibitory role for methylglyoxal synthase (MgsA)
that catalyzes the conversion of dihydroxyacetone phosphate to methylglyoxal. This step creates
a bypass from glycolysis to relieve the cells from sugar-phosphate stress under surplus glucose
availability which may lead to a condition where a carbohydrate uptake rate exceeds the capacity

of the lower branch of the glycolysis [53].

Genes that encode CitZ, lcd together with one more gene mdh/citH which encodes malate
dehydrogenase (Mdh) are present in one operon[54] that is repressed by CcpA, however, the
aconitase gene(citB) is encoded elsewhere on the chromosome[55]. Transcription from the citZ
and citB promoters is repressed by CcpC, a member of the LysR family of regulatory proteins.
CcpC is repressed by accumulation of citrate[56]. citB is also repressed by CodY and by AbrB in
the early stationary phase [57]. Activity of CodY is in turn dependent on cellular GTP and
branched chain amino acids. To summarize, three regulatory proteins CcpC, CcpA and CodY
which depend in their corresponding four metabolites citrate, FBP, GTP or isoleucine or valine
respectively function together to determine the extent to which pyruvate and acetyl CoA enter
the TCA cycle [58].
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A recent study by Meyer et al. 2011[59] revealed that the proteins CitZ, lcd and Mdh that are
expressed from a single operon interact with each other and from the core of the TCA cycle
metabolon. A metabolon is defined as a group of enzymes from a specific pathway that might
form complexes. Formation of metabolon prevents the escape of substrates and intermediates by
diffusion resulting in higher efficiency of the pathways[60]. Mdh also interacts with
PEP carboxy kinase (PckA) and NADH dehydrogenase, this metabolon is prominent during
gluconeogenesis. Isocitrate dehydrogenase (lcd) also interacts with glutamate synthase (GItA and
GItB), this interaction leads to the channeling of 2-oxoglutarate from lcd to GItA and GItB[59].

Glycolytic enzymes like PfK, Pgm and Eno are also known to from a metabolon[61].

Presence of Glucose in the growth medium also leads to overflow metabolism caused by the
repression of TCA cycle. This leads to accumulation of pyruvate and acetyl CoA which are
converted to lactate, acetate and acetoin and excreted into the extracellular environment[58].
Conversion of acetyl-CoA to acetate by phosphotransacetylase and acetate kinase generates an
additional ATP. However, B. subtilis cannot survive with acetate as the sole carbon source due to
the absence of glyoxylate pathway[62]. Conversion of pyruvate to lactate by the enzyme lactate
dehydrogenase regenerates the co factor NAD™ required by the glycolytic enzymes for substrate
oxidation; this process is also familiar in humans for causing muscle fatigue during rapid
exercise. Later when the glucose is depleted both lactate and acetate are reimported and
introduced to TCA cycle for the production of more NADH and ATP. Thus, the main advantage
of the overflow metabolism is to replenish NAD" and sustain continued glycolysis during two
possible conditions; availability of excess glucose and nitrogen[63], unavailability of terminal
electron acceptors like oxygen and nitrogen[43]. In B. subtilis overflow metabolism is regulated
by the global regulators CcpA and CodY. Mutants of TCA cycle enzymes are able to grow
vegetatively with reduced growth rate but sporulation efficiency is significantly decreased. The
decrease in sporulation is due to the reduced energy supply, availability of intermediates and

phosphorylation of SpoOA is effected which is a key regulatory protein for sporulation [64, 65].

Enzymes that exclusively participate in gluconeogenesis are repressed in the presence of glucose.
Expression of PckA and GapB is strongly repressed in the presence of glucose by the regulator
CcpN as the expression of these two gluconeogenic enzymes is futile to the glucose flux. As
CcpN is constitutively expressed, it can sense the energy charge state of the cell by sensing the
ATP/ADP levels thereby enhancing/decreasing the repression effect over its target genes[66].
CcpN competes with RNA polymerase there by inhibits expression of its target genes. A change

in the confirmation in the presence of ADP can relieve CcpN from RNA polymerase and
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activating its target genes expression. Hence CcpN is very essential in maintaining carbon flux
through CCM.

The other important enzyme of gluconeogenesis Fbp(fructose-1,6-bis phosphatase) is a
constitutively expressed protein and is not subjected to catabolite repression[42]. Interestingly,
an fop mutant strain of B. subtilis is able to grow on gluconeogenic carbon sources such as
glycerol and malate, however, no paralogue of Fbp enzyme has been found till date[42]. Adding

to this, the fbp gene from B. subtilis has no orthologs in any other species [42].

3.3 OSMOPROTECTION

High salinity and fluctuating temperature are common conditions encountered by B. subtilis
being a soil bacterium. Exposure of microorganisms to an environment of high salinity will
result in excessive water efflux and destruction of the positive turgor (Figure 4) that is generally
regarded as the driving force for cell growth and division[67]. Unlike eukaryotes, bacteria cannot
actively transport water to maintain this turgor balance[68]. Thus, maintaining cytoplasmic
hydration for the unhindered physiological activity is of great importance, this is accomplished
by accumulating compatible solutes either by biosynthesis or by active uptake. Compatible
solutes accomplish osmoprotection and do not interfere with cell physiology, even at a high
concentration in the cytoplasm. Osmoprotectants, such as glycine betaine, proline, proline
betaine, ectoine, carnitine besides maintaining cellular turgor pressure also function as
kosmotropes, compounds that stabilize the conformations of biological macromolecules [69]. In
addition to their role in osmoprotection, compatible solutes were identified to possess
multifaceted functions, including thermoprotection, and stabilization of proteins and cell

components against the denaturing effects of high ionic strength [70, 71].

The majority of the uptake of osmoprotectants or its precursors in B. subtilis is realized by
specific transporters (osmoprotectant uptake systems) OpuA, OpuB, OpuC, OpuD and OpuE.
These transporters are either multi-component import systems in case of OpuA (OpuAA,
OpuAB, OpuAC), OpuB (OpuBA, OpuBB, OpuBC, OpuBD) and OpuC (OpuCA, OpuCB,
OpuCC, OpuCD) or single-component transporters for OpuD and OpuE (Figure 5A). OpuD is
responsible for only glycine betaine import and OpuE is responsible for proline import alone.
OpUE is highly similar to that of proline inducible PutP permeases in E. coli which is used to

import proline as carbon and nitrogen source but not for osmoprotection, which signifies the
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evolutionary conservation for the same function[68]. Deletion of OpuE leads to inability of B.
subtilis to use exogenously provided proline during high osmolar conditions[72]. The ability to
import wide range of osmoprotectants by B. subtilis imparts the unique flexible adaptation to

various high osmolality ecological niches.

membrane
Inside Cell Hypertonic media
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Figure 4: When the bacterial cells encounter high osmolar environment, to maintain the turgor pressure
on either side of the cell membrane, cells loose water due to exo osmosis resulting in plasmolysis. To
avoid plasmolysis cells accumulate osmoprotectants such as proline and glycine betaine

In vivo, the primary osmotic stress response in B. subtilis is to rapidly accumulate K* ions from
the environment via two different K uptake systems (KtrAB and KtrCD)[73]. However uptake
of K" is a short-term response because high intracellular ionic strength is deleterious to cellular
physiology [74, 75]. Subsequently, accumulation of K* ions is followed by long-term
accumulation of compatible osmoprotectants like proline[76]. Proline/other osmoprotectants like
glycine betaine are either imported or synthesized intracellular from glutamate in order to
decrease the K+ intracellular concentration. Synthesis of proline takes place in two different
ways: for anabolic synthesis and for osmoprotection [77](Figure 5B). Anabolic synthesis
involves synthesis of proline from glutamate that involve three enzymes: y-glutamyl kinase
(ProB), the y-glutamyl-phosphate reductase (ProA) and the A-pyrroline-5-carboxylase reductase
(Prol) (Figure 5B) [78]. The activity of the ProB enzyme from B. subtilis is subjected to
feedback control by proline [77]. The anabolic biosynthetic pathway involving proB—proA
operon and that of the prol gene is regulated through a proline-responsive T-box regulatory

system (RNA-based regulatory switches that regulate the levels of amino acids via
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charged/uncharged tRNA) [77]. This pathway ensures that enough amount of intra cellular
proline levels are maintained as building block for protein synthesis.

In addition to the anabolic pathway involving ProB—ProA—Prol enzymes, the second route for
proline biosynthesis accounts for production of the large amounts of proline as an
osmoprotectant[79]. This osmoadaptive proline biosynthetic route is formed by the ProJ— ProA-
ProH enzymes, and relies on isoenzymes for the first and last steps. Therefore, the expression of
the proHJ operon is strongly up-regulated in response to either sustained osmotic stress or
sudden osmotic upshift, whereas that of the proBA operon (Figure 5C) or that of the proA gene
alone is not osmotically induced [80, 81]. In addition to the Prol and ProH enzymes, the ProG
protein also possesses D1-pyrroline-5-carboxylase reductase activity although the precise
physiological regulation of the ProG protein has not been resolved yet. Data from two
independent studies have shown that ProA was both cytosolic and membrane bound protein [2,
81], however the rest of the enzymes involved in the proline biosynthesis were not found in the
membrane bound fraction. Steil et al. (2003) [80] for the first time reported the genome wide
transcriptional analysis of a sigB mutant of B. subtilis during sudden osmotic upshift and
adaptation to prolonged growth at high osmolarity. The authors have indicated that adaptation to
sudden osmotic upshift and continuous growth at high osmolarity require different physiological
adaptations by the B. subtilis cells as both the adaptations shared limited number of commonly
regulated genes. Hahne et al. (2010) [81] have performed a comprehensive time course
proteomic and transcriptomic analysis of B. subtilis during osmotic upshift. The authors reported
the expression profiles for 590 proteins and 3961 mRNAs. The authors indicated that about 500
genes were up-regulated in response to osmotic upshift suggesting a dynamic physiological
adaptation of B. subtilis towards osmotic stress.

Proline can act as a nutrient, where proline is catabolized to glutamate that is at the center of
carbon and nitrogen metabolism (see above). In B. subtilis and other microorganisms the
oxidation of proline to glutamate is catalyzed by PutB PRODH and the monofunctional PutC
A'pyrroline-5-carboxylate dehydrogenase (PD5CD) [82, 83] that are products of the gene cluster
putBCP. The last gene in the gene cluster putP encodes for the L-proline transporter PutP [84].
PutP has high affinity for extracellular proline intake compared to OpuE. Unlike other
microorganisms the regulation of putBCP gene cluster in B. subtilis is under control of the
proline-responsive PutR protein encoded by the gene putR [83]. It was shown recently by Moses
et al. (2012) [83] that L-proline generated as a result of osmoprotection by the ProJ-ProA-ProH
pathway does not induce putBCP, indicating that B. subtilis can somehow sense the difference
between de novo synthesized L-proline and imported extracellular L-proline.
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Glycine betaine is one of the important osmoprotectants next to proline that can be imported or
synthesized de novo in the presence of choline. Glycine betaine is a prominent osmoprotectant
that is available readily in the habitat of B. subtilis the soil, as it is one of the products released
due to degradation of the plant tissues and roots [85]. The transporters OpuA, OpuC and OpuD
import glycine betaine into the cell. Mutants of these transporters were not able to import glycine
betaine suggesting that these are the only transporters that can import glycine betaine in
B. subtilis [86]. OpuA and OpuC are multicomponent transporters that belong to ABC (ATP
binding cassette) type super family, whereas OpuD is a single-component transporter. All these
three transporters have low Km signifying high affinity towards glycine betaine giving B. subtilis
the ability to import glycine betaine even at very low extracellular concentrations. Even though
these three transporters are expressed during osmotic upshift, OpuA contributes to the majority

of the imported glycine betaine due to its high Vimax over OpuC and OpuD [86].
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Figure 5: Osmoprotectants import mechanisms and proline biosynthetic proteins. A) Different types of
transporters of osmoprotectants into the cell during osmotic stress (figure modified from Bremer et al.
2002 [8]). B) Enzymes involved in proline biosynthesis as a result of osmotic stress and protein
biosynthesis (figure obtained from Brill et al.2011 [9]. C) Genetic arrangement of proline biosynthetic

enzymes.
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De novo synthesis of glycine betaine takes place in the presence of extracellular choline which is
imported by the transporters OpuB and OpuC (Figure 5A). Imported choline is oxidized to
glycine betaine in two steps that involves GbsB (choline dehydrogenase) and GbsA (glycine
betaine synthesis) with glycine betaine-aldehyde as an intermediate [85]. The transcription of the
operon ghsA-gbsB is enhanced under the presence of choline [87]. It has been shown that glycine

betaine apart from being an osmoprotectant, can also offer thermo-protection at 52°C [70] and

cold-protection at 13°C [88].

During osmotic down shock conditions like a rain fall or a washout, presence of intracellular
osmoprotectants at high concentrations leads to influx of water into the cell there by increasing
the turgor pressure inside the cells which can lead to cell lysis. B. subtilis overcomes this
problem by employing two mechanosensitive channels MscL (large conductance) and MscS
(small conductance). These channels are located on the cell membrane and they respond to
changes in the tension of lipid bilayer which leads to the formation of transient aqueous pore
through which solutes and solvents are released into the environment [75, 89]. This phenomenon
allows B. subtilis to reduce the intracellular turgor and avoid cell lysis. Hoffmann et al.[89] have
shown that the protein MscL prevents the lysis of B. subtilis that are osmotically down shocked
during the early and mid-log phase growth period, whereas MscS is responsible for prevention of

cell lysis during late log phase growth.
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3.4 GENOMICS AND PROTEOMICS

(DNA ) = (mRNA —(Protein)

oY

Genema Transcriptome Protacme

Discovery of DNA structure in 1953 by Watson and Crick and invention of DNA sequencing
technique by Fredrick Sanger in 1975 laid the foundation for the development of Genomics. The
term ‘omics’ is often used when a large scale and holistic approach in understanding biological
mechanism of life is addressed. Transcriptomics and proteomics are two of the several omics
technologies available today.

The transcriptome is the set of total messenger RNA and their quantity in a tissue type or cell
type for a developmental or physiological condition and transcriptomics is the term used for
studying the transcriptome. There are different methods to study transcriptomics like DNA
microarrays and more advanced recent RNA-seq (next generation sequencing); considering the
past two decades the most popular and established method is the DNA microarray. A DNA
microarray is defined as an orderly arrangement of thousands of identified sequenced genes
(probes) printed on an impermeable solid support, usually glass, silicon chips or nylon
membrane. There are different types of probes used in microarray, such as fragment of genomic
DNA, cDNAs, PCR products or chemically synthesized oligonucleotides (up to 70mers). A
single DNA microarray slide/chip may contain thousands of probes each representing a known
single gene and collectively the entire genome of an organism. Oligonucleotide DNA microarray
has an advantage over cDNA and PCR based microarray due to automation, speed of
manufacturing and reproducibility. DNA microarrays works on the principle of hybridization,
where a fluorescently labeled cDNA is hybridized onto a custom-made microarray or

commercial high-density oligo microarray [90, 91].

The latest in the series of microarray technologies is the genome-wide tiling arrays which is a
high-density oligo microarray. Unlike other DNA microarrays, tiling arrays contain probes that
map the whole genome or region of interest including complete sense and anti-sense strands
giving this technique many advantages like mapping non-protein-coding RNAs (ncRNAS),
transcription unit mapping (genome annotation), mapping of DNA methylation sites

(methylome) and comparative genome hybridization [92]. Recent tiling array analysis in
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B. subtilis by Rasmussen et al. (2009) [93] showed 3662 transcriptional active regions (TARS)
and newly identified 84 non-coding RNAs and 127 antisense transcripts; this signifies the

importance of tiling array in modern day transcriptomics.

While genomics represents the genotype of an organism, the other omes (transcriptome,
proteome and metabolome) measure how the genome is utilized under a particular situation,
which is shaped by both the genotype and the environmental conditions of the organism. The
proteome is the sum of proteins expressed in an organism, tissue type or cell under any specific
condition and proteomics is the term for studying the proteome. Two major methods are being
used for proteomic studies: the well-established two-dimensional gel electrophoresis (2DE)
developed in 1975 (Klose, O'Farrell 1975) and more modern liquid-chromatography assisted
mass spectrometry methods (LC-MS/MS).

Mass spectrometry has its roots in 1912 when JJ Thomson a British physicist analyzed isotopes
of Neon by the instrument “parabola spectrograph” which later became much prominent during
world war 1l for enrichment of Uranium isotopes [94]. With the invention of MALDI (matrix-
assisted laser desorption/ionization) [95] and ESI (electro spray ionization)[96] in the 1980s
mass spectrometry became indispensable for the development of proteomics and other “Omics”
platforms. In the context of proteomics, both MALDI and ESI convert peptides and proteins into
gaseous phase as the mass spectrometers work with vacuum. The ESI (electro spray ionization)
is more prominent among shotgun proteomics work flow (a complex mixture of peptides sprayed
simultaneously into a mass spectrometer). In a classical ‘bottom up’ shot gun proteomics
approach; a complex mixture of proteins from a sample is digested to peptides by a sequence
specific enzyme such as trypsin. The resulting peptide mixture is separated with a binary
gradient of aqueous/organic solvent in a high-performance liquid chromatography (HPLC)
equipped with a C18 based reverse phase columns, the gradient lasting about one to several
hours to reduce the complexity of peptides entering the mass spectrometer at any given time. On
the other side top down proteomics describes the analysis of intact proteins with mass

spectrometry [97], which is currently a flourishing field.

The data obtained from the mass spectrometry based proteomics can be broadly used and
classified into three categories; posttranslational modifications (PTMs), protein interactions
(network biology/interactome) and much extensively used expression proteomics [98].

Expression proteomics deals with the relative or absolute amounts of the proteins in a sample
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and can be compared to transcriptome data, but also unique information about subcellular protein

localization can be obtained using expression proteomics.

Quantification in proteomics is of central importance and is of two kinds; relative and absolute
quantification. Though relative quantification delivers enough data to differentiate and compare
two or several different conditions, it cannot deliver absolute value/copy number of proteins per
cell- an important input for systems biology. Absolute quantification in MS can be performed by
spiking in stable isotope labeled peptide/protein standards (stable isotope dilution mass
spectrometry: SID-MS) into the sample and by label free approach (spectral counting[99] and
intensity based). Label free approaches are more error prone compared to the label-based
approach due to sensitivity and reproducibility issues[98]. Stable isotope based absolute
quantification involves spiking of standards like AQUA (absolute quantification) peptides [100],
absolute SILAC proteins [101] and QconCAT (Quantification concatemers)[102]. Spiking-in of
heavy isotope labeled reference peptides eliminates the ion suppression effect in MS
measurements due to the identical retention times and fragmentation patterns of the reference
peptide and the analyte peptide [103]. Quantification of multiple proteins of interest requires
several heavy labeled AQUA peptides and proteins, this also introduces multiple pipetting steps
during sample processing and sometimes this may result in inappropriate estimation of protein
concentration. Furthermore, AQUA peptides are added at the end of the sample processing
which implies that unlike the native peptides the AQUA peptides do not undergo the same
treatment procedure leading to a biased estimation of protein concentrations. This problem can
be avoided by using AQUA proteins, but the AQUA proteins are very expensive and laborious to
produce compared to the AQUA peptides. On the other hand, the QconCAT based absolute
quantification is a more cost effective and more accurate method due to involvement of less

pipetting steps while performing multiplexed quantification for several proteins.

The QconCAT strategy relies on a heavy labeled artificial protein that is an assembly of
signature Qpeptides derived from multiple proteins of interest. Qpeptides are designed to end
with arginine or lysine at the C terminus as they represent and will be internal standards for
tryptic peptides derived from digestion of the analyte proteins [102, 104]. Known concentrations
of QconCATS are spiked to a complex mixture of analyte proteins and digested with trypsin to
release both the stable isotope-labeled peptide and the native peptide from the analytes. From the
known concentration of spiked QconCAT in to the analyte, absolute quantification of the target

analyte proteins can be achieved.

27

——
| —



Praveen Kumar Sappa Introduction

Among the available MS techniqgues MRM (multiple reaction monitoring) is the best approach
for targeted proteomics. MRM is performed by analyzing a predefined set of unique peptides of
the corresponding proteins with optimized parameters. MRM performed in combination with
stable isotope dilution on a triple quadrupole mass spectrometer is a very robust method for
absolute quantitative measurement of target proteins [105]. Targeted mass spectrometry always
has an advantage in terms of sensitivity over discovery proteomics. A comprehensive study by
Picotti et al. (2009) [106] in yeast proved the sensitivity and dynamic range of MRM based
absolute quantification for ~100 proteins ranging from 50 to 200000 copies/cell in a single MS
analysis without the need for extensive prefractionation. Costenoble et al. (2011) had pushed the
upper limit of MRM by performing absolute quantification of 228 proteins accounting for 95%
of the central carbon metabolism including isoenzymes in budding yeast [107].

After whole genome sequencing of B. subtilis was performed in 1997 [14], several proteome and
transcriptome studies were performed in the past but only a few targeted transcriptome and
proteome studies were performed simultaneously to understand the intricate physiological
mechanisms adopted by B. subtilis to survive in various stress conditions. For the first time a
comprehensive characterization of proteome and transcriptome of B subtilis was first done by
Eymann et al. 2004[108] reporting a total 876 proteins and 2515 genes expressed in
exponentially growing cells. Hahne et al. [109] performed a comprehensive studies comparing
membrane proteome profiling of exponentially growing B. subtilis. The authors reported 527
integral membrane proteins covering up to 66% of the predicted membrane bound proteins. A
recent comprehensive proteomic and transcriptome profiling of B. subtilis by Otto et al. 2010[2]
reported 2142 proteins by extensive pre-fractionation of intracellular and membrane bound

proteins in glucose starved B. subtilis.

In B. subtilis a large scale phosphoproteome study was performed by Macek et al. [110]
identifying 103 protein phosphorylation sites; 54 on serine, 16 on threonine and 8 on tyrosine.
Complementing the above study Elsholz et al. (2012) [111] demonstrated protein
phosphorylation on arginine residues for 86 proteins. This study suggests the importance of the

protein arginine kinase and phosphatase, MscB and YWiE respectively as regulators.

Development of techniques to analyze global scale gene and protein expression patterns
provided great insight into complex cellular network organization. From the perspective of
systems biology it is of great importance to have absolute quantitative data for any of the
considered data sets (transcriptome, proteome, metabolome). Technological improvements to

generate large scale quantitative data sets and multidisciplinary approaches during the last
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decade has driven the increased interest in systems biology, a discipline encompassing data
based mathematical modeling and simulation that help to understand the dynamic interactions of
cells and components within cells[112]. Interest in the understanding of robust signaling
networks that help B. subtilis to survive under changing environmental conditions has motivated
numerous studies that involve mathematical modeling. A studies by Kleijn et al. (2010) [113]
has shown through mathematical modeling of central carbon metabolism that malate is the
second preferred carbon source which is co-utilized with glucose as well as the preferred
gluconeogenic carbon source. The co-utilization of glucose and malate is a rare phenomenon
among microorganisms as both carbon sources exert carbon catabolite repression against other
carbon sources but not against each other. However, it is unclear how malate represses the
uptake of other carbon sources. In a follow up multidisciplinary study, Buescher et al. (2012)
[114] reported that adaptability of B. subtilis towards utilization of malate was faster primarily
due to post-transcriptional regulation. On the other hand adaption towards glucose is slower
primarily due to transcriptional regulation involving approximately regulation of half of the
genes. The authors used comprehensive omics-based platforms such as transcriptome, proteome,
metabolome, fluxome, promoter activity assays and finally integrated all the above-mentioned

data to fit into a mathematical model.

Ferguson et al. (2012) had demonstrated the absolute quantification of promoter activity for the
genes cggR, gapB, pckA and ccpN, as these genes primarily control the carbon flux in CCM
[115]. The authors showed that the negative feedback regulation for strong promoters like cggR
is not achieved by reduced transcriptional noise, rather it depends on burst size (number of
mMRNA molecules produced in one burst) which is proportional to the active state of the operator
at the promoter. Contrarily, ccpN in order to maintain its repressive mechanism over gapB and
pckA under glycolytic conditions has evolved to limit bursting and not allowing the RNA
polymerase to escape from promoter leading to strong catabolite repression.

To summarize, advent of more sophisticated techniques in analyzing the transcriptome, proteome
and metabolome in combination with mathematical modeling in recent years have enabled a
deeper understanding of biological systems. Hence, in this study a combination of transcriptome,
proteome and metabolome analysis will be applied to gain deeper understanding of the
physiological adaptational mechanisms of B. subtilis. To my knowledge this is the first pathway

targeted multi-omics study targeting the central carbon metabolism in B. subtilis.
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3.5 AIM OF THE STUDY

B. subtilis is one of the best studied model organisms among Gram positive bacteria. Being a soil
bacterium, the adaptational responses employed by B. subtilis are very complex often involving
multiple regulatory networks that involve regulation of gene expression, protein expression and
metabolite levels. Hence, comprehensive understanding of the complex adaptational responses
deployed by B. subtilis requires generation and integration of data on multi-omics level. In the
past only few studies have tried to understand the adaptational responses of B. subtilis at multi-
omics level. Therefore, in the current study a multi-omics approach will be employed for a

systems biology study.

Energy limitation or starvation for carbon is one of the key challenges faced by B. subtilis in its
natural environment the soil. Hence, the time-resolved transition of B. subtilis from exponential
phase to stationary phase will be investigated in high cell density fermentation where glucose

will be the growth limiting factor.

When challenged with osmostress B. subtilis produces high amount of proline as an
osmoprotectant from glutamate. Glutamate is mainly replenished from 2-oxoglutarate from the
TCA cycle. Hence, central carbon metabolism and glucose play a crucial role during the
osmostress. Therefore, a workflow for measuring mRNA, proteins and various metabolites
involved in the central carbon metabolism and proline biosynthesis will be established and the
data will be integrated for the better understanding of the adaptational responses. As a proof of
concept, two major stress conditions will be simultaneously investigated in a controlled
chemostat based cultivations. The conditions that are going to be investigated are 1) energy
limitation which will be achieved by limiting glucose in the growth medium, 2) osmostress
resulting from frequent drying out of soil will be achieved by adding 1.2 M NaCl to the growth
medium. In addition to osmostress, the effect of naturally available osmoprotectant glycine
betaine (GB) under simultaneous influence of osmostress and osmoprotection on cellular
physiology will be investigated. Influence of high glucose concentration during osmostress and

osmoprotection will also be investigated.

Information about the absolute protein abundances with in a pathway will contribute to a better

understanding of the adaptational mechanisms of B. subtilis. Hence, a method to quantify
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absolute concentrations for the proteins involved in the central carbon metabolism and proline

biosynthesis will be developed and implemented.

Complementing these experiments, global transcriptome analysis of other major stress conditions
like growth at high temperature, low temperature, high salinity and late stationary phase will be

performed to understand the transcriptional plasticity under different stress conditions in general.
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4. MATERIALS AND METHODS

4.1 LIST OF ABBREVIATIONS

ACN
ANOVA
ATP

BSA
CCM
CCR
cDNA
Cy3/Cy5
Dnase |
DTT
EDTA
FBP
FWHM
GB

GTP

IAA
LC-MS
PAGE
PCA
QconCAT
QQQ
SDS

Sig
SRM/MRM
TCA cycle
TE

TPP

UTP

Acetonitrile

Analysis of variance

Adenosine triphosphate

Bovine serum albumin

Central Carbon Metabolism

Carbon Catabolite Repression

copy DNA

Fluorescent dyes of the cyanine dye family
Deoxyribonuclease |

Dithiothreitol

Ethylenediaminetetraacetic acid
Fructose-1,6-bisphosphate

Full Width at Half Maximum (Resolution)
Glycine Betaine

Guanosine TriPhosphate

Indoleacetic acid

Liquid Chromatography—Mass Spectrometry
Polyacrylamide gel electrophoresis
Principal component analysis
Quantification concatamer

Triple quadrupole mass spectrometer
Sodium dodecyl sulfate

RNA polymerase sigma factor

Selected Reaction Monitoring / Multiple Reaction Monitoring

Tricarboxylic acid cycle
Tris-EDTA
Trans-Proteomic Pipeline
Uridyl triphosphate
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4.2 STRAINS USED IN THE STUDY

Table 1 : B. subtilis strains used in the current study.

Strain Genotype Construction Phenotype Reference
Trp* derivative of B. Trp+
BSB1 subtilis 168 [114, 116]
trpC2 pheAl Trp .
MO1027 spolVCB:erm Spo° P. Stragier
Transformation of BSB1 Trp*
. . Current
BSG 112 spolVCB::erm with chromosomal DNA of Spo stud
MO01027 y
Trp Laboratory
stock (E.
JH642 trpC2 pheAl Bremer,
Marburg)
Trp
trpC2 pheAL AproHJ Details in results section P Current
MDB22 amyE::P(proHwt)- 545 study
proH-proJ o (Marburg)
trpC2 pheAlAproHJ o . Trp Current
Details in results section
MDB28 amyE::P(proH-M10)- 545 study
proH-proJ o (Marburg)

4.3 BIPHASIC BATCH FERMENTATION (PERFORMED BY DR. BEATE KNOKE,
STUTTGART)

Precultures with 100 mL of LB medium (erythromycin — 1 pg/mL) was inoculated with the
Bacillus subtilis strain-BSG112 and incubated for 4h at 37°C at 130 rpm orbital shaking. The
batch fermentation was carried out in a 30 L bioreactor (Bioengineering AG) using minimal
medium according to Hardiman et al. 2007 [117] but without thiamin-HCI, a reduced calcium
concentration (7% [w/v]) and addition of 0.6 mg I"* sodium molybdate (Na2MoO4 * 2H,0). The
following process parameters were applied: dissolved oxygen concentration > 50% saturation,
pH 7, pressure of 0.5 bar, temperature of 37°C. The gas inflow (VG =10 | min™*) was monitored
by a mass flow meter (Bioengineering AG) and foam formation was suppressed by the addition
of polypropylene glycol P 2000 (Sigma—Aldrich) when necessary. Samples were taken at mid-
log phase (OD600nm 1.7; t0) and 1.5 h and 5 h after glucose exhaustion (t1 and t2, respectively).

BMS5 (batch medium): (10x per liter)

BM5 (10x) Quantity
Na,SO4 * 10 H,0O 209
(NH4)2SO,4 26.8 g
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N1H,CI 10g
NaH2PO4.2H20 40.2 g
KoHPO, 146 g

Autoclave and store at RT.

Trace elements (100x per liter):

Trace elements(10x) Quantity
CaCl,.2H,0 1.0 g
FeCl3. 6H,0 16.7 ¢
Na, - EDTA 20.1¢g
ZnS04.7H0 0.18¢
MnSO,.H,O 0.1 g
CuS0O,4.5H,0 0.16 g
CoCl,.6H,0 0.18¢
Na;Mo00,.2H,0 02¢g
BM5 (1x) (1000 mL)

H,O HPLC 870 mL
BMD5 10 x stock 100 mL
trace salts 100x stock 3mL
Glucose 20% (w/v) 25 mL
1 M MgSO, 2mL

4.4 GROWTH CONDITIONS FOR TRANSCRIPTOME ANALYSIS BY
TILING ARRAYS

441 Growthat 37°C

Cultivations were performed as mentioned by Steil et al. (2003) [80]. Briefly, B. subtilis was
grown for 24 h on a LB plate at 37°C and used to inoculate 100 mL of overnight Spizizen’s
minimal medium (SMM) media in a 500 mL-Erlenmeyer bacterial culture flask. Flasks were
aerated by shaking at 220 RPM at 37°C in an orbital shaker (Innova 4230, New Brunswick,
USA). A fresh 100 mL SMM (pre-culture) was inoculated to an optical density (OD) of 0.1 at
578 nm from the overnight cultures. After these pre-culture reached an ODs7g of 0.5, a fresh pre-
warmed (37°C) 100 mL of main culture was inoculated with the pre-culture to a final ODs7g of
0.1 and the growth curve was followed. Samples for RNA isolation were harvested (as described
in section 4.7) at ODs7g 1.0.

SMM (5x) Quantity
(NH4)2SO,* 5.0g
KoHPO4* 35.09
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KH,PO4* 15.0 g
Nas-Citrate x 2 H,O* 259
MgSOy x 7 H,O* 059
deion. H,O ad 475 mL

*Sigma. Taufkirchen

Trace Elements for SM-Medium

Trace Elements (100x)  Quantity

CaCly* 0.055¢
FeCl; x 6 H,O** 0.0135¢
MnClI; x 4 H,O** 0.01g
ZnCly** 0.017 ¢
CuCl; x 6 H,O** 0.0043 g
CoCl; x 6 H,O** 0.006 g
Na;MoOy4 x 2 H,O0** 0.006 g
deion. H,O ad 100 mL

*Sigma. Taufkirchen. **Merck. Darmstadt

1x SM-Medium

SM-Medium (100 mL) Quantity
SMM 5x 20.0 mL
Trace Elements x 100 1.0 mL
Glucose* (50 %) 1.0 mL
Phenylalanine(5 mg/ mL) 0.74 mL
deion. H,O ad 100 mL

*Sigma. Taufkirchen

4.4.2 Growth in the presence of 1.2 M NaCl

Cultivations were performed as mentioned by Steil et al. (2003) [80]. Briefly, B. subtilis was
grown for 24 h on a LB agar plate at 37°C and used to inoculate 100 mL of Spizizen’s minimal
medium (SMM) media containing 1.2M NaCl in a 500 mL-Erlenmeyer bacterial culture flasks.
The flasks were aerated overnight by shaking at 220 RPM at 37°C in an orbital shaker (Innova
4230, New Brunswick, USA). A pre-culture of fresh 100 mL 1.2 M NaCl-SMM was inoculated
to an ODs7g of 0.1 with the overnight cultures. After these pre-culture reached an ODszg of 1.0
they were used to inoculate to a pre-warmed main culture of 100 mL SMM containing 1.2 M
NaCl to a final ODs7g of 0.1. The growth curve was recorded and samples for RNA isolation
were harvested (as described in section 4.7) at ODs7g 1.0.
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4.4.3 Growth at 16°C

Cultivations were performed according to Budde et al. 2006 [118]. Briefly, B. subtilis was grown
for 24 h on a LB plate at 37°C and used to inoculate 100 mL of overnight Spizizen’s minimal
medium (SMM) in a 500 mL-Erlenmeyer bacterial culture flasks. The flasks were aerated by
shaking at 220 RPM at 37°C in an orbital shaker (Innova 4230, New Brunswick, USA). A fresh
100 mL SMM (pre-culture) was inoculated to an optical density (OD) of 0.1 at 578 nm from the
overnight cultures. After the pre-cultures reached an ODs7g of 0.5, a 100 mL of pre-cooled
(16°C) SMM main culture were inoculated to a final ODszg of 0.1. The main cultures were
grown at 16°C at 220 rpm in an orbital shaker. The growth curve was recorded and samples for
RNA isolation were harvested (as described below in section 4.7) at ODs7g 1.0.

444 Growth at51°C

Cultivations were performed as mentioned by Holtmann et al. (2004) [119]. Briefly, B. subtilis
was grown for 24 h on a LB plate at 37°C and used to inoculate 100 mL of overnight Spizizen’s
minimal medium (SMM) in a 500 mL-Erlenmeyer bacterial culture flasks. The flasks were
aerated by shaking at 220 RPM at 37°C in an orbital shaker (Innova 4230, New Brunswick,
USA). A fresh 100 mL SMM (pre-culture) was inoculated to an optical density (OD) of 0.1 at
578 nm from the overnight cultures. After the pre-cultures reached an ODs7g of 0.5, a 100 mL of
pre-warmed (51°C) SMM main culture were inoculated to a final ODszg of 0.1. The main
cultures were grown by shaking at 160 linear strokes/minute (stroke length 18cm) at 51°C in a
water bath (OLS 200, Grant Instruments. Cambridge Ltd.). The growth curve was recorded and
samples for RNA were harvested (as described in section 4.7) at OD 1.0.

445 Growthin M9

B. subtilis 168 Trp* was grown in 5 mL of LB for 4 hours at 37°C and used to inoculate 100 mL
of overnight culture with three different dilutions (1:10000, 1:20000, 1:40000). These overnight
cultures were allowed to grow for 12 to 14 hours at 37°C in an orbital shaker at 300 rpm of
vigorous shaking (to avoid oxygen limitation during stationary phase). From the overnight
cultures, an exponentially growing culture was used to inoculate the 200 mL of main culture to a
final OD at 600nm of 0.05. The main culture was allowed to grow and three samples for RNA
were harvested to reflect three growth states of the growth curve, they are exponential phase
(ODggo at 0.4), early stationary phase (at ODgoo 1.3 which is approximately 90 min after
exponential phase) and late stationary phase (at ODgoo at 1.0 which is approximately 180 min
after entry into stationary phase).

5x M9 minimal medium

M9 5x(1000 mL) Quantity
Na;HPO,4.2H,O0** 4259
KH,PO, ** 159
NH,CI * 509
NaCl ** 259
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HPLC H,O*** ad 1000 mL

*Sigma. Taufkirchen, **Merck. Darmstadt,***J.T Baker
Adjusted to pH 7.0 using 4M NaOH
100x Trace elements solutions:

Trace Elements (100x ) Quantity

MnCl,4H,0 ™ 0.1g
ZnCl,™” 0.17 g
CuCl,2H,0 ™ 0.043 g
CoCly6H,0 0.06 g
Na;Mo0042H,0 ™ 0.06 g

**Merck. Darmstadt
Solution is Filter-sterilized and stored at RT.

Stock solutions (100 mL) Quantity
100 mM CaCl,2H,0 ~* 147 g
1M MgSO47H,0 ~ * 24.6 ¢

50%(W/v) Glucose(CgH1,06) " * 50
50%(w/v) Malate(CsHeOs) ~ * 50 g
50 mM FeCly6H,0 ~** 1.35¢g
100 mM NazCgHs072H,0 2.94 g

*Sigma. Taufkirchen. **Merck. Darmstadt, *Autoclaved and stored at RT,
"Filter sterilize and store in the dark at 4°C.

M9 (1x) (1000 mL)

H,O HPLC 783 mL
M9 5x stock 200 mL
trace salts 100x stock 10 mL
Glucose 50% (w/v) 2mL
Malate 50% (w/v) 2mL
1 M MgSO, 1mL
100 mM CacCl, 1mL

50 mM FeCl; in 100 mM citric acid 1 mL
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4.5 EXPERIMENTS FOR OPTIMIZING TRYPSIN DIGESTION OF
PROTEIN SAMPLES FROM SPORULATING B. SUBTILIS

45.1 Growth in DSM media

Exponentially growing B. subtilis was inoculated to DSM (Difco Sporulation Medium) to an
optical density (OD) of 0.1 at 600 nm and the flasks were aerated by shaking at 220 RPM at
37°C in an orbital shaker (Innova 4230, New Brunswick, USA). Samples for protein isolation
and heat Kill assay were harvested by taking equivalent volume for 15 OD units starting at
exponential phase (ODgoonm - 1) followed by every hour until 6 hours into stationary phase.

4.5.2 Calculation of percentage of heat resistant endospores (heat kill assay)

Frequency of heat resistant endospore formation was calculated from the number of CFU’s
(colony forming units) before and after heat treatment (20 min at 80°C), which was determined
by plating various dilutions (10°,10° & 10™) on agar plates. Non-heated samples with the same
dilutions were considered as the controls and were set as 100% of CFU’s.

4.6 CHEMOSTAT BASED CULTIVATIONS (PERFORMED BY MICHAEL
KOHLSTEDT, BRAUNSCHWEIG)

All experiments were performed with the tryptophan prototroph wild-type B. subtilis 168 Trp*
[13]. Cells from glycerol stocks were grown overnight on LB agar plates composed of: 10 g L™
tryptone, 10 g L™ NaCl, 5 g L™ yeast extract and 15 g L™ agar. Subsequently a single colony was
transferred into a 500-mL baffled shake flask filled with liquid LB medium. After 2 hours cells
were harvested via centrifugation, washed with deionized water and transferred into M9 minimal
medium supplemented with 3,4-dihydroxybenzoic acid as chelating agent and grown up to an
optical density of 1. The M9 medium contained: 5 g L™ glucose, 8.5 g L Na,HPO,-2H,0, 3 g L’
' KHPO4, 1 g L™ NH,CI, 05 g L' NaCl, 246 mg L™ MgSO,7H;,0, 30 mg L™ 3,4-
dihydroxybenzoic acid, 14.7 mg L™ CaCl,-2H,0, 13.5 mg L™ FeCl;-6H,0 and 10 mL of a trace
element solution with the following components: 0.17 g L™ ZnCl,, 0.1 g L™* MnCly-4H,0, 0.06
mg L™ CoCl,-6H,0, 0.06 mg L™ Na,M00,-2H,0 and 0.043 g L™ CuCl,-2H,0. Precultured cells
served as inoculum for 4 simultaneous bioreactor cultivations in a parallel 1 L bioreactor system
(dasGIP, Jilich, Germany) with a working volume of 300 mL of M9 minimal medium each with
the same composition as described above but with only 1 g of glucose per liter. In the 4™ reactor
naturally labeled glucose was replaced by >99% [1-*C]-glucose (Euriso-top, Gif sur Yvette,
France) for metabolic flux analysis. The cultivation was started in batch mode and before
substrate depletion chemostat mode was initiated by starting feed and harvest pumps at a fixed
pump rate of 30 mL h™ to keep the reactor volume and the growth rate of 0.1 h™ constant.
Aeration rate, agitation speed, temperature and pH were kept constant at 0.5 vvm, 1,000 rpm,
37°C and 7.1 respectively. Offgas CO, formation was monitored by a mass spectrometer
(Pfeiffer Vacuum, Asslar, Germany). Chemostat cultures were run until metabolic and isotopic
steady-state were reached which was defined as at least 5 volume changes, as well as stable
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optical density, CO, exhaust gas concentration and an invariant extracellular metabolite profile.
When steady-state was reached, sampling for transcriptome, metabolome, proteome and fluxome
analysis was performed at the same time.

4.7 SAMPLE HARVESTING FOR TRANSCRIPTOME ANALYSIS

Sample harvesting and RNA extraction was performed as previously described (Eymann et al,
2002 [29]). Briefly, 15 optical density units (OD units) of cells were harvested by centrifugation
(6,700 x g, 10 min, 4 °C) after addition of % volume of frozen killing buffer (20 mM Tris-HCI
adjusted to pH 7.5, 5 mM MgCI2, 20 mM NaN3) to the culture sample. After discarding the
supernatant, the obtained cell pellets were frozen in liquid nitrogen for RNA extraction.

4.8 RNA PREPARATION

Lysis solution:

guanidine-thiocyanate (4 M)* 118.16 g
3 M Na-acetate, pH 5.2 (0.025 M)* 2.08 mL
10 % N-lauroylsarcosinate (0.5 %)*** 12.5 mL
deionized water. ad 250 mL

Killing buffer:

Tris-HCI,pH- 20 mM
7.5(Stocksolution:1 M)***

MgCl, (Stock solution: 1 M)** 5mM
NaNj3; (Stock solution: 2 M)* 20 mM

*Merck. Darmstadt, **Roth. Lauterbourg, ***Sigma —Aldrich.

Bacterial cell pellets were resuspended in 200 pL of ice cold killing buffer and flash frozen using
liquid nitrogen cooled Teflon vessels. Then, the Teflon vessels were closed with the disruption
ball and frozen in liquid nitrogen for 1 min and were then subjected to mechanical shaking at
2600 rpm for 2 min in a bead mill (Mikrodismembrator S, B. Braun Biotech International
GmbH, Melsungen, Germany). The resulting lysate was resuspended in 4 mL lysis buffer by
repeated pipetting and then aliquoted at 1 mL each to a 2 mL microcentrifuge tubes which were
flash frozen in liquid nitrogen. Acid phenol (Roth, Lauterbourg) was added to the frozen lysate
in a 1:1 ratio and mixed on a thermomixer (Eppendorf, Germany) until completely thawed, and
then for additional 5min. Organic and aqueous phase were separated by centrifugation (12000
X g, 15 min RT) and the supernatant (maximum 850 pL) was carefully transferred (without
disturbing DNA and protein containing interphase) into a fresh microcentrifuge tube. To the
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supernatant collected, one volume of acid phenol was added and then mixed on a thermomixer
and centrifuged (12000 x g, 15 min). The resultant supernatant (maximum 700 pL) was again
transferred into a fresh microcentrifuge tube to which equal volume of chloroform/IAA was
added, mixed and centrifuged as above mentioned. Supernatant was transferred into a fresh
microcentrifuge tube to which 1/10 volume of 3 M Na-Acetate, pH-5.2 and 1 mL of isopropanol
was added, mixed well and the RNA was precipitated overnight at -20°C. After centrifugation
(15000 x g 15 min) the resultant supernatant was discarded and the RNA pellet was washed with
70% ethanol and the pellet was vacuum dried (LTF Labortechnik, Germany). The RNA pellet
was dissolved in an appropriate volume (50-100 pL) of nuclease-free water (Ambion Inc.,
Austin, TX, USA, now part of Applied Biosystems, Foster City, CA, USA) for 3 hours on ice
and then for 30 min at room temperature.

The concentration was determined photometrically (NanoDrop ND-1000, NanoDrop
Technologies, Wilmington, DE, USA), and the RNA quality was checked with an Agilent-Nano
chip on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

For further processing of RNA for microarray hybridization, RNA had to be pure without DNA
contamination. For this reason DNase treatment was performed and RNA was purified using the
RNA Clean-Up and Concentration Kit (Norgen Biotek Corp., Thorold, ON, Canada; distributed
by BioCat GmbH, Heidelberg, Germany). The concentration after cleanup was determined
photometrically, and the quality was checked again with an Agilent 2100 Bioanalyzer.

The purified mMRNA was used for the subsequent gene expression profiling for either relative
expression profiling with Agilent customized microarray or with NimbleGen Tiling array
technology (see below).

4.9 GENE EXPRESSION PROFILING

Two different kinds of gene expression profiling were performed in this study, they are relative
gene expression profiling (Agilent customized microarray) and intensity based high density
Tiling array (NimbleGen Tiling array)

4.9.1 Relative gene expression analysis

Relative gene expression analysis was performed by the dual dye hybridization method, where
MRNA of the samples of interest was hybridized against the mRNA of a reference pool. The
reference pool was prepared by mixing equal amounts of mRNA from all samples in the
corresponding experiment.

Chemicals Company
Random Primer Promega
Agilent Two-Color RNA Spike-In Kit Agilent
dNTPs Roche
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Cy5-dCTP GE Healthcare
Cy3-dCTP GE Healthcare
CyScribe GFX Purification Kit GE Healthcare
Superscript 11 Invitrogen
RNase H Invitrogen
Gene Expression Hybridization Kit Agilent

Gene Expression Wash Buffer 1 Agilent

Gene Expression Wash Buffer 2 Agilent

Hyb Gasket Slides , 4 arrays per slide Agilent

10 pg (20.5 pL) of resultant RNA with high purity and quality was mixed with 2.5 pL of random
primers and 1 pL of each Spike-Mix A to the reference (pool) and Spike-Mix B to the sample.
The tubes were incubated at 70°C (heat block) for 10 min and then on ice for 5 min, 22.5 uL of
master mix(mentioned below) and 1.25 pL of Cy3(for reference pool) and Cy5(for sample) was
added and mixed well(these steps are performed in low light as Cy-dyes are light sensitive).
Reverse transcription was done by adding 2 uL of superscript-11 to the above solution and
incubated for 42°C (60 min), then at 70°C (for 10min) and then onto ice (5 min, all the
incubations were performed in the dark). After the cDNA was synthesized, remaining RNA was
degraded by adding 1 uL of RNaseH (room temperature, 30min).

Master mix composition

1X (for one reaction)

Nuclease-free water 7 puL
5x 1st Strand Buffer 10 uL
0.1MDTT 5L
10 MM dNTP Mix, 2.5 mM dCTP 0.5 uL

The resultant cDNA was purified by CyScribe GFX purification kit, cONA concentration and
Cy-Dye concentration were measured with a NanoDrop. The incorporation rate of the Cy-dyes
was calculated with the following formula:

Incorporation rate= 1000* concentration of Cy3 (or) Cy5 / concentration of cDNA

0.4 ng of Cy3-labelled cDNA and 0.4 pg of Cy5-labelled cDNA were mixed and total volume
was adjusted to 44 uL with nuclease-free water and incubated at 95°c for 2 min and then placed
onto ice. 11 pL of preheated (60°C, 30 min) 10x blocking agent and 60 pL of 2x GEx
Hybridization buffer were added to the cDNA mix and centrifuged at 13000 x g for 1min.
100 pL of the mix was added on the Agilent gasket slide and combined together with microarray
slide with the help of an Agilent hybridization chamber. Hybridization was performed for 17
hours at 65°C in an Agilent hybridization oven.

After hybridization, non-specific probes were removed by washing with Agilent wash buffers
according to the manufacturer’s guidelines. Scanning was performed with a Agilent
Technologies Scanner G2505C US45103079 in accordance with “Two-Colour Microarray-based
Gene Expression Analysis manual, version 5.5”
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Data were extracted and processed using the Feature Extraction software (version 9.5, Agilent
Technologies). For each gene on the microarray, the error-weighted average of the log ratio
values of the individual probes was calculated using the Rosetta Resolver software (version
7.2.1, Rosetta Biosoftware).

4.9.1.1 Data analysis — relative gene expression analysis

A reference pool was prepared by mixing equal amounts of RNA isolated from each of the
samples in the experiment. The individual samples of interest were labeled with Cy5, whereas
the reference pool was labeled with Cy3, equal amounts of Cy5 and Cy3 labeled cDNA were
hybridized onto an Agilent custom microarray. For each gene on a microarray, the error-
weighted average of the log ratio (Cy5/Cy3) values of the individual probes was calculated using
the Resolver software (version 7.2.1, Rosetta Biosoftware, Seattle, USA). As this is dual dye
hybridization, the common reference pool was used for experimental normalization to reduce the
influence of technical errors within the experiment. The normalized ratio data represent the
relative gene expression levels for the corresponding sample and these data were imported into
the software Genedata Analyst for the subsequent analysis.

49.2 Tiling array design

The “BaSysBio Bacillus subtilis T1 385K” array was designed by Hanne Jarmer (Center for
Biological Sequence Analysis, Department of Systems Biology, Technical University of
Denmark, Lyngby, Denmark) using the OligoWiz software and parameters which have recently
been published (Rasmussen et al.. 2009 [93]). The sequences were synthesized on quartz wafers
by NimbleGen (Roche NimbleGen, Madison, WI, USA) in a custom, high-density DNA array
format.

4.9.2.1 Tiling array hybridization

The tiling array hybridization was performed at NimbleGen (Roche NimbleGen, Madison, WI,
USA) according to the company’s standard operating protocols. Briefly, 10 pug of high quality
RNA samples were reverse transcribed to cDNA in the presence of actinomycin D with
subsequent alkaline RNA hydrolysis. Precipitated and resolved cDNA was labeled with Cy3 dye
via NHS-Ester Dye Coupling Reaction. After spin-column based purification and quality control,
labeled cDNA was hybridized together with appropriate controls to tiling arrays “BaSysBio
Bsub T1 array” [93, 116]. Arrays were washed and scanned and raw intensity data of tiling
probes were provided to us for the data analysis.
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4.9.2.2 Tiling array raw data analysis

The raw data analysis and condensing of probe data to transcripts/genes was performed by Pierre
Nicolas, Aurélie Leduc, and Philippe Bessieres (INRA, Mathématique Informatique et Génome,
Jouy-en-Josas, France). Intensity values for annotated genes were derived from the individual
probe data by calculating the median of the probes located within the genomic coordinates of
these genes. These intensity values were uploaded to Genedata Analyst for further statistical
analysis and functional categorization.

4.9.3 Statistical and functional data analysis in Genedata Analyst

Relative gene expression data (normalized ratio data) obtained from the Agilent microarrays
were used for ratio building against the respective control samples in the corresponding
experiments. Significantly regulated genes after a statistical cut-off of three fold change (with a
p-value of 0.01 after Benjamini-Hochberg correction) were used for performing K-means
clustering and Fisher’s exact test in Genedata Analyst. Functional gene categorization was
obtained from SubtiWiki (http://SubtiWiki.uni-goettingen.de/wiki/index.php/Categories) and
Fisher’s exact test for the functional class enrichment was performed in Genedata Analyst.

The intensity data obtained from Tiling array was subjected to median normalization and then
normalized to the respective control points. Other statistical tests were performed in a similar
manner as mentioned earlier.

4.10 PROTEIN ISOLATION AND ESTIMATION

4.10.1 Sample harvesting and preparation of protein lysate by cell disruption

Protein extracts from frozen pellets were prepared and protein concentrations were determined as
described earlier [120, 121]. In short, during the experiment an equivalent volume of 10 or 12
optical density units (OD units) of the bacterial culture was harvested by centrifugation at
8000 rpm for 5 min at 4°C. The supernatant was discarded. After washing the pellets with 10 mL
of TE-buffer (20 mM Tris, 10 mM EDTA, pH 8) pellets were stored at -70°C or immediately
used for cell disruption. Frozen pellets were resuspended in 500 pL of ice cold TE-buffer and
added to a 2 mL vial (Sarstedt) prefilled with 500 pL of unwashed glass beads (160 um, Sigma
Life sciences). Cell disruption was performed by ribolysing (Fast prep-120, BIO 101 Thermo
Scientific) for 30 s at 6.5 m/sec speed and then on ice for 5 min. This was repeated for two more
times (repetition ensured the disruption efficiency to be 99-99.9% complete) followed by
centrifugation at 13000 g (10 min, 4°C). Resultant supernatants were transferred to a new 1.5 mL
microcentrifuge tube avoiding carryover of glass beads and centrifuged at 13000 g (30 min,
4°C). This process was repeated once again to remove remaining glass beads and cell debris.
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4.10.2 Determination of protein concentrations by Ninhydrin assay

Ninhydrin (2,2-Dihydroxyindane-1,3-dione) reagent is commonly used to detect ammonia or
primary and secondary amines. Protein estimation using Ninhydrin was performed according to
Starcher et al., 2001 [121]. A calibration curve using BSA (10 mg/mL in TE buffer) was
prepared with different concentrations ranging from 0.25 pug/pL to 10 pg/pL. Protein
concentration was estimated for samples as mentioned below.

Calibration curve BSA* (10 mg/ mL in TE buffer)

0,25 pg/uL | BSA 2,5 uL BSA + 97,5 pL H,0%*

0,5 ug/uL | BSA 5,0 uL BSA + 95,0 pL H,0%*

1,0 ug/ul | BSA 10,0 L BSA + 90,0 puL H,0**

1,5 pg/ul BSA 15,0 uL BSA + 85,0 uL H,0** 100 pL 12 N HCI*

2,0 ug/ul | BSA 20,0 uL BSA + 80,0 pL H,0**

40 pg/ul | BSA 40,0 uL BSA + 60,0 uL H,0**

6,0 i/l | BSA 60,0 uL BSA + 40,0 pL H,0%*

8,0 ug/ul | BSA 80,0 uL BSA + 20,0 pL H,0%*

10,0 pg/uL | BSA 100,0 L BSA

Samples 20uL protein extract 20uL 12 N HCI

*Sigma, **Baker HPLC Water, ***Roth

All the tubes were incubated for 24 hours at 100°C for acid hydrolysis. Ninhydrin reagent was
freshly prepared, mixed for 1hour and stored in the dark.

Ninhydrin* 1g in 38.75 mL ethylene glycol*
4 N sodium acetate buffer(pH 5.5) 12,5mL
Stannous chloride** 50 mg

*Roth, **Sigma,

Hydrolyzed proteins (BSA and samples) were diluted 1:100. 400 uL of H,O was added to 200
pL of diluted proteins and 600 pL of ninhydrin reagent was added and incubated for 10 min at
100°C (in the dark). Measurement of OD was done at 575 nm on a spectrophotometer (Ultrospec
2100 pro, GE HealthCare) using appropriate blanks.

4.10.3 Determination of protein concentrations by Bradford assay

The concentration of proteins in aqueous solutions was determined according to Bradford [122].
Quantification is based on a shift of the absorption maximum of the dye Coomassie Brilliant
Blue from 465 nm to 595 nm when the dye binds to proteins (to the hydrophobic amino acids).
For the estimation of protein concentrations the ready-to-use Protein Assay Reagent (Bio-Rad)
was used in a ratio of 1:5. Protein concentrations of unknown samples were determined from a
calibration curve of BSA in concentrations ranging from 1 to 12 pg/uL.
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4.11 PROTEOLYSIS AND PURIFICATION OF PROTEOME SAMPLES

4.11.1 Proteolysis by trypsin

Disulfide bonds in 2 pg of protein from each sample were initially reduced by addition of
25mM DTT prepared in 20 mM ammonium bicarbonate and incubated at 60°C for 1 h.
Following reduction, the protein samples were carbamidomethylated with 100 mM
iodoacetamide in 20 MM ammonium bicarbonate and incubated at 37°C in dark. After 30 min,
protein samples were subjected to proteolysis using trypsin (Promega) overnight (16 h) in a ratio
of 1:25 (trypsin:protein). 1% acetic acid was added to stop the proteolysis. Digested peptides
were then desalted to remove the impurities that might interfere with MS analysis.

4.11.2 Purification and in-gel digestion of the proteins

—_ Run for 5
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v Protein sample """\\ Ve QconCAT(Heavy labeled) [N

Purification
_/ Trypsin
digestion ‘$ % ‘K

Peptides Peptides Peptides

ZiptipC18

N S
\ Tryptlcdlgest —=%

/\/\f\l x

LC-MS/MS ‘ RM/SRM
_(@@a)

i Absolute Protien
1 Quantification

Desalting

Ratio=(Light/Heawy)

Figure 6: Schematic representation of sample preparation, purification, trypsin digestion and MRM
analysis. Inset — 1D-gel based purification of proteins and in-gel trypsin digestion which is required
for the samples harvested from fermentation and chemostat cultivations.

Protein samples obtained from different sources like fermentation and Chemostat cultivation
tend to contain some impurities that might interfere with trypsin digestion. So, proteins were
purified prior to digestion when necessary. In order to purify the protein extracts, 15 pg of
protein lysate and a defined amount of QconCAT were applied to a NUPAGE® Bis-Tris Gels 4-
12% (Life Technologies Corporation- Carlsbad, California). Separation, staining and destaining
were carried out according to the manufacture guidelines except for the run time. The run was
stopped exactly after 5 min which allowed the sample to be separated for 1 cm. Each lane was
sliced into three pieces which were processed independently (Figure 6). Gel pieces were washed
twice with 200 pL of 20 mM ammonium bicarbonate in 50% (v/v) acetonitrile (ACN) for 30 min
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at 37 °C. Thereafter the gel pieces were dehydrated by two times washing with 200 uLL of ACN
for 15 min. Trypsin solution (20 ng/uL trypsin in 20 mM ammonium bicarbonate) was added
until the gel pieces stopped swelling. Digestion was allowed to proceed for 16-18 h at 37 °C.
Peptides were extracted from the gel pieces with 40 uL of 0.1% (v/v) acetic acid by incubation in
an ultrasonic bath for 30 min, followed by a second extraction with 40 uL of 50% ACN in 0.05%
acetic acid. The peptide containing supernatants of each band were collected and pooled for each
lane; excess liquid was removed by lyophilization. The resulting peptide mixtures were
resuspended in 100 pL of buffer A (0.1% acetic acid, 2% ACN) and purified using C18-ZipTip
columns (Millipore, Bedford). 300 ng of the purified peptide mixture was used for subsequent
MS analysis.

4.11.3 Desalting of peptides by ZipTip®

Peptides derived from tryptic digestions were purified and desalted using C18 resin-ZipTip®
pipette tips (Millipore). ZipTip columns were equilibrated by serial pipetting of 100% ACN;
80% ACN in 1% AA; 50% ACN in 1% AA; 30% ACN in 1% AA, and 1% AA. Then the
peptides were loaded onto the ZipTip by pipetting 20 times. ZipTip was washed 5 times with 1%
AA and peptides were eluted in 50% ACN+1% AA and 80% ACN+1% AA. Eluates were
pooled and ACN was removed by vacuum centrifuge concentrator (Eppendorf). Peptides were
dissolved in Buffer A (2% ACN, 0.1% AA) to a final concentration of 100 ng/uL and stored at -
20°C until MS measurement.

4.12 MASS SPECTROMETRY

4.12.1 MS parameters —LTQ Velos Orbitrap

LC-MS/MS was performed on a Proxeon nano-LC system connected to an LTQ-Velos-Orbitrap-
MS (Thermo Scientific) equipped with a nano-ESI source. For liquid chromatography separation
an Acclaim PepMap 100 column (C18, 3 im, 100 A) capillary of 15 cm bed length was used. The
flow rate used was 300 nL/min for the nano column and the solvent gradient used was from 0%
solvent B to 25% solvent B in 60 min). Solvent A was 0.1% AA, whereas aqueous 90% ACN in
0.1% AA was used as solvent B. The MS was operated in the data-dependent mode to
automatically switch between Orbitrap-MS and LTQ-MS/MS acquisition. Survey full scan MS
spectra (from m/z 300 to 2,000) were acquired in the Orbitrap with resolution R = 60,000 at m/z
400 (after accumulation to a target of 1,000,000 charges in the LTQ) allowed sequential isolation
of the most intense ions, up to five, depending on signal intensity, for fragmentation on the linear
ion trap using collision induced dissociation at a target value of 100,000 charges. Target ions
already selected for MS/MS were dynamically excluded for 60 seconds. General MS conditions
were: electrospray voltage, 1.5 kV; no sheath and auxiliary gas flow. lon selection threshold was
500 counts for MS/MS, and an activation Q-value of 0.25 and activation time of 30 ms were also
applied for MS/MS.
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4.12.2 MS parameters —TSQ Vantage

Peptide separation was carried out using a Acclaim PepMap 100 column (C18, 5 um, 100 A°,
15 cm bed length, Dionex) and applying a binary gradient from 0% to 30% buffer B(100%
acetonitrile [v/v], 0.1% acetic acid [v/v]) in 60 min and to 40% buffer B in additional 10 min and
to 90% buffer B in additional 10 min at a flow rate of 300 nL min-1 on an online Proxeon nano-
LC system (Proxeon, Odense, Denmark).

For MRM, LC-MS/MS experiments were performed on a triple quadrupole mass spectrometer
(TSQ Vantage, Thermo Scientific) operated in nano-electrospray mode. For ionization 1600 V-
1800 V of spray voltage and 250 °C of capillary temperature were used. The selectivity for both
Q1 and Q3 were set to 0.7 Da (FWHM-full width half maximum). The collision gas pressure of
Q2 was set at 1.5 mTorr. TSQ Vantage was operated in SRM mode and data acquisition was
done in scheduled SRM manner.

4.12.3 Data analysis

Qualitative and relative quantitative (when required) analysis of the MS data was performed with
Rosetta Elucidator. The frame and feature annotation was done using the following parameters:
retention time minimum cut-off 11 min, retention time maximum cut-off 78 min, m/z minimum
cut-off 300 and maximum 1,700 m/z. An intensity threshold of 1,000 counts, an instrument mass
accuracy of 10.0 ppm, and an alignment search distance of 4.0 min were applied for binning
process. For identification, the B. subtilis Uniprot 12.7 forward and reverse FASTA sequence
(downloaded from Uniprot) in combination with SEQUEST was used. Oxidation of methionine
was set as variable modification and carbamidomethylation of cysteine as static modification.
Proteins were considered for further investigation when at least one or more peptides were
identified in at least one experiment and p-value less than 0.05.

The relative intensities for the proteins were then imported to Genedata Analyst from Rosetta
Elucidator and further data analysis was performed. “Median normalization relative to one” was
performed on each of the sample. The final normalized relative intensities were then log
transformed and then appropriate controls were chosen for the “control point normalization”
used for the further investigation.

Functional gene categorization was obtained from SubtiWiki (http://SubtiWiki.uni-
goettingen.de/wiki/index.php/Categories). Fisher’s exact test for the functional class enrichment
was performed using the SubtiWiki classification performed in Genedata Analyst.
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4.13 ABSOLUTE PROTEIN QUANTIFICATION BY MULTIPLE REACTION
MONITORING (MRM)

4.13.1 Design of the QconCATS

Tryptic proteotypic peptides of all the proteins under investigation were selected based on the
previous in-house acquired MS data. This peptide list was refined based on the set of rules
indicated by Pratt et al. (2006) [102]. At least three peptides per protein were finally selected and
the list was provided to PolyQuant GmbH, (Bad Abbach Germany) where the synthesis and
labeling of QconCATSs (concatemers of Q peptides) were performed. In brief, the Q peptides
were aligned in a mixed fashion and a complementary gene was synthesized and inserted into a
vector, which was later introduced into a heterologous expression system for protein production.
The QconCAT proteins were expressed in Escherichia coli and were labeled with stable isotopes
by growth in the presence of stable isotope—labeled precursors (C13 & N15). The labeled
QconCAT proteins were then purified with the help of polyhistidine-tag [123] and quantified.
The purified QconCATs were spiked to complex protein mixtures in defined amounts (as
described in Figure 6). In general, tryptic digestion of the QconCAT-analyte mix releases each
of the QconCAT peptides in a strict stoichiometry of 1:1 unless there is a missed cleavage.

4.13.2 MRM method development

Initially 30 fmol QconCAT protein was digested with trypsin and analyzed using the LTQ-Velos
Orbitrap. Proteins were identified via automated SEQUEST[124] search (Sorcerer built 4.04,
Sage-N Research Inc., Milpitas, CA, U.S.A.) in integration with TPP (trans proteomic pipeline
[125] against a customized databases containing fasta sequences of QconCATs with a mass
tolerance of 10 ppm and allowing up to two missed tryptic cleavages as search criteria.

The resultant mzXML and pepXML(peptide sequence assignments of MS/MS scans) files from
TPP workflow were used as a spectral library for the software Skyline 1.1 (MacCoss Lab
Software)[126]. Appropriate precursor charge state and eight ideal y-type product ions for each
peptide were selected for generating an initial test MRM method. With these initial details, a test
MS analysis was performed with tryptic digest of 30 fmol of QconCAT and the results were
analyzed with the Skyline software. Top four intense transitions for each peptide were then
selected for collision energy optimization in accordance with MacLean et al. 2010[127]. In the
current study optimization of collision energy resulted in 20% signal gain over all peptides
tested. The signal gain was more prominent for those peptides that were +3 charged compared to
+2 charged peptides. A final method with optimized collision energy and recorded retention time
window (five minutes) was generated and this method was used to analyze the complex sample
spiked with defined amount of QconCAT. For each peptide three or four product ions were
chosen and all the parameters were then applied for both the heavy and light peptides. Complete
method used for the targeted analysis was shown in Table 1.
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Figure 7 : Workflow representing the method development for MRM based absolute quantification.
Transfer of the information from LTQ-Orbitrap measurements to the TSQ Vantage via TPP-pep.xml and
subsequent retention time recording and collision energy optimization for the final MRM method.

50

——
| —



Praveen Kumar Sappa

Materials and methods

Table 1: * MRM method summary. Peptides used for the quantification of the
proteins: Description of the used peptide information in the following format
"Peptide_PeptideCharge_Product ion_Product Charge. Endogenous peptide end
with the suffix "L" and heavy peptides as the internal standard for quantification
end with suffix "H". CE — optimized collision energy.

Protein Q1 Q3 Peptide information* CE
Pgi 1094.513 1066.568 DFATSELEDNPAYQYAVVR 2 y9 1 L 38.9
Pgi 1094.513 735.415 DFATSELEDNPAYQYAVVR_ 2 y6 1 L 38.9
Pgi 1094.513 607.356 DFATSELEDNPAYQYAVVR_ 2 y5 1 L 38.9
Pgi 1099.517 1076.576 DFATSELEDNPAYQYAVVR_ 2 y9 1 H 38.9
Pgi 1099.517 745.423 DFATSELEDNPAYQYAVVR_2 y6 1 H 38.9
Pgi 1099.517 617.364 DFATSELEDNPAYQYAVVR_2 y5 1 H 38.9
Pgi 625.822 904.489 SGTTTEPAIAFR 2 y8 1 L 235
Pgi 625.822 803.441 SGTTTEPAIAFR 2 y7 1 L 235
Pgi 625.822 674.398 SGTTTEPAIAFR 2 y6 1 L 235
Pgi 630.827 914.497 SGTTTEPAIAFR 2 y8 1 H 235
Pgi 630.827 813.449 SGTTTEPAIAFR 2 y7 1 H 235
Pgi 630.827 684.407 SGTTTEPAIAFR_2 y6 1 H 235
Pgi 1084.511 828.421 TLSNEEGFESFVIPDDVGGR_2_y8 1 L 38.6
Pgi 1084.511 715.337 TLSNEEGFESFVIPDDVGGR_2 y7 1 L 38.6
Pgi 1084.511 388.230 TLSNEEGFESFVIPDDVGGR_2 y4 1 L 38.6
Pgi 1089.515 838.429 TLSNEEGFESFVIPDDVGGR_2 8 1H 38.6
Pgi 1089.515 725.345 TLSNEEGFESFVIPDDVGGR_2 y7 1 H 38.6
Pgi 1089.515 398.239 TLSNEEGFESFVIPDDVGGR_2 y4 1H 38.6
PfkA 513.287 732.414 LVDHDIIEILETK 3 y6 1 L 25.2
PfkA 513.287 603.371 LVDHDIIEILETK 3 y5 1 L 25.2
PfkA 513.287 490.287 LVDHDIIEILETK 3 y4 1 L 25.2
PfkA 515.959 740.428 LVDHDIIEILETK_3_y6_1 H 25.2
PfkA 515.959 611.385 LVDHDIIEILETK 3 y5 1 H 25.2
PfkA 515.959 498.301 LVDHDIIEILETK 3 y4 1 H 25.2
PfkA 688.395 971.577 LGAYAVELLLEGK 2 y9 1 L 25.6
PfkA 688.395 900.540 LGAYAVELLLEGK 2 y8 1 L 25.6
PfkA 688.395 801.472 LGAYAVELLLEGK 2 y7 1 L 25.6
PfkA 692.402 979.591 LGAYAVELLLEGK 2 y9 1 H 25.6
PfkA 692.402 908.554 LGAYAVELLLEGK 2 y8 1 H 25.6
PfkA 692.402 809.486 LGAYAVELLLEGK 2 y7 1 H 25.6
PfkA 654.867 1066.600 LELGSVGDIIHR_ 2 y10 1 L 245
PfkA 654.867 953.516 LELGSVGDIIHR_2 y9 1 L 24.5
PfkA 654.867 710.394 LELGSVGDIIHR_2 y6 1 L 24.5
PfkA 659.871 1076.609 LELGSVGDIIHR 2 y10_1 H 245
PfkA 659.871 963.525 LELGSVGDIIHR_Z_yQ_l_H 245
PfkA 659.871 720.403 LELGSVGDIIHR_2_y6 1 24.5
fbaA 621.346 958.532 SPVILGVSEGAGR_2 y10_1_L 234
fbaA 621.346 845.448 SPVILGVSEGAGR_2 y9 1 L 234
fbaA 621.346 732.363 SPVILGVSEGAGR_2_y8 1 L 234
fbaA 626.350 968.540 SPVILGVSEGAGR_2_y10_1_ 23.4
fbaA 626.350 855.456 SPVILGVSEGAGR 2 y9 1 H 23.4

Protein Q1 Q3 Peptide information* CE
fbaA 626.350 742.372 SPVILGVSEGAGR 2 y8 1 H 23.4
fbaA 709.368 1091.533 INVNTENQISSAK 2 y10 1 L 26.3
fbaA 709.368 977.490 INVNTENQISSAK 2 y9 1 L 26.3
fbaA 709.368 747.400 INVNTENQISSAK 2 y7 1 L 26.3
fbaA 713.375 1099.547 INVNTENQISSAK 2 y10 1 H 26.3
fbaA 713.375 985.504 INVNTENQISSAK 2 y9 1 H 26.3
fbaA 713.375 755.414 INVNTENQISSAK 2 y7 1 H 26.3
TpiA 910.816 546.325 GLAGLSEEQVAASVIAYEPIWAIGTGK 3y 341
6 1L
TpiA 910.816 475.287 GLAGLSEEQVAASVIAYEPIWAIGTGK 3y 34.1
51 1L
TpiA 910.816 362.203 GLAGLSEEQVAASVIAYEPIWAIGTGK 3y 341
41 L
TpiA 913.488 554.339 GLAGLSEEQVAASVIAYEPIWAIGTGK 3y 34.1
61H
TpiA 913.488 483.302 GLAGLSEEQVAASVIAYEPIWAIGTGK 3y 34.1
51H
TpiA 913.488 370.218 GLAGLSEEQVAASVIAYEPIWAIGTGK 3y 341
4 1H
TpiA 704.372 1007.541 TLGEAVSFVEEVK 2 y9 1 L 26.1
TpiA 704.372 936.504 TLGEAVSFVEEVK_ 2 y8 1 L 26.1
TpiA 704.372 837.435 TLGEAVSFVEEVK 2 y7 1 L 26.1
TpiA 708.379 1015.555 TLGEAVSFVEEVK 2 y9 1 H 26.1
TpiA 708.379 944.518 TLGEAVSFVEEVK_ 2 y8 1 H 26.1
TpiA 708.379 845.449 TLGEAVSFVEEVK 2 y7 1 H 26.1
GapA 1006.484 1163.569 GILGYSEEPLVSGDYNGNK 2 y11 1 L 36
GapA 1006.484 854.364 GILGYSEEPLVSGDYNGNK 2 y8 1 L 36
GapA 1006.484 767.332 GILGYSEEPLVSGDYNGNK 2 y7 1 L 36
GapA 1010.491 1171.583 GILGYSEEPLVSGDYNGNK 2 y11 1 H 36
GapA 1010.491 862.378 GILGYSEEPLVSGDYNGNK 2 y8 1 H 36
GapA 1010.491 775.346 GILGYSEEPLVSGDYNGNK 2 y7 1 H 36
GapA 845.379 1041.423 VISWYDNESGYSNR_2 y9 1 L 30.7
GapA 845.379 926.396 VISWYDNESGYSNR_2 y8 1 L 30.7
GapA 845.379 376.194 VISWYDNESGYSNR_ 2 y3 1 L 30.7
GapA 850.383 1051.431 VISWYDNESGYSNR_2 y9 1 H 30.7
GapA 850.383 936.405 VISWYDNESGYSNR_2 y8 1 H 30.7
GapA 850.383 386.202 VISWYDNESGYSNR_2 y3 1 H 30.7
Pgk 679.666 958.449 AFAELADVYVNDAFGAAHR 3 y9 1 L 29
Pgk 679.666 729.379 AFAELADVYVNDAFGAAHR 3 y7 1 L 29
Pgk 683.002 968.457 AFAELADVYVNDAFGAAHR_ 3 y9 1 H 29
Pgk 683.002 739.387 AFAELADVYVNDAFGAAHR 3 y7 1 H 29
Pgk 670.705 717.414 IVPISEIPSDLEAIDIGTK 3 y7 1 L 28.8
Pgk 670.705 533.293 IVPISEIPSDLEAIDIGTK 3 y5 1 L 28.8
Pgk 670.705 418.266 IVPISEIPSDLEAIDIGTK 3 y4 1 L 28.8
Pgk 673.376 725.428 IVPISEIPSDLEAIDIGTK 3 y7 1 H 28.8
Pgk 673.376 541.307 IVPISEIPSDLEAIDIGTK 3 y5 1 H 28.8
Pgk 673.376 426.280 IVPISEIPSDLEAIDIGTK 3 y4 1 H 28.8
Gpml 644.349 1045.564 EIGVGEIASISGR_2 y11 1 L 24.1
Gpml 644.349 889.474 EIGVGEIASISGR_Z_yQ_l_ 24.1
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Protein Q1 Q3 Peptide information* CE
Gpml 644.349 703.410 EIGVGEIASISGR_2_y7_. 24.1
Gpml 649.353 1055.572 EIGVGEIASISGR_2 y1 1 24.1
Gpml 649.353 899.482 EIGVGEIASISGR_2_y9 1 H 24.1
Gpml 649.353 713.418 EIGVGEIASISGR_2 y7 1_ H 24.1
Gpml 661.341 1079.573 NQTFLDAISNAK 2 y10_ 1 | 24.7
Gpml 661.341 831.457 NQTFLDAISNAK_2_y8 1 L 24.7
Gpml 661.341 718.373 NQTFLDAISNAK_2_y7_. 1 L 24.7
Gpml 665.348 1087.587 NQTFLDAISNAK_2_y10_ 24.7
Gpml 665.348 839.471 NQTFLDAISNAK_Z_y8_1_H 24.7
Gpml 665.348 726.387 NQTFLDAISNAK 2 y7 1 H 24.7
Eno 924.971 1065.521 ALVPSGASTGEYEAVELR 2 y9 1 33.3
Eno 924.971 879.457 ALVPSGASTGEYEAVELR_2_y7_1 33.3
Eno 924.971 587.351 ALVPSGASTGEYEAVELR 2 y5 1 33.3
Eno 929.975 1075.529 ALVPSGASTGEYEAVELR_2_y9 | 1 33.3
Eno 929.975 889.465 ALVPSGASTGEYEAVELR_2_y7 1 | 33.3
Eno 929.975 597.359 ALVPSGASTGEYEAVELR 2 y5 1 | 33.3
Pyk 896.988 1109.620 GDLGVEIPAEEVPLVQK 2 y10 1 L 324
Pyk 896.988 1012.567 GDLGVEIPAEEVPLVQK 2 y9 1 L 324
Pyk 896.988 941.530 GDLGVEIPAEEVPLVQK 2 y8 1 L 324
Pyk 900.995 1117.634 GDLGVEIPAEEVPLVQK 2 y10 1 | H 324
Pyk 900.995 1020.582 GDLGVEIPAEEVPLVQK_ 2 y9 1 324
Pyk 900.995 949.544 GDLGVEIPAEEVPLVQK 2 y8 1 324
Pyk 630.670 826.503 ELLEEHNAQDIQIIPK 3 y7 1 L 27.9
Pyk 630.670 598.392 ELLEEHNAQDIQIIPK 3 y5 1 L 27.9
Pyk 630.670 244.166 ELLEEHNAQDIQIIPK 3 y2 1 L 27.9
Pyk 633.342 834.517 ELLEEHNAQDIQIIPK 3 y7 1 H 27.9
Pyk 633.342 606.406 ELLEEHNAQDIQIIPK_ 3 y5 1 H 27.9
Pyk 633.342 252.180 ELLEEHNAQDIQIIPK 3 y2 1 H 27.9
Pyc 798.454 1155.637 VIEVAPSVSLSPELR 2 y11 1 L 29.2
Pyc 798.454 1084.600 VIEVAPSVSLSPELR_2 y10 1 L 29.2
Pyc 798.454 801.446 VIEVAPSVSLSPELR 2 y7 1 L 29.2
Pyc 803.458 1165.645 VIEVAPSVSLSPELR_2 y11 1 H 29.2
Pyc 803.458 1094.608 VIEVAPSVSLSPELR_2_y10 1_H 29.2
Pyc 803.458 811.455 VIEVAPSVSLSPELR 2 y7 1 H 29.2
Pyc 623.346 1030.593 TNIPFLENVAK 2 y9 1 L 23.4
Pyc 623.346 820.456 TNIPFLENVAK 2 y7 1 L 23.4
Pyc 623.346 673.388 TNIPFLENVAK 2 y6 1 L 23.4
Pyc 627.353 1038.607 TNIPFLENVAK 2 y9 1 H 23.4
Pyc 627.353 828.471 TNIPFLENVAK 2 y7 1 H 23.4
Pyc 627.353 681.402 TNIPFLENVAK 2 y6_1 H 23.4
PdhA 504.274 844.477 YAISTPVEK 2 y8 1 L 19.5
PdhA 504.274 773.440 YAISTPVEK 2 y7_1 L 19.5
PdhA 504.274 660.356 YAISTPVEK 2_y6 1 L 19.5
PdhA 508.281 852.492 YAISTPVEK 2 y8 1 H 19.5
PdhA 508.281 781.455 YAISTPVEK 2 y7_1 H 19.5
PdhA 508.281 668.370 YAISTPVEK 2_y6_1 H 19.5
PdhA 589.272 1007.432 GLWSEEEEAK 2_yS 1L 223
PdhA 589.272 821.352 GLWSEEEEAK 2 y7 1 L 22.3
PdhA 589.272 734.320 GLWSEEEEAK 2 y6 1 L 22.3

Protein Q1 Q3 Peptide information* CE
PdhA 593.279 1015.446 GLWSEEEEAK 2 y8 1 H 22.3
PdhA 593.279 829.367 GLWSEEEEAK 2 y7 1 H 22.3
PdhA 593.279 742.334 GLWSEEEEAK_2_y6 1 H 22.3
PdhB 591.366 997.604 AILSLEAPVLR 2 y9 1 L 22.4
PdhB 591.366 884.520 AILSLEAPVLR 2 y8 1 L 22.4
PdhB 591.366 684.404 AILSLEAPVLR_2 y6 1 L 224
PdhB 596.370 1007.612 AILSLEAPVLR 2 y9 1 H 22.4
PdhB 596.370 894.528 AILSLEAPVLR 2 y8 1 H 22.4
PdhB 596.370 694.412 AILSLEAPVLR 2 y6 1 H 224
PdhB 595.327 991.509 VVIPSTPYDAK 2 y9 1 L 225
PdhB 595.327 878.425 VVIPSTPYDAK 2 y8 1 L 225
PdhB 595.327 781.373 VVIPSTPYDAK_ 2_y7 1 L 225
PdhB 599.334 999.524 VVIPSTPYDAK 2 y9 1 H 225
PdhB 599.334 886.440 VVIPSTPYDAK 2 y8 1 H 225
PdhB 599.334 789.387 VVIPSTPYDAK_Z_y?_l_H 225
PdhC 670.693 861.421 DGEIVAAPVLALSLSFDHR_3 28.8
PdhC 670.693 774.389 DGEIVAAPVLALSLSFDHR_3 28.8
PdhC 674.029 871.430 DGEIVAAPVLALSLSFDHR 3_y7 28.8
PdhC 674.029 784.398 DGEIVAAPVLALSLSFDHR_3 28.8
PdhC 811.917 960.500 SVFEISDEINGLATK 2 y9 1 | 29.6
PdhC 811.917 716.430 SVFEISDEINGLATK_2_y7_. 1 29.6
PdhC 811.917 603.346 SVFEISDEINGLATK 2 29.6
PdhC 815.924 968.514 SVFEISDEINGLATK_2 y9 29.6
PdhC 815.924 724.444 SVFEISDEINGLATK_2_y7_. 29.6
PdhC 815.924 611.360 SVFEISDEINGLATK 2_y6 29.6
PdhD 744.739 719.420 TNVPNIYAIGDIIEGPPLAHK_ 304
PdhD 744.739 662.398 TNVPNIYAIGDIIEGPPLAH 30.4
PdhD 744.739 565.346 TNVPNIYAIGDIIEGPPLAH 304
PdhD 747.410 727.434 TNVPNIYAIGDIIEGPPLAHK 304
PdhD 747.410 670.413 TNVPNIYAIGDIIEGPPLAHK . 30.4
PdhD 747.410 573.360 TNVPNIYAIGDIIEGPPLAHK . 304
PdhD 543.830 874.499 VLNSTGALALK 2 y9 1 L 20.8
PdhD 543.830 760.456 VLNSTGALALK 2 y8 1 L 20.8
PdhD 543.830 572.377 VLNSTGALALK 2 y6 1 L 20.8
PdhD 547.837 882.513 VLNSTGALALK 2 y9 1 H 20.8
PdhD 547.837 768.471 VLNSTGALALK 2 y8 1 H 20.8
PdhD 547.837 580.391 VLNSTGALALK 2 y6 1 H 20.8
PdhD 672.315 923.458 GEAYFVDSNSVR_2 y8 1 25

PdhD 672.315 776.390 GEAYFVDSNSVR_2 y7 25

PdhD 672.315 677.321 GEAYFVDSNSVR_2 y6 25

PdhD 677.319 933.466 GEAYFVDSNSVR_2 y8 25

PdhD 677.319 786.398 GEAYFVDSNSVR_2 y7 25

PdhD 677.319 687.330 GEAYFVDSNSVR_2 y6 25

Citz 508.798 650.362 VPGLVAAFSR_2 y6 1 19.7
Citz 508.798 551.294 VPGLVAAFSR_2 y5 1_ 19.7
Citz 508.798 459.264 VPGLVAAFSR_2 y9 2_ 19.7
Citz 513.802 660.370 VPGLVAAFSR_2 y6_1 | 19.7
Citz 513.802 561.302 VPGLVAAFSR_2_y5 1 | 19.7
CitZz 513.802 464.268 VPGLVAAFSR 2 y9 2 | 19.7
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Citz 755.899 1140.605 EAAVPQEIIEHFK 2 y9 1 L 27.8
Citz 755.899 620.340 EAAVPQEIIEHFK 2 y10 2 L 27.8
Citz 755.899 570.806 EAAVPQEIIEHFK 2 y9 2 L 27.8
Citz 759.906 1148.619 EAAVPQEIIEHFK 2 y9 1 H 27.8
Citz 759.906 624.347 EAAVPQEIIEHFK 2 y10 2 H 27.8
Citz 759.906 574.813 EAAVPQEIIEHFK_ 2 y9 2 H 27.8
CitB 626.665 884.484 FVEFFGPGIAELPLADR_3 y8 1 L 27.8
CitB 626.665 571.320 FVEFFGPGIAELPLADR_3 y5 1 L 27.8
CitB 626.665 576.325 FVEFFGPGIAELPLADR 3 y11 2 L 27.8
CitB 630.001 894.492 FVEFFGPGIAELPLADR_3 y8 1 H 27.8
CitB 630.001 581.328 FVEFFGPGIAELPLADR_3 y5 1 H 27.8
CitB 630.001 581.329 FVEFFGPGIAELPLADR_3 y11 2 H 27.8
CitB 701.388 946.532 NDLLITSVLSGNR_ 2 y9 1 L 26

CitB 701.388 833.448 NDLLITSVLSGNR_ 2 y8 1 L 26

CitB 701.388 732.400 NDLLITSVLSGNR 2 y7 1 L 26

CitB 706.393 956.540 NDLLITSVLSGNR_2 y9 1 H 26

CitB 706.393 843.456 NDLLITSVLSGNR_2 y8 1 H 26

CitB 706.393 742.408 NDLLITSVLSGNR_2_y7 1 H 26

Icd 800.422 1126.647 TGEWLPAETLDVIR 2 y10 1 L 29.2
Icd 800.422 1013.563 TGEWLPAETLDVIR 2 y9 1 L 29.2
Icd 800.422 507.285 TGEWLPAETLDVIR_2_y9 2 L 29.2
lcd 805.427 1136.655 TGEWLPAETLDVIR 2 y10 1 H 29.2
lcd 805.427 1023.571 TGEWLPAETLDVIR 2 y9 1 H 29.2
Icd 805.427 512.289 TGEWLPAETLDVIR_2_y9 2 H 29.2
lcd 808.378 914.462 ENTEDIYAGIEYAK 2 y8 1 L 29.5
lcd 808.378 751.398 ENTEDIYAGIEYAK 2 y7 1 L 29.5
Icd 808.378 680.361 ENTEDIYAGIEYAK_ 2 y6_1 L 29.5
lcd 812.385 922.476 ENTEDIYAGIEYAK 2 y8 1 H 29.5
lcd 812.385 759.413 ENTEDIYAGIEYAK 2 y7 1 H 29.5
Icd 812.385 688.376 ENTEDIYAGIEYAK_ 2 y6_1 H 29.5
OdhA 676.820 1036.495 TQSGYPVQDETK 2 y9 1 | L 25.2
OdhA 676.820 979.473 TQSGYPVQDETK 2 y8 1 L 25.2
OdhA 676.820 816.410 TQSGYPVQDETK_2_y7_1 L 25.2
OdhA 680.827 1044.509 TQSGYPVQDETK 2 y9 1 H 25.2
OdhA 680.827 987.487 TQSGYPVQDETK 2 y8 1 H 25.2
OdhA 680.827 824.424 TQSGYPVQDETK 2 y7 1 H 25.2
OdhA 844.908 947.479 NPNTVSEVQELSESR_2 y8 1 L 30.7
OdhA 844.908 848.411 NPNTVSEVQELSESR_2 y7 1 L 30.7
OdhA 844.908 478.226 NPNTVSEVQELSESR_2 y4 1 L 30.7
OdhA 849.912 957.488 NPNTVSEVQELSESR_2 y8 1 H 30.7
OdhA 849.912 858.419 NPNTVSEVQELSESR_2 y7 1 H 30.7
OdhA 849.912 488.234 NPNTVSEVQELSESR_2 y4 1 H 30.7
OdhB 634.629 978.437 QAEPAAQEVSEEAQSEAK 3 y9 1L 28

OdhB 634.629 762.363 QAEPAAQEVSEEAQSEAK 3 y7 1 L 28

OdhB 634.629 434.225 QAEPAAQEVSEEAQSEAK 3 y4 1 L 28

OdhB 637.300 986.452 QAEPAAQEVSEEAQSEAK 3 y9 1 H 28

OdhB 637.300 770.377 QAEPAAQEVSEEAQSEAK 3 y7 1 H 28

OdhB 637.300 442.239 QAEPAAQEVSEEAQSEAK 3 y4 1 H 28

OdhB 657.686 758.456 VPELAESISEGTIAQWLK 3 _y6 1L 28.5

Protein Q1 Q3 Peptide information* CE
OdhB 657.686 645.372 VPELAESISEGTIAQWLK 3 y5 1 L 28.5
OdhB 657.686 574.335 VPELAESISEGTIAQWLK 3 y4 1 L 28.5
OdhB 660.357 766.470 VPELAESISEGTIAQWLK 3 y6 1 H 28.5
OdhB 660.357 653.386 VPELAESISEGTIAQWLK 3 y5 1 H 28.5
OdhB 660.357 582.349 VPELAESISEGTIAQWLK_3 y4 _H 28.5
SucC 676.341 933.452 VAFTAEEAVESAK 2 y9 1 L 25.2
SucC 676.341 862.415 VAFTAEEAVESAK 2 y8 1 L 25.2
SucC 676.341 591.288 VAFTAEEAVESAK 2 y11 2 L 25.2
SucC 680.348 941.467 VAFTAEEAVESAK 2 y9 1 H 25.2
SucC 680.348 870.429 VAFTAEEAVESAK 2 y8 1 H 25.2
SucC 680.348 595.295 VAFTAEEAVESAK 2 y11 2 H 25.2
SucC 558.327 873.519 EIAFAINIPK_2_y8 1 L 21.3
SucC 558.327 655.414 EIAFAINIPK 2 y6 1 L 21.3
SucC 558.327 584.377 EIAFAINIPK_2_y5 1 L 21.3
SucC 562.334 881.533 EIAFAINIPK_2_y8 1 H 21.3
SucC 562.334 663.428 EIAFAINIPK 2 y6 1 H 21.3
SucC 562.334 592.391 EIAFAINIPK 2 y5 1 H 21.3
SucC 597.882 967.630 QVGLTLPLVVR_2 y9 1 L 22.6
SucC 597.882 797.524 QVGLTLPLVVR_ 2 y7 1 L 22.6
SucC 597.882 583.393 QVGLTLPLVVR_ 2 y5 1 L 22.6
SucC 602.886 977.638 QVGLTLPLVVR_2 y9 1 H 22.6
SucC 602.886 807.533 QVGLTLPLVVR 2 y7 1 H 22.6
SucC 602.886 593.401 QVGLTLPLVVR 2 y5 1 H 22.6
SucD 437.263 776.467 PVVGFIGGK_2_ y8 1 L 17.3
SucD 437.263 677.398 PVVGFIGGK 2 y7 1 L 17.3
SucD 437.263 578.330 PVVGFIGGK 2 y6 1 L 17.3
SucD 441.270 784.481 PVVGFIGGK_2 y8 1H 17.3
SucD 441.270 685.412 PVVGFIGGK 2 y7 1 H 17.3
SucD 441.270 586.344 PVVGFIGGK 2 y6 1 H 17.3
SdhA 892.910 973.495 YEGWEFLGAVLDDDR_2 y9 1 323
SdhA 892.910 860.411 YEGWEFLGAVLDDDR_2 y8 1 32.3
SdhA 892.910 633.284 YEGWEFLGAVLDDDR_2 y5 1 | 32.3
SdhA 897.914 983.503 YEGWEFLGAVLDDDR_2 y9 1 _ 323
SdhA 897.914 870.419 YEGWEFLGAVLDDDR_2 y8 1 32.3
SdhA 897.914 643.292 YEGWEFLGAVLDDDR_2 y5 1 32.3
SdhA 567.824 964.535 LGGIIEIYEK 2_y8 1 L 21.6
SdhA 567.824 794.429 LGGIIEIYEK 2 y6 1 L 21.6
SdhA 567.824 681.345 LGGIIEIYEK 2 y5 1 L 21.6
SdhA 571.831 972.549 LGGIIEIYEK_2_y8 1 H 21.6
SdhA 571.831 802.444 LGGIIEIYEK_2_y6 1 H 21.6
SdhA 571.831 689.360 LGGIIEIYEK 2_y5 1 H 21.6
SdhB 864.441 1032.511 AWIPIDGTYDLGPGPR_2 y10 1 L 31.3
SdhB 864.441 735.883 AWIPIDGTYDLGPGPR_2_y14 2 L 31.3
SdhB 864.441 679.341 AWIPIDGTYDLGPGPR 2 y13 2 L 31.3
SdhB 869.445 1042.519 AWIPIDGTYDLGPGPR_2 y10 1 H 31.3
SdhB 869.445 740.887 AWIPIDGTYDLGPGPR_2_y14 2 H 31.3
SdhB 869.445 684.345 AWIPIDGTYDLGPGPR_2_y13 2_H 31.3
SdhB 482.746 748.410 DTNLQAFR_ 2 y6 1 L 18.8
SdhB 482.746 521.283 DTNLQAFR 2 y4 1 L 18.8
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SdhB 482.746 393.224 DTNLQAFR 2 y3 1 L 18.8
SdhB 487.750 758.418 DTNLQAFR_ 2 y6 1 H 18.8
SdhB 487.750 531.291 DTNLQAFR_2 y4 1 H 18.8
SdhB 487.750 403.233 DTNLQAFR 2 y3 1 H 18.8
SdhB 663.891 946.532 GIPLTTSIAALNR_2 y9 1 L 24.8
SdhB 663.891 544.320 GIPLTTSIAALNR_2_y5 1 L 24.8
SdhB 663.891 578.838 GIPLTTSIAALNR_2 y11 2 L 24.8
SdhB 668.895 956.540 GIPLTTSIAALNR_2 y9 1 H 24.8
SdhB 668.895 554.328 GIPLTTSIAALNR_2_y5 1 H 24.8
SdhB 668.895 583.842 GIPLTTSIAALNR_2 y11 2 H 24.8
SdhC 538.306 775.482 NWLFVLQR_2 y6 1 L 20.6
SdhC 538.306 662.398 NWLFVLQR_2 y5 1 L 20.6
SdhC 538.306 515.330 NWLFVLQR_ 2 y4 1 L 20.6
SdhC 543.310 785.491 NWLFVLQR_2 y6 1 H 20.6
SdhC 543.310 672.407 NWLFVLQR_2_y5 1 H 20.6
SdhC 543.310 525.338 NWLFVLQR_2 y4 1 H 20.6
FumC 633.820 1052.501 LTGQTFSSSPNK_2 y10 1_ 23.8
FumC 633.820 867.421 LTGQTFSSSPNK_2_y8 1_ L 23.8
FumC 633.820 766.373 LTGQTFSSSPNK_2 y7 1 L 23.8
FumC 637.827 1060.515 LTGQTFSSSPNK_2 y10 1 H 23.8
FumC 637.827 875.435 LTGQTFSSSPNK_2_y8 1 H 23.8
FumC 637.827 774.387 LTGQTFSSSPNK_2 y7 1 H 23.8
FumC 542.249 829.380 NSDQTIHPNDDVNR 3 y7 1 L 259
FumC 542.249 503.257 NSDQTIHPNDDVNR_3_y4 1 L 25.9
FumC 542.249 388.230 NSDQTIHPNDDVNR_3 3 l L 259
FumC 545.585 839.388 NSDQTIHPNDDVNR_3 y7 1 H 259
FumC 545.585 513.266 NSDQTIHPNDDVNR_3 y4 1H 25.9
FumC 545.585 398.239 NSDQTIHPNDDVNR 3 y3 1 H 259
mdh 665.033 926.494 ELADVVLVDIPQLENPTK 3 y8 1 L 28.6
Mdh 665.033 701.383 ELADVVLVDIPQLENPTK 3 y6 1 L 28.6
Mdh 665.033 463.751 ELADVVLVDIPQLENPTK 3 y8 2 L 28.6
Mdh 667.705 934.508 ELADVVLVDIPQLENPTK 3 y8 1 H 28.6
Mdh 667.705 709.397 ELADVVLVDIPQLENPTK 3 y6 1 H 28.6
Mdh 667.705 467.758 ELADVVLVDIPQLENPTK_3 y8 2 H 28.6
Mdh 811.445 1137.688 YSYAGGIPLETLIPK_ 2 y11 1 | 29.6
Mdh 811.445 1023.645 YSYAGGIPLETLIPK_ 2 y9 1_ L 29.6
Mdh 811.445 910.561 YSYAGGIPLETLIPK 2 y8 1 L 29.6
Mdh 815.453 1145.702 YSYAGGIPLETLIPK_ 2 y11 1 | 29.6
Mdh 815.453 1031.659 YSYAGGIPLETLIPK_2 y9 1 H 29.6
Mdh 815.453 918.575 YSYAGGIPLETLIPK_2_y8 1 H 29.6
MaeA 676.815 861.421 AYEQFQAQPDR_Z_y?_l_L 25.2
MaeA 676.815 714.353 AYEQFQAQPDR_2 y6 1 L 25.2
MaeA 676.815 586.294 AYEQFQAQPDR_2 y5 1 L 25.2
MaeA 681.819 871.430 AYEQFQAQPDR_2 y7 1 H 25.2
MaeA 681.819 724.361 AYEQFQAQPDR_2 y6_1 H 25.2
MaeA 681.819 596.303 AYEQFQAQPDR_2 y5 1 H 25.2
MaeA 504.261 851.426 GVAFSLEER_2 y7_1 L 19.5
MaeA 504.261 780.389 GVAFSLEER 2 y6 1 L 19.5
MaeA 504.261 633.320 GVAFSLEER 2 y5 1 L 19.5
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MaeA 509.266 861.434 GVAFSLEER 2 y7 1 H 19.5
MaeA 509.266 790.397 GVAFSLEER 2 y6 1 H 19.5
MaeA 509.266 643.328 GVAFSLEER_2 y5 1 H 19.5
YtsJ 679.018 920.535 SDFPNQVNNVLAFPGIFR_3 y8 1 L 29

YtsJ 679.018 807.451 SDFPNQVNNVLAFPGIFR_3 y7 1 L 29

YtsJ 679.018 589.346 SDFPNQVNNVLAFPGIFR_3_y5 1 L 29

YtsJ 682.354 930.544 SDFPNQVNNVLAFPGIFR_3 y8 1 H 29

YtsJ 682.354 817.459 SDFPNQVNNVLAFPGIFR_3 y7_1 H 29

YtsJ 682.354 599.354 SDFPNQVNNVLAFPGIFR_3_y5_1 H 29

YtsJ 615.317 1015.494 ITVDPEEVAEK 2 y9 1 L 23.2
YtsJ 615.317 916.426 ITVDPEEVAEK 2 y8 1 L 23.2
YtsJ 615.317 801.399 ITVDPEEVAEK 2 y7 1 L 23.2
YtsJ 619.324 1023.508 ITVDPEEVAEK 2 y9 1 H 23.2
YtsJ 619.324 924.440 ITVDPEEVAEK 2 y8 1 H 23.2
YtsJ 619.324 809.413 ITVDPEEVAEK 2 y7 1 H 23.2
PckA 662.990 980.468 IDWGPVNQPISEEAFER_3 y8 1 L 28.6
PckA 662.990 867.384 IDWGPVNQPISEEAFER_3 y7 1 L 28.6
PckA 662.990 780.352 IDWGPVNQPISEEAFER_3 y6_1 L 28.6
PckA 666.326 990.477 IDWGPVNQPISEEAFER_3 y8 1 H 28.6
PckA 666.326 877.393 IDWGPVNQPISEEAFER_3 y7 1 H 28.6
PckA 666.326 790.361 IDWGPVNQPISEEAFER_3 y6_1 H 28.6
PckA 862.855 930.432 EANYDDSFYTENTR_2 y7 1 L 31.3
PckA 862.855 783.363 EANYDDSFYTENTR_2 y6 1 L 31.3
PckA 862.855 620.300 EANYDDSFYTENTR_2_y5 1 L 31.3
PckA 867.859 940.440 EANYDDSFYTENTR_2 y7 1 H 31.3
PckA 867.859 793.371 EANYDDSFYTENTR_2 y6 1 H 31.3
PckA 867.859 630.308 EANYDDSFYTENTR_2_y5 1 H 31.3
GapB 545.853 906.577 ALSLVLPHLK 2 y8 1 L 20.9
GapB 545.853 706.461 ALSLVLPHLK 2 y6 1 L 20.9
GapB 545.853 494.309 ALSLVLPHLK 2 y4 1 L 20.9
GapB 549.860 914.591 ALSLVLPHLK 2 y8 1 H 20.9
GapB 549.860 714.475 ALSLVLPHLK 2 y6 1 H 20.9
GapB 549.860 502.323 ALSLVLPHLK 2 y4 1 H 20.9
GapB 726.367 931.509 EYDIDIVVEATGK 2 y9 1 L 26.8
GapB 726.367 703.398 EYDIDIVVEATGK 2 y7 1 L 26.8
GapB 726.367 604.330 EYDIDIVVEATGK 2 y6 1 L 26.8
GapB 730.374 939.524 EYDIDIVVEATGK 2 y9 1 H 26.8
GapB 730.374 711.413 EYDIDIVVEATGK 2 y7 1 H 26.8
GapB 730.374 612.344 EYDIDIVVEATGK 2_y6 1 H 26.8
YYdE 714.714 900.551 ETNVGEELLQEVAILESLR 3y81L 29.8
YYdE 714.714 730.446 ETNVGEELLQEVAILESLR_ 3 y6 1 L 29.8
YYdE 714.714 617.362 ETNVGEELLQEVAILESLR_3 y5 1 L 29.8
YYdE 718.051 910.560 ETNVGEELLQEVAILESLR_3 y8 1 H 29.8
YYdE 718.051 740.454 ETNVGEELLQEVAILESLR_ 3 y6 1 H 29.8
YYdE 718.051 627.370 ETNVGEELLQEVAILESLR 3 y5 1 H 29.8
YYdE 510.772 665.325 ELLDVFER 2 y5 1 L 19.7
YYdE 510.772 550.298 ELLDVFER_ 2 y4 1 L 19.7
YYdE 510.772 451.230 ELLDVFER 2 y3 1 L 19.7
YYdE 515.776 675.334 ELLDVFER 2 y5 1 H 19.7
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YYdE 515.776 560.307 ELLDVFER 2 y4 1 H 19.7 YerD 514.268 298.211 VSEEVADIR_2_ y2 1 H 19.7
YYdE 515.776 461.238 ELLDVFER 2 y3 1 H 19.7 ProA 558.798 916.473 TVENVQEAVK 2 y8 1 L 21.3
GInA 624.864 1007.577 LQFTDILGTIK_Z_y9_1 L 235 ProA 558.798 787.431 TVENVQEAVK 2 y7 1 L 21.3
GInA 624.864 860.509 LQFTDILGTIK 2 y8 1 L 235 ProA 558.798 574.320 TVENVQEAVK 2 y5 1 L 21.3
GInA 624.864 759.461 LQFTDILGTIK 2 y7 1 L 235 ProA 562.806 924.488 TVENVQEAVK 2 y8 1 H 21.3
GInA 628.871 1015.591 LQFTDILGTIK 2 y9 1 H 235 ProA 562.806 795.445 TVENVQEAVK 2 y7 1 H 21.3
GInA 628.871 868.523 LQFTDILGTIK 2 y8 1 H 235 ProA 562.806 582.334 TVENVQEAVK 2 y5 1 H 21.3
GInA 628.871 767.475 LQFTDILGTIK . 2_y7_1_H 235 ProA 799.923 887.458 ELLDQLENAGVEIR_2 y8 1 L 29.2
GInA 592.338 970.557 NVEIPVSQLGK_ 2 y9 1 L 224 ProA 799.923 758.416 ELLDQLENAGVEIR_2 y7 1 L 29.2
GInA 592.338 841.514 NVEIPVSQLGK 2 y8 1 L 224 ProA 799.923 573.335 ELLDQLENAGVEIR_2 y5 1 L 29.2
GInA 592.338 728.430 NVEIPVSQLGK 2 y7 1 L 224 ProA 804.927 897.466 ELLDQLENAGVEIR_2 y8 1 H 29.2
GInA 596.345 978.571 NVEIPVSQLGK 2_y9 1 H 224 ProA 804.927 768.424 ELLDQLENAGVEIR_2_y7_1 H 29.2
GInA 596.345 849.528 NVEIPVSQLGK 2 y8 1 H 224 ProA 804.927 583.344 ELLDQLENAGVEIR_ 2 y5 1 H 29.2
GInA 596.345 736.444 NVEIPVSQLGK 2 y7 1 H 224 ProB 561.793 876.442 VFIGTGSGEQK 2 y9 1 L 214
GItA 945.502 961.510 ASQLDLSTLLYQPEGVR_2 y8 1 L 34 ProB 561.793 763.358 VFIGTGSGEQK_2_y8 1 L 21.4
GItA 945.502 848.426 ASQLDLSTLLYQPEGVR_2 y7 1 L 34 ProB 561.793 438.725 VFIGTGSGEQK 2 y9 2 L 214
GItA 945.502 557.304 ASQLDLSTLLYQPEGVR_2 y5 1 L 34 ProB 565.800 884.456 VFIGTGSGEQK 2 y9 1 H 214
GItA 950.506 971.518 ASQLDLSTLLYQPEGVR_2 y8_1 H 34 ProB 565.800 771.372 VFIGTGSGEQK_2_y8 1 H 21.4
GItA 950.506 858.434 ASQLDLSTLLYQPEGVR_2 y7_ 1 H 34 ProB 565.800 442.732 VFIGTGSGEQK 2 y9 2 H 214
GItA 950.506 567.312 ASQLDLSTLLYQPEGVR_2 y5 1 H 34 ProB 745.422 998.599 QYSLTPGQILLTR_2 y9 1 L 27.4
GItA 668.320 992.458 TLEPGSDFQWR_2_y8_1 L 24.9 ProB 745.422 897.552 QYSLTPGQILLTR_2_y8 1 L 27.4
GItA 668.320 636.325 TLEPGSDFQWR_2 y4 1 L 249 ProB 745.422 502.335 QYSLTPGQILLTR_ 2 y4 1 L 274
GItA 668.320 496.733 TLEPGSDFQWR_2 y8 2 L 249 ProB 750.426 1008.608 QYSLTPGQILLTR_2 y9 1 H 274
GItA 673.324 1002.467 TLEPGSDFQWR_2_y8_1 H 249 ProB 750.426 907.560 QYSLTPGQILLTR_2_y8 1 H 27.4
GItA 673.324 646.334 TLEPGSDFQWR_2 y4 1 H 249 ProB 750.426 512.343 QYSLTPGQILLTR_2 y4 1 H 274
GItA 673.324 501.737 TLEPGSDFQWR_2 y8 2 H 249 ProJ 884.484 489.278 GIIPIINENDTVTVNR_2 v4 1 L 32

GItB 591.781 853.420 TNNFPEFTGR_2_y7_1 L 224 ProJ 884.484 799.431 GIIPIINENDTVTVNR_2 y14 2 L 32

GItB 591.781 706.352 TNNFPEFTGR 2 y6 1 L 224 ProJ 884.484 742.889 GIIPIINENDTVTVNR_2 y13 2 L 32

GItB 591.781 333.188 TNNFPEFTGR 2 y3 1 L 224 ProJ 889.488 499.286 GIIPIINENDTVTVNR_2 y4 1 H 32

GItB 596.785 863.429 TNNFPEFTGR_2_y7_1 H 224 ProJ 889.488 804.435 GIIPIINENDTVTVNR_2 y14 2 H 32

GItB 596.785 716.360 TNNFPEFTGR 2 y6 1 H 224 ProJ 889.488 747.893 GIIPIINENDTVTVNR_2 y13 2 H 32

GItB 596.785 343.196 TNNFPEFTGR 2 y3 1 H 224 ProJ 557.329 871.525 LEALVDQVVK 2 y8 1 L 21.3
GItB 721.891 944.495 GQSLIVWAINEGR_2 y8 1L 26.7 ProJ 557.329 687.404 LEALVDQVVK 2 y6 1 L 21.3
GItB 721.891 845.426 GQSLIVWAINEGR 2 y7 1 L 26.7 ProJ 557.329 588.335 LEALVDQVVK 2 y5 1 L 21.3
GItB 721.891 659.347 GQSLIVWAINEGR_ 2 y6 1 L 26.7 ProJ 561.336 879.539 LEALVDQVVK 2 y8 1 H 21.3
GItB 726.895 954.503 GQSLIVWAINEGR_2 y8 1 H 26.7 ProJ 561.336 695.418 LEALVDQVVK 2 y6 1 H 21.3
GItB 726.895 855.435 GQSLIVWAINEGR_2 y7_1 H 26.7 ProJ 561.336 596.349 LEALVDQVVK 2 y5 1 H 21.3
GItB 726.895 669.355 GQSLIVWAINEGR_2 y6_1 H 26.7 ProG 644.841 933.464 LLEAETEAGISR_ 2 y9 1 L 24.1
YerD 577.290 604.366 EYEQTVISGK_ 2 y6 1 L 21.9 ProG 644.841 862.426 LLEAETEAGISR_2 y8 1 L 241
YerD 577.290 404.250 EYEQTVISGK 2 y4 1 L 21.9 ProG 644.841 733.384 LLEAETEAGISR_2 y7 1 L 241
YerD 577.290 291.166 EYEQTVISGK 2 y3 1 L 21.9 ProG 649.845 943.472 LLEAETEAGISR_2 y9 1 H 24.1
YerD 581.298 612.381 EYEQTVISGK_ 2_y6 1 H 21.9 ProG 649.845 872.435 LLEAETEAGISR_2 y8 1 H 241
YerD 581.298 412.265 EYEQTVISGK_ 2_y4 1 H 21.9 ProG 649.845 743.392 LLEAETEAGISR_2 y7_1 H 241
YerD 581.298 299.180 EYEQTVISGK_ 2 y3 1 H 21.9 ProG 589.332 950.531 LNELLSVFSR_2 y8 1 L 22.3
YerD 509.264 831.421 VSEEVADIR_2 y7 1 L 19.7 ProG 589.332 708.404 LNELLSVFSR_2 y6 1 L 22.3
YerD 509.264 702.378 VSEEVADIR_2 y6_1 L 19.7 ProG 589.332 595.320 LNELLSVFSR_2 y5 1 L 22.3
YerD 509.264 288.203 VSEEVADIR_2 y2 1 L 19.7 ProG 594.337 960.539 LNELLSVFSR_2 y8 1 H 22.3
YerD 514.268 841.429 VSEEVADIR_2 y7_1 H 19.7 ProG 594.337 718.412 LNELLSVFSR_2 y6 1 H 22.3
YerD 514.268 712.386 VSEEVADIR_2 y6_1 H 19.7 ProG 594.337 605.328 LNELLSVFSR_2 y5 1 H 22.3
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Protein Q1 Q3 Peptide information* CE Protein Q1 Q3 Peptide information* CE
Prol 815.438 1102.574 ALLETIGDATLVEER_2 y10 1 | 29.7 ProH 569.340 681.439 SIGAQTLLGAAK 2 y 1H 215
Prol 815.438 989.490 ALLETIGDATLVEER_2 y9 1 L 29.7 ProH 524.269 732.425 DAENALSSLK 2 y7 1 L 20.2
Prol 815.438 817.441 ALLETIGDATLVEER_2_y7_1 L 29.7 ProH 524.269 547.345 DAENALSSLK_2_y5 1 L 20.2
Prol 820.442 1112.582 ALLETIGDATLVEER_2 y10 1 | 29.7 ProH 524.269 434.261 DAENALSSLK 2 y4 1 L 20.2
Prol 820.442 999.498 ALLETIGDATLVEER_2 y9 1 H 29.7 ProH 528.277 740.439 DAENALSSLK 2 y7 1 H 20.2
Prol 820.442 827.450 ALLETIGDATLVEER_2_y7_1 H 29.7 ProH 528.277 555.359 DAENALSSLK 2 y5 1 H 20.2
Prol 694.854 958.495 EITSPGGTTEAGLR_2 y10 1 L 25.8 ProH 528.277 442.275 DAENALSSLK 2 y4 1 H 20.2
Prol 694.854 861.442 EITSPGGTTEAGLR_2 y9 1 L 25.8 ProH 653.866 963.551 LTELELQYGIK 2 y8 1 L 24.4
Prol 694.854 479.751 EITSPGGTTEAGLR_2_y10 2 L 25.8 ProH 653.866 850.467 LTELELQYGIK 2_y7 1 L 24.4
Prol 699.859 968.504 EITSPGGTTEAGLR_2_y10 1 H 25.8 ProH 653.866 721.424 LTELELQYGIK 2 y6 1 L 24.4
Prol 699.859 871.451 EITSPGGTTEAGLR_2_y9 1 H 25.8 ProH 657.873 971.565 LTELELQYGIK 2 y8 1 H 24.4
Prol 699.859 484.755 EITSPGGTTEAGLR_2_y10 _. 2 H 25.8 ProH 657.873 858.481 LTELELQYGIK 2_y7_1 H 24.4
ProH 565.332 929.541 SIGAQTLLGAAK_2_y10_1_ 21.5 ProH 657.873 729.439 LTELELQYGIK 2 y6 1 H 24.4
ProH 565.332 801.483 SIGAQTLLGAAK 2 y8 1_ L 21.5

ProH 565.332 673.424 SIGAQTLLGAAK_ 2 y7_1 | L 215

ProH 569.340 937.556 SIGAQTLLGAAK_2 y10 1 | 21.5

ProH 569.340  809.497 SIGAQTLLGAAK_Z_yS_l_H 215
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4,14 ENZYME ACTIVITY ASSAYS (PERFORMED BY MICHAEL KOHLSTEDT,
BRAUNSCHWEIG)

For determination of phosphoglucoisomerase activity, cells were disrupted in a bench top
homogenizer (MP Biomedicals, Santa Anna, USA) in 100 mM Tris/HCI (pH 7.8) containing
10 mM MgCl,. Activity was quantified using glucose 6-phosphate dehydrogenase (G6PDH) as
coupling enzyme and online monitoring of NADPH formation at 340 nm. The assay was
performed at pH 7.8 with 100 mM Tris/HCI, 10 mM MgCl,, 0.5 mM NADP, 1.25 U G6PDH,
4 mM fructose 6-phosphate and 20 pL crude cell extract. Cell disruption and activity
measurement for isocitrate dehydrogenase were also carried out in 100 mM Tris/HCI (pH 7.8)
containing 10 mM MgCl,. The reaction mix for determination of enzyme activity additionally
contained 1 mM isocitrate, 0.5 mM NADP and 25 puL of crude cell extract.

4,15 METABOLOME ANALYSIS (PERFORMED BY HANNA MEYER, GREIFSWALD)

Samples for intracellular metabolome analysis were obtained by fast vacuum dependent filtration
[128]. A pre-cooled (-20°C) upper part of the filtration system (funnel, filter base) was used for
sampling. For sampling, 10-20 OD units of the main culture were poured into a 50 mL falcon
tube and cooled with liquid nitrogen for 30 s (sample temperature after cooling 9+2°C), by
dipping falcon tube periodically in and out of the N, and shaken carefully in between (freezing
should be avoided). The cooled culture was filtered (0.45 um pore size, 47 mm, MilliPore,
Schwalbach, Germany) and then quenched with 60% ethanol (w/v) (pre-cooled) and liquid
nitrogen and were stored at -80°C until further treatment. For metabolite extraction and cell
disruption, samples were thawed on ice (< 6°C) and the internal standards were added (20 nmol
ribitol and norvaline for GC-MS and 2.5 nmol for LC-MS analysis). Afterwards samples were
vortexed and shaken 10 times alternately and centrifuged for 5 min at 4°C at 15,500 g. The
supernatant was transferred to a new falcon tube, while the pellet was once more extracted using
cold water. The supernatants were combined and restocked with deionized water to a final
organic solution concentration of 10% and stored at -80°C prior to lyophilization. lon pairing-
LC-MS measurement was performed using an Agilent HPLC System (1100 series, Agilent
Technologies, Waldbronn, Germany) coupled to a Bruker micrOTOF mass spectrometer (Bruker
Daltonics, Bremen, Germany) was operated in ESI negative mode using a mass range from 50 to
3000 m/z at a dry. Completely lyophilized samples were dissolved in 100 yL deionized water
and centrifuged for 2 min (15,500 g, 4°C). The supernatants were transferred into glass vials
with micro inserts for small volume injections (injection volume 25 pL). Chromatographic
separation was performed using a RP-C18 AppliChrom OTU LipoMare column (3.5 um,
150x4.6 mm, AppliChrom, Oranienburg, Germany) equipped with a C18 pre-column
(Phenomenex, Aschaffenburg, Germany). The gradient flow rate was 0.4 mL min™ and the total
data acquisition runtime was 40 min. The mobile phase was A: 5% methanol and 95% water,
containing 10 mM tributylamine as ion-pairing reagent and 15 mM acetic acid for pH adjustment
to pH 4.9 and B: (100% methanol. The gradient elution started with 100% A for 2 min, 0-31% B
in 2 min, 31-50% B in 18.5 min, 50-60% B in 2.5 min, 60-100% B in 1 min, hold 100% B for 7
min, 100%-0% B in 1 min, and hold 10 min at 0% B. As MS source parameters a dry gas (N»)
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flow rate of 8.0 L min™, a dry temperature of 180°C, a nebulizer pressure of 1.6 bar, a capillary
voltage of 4,000 V and a capillary exit voltage of -150 V were used. Furthermore, the skimmer 1
was set to -50 V, the hexapole 1 to -25 V and the hexapole 2 to -24 V. The transfer time was 50
ps and pre-pulse storage was 8.0 ps. Reference masses of the Agilent “ESI-tune mix” for electro
spray applications in negative mode were used for automated m/z calibration in each
chromatographic run. Metabolite quantification was done by QuantAnalysis® (Bruker Daltonik,
Bremen, Germany). Peak areas of extracted ions were normalized to the internal standard area of
camphor sulfonic acid. For determination of the calibration equation, different concentrations of
pure standards were measured and analyzed in the same manner. A polynomial regression of
degree 2 with a 1/x weighting was used as calibration equation. The computed metabolite
concentrations were further normalized to the sample volume and related to the respective cell
dry weight. GC-MS (quadrupole) analysis was performed using an Agilent DB-5ms column as
described previously [129]. Completely lyophilized samples were derivatized for 90 min at 37°C
with MeOX and 30 min at 37°C with MSTFA. After centrifugation for 2 min at room
temperature the supernatant was transferred into GC-Vials prior to measurement. Metabolite
quantification was done by the ChomaTOF® (LECO) software. Peak areas of extracted ions
were normalized to the area of the internal standard ribitol. For determination of the calibration
equation, different concentrations of pure standards were measured and analyzed in the same
manner. Dependent on the precision of the calibration equation, calibration was done via a
polynomial regression of degree 1 or 2 and a 1/x weighting. The computed metabolite
concentrations were further normalized to the sample volume and related to the respective cell
dry weight. A volume of 4 mL of cell suspension was harvested via fast filtration (cellulose-
nitrate, 0.2 um pore size, 47 mm, Sartorius, Géttingen, Germany) and washed as described
previously [130]. Cell-containing filters were incubated (15 min, 100°C) in caps containing 2 mL
of 200 uM a-aminobutyric acid as internal standard. Extracts were cooled on ice, transferred into
2 mL tubes and centrifuged (5 min, 16,100 xg, 4°C) to eliminate disrupted cells. Intracellular
amino acids were then quantified via HPLC (Agilent Technologies, Waldbronn, Germany)
applying OPA pre-column derivatization [131]. In order to quantify proline and cysteine, FMOC
derivatization reagent, mercaptoethanol as reducing agent and iodoacetic acid to block sulfhydryl
groups were also added to the sample. For extracellular metabolite measurement by *H-NMR, a
volume of 2 mL cell culture was rapidly filtrated through a syringe filter (0.2 um, Sarstedt,
NUmbrecht, Germany). The obtained supernatant was stored at -20°C. Partial volume of the
extracellular sample was buffered to pH 7.0 by addition of 200 uL of a 0.2 M sodium hydrogen
phosphate buffer (including 1 mM trimethylsilyl propanoic acid, pH 7.0) made up with 50% D,0
to provide a nuclear magnetic resonance (NMR)-lock signal [132]. Spectral referencing was
done relative to 1 mM sodium trimethylsilyl-[2,2,3,3-D4]-1-propionic acid (TSP) in phosphate
buffer. All NMR spectra were obtained at 600.27 MHz at a nominal temperature of 310 K using
a Bruker AVANCE-II 600 NMR (Bruker Biospin GmbH, Rheinstetten, Germany). A modified
1D-NOESY pulse sequence was used with pre-saturation on the residual HDO signal during both
the relaxation delay and the mixing time. A total of 64 free induction decays (FID scans) were
collected using a spectral width of 30 ppm for a one-dimensional spectrum. Data analysis was
implemented by AMIX (Bruker Biospin, Rheinstetten, Germany). The signal area of the internal
standard TSP was used for direct quantification. A bicinchoninic acid-based protein assay kit
(Thermo Fisher Scientific, Rockford, USA) was used for the determination of total extracellular
protein in culture supernatant.
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4,16 13C METABOLIC FLUX ANALYSIS (PERFORMED BY MICHAEL KOHLSTEDT,
BRAUNSCHWEIG)

Cell pellets were washed and hydrolyzed with 6M HCI for 24 h at 105°C. Obtained hydrolysates
were transferred in centrifugal filter tubes (0.22 um pore size, Ultrafree-MC, MilliPore,
Schwalbach, Germany) and centrifuged (1 min, 12.000 g) to filter off cell debris. Clear
hydrolysates where dried under a constant nitrogen stream for 30 min at room temperature.
Afterwards, derivatization of amino acids was carried out at 80°C in 50 puL dimethylformamide
containing 0.1% pyridine and 50 pL N-methyl-N-t-butyldimethylsilyl-trifluoroacetamide
(MBDSTFA, Macherey-Nagel, Duren, Germany) for 30 min. Derivatized amino acids were
separated by a 5975C GC and analyzed on a single-quadrupole 7890A MS with electron impact
ionization (both Agilent Technologies, Waldbronn, Deutschland). In a first scan peaks were
checked for quality (retention time, peak symmetry, no isobaric overlays, etc.). In a second more
sensitive run only desired fragment ions (selected ion monitoring), containing the complete
carbon backbone of the amino acid, were measured. Labeling information can be extracted from
mass spectra and is corrected for naturally occurring isotopes. Macromolecular cell composition
was reconstructed from previous biomass models of B. subtilis (Dauner & Sauer, 2001; Oh et al.,
2007), yielding building block requirements of anabolic precursor metabolites (G6P, F6P, R5P,
E4P, GAP, 3PG, PEP, PYR, AcCoA, AKG, OAA). The cell composition further considered the
potential influence of salt adaptation of Bacillus to high salinity, particularly cellular changes in
protein and ion content, intracellular amino acid pools quantified in this study, as well as
variations in cell wall fraction and composition under osmotic stress. Lépez et al. observed an
increase in cardiolipin content, an altered ratio of glyco- to phospholipids, as well as differences
in fatty acid composition under salt stress. [133]. Metabolic fluxes were estimated using the open
source software OpenFLUX [134]. The user-defined metabolic model is parsed into a
MATLAB-readable model (Mathworks, Natick, USA). MATLAB subsequently estimates flux
parameters using its non-linear constraint-based optimization algorithm FMINCON, an iterative
least-square algorithm. Starting with a random initial set of fluxes, the algorithm computed the
remaining dependent fluxes via stoichiometric mass balances, estimated the resulting labeling
patterns of all compounds in the metabolic network for the given fluxes and compared them with
the experimental labeling information until an optimal fit was reached [135]. The used network
comprised 75 stoichiometric balance equations for pathways of central carbon metabolism
including fluxes into biomass formation and metabolite export (Supplement Table 2). After flux
parameter estimation, confidence intervals were determined in 50 iterations by a Monte-Carlo
sensitivity analysis. For flux visualization the open source tool VANTED [136] including the
FluxMap add-on [137] was used.

4.16.1 Visualization of multi-omics data sets and pathway mapping.

The primary pathways for central carbon metabolism were manually created and annotated using
xml editor of the open source software Inkscape (http://inkscape.org/). The primary pathway
maps were then used to map the data (to visualize) obtained from the multi-omics experiments
with a free web based application ProMeTra [7].
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5. RESULTS

5.1 TRYPSIN DIGESTION OPTIMIZATION FOR THE SAMPLES
OBTAINED FROM SPORULATING B. SUBTILIS

For precise controlled and reproducible growth behavior of bacteria it is often preferred to cultivate
bacteria in well-defined fermenter or chemostat based cultivations. During controlled growth at low
growth rates a sub-population of B. subtilis tends to sporulate — a process known as bet-hedging
[138]. The ability of the B. subtilis to exhibit population heterogeneity poses a technical challenge
when the protein lysates of these cells were subjected to trypsin digestion in-solution for current
bottom-up proteomics approaches. In the past, Kuwana et al. [139] were able to identify 165
proteins in a bottom-up proteomics approach from a single sample of B. subtilis spores after
extensive prefractionation. In addition, the expression patterns of 26 selected proteins were
characterized with LacZ reporter gene fusion assays. This approach required increased sample
handling and several genetic constructs for the selected proteins. In an another study Wishwas et al.
[140] identified 55 spore coat proteins via gel-free proteomics approach after isolating the insoluble
spore coat fraction. Here, a potential pitfall for the gel-free proteomics approaches for
characterizing spores was addressed and a simple method was established to overcome the problem

and to reliably monitor the expression levels of several hundred proteins in sporulating B. subtilis.

700 1 r 25

- 20

400 r 13
M In-solution digestion

r 10 M In-geldigestion

No. proteins identified

Sporulation Percentage

Percentage of sporulation (%)

Exp OHrs 1Hrs 2Hrs 3Hrs 4Hrs 5Hrs 6Hrs

Figure 8: Effect of sporulation on protein identifications via in-solution digestion and in-gel digestion
procedure. The B. subtilis strain 168 Trp® was grown in DSM media and the samples for protein
preparation were harvested in exponential phase (Exp), early stationary phase (0 Hrs) and followed by
sampling for every hour (see section 4.5.1). Percentage of heat resistant endospores was calculated by
heat kill assay (see section 4.5.2). Percentage of heat resistant endospore (A) of B. subtilis grown in
DSM and number of proteins identified by LC-MS/MS by in-solution (m) and in-gel (m) digestion
methods.
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A shotgun proteomics strategy involves digesting proteins into peptides using an endoprotease
(preferably trypsin) either in a solution (in-solution) or in a gel (in-gel). The first strategy (in-
solution digestion) is much preferred over the second (in-gel digestion) due to its ease of handling
and the benefit of handling smaller sample numbers [141]. However, we observed that samples that
exhibit even partial sporulation, when subjected to in-solution digestion, yielded a significantly
lower number of identified proteins compared to non-sporulating cells rendering the data unusable

(Figure 8). The reason behind the low number of identifications was an increase of innate non-
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Figure 9: Identification of non-specific proteolytic activity in proteins samples obtianed from sporulating
B. subtilis (A) SDS-PAGE: Lanel — 15ug of fresh protein lysate of the sample 6 Hrs into stationary phase
cultivated in DSM media, Lane2 — protein lysate incubated over night, Lane3 — protein lysate incubated
overnight along with protein inhibitor cocktail, Lane4 — protein lysate with trypsin incubated overnight.
(B) Number of proteins identified from each regulon via in-solution (m) and in-gel (m) digestion methods.
(C) Quantification of proteins identified via in-gel digestion method - mean expression of the proteins
regulated by the regulators over the time course. All time points were normalized to the exponential (Exp)
condition. (A) SigF (11 proteins), (A) SigE (56 proteins), (m) SigG (11 proteins), (o) SigK (25 proteins),
(®) SigD (25 proteins), (©) Stringent response (85 proteins)

( ]
L o )



Praveen Kumar Sappa Results

specific protease activity when B. subtilis started to sporulate. This is a common problem
encountered in proteomic studies when B. subtilis is grown in chemostats at a very low growth rate,

where partial sporulation is unavoidable.

To test our hypothesis B. subtilis was grown in Difco Sporulation Medium (DSM) [142] and
samples for protein isolation were harvested every hour after the cells had entered stationary phase.
The percentage of spores was determined using a heat killing assay. The sample with the highest
percentage of spores (at 6 hrs) was used for the subsequent analysis. Overnight incubation (16-
18 hours) of the protein lysate with or without trypsin had shown a similar pattern (Figure 9A) in a
denaturing SDS-PAGE, where both lanes (lanes 2 & 4) were almost clear; indicating a strong innate
non-specific proteolysis. Hence, adding a specific protease like trypsin into the samples that already
had non-specific protease activity yielded non-tryptic peptides. This was evident in the subsequent
LC-MS/MS analysis, which yielded substantially lower numbers of protein identifications (Figure
8). This innate protease activity was partially inhibited by adding broad spectrum protease inhibitor
cocktail (Roche Applied Science) (Figure 9A Lane3); however usage of the protease inhibitors also
inhibits trypsin activity.

An alternative approach to avoid non-specific protease activity is to fix/denature the proteins in a
SDS-PAGE gel and then digest the gel trapped proteins. It has been reported in the past that
separation of proteins by SDS-PAGE is mainly used for pre-fractionation and removal of any
contaminants (detergents and other impurities etc,). Conventional in-gel digestion involves running
a gel for 10 cm and then cutting the whole lane into a minimum of 10-15 bands and analysing them
individually via LC-MS/MS in combination with MudPit [143, 144]. In order to keep sample
numbers to a minimum and minimize technical variance we limited the gel run to 1 cm and sliced
each lane into 2-3 bands. Each band was individually digested with trypsin and the resultant peptide
solution was pooled and then desalted with C18 columns (Millipore, Bedford) and analysed via LC-
MS/MS (Figure 6) (details in section 4.11.2).

This strategy improved the protein identifications of the regulon members (Figure 9B) and ensured
consistent data quality across multiple samples in a time course (Figure 9C). As indicated in Figure
9C, groups of proteins involved in sporulation that are controlled by the sigma factors SigE, SigF,

SigG and SigK [145] were up-regulated when the cells started to sporulate. SigK is the last sigma
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factor activated during endospore formation that is responsible for the production of the late
sporulation proteins [146], in the current study proteins controlled by SigK were up-regulated at
later stage of sporulation as expected. On the other hand proteins controlled by SigD responsible for
chemotaxis and several of the ribosomal proteins subject to negative regulation by the stringent
response [28] were down regulated as expected for cells entering the stationary phase and initiating
sporulation. This implies that the above described method can be reliably used for label free
proteomics analysis and permits relative expression profiling of hundreds of proteins in sporulating

B. subtilis (as shown in the Figure 8).

In conclusion the above proposed method simultaneously solves the problem of the non-specific
protease activity encountered in sporulating B. subtilis and ensures high data quality for relative
quantification via shotgun proteomics approach. This method was used in the subsequent sample

processing for all the samples obtained from chemostats.
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5.2 MULTI-OMICS PROFILING OF B. SUBTILIS DURING THE TRANSITION
FROM GROWING TO NON-GROWING STATE

5.2.1 Transcriptome profiling of B. subtilis in tri-phase fed-batch fermentation

B. subtilis often encounters conditions of energy limitation depending on the availability of glucose
and other carbohydrates in its environment. As glucose is the preferred carbon source, it is
important to understand the global physiological adaptation to changes in environmental glucose
concentration. Earlier studies had reported global transcriptome [147, 148] and proteome analyses
[1, 50, 108] of glucose limitation and glucose starvation experiments performed in shake flask.
However, none of the previous studies addressed the dynamic changes of B. subtilis physiology in
response to the transition from growing to non-growing state in high cell density fermentation under
precisely controlled conditions. Therefore, in the current study B. subtilis was investigated in a
fermenter where the transition from growing to non-growing state (glucose limitation and/or

starvation) of B. subtilis could be precisely adjusted and monitored.

The sigK mutant strain BSG112 was used in this study, which is unable to form mature endospores
in order to avoid handling of spores with the 30 L fermenter used in this experiment. The
sporulation sigma factor SigK, the last sigma factor activated during endospore formation, is
responsible for the production of the late sporulation proteins [146]. So, deletion of sigK gene is not
supposed to influence the early sporulation response and other adaptational changes associated with
the transition of B. subtilis from growing to glucose limitation or starvation conditions. To
understand the physiological adaptation of B.subtilis growing under different glucose
concentrations, a three-phase fed-batch fermentation was performed (Figure 10). Briefly, B. subtilis
was grown exponentially until the glucose was utilized to sub-optimal level and the glucose feed
was maintained at low levels for 8 hours, this phase represents the glucose limitation phase. After 8
hours of glucose limitation, the glucose feed was stopped exposing B. subtilis to glucose starvation.
A drop in the ODgy Was observed in this phase as the cells started to lyse due to glucose starvation.
Samples for transcriptome analysis (Figure 10 blue dots) were harvested and microarray analyses

were performed to elucidate the global physiological adaptation at the transcriptional level.

64

——
| —



Praveen Kumar Sappa Results

Feed Start
100.00 T Feed Stop -9
R 8
’\-\‘\N_ 5
10.00 ¥ T6
e 9 ® oocooooooo(ooomsé
13
8 =
o 48
S <
1.00 T + 3 g
o
E
23
+1
0.10-%.-.‘.Ywma== ettt 0
-11-10-9 -8 -7 6 -5 4-3-2-101 2 3 456 7 8 9 101 12
t [hrs]
[ =—0D Batch =*—O0D stationar OD Fed-Batch  ® RNA Probe Glucose —®— Acetate ]

Figure 10: Tri-phase fed-batch fermentation of the B. subtilis strain BSG112 (sigKk mutant) in M9 media
(see section 4.3). The figure depicts the growth curve of the fermentation at ODgg, glucose
concentration (yellow lines) and sampling time points for transcriptome analysis were indicated as blue
dots. Glucose feed was started at O hrs marking the start of glucose limitation phase and the glucose feed
was stopped at 8 hrs marking the start of glucose starvation phase. (Cultivation performed by Dr. Beate
Knoke, IBVT Stuttgart).

For the transcriptome data analysis, relative gene expression values obtained from the normalized
ratio data were imported into Genedata Analyst for subsequent analysis. The activity of
transcriptional regulators during exponential growth, glucose limitation and starvation was analyzed
by representing the mean expression of respective target genes throughout the time course of the
experiment (genes used for this analysis and their transcriptional regulators are mentioned in the
supplementary table S1). Genes involved in the response to glucose limitation and starvation that
are controlled by CcpA and the genes regulated by the alternative sigma factors SigB, SigD, SigE,
SigF and SigG were considered for the analysis. As depicted in Figure 11, glucose limitation
resulted in the induction of genes negatively controlled by CcpA. This induction was much stronger
upon entry into glucose starvation phase. The observed regulatory pattern of the genes negatively
controlled by CcpA was expected in view of the role of CcpA in mediating carbon catabolite
repression (CCR) in the presence of glucose. The major function of CCR is to repress genes
necessary for alternate carbon source utilization in the presence of glucose. The general stress
regulon SigB exhibited a gradual increase during glucose limitation and further increased upon
glucose starvation. Prolonged glucose limitation (after three hours into glucose limitation) in the

second phase of the fermentation lead B. subtilis to initiate sporulation as reflected by the induction
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of the SigF, SigE and SigG regulons. As the cells started to initiate sporulation response even
before the entry into glucose starvation phase and deletion of sigK gene rendered an artificial
situation for B. subtilis during the transition from glucose limitation to glucose starvation phase. To
avoid this, a different experiment was performed where the cells transition directly from growth to

glucose starvation (see next section)
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Figure 11 : Average (mean) expression profiles (y-axix) of the regulons controlled by the transcriptional
regulators CcpA, SigB, SigD, SigE, SigF and SigG in a tri-phase fed-batch fermentation was represented
above. Genes that belong to above mentioned regulons are mentioned in supplementary table 1.
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5.2.2  Multi-omics analysis of B. subtilis in bi-phase batch fermentation

5.2.2.1 Transcriptome profiling

To prevent the interfering induction of sporulation response, which occurred during the prolonged
glucose limitation in the tri-phase batch fermentation, B. subtilis was grown in a bi-phase batch
fermenter. Within the first phase of this fermentation the cells were grown exponentially. After
glucose was exhausted, the cells entered the glucose starvation phase. Samples were harvested for
intra-and extra cellular metabolome analysis, intra-and extra cellular proteome analysis and
transcriptome analysis. The sampling time points for all the omics analyses are marked as blue dots

in Figure 12.

For the transcriptome data analysis, relative gene expression values obtained from the normalized
ratio data were used for the subsequent analysis. To get an overview of the data, a Principal
Component Analysis (PCA) of the transcriptome data was performed. This method involves a
mathematical procedure that transforms a number of possibly correlated variables into a smaller

number of uncorrelated variables called principal components (two components for two
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Figure 12: Bi-phase batch fermentation where cells transition from exponential growth phase to glucose
starvation phase. The B. subtilis strain BSG112 (sigKk mutant) was grown in M9 media (see section 4.3),
growth curve at ODgg (green line) was depicted in the figure. At time point "0 hrs" glucose was
exhausted from the growth medium (yellow line). Blue circles denote the sampling for the
transcriptome, proteome and metabolome analysis. (Cultivation performed by Dr. Beate Knoke, IBVT
Stuttgart).
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dimensional PCA and three components for three dimensional PCA). The first principal component
accounts for the highest variability within the data, and each subsequent component accounts for

remaining variability in a decreasing trend.

The ratio data for each of the time point against the common reference pool was considered for the
PCA. In the PCA (Figure 13) the conditions segregated into two distinct groups, before (green) and
after (red) glucose exhaustion. These two distinguished groups in PCA represent the extent of

changes caused by the glucose exhaustion in the medium.
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Figure 13:2D-Principal component analysis derived from the transcriptome data of all the time points. A
clear clustering was observed for all the samples from exponentially growing B. subtilis (green circle)
and glucose starved B. subtilis (red circle).

Further comprehensive data analysis provided some insight into the temporal coordination of the
sigma factors (Figure 14) in response to glucose starvation. Expression profiles from all the genes
(regulon) that were controlled by their corresponding sigma factor or transcription factor were
averaged and plotted along with the growth curve (Figure 14) (genes used for this analysis and their
transcriptional regulators are mentioned in supplementary table S1). Genes regulated by CcpA
showed a swift response to glucose exhaustion as anticipated. Most of the members of the SigB
regulon containing 157 (SubtiWiki classification) genes were strongly up-regulated immediately
upon glucose exhaustion. However, the up regulation of the SigB dependent general stress response
was transient [4]. The SigW regulon was less responsive to glucose starvation compared to the SigB

regulon. Reduced motility of B. subtilis under nutrient limiting conditions has been reported earlier
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[1, 149]. In this study, the SigD regulon that is responsible for motility and chemotaxis was also

down regulated upon glucose exhaustion.

In the course of prolonged glucose starvation, major sporulation regulons (controlled by SigE, SigF,
and SigE) were highly induced. This analysis revealed that in response to glucose deprivation the
general stress response and the sporulation response were temporally coordinated and separated.
This coordination was achieved by the involvement of the corresponding sigma factors and various
transcription factors for each of the process involved in the adaptational responses.
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Figure 14: Average (mean) expression profiles of the regulons controlled by CcpA, SigB, SigD, SigE,
SigF, SigG and SigW corresponding sigma factors was represented for the bi-phase batch fermentation.
Genes that belong to above mentioned regulons are enclosed in the supplementary S1.

According to the SubtiWiki classification, there are 172 transcription factors that are responsible for
controlling approximately 50% of the genes (2000 genes) in B. subtilis. Most of the regulators have
at least two or more genes as their target, highest being 231 genes for the AbrB transcription factor.
These transcription factors regulate their target gene expression by either repression or induction via
various mechanisms. A detailed analysis of the regulons controlled by the various transcription
factors had shown dynamic regulatory patterns. In Figure 15, the average expression profiles of
significantly regulated regulons were depicted in two distinct clusters (A & B). Out of 172 regulons,
81 regulons were represented in the clusters (A and B) that were filtered after a statistical cut-off of
three fold change and p-Value (ANOVA) of 0.01. Cluster A represents those regulons that were up-
regulated at least in one of the time point when compared to the first time point. Cluster B
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represents the regulons that were down regulated at least in one of the time point compared to that
of the first time point. Two major kinds of regulatory patterns were observed in both clusters; first
pattern: the majority of the regulons displayed a swift response to glucose concentration in the
medium (e.g., stringent response, PurR, CcpA, LacR, CcpN etc.). The second regulatory pattern,
instead of exhibiting a swift response to glucose exhaustion, is characterized by an initial induction
(e.g., MdtR, FruR, GIpR) or repression (GerR, SpoVT, FrIR) before glucose exhaustion and later
the regulons were gradually repressed or induced. This signifies the magnitudes of dynamic

adaptation required by B. subtilis upon glucose exhaustion.

Cluster A contains several regulons that correlate with glucose concentration in the medium.
Regulons that are related to sporulation like GerR, GerE, SpoVT were either not expressed or down
regulated in the presence of glucose and were only up-regulated after prolonged glucose starvation.
Nutritional stress stimulated the ribosomal associated protein (RelA) to synthesize (p)ppGpp and
thereby modulate the transcription of several genes that mainly code for components of the
translational apparatus, this is also known as stringent response [28, 29]. The genes that are
controlled by ppGpp exhibited a sharp decline upon glucose exhaustion. A similar pattern was
observed for the glucose uptake operon ptsGHI controlled by GIcT and the gapA operon that
encodes the major glycolytic enzymes (GapA, Pgk, TpiA, Pgm, Eno). The purine biosynthesis
(PurR) and pyrimidine biosynthesis (PyrR) regulons were strongly down regulated as the cells cease

to replicate in the absence of glucose.

Cluster B represents the majority of the genes that were up-regulated upon exhaustion of glucose.
This group notably includes the regulons of the pleiotropic transcription factor CcpA (mediates
carbon catabolite repression) and of CcpN, the repressor of the gluconeogenic enzymes PckA and
GapB. Furthermore, several other regulons were induced upon glucose exhaustion that are
responsible for secondary carbon source utilization such as LacR (lactose utilization), ManR
(mannose utilization), TreR (trehalose utilization), GmuR (glucomannan utilization), AraR
(arabinose utilization), LicT (B-glucan and B -glucoside utilization), LicR (lichenan utilization) and
lolIR (myo inositol catabolism). Regulons responsible for amino acid utilization and fatty acid
degradation were also induced such as the HutP (histidine utilization), RocR (arginine utilization)
and FadR (fatty acid degradation). Most of these changes in cluster B indicate the need for energy

generation through various compounds in the absence of glucose.

70

——
| —



Praveen Kumar Sappa Results

YdfL *
GerR
GerE
SpoVT
Yfhp
CymR
FapR
YK *
TRAP
CysL
GhsR
Yofa *
Str. Res
RplT
CgeR
OhrR *
AlsR *
GItR *
YodB
QdoR
LmrA
Catk *
NadR
YtraA
GlcT
PurR
FriR
BirA
Ghc *
Btr
CitB
Fur
KipR
CsrA ¥
SIrR

PyrR

Fold change

N

-16 -4 0 4 16

Figure 15: Mean expression profiles of the genes controlled by their corresponding transcription factors.
All the time points were normalized to the first time point (-6.68 hrs) and log transformed. Cluster (A)
represents the regulons that were up-regulated in at least one of the time points, whereas cluster (B)
represents those regulons that were downregulated in at least one time point. An effect size of three fold
and p-value (ANOVA) of 0.01 was applied as a cut off. Regulon classification was obtained from
SubtiWiki (Version 2012/1). * Regulons with only one or two genes under their control.
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5.2.2.2 Changes in the central carbon metabolism as revealed by multi-omics
investigation

CCM specific protein abundance data were obtained by analyzing the samples via Multiple
Reaction Monitoring (MRM) using QconCAT as an internal standard and measured on a triple
quadrupole mass spectrometer (TSQ Vantage - Thermo Scientific). The ratio data against the
internal standard (QconCAT) were obtained from the software Skyline and the ratio data was used
to calculate the absolute concentration of the individual proteins. The absolute concentration data
was used for the normalization with the control time point (time point -6.68 hrs). Transcriptome
data for the pathways were obtained from the microarray analysis. The combined data were mapped

on to the CCM pathway using the ProMeTra online software.

As glucose is the primary and preferred carbon source, it is valuable to understand the adaptation of
the central carbon metabolism to changing glucose levels in a systems perspective. This involves
generation and integration of multi-omics data, i.e., mMRNA, protein and metabolite abundances. To
this regard, the multilevel data was integrated on a custom drawn central carbon metabolism
pathway map (Figure 16). Genes involved in the glycolysis showed a significant down regulation
after glucose exhaustion; on the contrary genes involved in the TCA cycle were slightly up-
regulated after glucose exhaustion. The strongest up regulation was observed with the
gluconeogenic genes (pckA and gapB), whereas fbp which is not controlled by CcpN, the
transcriptional repressor of gluconeogenesis, was unchanged. Furthermore, the majority of genes
involved in the oxidative part of the HMP-shunt pathway (pentose phosphate pathway) were
unchanged upon glucose exhaustion with the exception of 6-phosphogluconate dehydrogenase
(gntZ) for the generation of ribulose-5-phosphate. The HMP shunt pathway plays an important role
in generating NADPH for anabolic reactions and generating precursors for tryptophan and
nucleotide biosynthesis; therefore the major genes involved in this pathway were not regulated upon

the exhaustion of the glucose [148].
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Figure 16 Time course visualization of multi-omics data of central carbon metabolism of bi-phase batch
fermentation. To enable multi-omics comparison, data for all the time points were normalized to the first
time point (-6.68 hrs) and log transformed. Capital bold letters denote the protein; italics fonts denote the

MRNA expression profile and normal fonts represent the metabolites.
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Almost for all the encoded proteins, the observed decrease in abundance levels were delayed which
can be explained by the difference in the half-lives between mRNAs and proteins. Measurement of
intracellular metabolite data was technically not possible for the time points of stationary phase due
to increased cell lysis. Overflow metabolism that involves secretion of pyruvate into the
extracellular medium was clearly observed as long as excess glucose was present and then the
pyruvate was reutilized via TCA cycle to generate energy during stationary phase. Pathway level
multi-omics visualization over the time course provided a unique perspective over the complex

regulatory patterns involved with each molecule involved in the pathway during stationary phase.

Integration and visualization of multi-omics data sets is often a challenge especially in time course
experiments due to the missing values of metabolites and proteins. Regarding the protein
measurements, in a conventional shotgun mass spectrometric proteomics approach, it is common to
have missing values across the time series due to the high dynamic range of the proteins in the
crude protein lysate. In the current study, the missing values were minimized by implementing a
targeted approach known as multiple reaction monitoring (MRM) which has the advantage of
higher sensitivity and allows to perform the absolute quantification of the proteins. In a similar
manner, with respect to the transcriptome data, the intensities obtained by the tiling array [116]
hybridizations indicate a robust relative abundance of the mRNAs. In combination of both, relative
intensities for mMRNA and the absolute abundance of the protein, a correlation plot was generated ()
for the time point -4.68 hrs. Icd, GInA and Mdh were the top three abundant in both protein and
MRNA levels. The proteins which were involved in the proline biosynthesis and gluconeogenesis
displayed lower mRNA and protein abundances. The regression coefficient for the correlation was
0.66 which was close to the value of 0.77 in Escherichia coli as measured by Taniguchi et al.
(2010) [150]. Taniguchi et al. measured one protein at a time by fluorescence tagging and mRNA
abundance from RNA sequencing (RNAseq). Given the fact that mRNA half-life and protein half-
life are dramatically different; the correlation between their abundances was in a good fit. However
for the stationary phase sample 5.0 hrs after glucose exhausted (Figure 17B) the correlation
coefficient was 0.52 indicating a further mis-match between mRNA abundance and protein

abundance.
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Figure 17: Comparative analysis between mRNA abundance and protein abundance at the time point -
3.68 hrs. mRNA (exponentially growing cells) abundance was taken from the intensity data of the tiling
array analysis and the protein abundance data was taken from the MRM based absolute quantitation. A
correlation coefficient of 0.66 was obtained in this analysis which was close to the known literature
value of 0.77[6]. Comparative analysis between mRNA abundance and protein abundance at the time
point 5.00 hrs (stationary phase cells). mMRNA abundance was taken from the intensity data of the tiling
array analysis and the protein abundance data was taken from the MRM based absolute quantitation. A
correlation coefficient of 0.52 was obtained in this analysis. In order to compare two different platforms,
the data was log transformed and then median normalized relative to 1.
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5.3 WHOLE-TRANSCRIPTOME ANALYSIS OF B. SUBTILIS AT HIGH
TEMPERATURE, LOW TEMPERATURE, HIGH SALT AND DURING
GLUCOSE STARVATION

The B. subtilis wild type strain 168 Trp" was used to comprehensively compare the adaptation of
transcription to stress conditions that are encountered by B. subtilis in its environmental niches at a
global scale in a strand-specific manner to explore the transcriptional plasticity of B. subtilis. This
comprehensive study was performed within the framework of two European projects BaSysBio and
BaCell-SysMO and the stress conditions investigated in this dissertation include growth at high
temperature (51°C), low temperature (16°C), high salinity (1.2M NaCl) and glucose starvation
(exponential phase, early stationary/transient phase and stationary phase). For the growth at low
temperature, high temperature and high salt, bacteria were cultivated in SMM medium. For the
glucose starvation experiments M9 medium with glucose and malate were used as the carbon
source. All these conditions were performed in shake flasks with three biological replicates for each
condition. Transcriptome analysis was performed using the high resolution tiling array technology
[93, 116]. The intensity data obtained from the tiling array were median normalized and ratio data

were obtained by normalizing to the respective experimental control conditions.
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Figure 18 : Principal component analysis of the transcriptome data obtained from the tiling array
analysis. The B. subtilis wild type strain 168 Trp* was grown in SMM media at (A) high temperature
(51°C), low temperature (16°C), high salinity (1.2M NaCl) and (B) glucose starvation in M9 media
(exponential phase, early stationary/transient phase and stationary phase).
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A three dimensional PCA analysis of the median normalized transcriptome data is depicted in
Figure 18: The excellent biological and technical reproducibility of the experiments is visualized in
the PCA as the samples from the same condition clustered closely together. The distance between

the different clusters indicates the changes induced by the different growth conditions.

A bird’s eye view comparison between the conditions is visualized in the Figure 19. Distribution of
the expression profiles of the complete transcriptome data when compared to the respective controls
are shown in Figure 19A. The scattering of the values around the median represents the magnitude
of the adaptational response to the corresponding stress condition. Among the stress conditions that
were investigated in this context, the M9 stationary phase sample representing glucose starvation
had the highest distribution around the median. This indicates that glucose starvation was the most
demanding stress condition for B. subtilis among the tested stress condition. This observation is also
reflected in the number of genes that were regulated upon each stress condition (Figure 19B).
Glucose starvation alone accounted for the regulation of more than 1000 genes followed by growth

at 16°C, 51°C and continuous growth at high salt, respectively (supplementary table S2).
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Figure 19: Magnitude of the changes associated with each of the stress conditions. A) Data distribution
of the complete transcriptome for each of the conditions when compared to their respective controls (log
2 ratios). The wider the distribution of the expression profiles from the median, the greater is the
dynamic physiological response of B. subtilis to that of the respective stress condition. B) Number of
genes that were regulated in each condition when compared to their respective controls. A statistical cut-
off of 3 fold change and p-value of 0.01 was used. Detailed information about the regulated genes was
enclosed in supplementary table S2.
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A detailed analysis of the genes involved in the functional categories obtained from SubtiWiki
database is shown in Figure 20. Figure 20A shows the heat map of the averaged expression profiles
of the various categories covered by the main category “Lifestyle”. This category represents almost
all the major processes required by B. subtilis to cope up with environmental stress conditions. The
following noticeable changes were observed within the functional categories. Chemotaxis was
down regulated in all stress conditions, however, to a lesser extent during growth at high
temperature. As expected heat shock proteins were up-regulated at high temperature. Genes of the
functional category “Coping with hyper osmotic stress” were up-regulated in cells grown at only
high salt as well as high temperature. Genetic competence was down regulated at both high
temperature and low temperature growth. Another major response was the up regulation of the
general stress response, controlled by SigB, in all the stress conditions, but to a lesser extent during
continuous growth at high salt conditions. The largest category containing 348 genes is “sporulation
proteins”, which was strongly induced during glucose starvation in M9 medium and to a lesser
extent during growth at low temperature. The changes associated with sporulation genes partly
account for the high biological variation induced by the glucose starvation compared to the

remaining stress conditions in Figure 19.

Figure 20B shows the averaged expression profiles of the metabolic processes among the stress
conditions. Glucose starvation could affect the highest number of metabolic pathways among the
other tested stress condition. Most of the anabolic pathways were down regulated due to glucose
starvation, whereas catabolic processes were up-regulated during glucose starvation. These anabolic
processes include biosynthesis of cell wall, lipids, cofactors, amino acids etc. The catabolic
processes include utilization of amino acids, specific carbon sources, lipids, nucleotides, nitrogen
sources etc. As expected iron metabolism was up-regulated only during growth at high salinity
[151]. To conclude, metabolic regulation was less pronounced for heat, cold and high salt stressed

B. subtilis when compared to glucose starvation.
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motility and chemotaxis_(68)
heat shock proteins_{27) biosynthesis of cell wall components_(55)
resistance against toxic metals/ based on similarity_(7) biosynthesis of lipids_(41)
coping with hyper-osmotic stress_(22) putative amino acid transporter_(6)
coping with hypo-osmotic stress_(4) biosynthesis of cofactors_(109)
genetic competence_({52) biosynthesis/ acquisition of amino acids_(147)
biosynthesis of antibacterial compounds_{52) carbon core metabolism_(54)
sulfur metabolism_(15)

ATP synthesis_(14)

biosynthesis/ acquisition of nucleotides_(65)

resistance against toxins/ antibiotics_(58)

cell envelope proteins (controlled by SigM, V, W, X, Y)_(133)
toxins, antitoxins and immunity against toxins_(14)

biofilm formation_(47) iron metabolism_(51)
cold stress proteins_(16) utilization of lipids_(31)
resistance against other toxic compounds_(13) utilization of amino acids_(71)
resistance against oxidative and electrophile stress_(4) utilization of specific carbon sources_(228)
resistance against toxic metals_(15) respiration (37)
resistance against toxins/ antibiotics_{45) regulators of electron transport_(5)
miscellaneous metabolic pathways_(75)

electron transport/ other_(18)

phosphorelay_(38)

resistance against oxidative and electrophile stress_{58)

Fold change general stress proteins [controlled by SigB)_(150) lipid metabolism/ other_(12)
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2 acid stress proteins (controlled by Yvrl-YvrHa) lipid metabolism/ other_(12)
0 toxins, antitoxins and immunity against toxins_(14) nucleotide metabolism/ other_(5)
sporulation/ other_{14) utilization of nucleotides (21)
-2 sporulation proteins_{348) utilization of nitrogen sources other than amino acids_(45)
g4 germition_(33) phosphate metabolism_(19)

Figure 20 : Heat map overview of expression of the genes involved in metabolic and lifestyle categories. Fold change in comparison to their
respective growth controls were obtained from the average expression profiles of the genes categorized by SubtiWiki functional classification A)
Lifestyles and B) Metabolism. Number of genes representing each category is represented within the brackets.
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54 MULTI-OMICS STUDY OF OSMOSTRESSED- AND
OSMOPROTECTED B. SUBTILIS UNDER GLUCOSE LIMITING
CONDITIONS

In its environmental niche B. subtilis often encounters a combination of stress conditions. As a
result of frequent drying out and scarcity of nutrients, B. subtilis might also experience a
combination of high osmolar environment and energy starvation. B. subtilis has the ability to
protect itself from high osmolar environment by either synthesizing proline or by importing
osmoprotectants like glycine betaine when available in the environment [85]. However, to
endure a combination of stress conditions requires well-orchestrated complex adaptational
responses. To understand the intricate adaptational responses a multi-omics level investigation

was performed.

Prmae= 0.1 Prae=0.1+1.2 M NaCl Pmax =0.1+ 1.2 M NaCl+
1 mM glycine betaine

13¢_Glucose 3 Biological
Labelled samples replicates.

Fluxome Transcriptome Proteome Metabolome
Relative quantification Absolute quantification
of proteins

Figure 21 : Experimental overview of the multi-omics investigation of the adaptation of B. subtilis to
glucose limitation, simultaneous glucose limitation and osmostress, simultaneous glucose limitation and
osmoprotection. B. subtilis 168 Trp* was grown in chemostats under glucose limitation (pma= 0.1 h™),
0SmMostress (Uma= 0.1 h™* + 1.2 M NaCl) and osmoprotection (Umax=0.1 h™ + 1.2 M NaCl + 1 mM
glycine betaine). Samples for multi-omics analysis were harvested after the cells reached the metabolic

steady state (see Figure 22A).

In this study, the adaptational responses of continuous growth at high salt and the effect of
osmoprotection by providing external glycine betaine in combination with glucose starvation

were investigated. For this cells were grown at high salt (Umax = 0.1 + 1.2 M NaCl), at high salt in
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the presence of glycine betaine (Umax=0.1 + 1.2 M NaCl + 1 mM glycine betaine; osmo
protection) and under glucose limitation as control condition (Umax=0.1) (Figure 21). Glucose
limiting condition devoid of additional stress was considered as control for salt-stress and
osmoprotection. Three biological replicates for each condition were investigated and an
additional culture with **C-glucose (label) was used to investigate the flux through the CCM
pathway. All the cultivations were performed in collaboration with Prof. Christoph Wittmann
group in Braunschweig and | contributed to the study by performing the transcriptome and

proteome analysis.

All cultures were grown in chemostats at a constant growth rate of 0.1 h™* (Figure 22A). Samples
for the multi-omics investigation were harvested after steady state was reached i.e. after five
volume changes. Samples were harvested for transcriptome, intracellular proteome, intracellular
metabolome, extracellular metabolome and fluxome analysis (Figure 21). Analyses of the
proteome and transcriptome were part of this dissertation, thus they will be discussed in more
detail.

For the transcriptome data analysis, relative gene expression values obtained from the
normalized ratio data were used for the statistical analysis and functional categorization. For
whole proteome analysis, after brief protein purification via SDS-PAGE (see section 5.1) in-gel

trypsin digestion was performed and the resultant peptides were analyzed on a LTQvelos-
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Figure 22 : A) Cultivation profile of four biological replicates of salt-stressed B. subtilis 168 Trp* grown
at 0.1 h™ in M9 minimal medium. Metabolic steady state was obtained after 35 hrs of cultivation and
sampling for multi-omics analysis was done approximately after 85 hrs. B) Principal component analysis
of combined data from proteome and transcriptome analysis of the samples i,,=0.1 h™ (control — blue
cluster), umax=0.1 h-1+1.2 M NaCl (osmostress — red cluster), umax=0.1 h-1+1.2 M NaCl+ 1 mM GB
(osmoprotection —green cluster).
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Orbitrap mass spectrometer (Thermo Scientific). The raw data were processed in the Rosetta
Elucidator software and normalized intensities for each protein were imported into Genedata
Analyst for further statistical and functional analysis.

A combined PCA analysis (Figure 22B) for transcriptome and proteome data indicated a close
clustering of the conditions representing the high reproducibility between the biological
replicates. The osmoprotected samples clustered independently to that of the salt-stressed and the

control samples, indicating the physiological differences between all three conditions.

5.4.1 Analysis of transcriptional changes

To understand the global changes in the transcriptome data compared to the reference condition
(Umax=0.1), the whole transcriptome data was normalized to the reference condition. 1150 genes
were significantly regulated in either the high salt grown samples (osmostress) or those grown in
the presence of high salt and glycine betaine (osmoprotection) compared to the reference
condition with fold change value greater than three and p-value below 0.01 (after Benjamini-
Hochberg correction). The regulated genes across all three conditions were subjected to a K-
means clustering to reveal six distinct clusters (Figure 23, left box, details enclosed in
supplementary table S3). To find enriched functional categories within each of the clusters, a
Fisher's exact test was performed comparing the proportion of genes associated with a given
functional category in a cluster to the proportion of genes with the respective function within all
genes (SubtiWiki classification, third level). This test provided the enrichment of the functional

categories within each cluster and a —log 10 p-value indicating the extent of enrichment.
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Figure 23 : K-means clustering and functional enrichment of transcriptome data. Graphs showing the
average expression profile of each cluster with standard deviation (left) and enriched functional
categories using the Fisher’s exact test (right). All samples were normalized to the control condition
(u=0.1). The functional categories were adopted from “SubtiWiki”. Number of genes in the enriched
functional categories in the cluster (X) and the total genes in the parent category(Y) were represented as
(X of ). Detailed information about the regulated genes was enclosed in supplementary table S3.
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Cluster 1 represented the genes that were induced by growth in high salt and even further up-
regulated under conditions of osmoprotection. The most enriched genes in this cluster belong to
the SigB dependent general stress response, iron metabolism (yukNOP, feuABC, yuil) and metal
ion homeostasis. Cluster 2 represented the strongly down regulated genes in both growth at high
salt and osmoprotection. This cluster represented majorly sporulation proteins (members of SigE,
SigF, SigG, SigK regulons). Cluster 3 had the smallest number of genes (54 genes) among all the
clusters. The four genes that were included under the functional category of “coping with hyper-
osmotic stress” represent the genes of the opuC operon. The OpuC transporter system has
transporting abilities for various osmoprotectants like glycine betaine, choline or carnitine and is
induced by a sudden salt stress, but not in response to continuous growth at high osmolarity
[116]. The cluster 4 includes the genes that were strongly down regulated during the growth at
high salt and slightly recovered during osmoprotection. The majority of the genes in this cluster
encode for sporulation proteins and enzymes involved in the utilization of specific carbon
sources and amino acids. Most of the genes enriched in the category belong to “ABC

transporters” which were involved in utilization of specific carbon sources and amino acids.

Cluster 5 represented the genes that were strongly up-regulated during growth at high salt and
down regulated under conditions of osmoprotection. This cluster contains the most relevant class
with respect to the experimental condition, i.e., “coping with hyper osmotic stress” including the
proH and proJ genes. The other genes that belong to this class were opuAA, opuE, gbsA and
ghsB. This cluster also contains genes involved in cell wall degradation and lipid metabolism
(yqilHK, slp, yxaA, yflE, lip, ywpB, tagC, psd, yocH), osmoprotectant uptake (opuA, opuE). The
last cluster 6 represented the genes that were strongly down regulated by growth at high salt and
then fully restored during osmoprotection. The majority of genes in this cluster belong to the
categories chemotaxis and motility. The genes involved in chemotaxis were strongly down
regulated in the high salt adapted samples and this was completely restored during

osmoprotection.
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5.4.2  Multi-omics investigation of the central carbon metabolism

Apart from the global stress responses involved in the adaptation to growth under high salt
conditions, B. subtilis possesses a very specific response mechanism in hypertonic medium. This
response includes an initial influx of potassium ions that is followed by biosynthesis of high
amount of proline as an osmoprotectant. This high amount of proline is synthesized from
glutamate which is replenished from the TCA cycle. Glucose is the primary substrate that drives
glycolysis and TCA cycle; however, in the current study only limited glucose was available for
B. subtilis to maintain homeostasis between cell proliferation and production of high proline
amount as an osmoprotectant. Hence, it is crucial to understand the adaptational strategy
deployed with in the central carbon metabolism to endure at high salinity with limited energy

source.

CCM specific protein abundance data were obtained by analyzing the samples via Multiple
Reaction Monitoring (MRM) using QconCAT proteins as an internal standard. Measurements
were done on a triple quadrupole mass spectrometer (TSQ Vantage - Thermo Scientific). The
ratio data against the internal standard (QconCAT) were obtained from the software Skyline and
these ratio data were used to calculate the absolute concentration of the individual proteins. The
absolute concentration data was used for the normalization with the respective control sample (in
this case pu=0.1 reference sample). Transcriptome data for the genes involved in the CCM
pathway was obtained from the microarray analysis. The combined data from different omics

platforms were mapped on the CCM pathway using ProMeTra online software [7].
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Figure 24 : Integrated view of relative transcript, protein and metabolite concentrations. Data from salt-
stressed cells (in the presence of 1.2M NaCl) is compared to control (umx=0.1 h™) condition without
salt. Log?2 ratios of absolute protein abundances from MRM analysis, relative mRNA abundances from
microarray analysis from section 5.4.1 and relative abundance of the metabolites were mapped onto the
pathway using the ProMeTra online software [7]. Gene expression is represented in italics, protein
expression in bold and surrounded by dashed rectangles and metabolite level by rounded rectangles.

The integrated results of the multi-omics data are presented in Figure 24 for the growth at high
salt compared to the non-stressed cells (reference). The data mapped onto the pathway diagram
indicate a minor overall up regulation of glycolytic enzymes and TCA cycle enzymes until 2-
oxoglutarate (20G) at both transcriptional and translational level with some exceptions like CitZ
and PdhB. The proteins Pgi, FbaA, Pgm, PdhC and PdhD showed the strongest expression
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among the glycolytic proteins. The rest of TCA cycle was relatively unchanged after the OdhAB
and PdhD complex. However, the branched pathway from 2-oxoglutarate to proline was
significantly up-regulated to meet the demand of the osmotically induced proline biosynthesis.
Namely the co-transcribed genes for proH and proJ were significantly up-regulated at high salt
concentrations, thus increase in the proline biosynthesis could be observed as well. It is known
that proline leaks into the medium and has to be re-imported via OpuE. Interestingly the
transcription of the genes that were responsible for proline degradation putC and putB in
conjunction with the transporters putP and opuE were strongly up-regulated. Genes for the
osmoprotectant uptake systems opuA, opuB and opuD were also up-regulated; on the other hand
the broad spectrum osmoprotectant transport system opuC was down regulated by at least two
fold. Among the osmoprotectant uptake systems opuE exhibited the strongest up regulation.
Even though no precursor for glycine betaine biosynthesis was supplied, the transcription of the
glycine betaine biosynthetic genes gbsA and gbsB were strongly up-regulated. The mRNA of
mechanosensitive channel mscL was also up-regulated to maintain the intracellular homeostasis
amid the accumulation of several compounds. Several genes involved in the overflow
metabolism were up-regulated that include lactate biosynthesis and export, acetoin biosynthesis

and acetate biosynthesis.

Multi-omics data mapped onto the pathway diagram for the CCM pathway during
osmoprotection compared to osmostress is represented in Figure 25. Osmoprotection was
accomplished by the supplementation of 1 mM glycine betaine to the growth medium already
containing 1.2 M NaCl. When compared to the osmostressed cells, little transcriptional
regulation in the central carbon metabolism was observed during osmoprotection except for few
genes. Genes involved in glucose transport system (ptsS, ptsH, ptsl) were significantly up-
regulated during osmoprotection. Interestingly the genes involved in gluconeogenesis (pckA and
gapB) were up-regulated. In contrast to the osmostress the genes involved in the utilization of
acetoin (product of over flow metabolism): the operon acoA, acoB, acoC and acoL were
significantly up-regulated. The genes that were involved in uptake of proline and other
osmoprotectants were strongly down regulated in the presence of glycine betaine. During

osmoprotection most of the changes were observed at proteins level.
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Figure 25: Data from protected salt-stressed cells (in the presence of 1.2M NaCl and 1mM glycine
betaine) is compared to salt-stressed cells (with 1.2 M NaCl). Log2 ratios of absolute protein
abundances from MRM analysis, relative mMRNA abundances from microarray analysis from section
5.4.1 and relative abundance of the metabolites were mapped onto the pathway using the ProMeTra
online software [7].Gene expression is written in italics, protein expression in bold and surrounded by

dashed rectangles and metabolite level by rounded rectangles.

Almost all the proteins investigated during osmoprotection were either unchanged or

significantly up-regulated in comparison to the osmostressed cells; though in some cases the

transcriptional regulation was in contradiction. To start with GapA, there was strong increase of

GapA protein though the mRNA of gapA was unaltered. This observation was also noted for

several other proteins notably for Pgk, Eno, Pyk, PdhA and PdhB in glycolysis. In the TCA cycle
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CitZ, lcd, Mdh, YtsJ and PckA, which were known to interact [59] with each other, were
significantly up-regulated during osmoprotection in comparison to osmostressed cells. Other
complexes like succinyl-CoA synthase (SucC, SucD) and succinate dehydrogenase (SdhA,
SdhB, SdhC) were up-regulated as well. The most striking observation was that ProJ and ProH
levels which were known to rise upon salt stress did not dramatically decrease if glycine betaine
was present (osmoprotection) compared to osmostressed cells grown in the presence of 1.2 M
NaCl. Furthermore, levels of ProA increased during osmoprotection, while transcription of the
encoding gene proA even decreased if cells grown in the presence of 1mM glycine beatine were
compared to those grown in the presence of 1.2 M NaCl only. The rest of the proline
biosynthetic enzymes were present at increased level if cells grown under conditions of
osmoprotection with those exposed to 1.2 M NaCl only. As mentioned earlier, these observations
for the proline biosynthetic enzymes at protein level were not reflected at the transcriptional

level suggesting a strong role of glycine betaine at translational or post translational level.

The flux calculations from the **C-labelled glucose cultures (experiments performed by M.
Kohlstedt, Braunschweig) are represented in the Figure 26. During the reference condition
(Mmax = 0.1), the flux of the metabolized glucose was distributed across pentose phosphate
pathway and glycolysis (Figure 26A). The central skeleton (glycolysis and TCA cycle) of the
central carbon metabolism conceded the majority of the flux in this condition. Due to the lack of
overflow metabolism a large extent of the flux from glucose was diverted to TCA cycle. Figure
26 B represents the flux distribution during growth at high salt. Remarkably, the cells were able
to maintain the overall fluxes through the central skeleton network compared to the reference
condition; only differing at two points. The first change includes the increase in the production
of over flow metabolites from pyruvate, which was also observed at the transcriptome level. The
second major and crucial increase in flux was observed for the production of proline and

glutamine. This increase in flux towards proline signifies the role of proline in osmoprotection.

In the presence of glycine betaine, the overall flux distribution throughout the energy generating
flux backbone of pentose phosphate and TCA cycle was maintained (Figure 26 C). On the
contrary, the flux through overflow metabolism and the proline biosynthesis significantly
dropped compared to growth at high salt concentrations. Furthermore, there was an increase in

the flux through amino acid biosynthesis from oxalo-acetate and the flux through malate to
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pyruvate. The decrease in the flux towards proline biosynthesis signifies the impact of

osmoprotection via glycine betaine.
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Figure 26 : Relative changes in metabolic flux distribution. Note — width of the arrows signify the
magnitude of the flux. A) Relative flux distribution under reference conditions normalized to glucose
uptake rate, B) Absolute fluxes in salt-stressed cells compared to non-stressed cells, C) Absolute fluxes

in glycine betaine-protected cells compared to salt-stressed (figure courtesy by Michael Kohlstedt,
Braunschweig).

On first view, the obviously homeostatic flux state of many of the biochemical conversions in
carbon core metabolism (Figure 26 B and C) seemed to be in contradiction to the strongly
increased expression level of many proteins (Figure 24, Figure 25). To understand the underlying
mechanisms, the impact of salt ions on protein activity was investigated for selected proteins by
in vitro enzyme kinetics measurements, since B. subtilis growing at high salt exhibit an elevated
intracellular potassium content of 600 mM [76] (Experiments performed by Michael Kohlstedt,
Braunschweig). Two of the most relevant candidates, phosphoglucoisomerase and isocitrate
dehydrogenase, were selected. Indeed, the presence of 600 mM K™ reduced the catalytic activity
of the two enzymes by 56% and by 41% (Figure 27). It was interesting to note that proline itself,
added in stress induced amounts, could not rescue the catalytic efficiency of the proteins.

However, addition of 650 mM glycine betaine, reflecting the intracellular state at 1.2 M NaCl
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and 1 mM glycine betaine in the medium could partially restore the original enzyme activity
(Figure 27—yellow line). The ability to increase the protein amounts to compensate for lower
catalytic activity due to increased salt concentration seems to be a fundamental strategy of
B. subtilis to cope with the high osmolar conditions. The stabilizing and activating effect of
glycine betaine on protein activity at high osmolarity might explain its efficient osmoprotection

compared to proline.
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Figure 27 : Influence of NaCl, proline and glycine betaine on specific enzyme activity of A)
Phosphoglucoisomerase Pgi and B) Isocitrate dehydrogenase Icd. Effector concentrations were
chosen according to metabolomics data obtained in this study and literature data. (Experiments were
performed by Michael Kohlstedt, Braunschweig)

Absolute protein abundances of the proline biosynthetic enzymes (pmol per gram dry weight) are
depicted in Figure 28. ProB, ProA, Prol and ProG enzymes are required for anabolic proline
biosynthesis, whereas the ProJ and ProH enzymes synthesize the high amounts of proline
required during osmoprotection. In both pathways ProA is a common enzyme. We now observed
that ProA was present at higher levels compared to the rest of the proline biosynthetic enzymes
already during exponential growth with growth limiting amounts of glucose. During growth at
high salt, ProJ and ProH levels were up-regulated approximately five and eight fold,
respectively. On the other hand ProA levels were only marginally increased (less than 1.5 fold).
Surprisingly, during osmoprotection, all proteins involved in proline biosynthesis showed higher
abundances compared to the reference condition. Despite the observed changes at protein levels,
such an effect of glycine betaine on the transcript level of proline biosynthetic genes could not be
observed (Figure 25). All the proteins involved in the proline biosynthesis were present in higher

abundance in the presence of glycine betaine during osmostress.
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Figure 28 : Absolute amount of proteins involved in proline biosynthesis in the three different conditions
max=0.1 h™* (control), 1.2 M NaCl (osmostress), 1.2 M NaCl+ 1 mM GB (osmoprotection). Absolute
protein concentrations (pico mole/gram dry weight of the sample) were obtained from the MRM
analysis. The size of the circle represents the relative abundance of the protein within the pathway.

Though glycine betaine is metabolically inert in B. subtilis it was able to influence several other
pathways (not related to osmoprotection). Hence, it is crucial to understand the role of glycine

betaine during normal growth and during osmoprotection.
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5.4.3 Effect of glycine betaine during exponential growth and osmoprotection

The osmoprotection elicited by glycine betaine was already known [85], however, the additional
physiological effect of glycine betaine during normal growth and at high salinity was not
investigated in detail. Supplementation of glycine betaine at high salinity did not restore the
protein abundances of CCM to the reference level); conversely a non-specific increase in the
protein abundance was observed. Therefore, to understand the effect exerted by glycine betaine,
we investigated the influence of glycine betaine on the growth physiology during normal growth,
high salinity and osmoprotection.

To understand the influence of glycine betaine (GB) over the cellular physiology, the wild type
strain B. subtilis 168 TrpC* was grown in four different conditions (Figure 29).with high glucose
(0.5 % glucose) shake flasks; hence, unlike the chemostat cultivations a constant growth rate
could not be maintained. The conditions tested in the experimental setup include growth in
SMM, SMM + 1 mM glycine betaine, SMM + 1.2 M NaCl and SMM + 1.2 M NaCl + 1 mM
glycine betaine (Figure 29). The growth rate was significantly increased in the presence of
glycine betaine either in case of SMM or in SMM + NaCl + GB. To further understand the
physiological impact of glycine betaine, samples were harvested for protein preparation at
ODgoo 1 (sample volume equivalent to 15 OD units). All the samples were processed via targeted
MRM for the central carbon metabolic proteins and label free LC-MS/MS for whole proteome

analysis.

CCM specific protein abundance data were obtained by analyzing the samples via MRM using
QconCAT as an internal standard and measured on a triple quadrupole mass spectrometer. The
ratio data against the internal standard (QconCAT) were obtained from the software Skyline and
the ratio data was used to calculate the absolute concentration of the individual proteins. The
absolute concentration data was used for the normalization with the respective control sample
(SMM growth control). For whole proteome analysis, after brief protein purification via SDS-
PAGE, in-gel trypsin digestion was performed and the resulting peptides were analyzed on a
LTQ Velos-Orbitrap mass spectrometer. The raw data were processed in Elucidator software and

the normalized intensities for each protein were imported to Genedata for further analysis.
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Figure 29 : Growth curve of the B. subtilis grown under different conditions. The B.subtilis wild type
strain 168 Trp* was grown in SMM (control), SMM+1mM GB (GB control), SMM+1.2 M NaCl
(osmostress), SMM+1.2 M NaCl+1mM GB (osmoprotection) as three biological replicates. Samples for
the protein preparations were harvested at ODggo 1.0 from all the cultivations.

Principal component analysis of the resulting data sets from the MRM and whole proteome
analysis (Figure 30) revealed a separation based on the different conditions. Absolute amounts of
the proteins that were targeted with the MRM approach listed in Figure 31 were taken into
consideration for the PCA plot in Figure 30A. As a result of whole proteome LC-MS/MS
analysis, 1089 proteins (with minimum of 2 peptides) were identified; a PCA plot of the whole
proteome analysis is shown in Figure 30B. All the three biological replicates for all the four
conditions clustered together for both data sets. The segregation of the clusters denotes the
variation induced by the different cultivation conditions. It is evident from the PCA plots that the
samples that received glycine betaine during normal growth differed significantly to the other

samples.
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Figure 30 : PCA plots of the A) absolute protein abundances (data obtained from MRM analysis) of the
proteins involved in the central carbon metabolism and proline biosynthesis and B) relative protein
abundances of the all the identified proteins (data obtained from global proteome analysis). The B.
subtilis wild type strain 168 Trp® was grown in SMM, SMM+1mM GB, SMM+1.2 M NaCl,
SMM+1.2 M NaCl+1mM GB. The three biological replicates can be seen as three individual dots within
the cluster.

Relative changes of the proteins involved in the central carbon metabolism for the above
conditions are represented in the Figure 31. Ratio data was generated by normalizing all samples
to the growth reference (SMM) and the ratio data visualization was performed. Subtle changes
were observed in the core skeleton of the central carbon metabolism. GB alone did not alter the
central carbon metabolism. However, high salt stress influenced levels of some key enzymes like
Pgi and Icd, which both were slightly up-regulated. FbaA was also induced at high salt. PckA,
which is a major gluconeogenic enzyme, was strongly induced during continuous growth at high
salt even in the presence of high glucose concentrations. The glutamate synthase complex was
strongly down regulated in the presence of high salt amid the requirement of high glutamate
concentrations for the production of proline during osmoprotection. The key enzymes
responsible for proline biosynthesis ProJ and ProH were strongly up-regulated. Furthermore,
ProA was also slightly up-regulated (1.5 fold) during high salt growth. Interestingly, during
osmoprotection (NaCl + GB) ProJ and ProH remained at high levels although the cells do not
require proline as an osmoprotectant in the presence of glycine betaine. Apart from proline
biosynthesis, FbaA, PdhC, PdhD, OdhA and OdhB were up-regulated upon osmoprotection.
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Figure 31 : Relative changes of the proteins in the central carbon metabolism in all conditions compared
to the reference condition (SMM). Log2 ratio of protein abundances were obtained from the MRM
analysis of the samples cultivated in shake flask with SMM+ 1 mM GB (GB sample), SMM+1.2 M
NaCl (NaCl sample), and SMM+1.2 M NaCl+1mM GB (NaCl+GB sample) compared to the growth
reference SMM.

Global changes in the proteome as a result of various growth conditions are reported in Figure
32. Relative protein intensities were considered for the data analysis. After normalizing to the
respective controls, an effective fold change of 1.5 and a p-value of 0.01 (after Benjamini-
Hochberg correction) were applied to filter significantly regulated proteins. The resulting
significantly regulated proteins were assigned to functional categories obtained from SubtiWiki.

A Fisher’s exact test was performed to elucidate the functional class enrichment.

117 proteins were significantly regulated by glycine betaine alone compared to the reference
sample grown in SMM. 12 proteins of SigB regulon were down regulated in the presence of

glycine betaine. Furthermore, proteins involved in the biosynthesis and acquisition of amino
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acids and nucleotides were up-regulated in the presence of the glycine betaine. During
continuous growth at high salt 336 proteins were significantly regulated. Of these 26 proteins
belonging to the SigB regulon were up-regulated in the presence of high salt. 6 proteins involved
in iron uptake and 9 proteins involved in the iron metabolism were up-regulated. This
observation supports the earlier (section 5.3 and 5.4.1) transcriptome data analysis the B. subtilis
grown at high salt experience severe iron limitation. Proteins that belong to translation,
biosynthesis and acquisition of amino acids were down regulated during continuous growth at

high salt, probably due to lower growth rate compared to the reference condition.
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Total r!ur'r]ber of Regulated proteins that were enriched by Fischer’s Exact test
proteinsin the
Functional categories classified according to SubtiWiki category SMM +1.2 M SMM +1.2M NaCl + GB
SMM+GB / SMM NaCl/SMM / SMM + 1.2 M Nacl
General stress proteins (controlled by SigB) 150 12 (111 11) 27 (1 261) 19(18.) 11)
Coping with hyper-osmotic stress 22 5(5) 5(1441) 6(6+))
Biosynthesis/ acquisition of amino acids 147 19(1) 181) 34(304 41) 29(1) 281)
Biosynthesis/ acquisition of nucleotides 65 6(61) 16(164)) 23(20 211)
Electron transport/ other 18 334 1) 5(51) 8(6 21)
IAcquisition of iron 38 7(1) 671)
Iron metabolism 51 10(1. 91)
Translation 180 25(22131) 21(2119 1)
Sporulation proteins 348 22(17L51)
Motility and chemotaxis 68 10(104)
Sulfur metabolism 15 4(41)
Resistance against oxidative and electrophile stress 58 12(121)
IABC transporters 207 11(6 51)
Utilization of nitrogen sources other than amino acids 45 4(41)

Figure 32 : Comparative analysis of influence of GB on global protein expression pattern. Number of proteins that were significantly regulated with
a statistical cut-off of fold change 1.5 and p-value of 0.01 (after Benjamini Hochberg correction) between the conditions tested were represented in
the above figure. Proteins that belong to the functional categories (SubtiWiki) for each set of the regulated proteins were shown in the brackets. The

green numbers indicate the number of down regulated proteins and the red numbers indicate the number of up-regulated proteins.
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Presence of glycine betaine during continuous growth at high salt provides better osmoprotection
compared to the internally synthesized proline. This was phenotypically evident from the
drastically improved growth rate during osmoprotection (NaCl + GB) and the changes observed
in the proteome compared to continuous growth at high salt. The major changes observed in the
proteome correlate with the increased growth rate with increased levels of proteins involved in
the biosynthesis of amino acids, nucleotides and translation. Some of the proteomic changes
observed in the presence of glycine betaine during osmoprotection (SMM+ NaCl + GB) could be
also observed in the presence of glycine betaine during normal growth (SMM + GB) with a
difference in the number of proteins regulated in each functional category. During
osmoprotection the number of proteins regulated in each functional category was higher
compared to the presence of glycine betaine during normal growth. This difference could be due
to the fact that the influence of glycine betaine was higher or more effective when the cells were

growing at high salt compared to the presence of glycine betaine during normal growth.

Upregulated proteins

SMM + GB/
SMM

SMM + 1.2 M NaCl + GB/
SMM + 1.2 M NaCl

Figure 33 : Venn diagram representing proteins
up-regulated in the presence of the glycine betaine
*biosynthesis/ acquisition of amino acids(8) | in the reference condition and at high salt.
*biosynthesis/ acquisition of nucleotides(5) | Functional classes for the 30 proteins that were
cutilization of specific carbon sources(4) commonly influenced by GB are provided in the
box.

The proteins that increase in level in the presence of glycine betaine either during normal growth
or during osmoprotection are represented in the Venn diagram of Figure 33. 30 proteins were
commonly up-regulated under both conditions. These proteins include those involved in the
biosynthesis acquisition of amino acids, nucleotides and utilization of specific carbon sources. A
group of 5 proteins (GudB, LysS, PurF, GSP13 (yugL), CarB) were previously described as
unstable during glucose starvation in B: subtilis by Gerth et al. 2009 [1]. In this study Gerth et al.
reported around 200 unstable proteins of which 80 proteins were targets of the ClpP/CIpC and
ClpP/X proteases. Out of 200 of the unstable proteins, 45 proteins were covered in the current

proteome study.
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Levels of these unstable proteins under the different conditions analyzed in the current study are
represented in Figure 34. All samples were normalized to the reference (SMM). For the
osmoprotection sample the osmostress sample was taken as a reference to compensate for effects
of high salt independent of glycine betaine. Log2 transformed ratios are visualized in Figure 34.
This analysis indicates the increase in level of most of the previously known unstable proteins in
the presence of glycine betaine either during growth or during osmoprotection. Furthermore,
during osmostress there was a strong decrease in level/ apparently degradation of these proteins
when compared to that of the other conditions. For several of those proteins that were decreased
in level during osmostress the level was either restored or even further up-regulated during

osmoprotection.

SMM + GB/ SMM +NaCl/ SMM+ NaCl + GB/
SMM SMM SMM +Nacl

SMM / SMM

Log2 Ratio

S I |
Figure 34 : Regulation of the unstable proteins [1, 2] in the presence of glycine betaine (SMM+ 1 mM
GB), osmostress (SMM+1 M NaCl) and osmoprotection (SMM+1 M NaCl+10 mM GB) in comparison
with their respective growth controls. Log2 ratios were derived by normalizing the relative protein
guantities (from global proteome) compared to their respective controls.
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Annotation | Fold change®
Protein  Uniprot
Name 1D Gene description GB NaCl NaCl+GB
ArgB  P68729 Acetylglutamate kinase 1.60 -2.79 2.30
AroA  P39912 Protein aroA(G) 1.26 -1.74 1.72
BioB P53557 Biotin synthase 1.18 -1.39 1.71
Carbamoyl-phosphate synthase arginine-
CarB  P18185 specific large chain 1.74 -1.40 1.86
CheW P39802 Chemotaxis protein 1.24 -2.43 1.25
ClpC  P37571 Negative regulator of genetic competence -1.11 -1.47 1.30
CspB  P32081 Cold shock protein 1.04 -5.44 3.52
CspD  P51777 Cold shock protein 1.51 1.50 1.53
Ctc P14194 General stress protein -1.49 2.55 -2.43
Efp P49778 Elongation factor P 1.23 -1.68 1.30
Glucosamine--fructose-6-phosphate
GImS  P39754 aminotransferase [isomerizing] 1.68 1.20 1.04
GItA P39812 Glutamate synthase [NADPH] large chain 1.49 -2.55 2.23
GudB  P50735 NAD-specific glutamate dehydrogenase 2.72 -1.81 5.78
GyrA  P05653 DNA gyrase subunit A 1.06 -1.32 1.08
IleS Q45477 Isoleucyl-tRNA synthetase 1.05 -1.26 1.38
lvA P37946 Threonine dehydratase biosynthetic 1.01 -1.26 1.45
IvB P37251 Acetolactate synthase large subunit 1.27 -1.93 1.58
LeuA  P94565 2-isopropylmalate synthase 1.44 -3.52 2.06
LeuC  P80858 3-isopropylmalate dehydratase large subunit 1.45 -2.92 1.33
LeuD  P94568 3-isopropylmalate dehydratase small subunit ~ 1.15 -2.98 1.47
LysC  P08495 Aspartokinase 2 1.82 -3.85 6.42
methyltetrahydropteroyltriglutamate--
MetE  P80877 homocysteine methyltransferase 1.31 -2.06 3.12
MtnK 031663 Methylthioribose kinase 1.49 -1.28 2.15
UDP-N-acetylglucosamine 1-
MurAA P70965 carboxyvinyltransferase 1 1.35 -4.15 1.88
Ribonucleoside-diphosphate reductase
NrdE  P50620 subunit alpha 1.27 -1.21 1.77
PurB  P12047 Adenylosuccinate lyase 1.39 -1.87 2.89
PurF P00497 Amidophosphoribosyltransferase precursor 1.57 -3.05 8.00
Phosphoribosylformylglycinamidine
PurL P12042 synthase Il 1.43 -2.33 4.57
Phosphoribosylformylglycinamidine
PurQ P12041 synthase 1 1.29 -3.18 5.52
Pyc Q9KWU4  Pyruvate carboxylase 1.19 -1.49 1.05
pyrB P05654 Aspartate carbamoyltransferase 1.29 -2.36 2.81
DNA-directed RNA polymerase subunit
RpoB  P37870 beta 1.22 -1.86 1.36
SecA P28366 Preprotein translocase subunit 1.33 -1.38 1.31
SpoVvG P28015 Putative septation protein -1.10 -3.39 1.27
ThiC P45740 Thiamine biosynthesis protein 1.31 1.55 1.06
ThrRS P18255 Threonyl-tRNA synthetase 1 1.34 -2.14 1.29
Tig P80698 Trigger factor -1.00 -1.12 1.31
Tuf P33166 Elongation factor Tu 1.14 -1.33 1.01
xpt P42085 Xanthine phosphoribosyltransferase 1.36 -2.75 3.54
YfhM 031581 YfhM protein -1.71 2.40 -3.42
YhaM 007521 3'-5' exoribonuclease -1.03 1.17 -1.18
YhxA  P33189 Uncharacterized aminotransferase 1.64 -1.78 1.47
YjbVv 031620 YjbV protein 1.20 1.76 -1.83
YlovV 034751 YloV protein 1.09 1.48 -1.24
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Annotation | Fold change®
Protein  Uniprot
Name 1D Gene description GB NaCl NaCl+GB
Yugl P80870 General stress protein 13 1.74 -1.46 2.23

Table 2: Quantification of the impact of high salt and glycine betaine on presumably unstable proteins that were
reported in Gerth et al. [1] and covered in the current study. (°)- Fold change was calculated for the GB and NaCl
sample compared to the reference growth sample SMM, whereas fold change for NaCl+GB was compared to
NaCl sample as a reference.

The increase in level of these unstable proteins in the presence of glycine betaine could be due to
two different reasons. The first reason could be that the level of these proteins could be regulated
in a growth rate dependent manner. Since the growth rate was higher in the presence of glycine
betaine the unstable proteins could have been maintained at higher abundance under this
condition. The second reason could be a biophysical stabilization of the unstable proteins
directly by glycine betaine. To conclude, in the presence of glycine betaine regardless of growth
condition could indirectly affect many physiological processes by either improved growth rate or

by biophysical protein stabilization.
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5.4.4 Comparative analysis of the central carbon metabolism during osmostress and
osmoprotection at high and low glucose

During osmoprotection, B. subtilis requires additional resources to cope with growth at high salt
concentrations. To investigate the adaptational responses towards osmostress and
osmoprotection in the presence of high and low glucose a comparative analysis was performed.
In Figure 35 a comparative analysis of the abundance of proteins involved in the CCM and
proline biosynthesis was visualized. The ratio of the protein abundances for the high glucose
condition (shake flask) compared to the low glucose condition (chemostat) was used for
visualization. There was a significant effect of glucose concentration on the protein abundances
within the CCM imposed by different glucose concentration. A major difference was observed
for the glycolytic proteins; almost all of the glycolytic proteins were present at fivefold higher
level in the shake flask samples compared to the chemostat samples. The proteins with the
lowest difference in abundance within the glycolytic enzymes were the Pgi and PdhD. The
pattern was different for proteins of the glycolysis and the TCA cycle. Many of the TCA cycle
enzymes were present at lower level in the presence of high versus low glucose as expected.
However, a few highly abundant proteins like Icd, FumC and Mdh displayed higher levels in the
presence of excess glucose. Furthermore, the proline biosynthetic enzymes were present in lower
amounts during high versus low glucose. Increased glycolysis in the presence of high glucose
and decreased TCA cycle indicate an increase in over flow metabolism in the shake flask

experimental setup due to the high glucose concentration.
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Figure 35: Influence of glucose concentration during normal growth (none-stressed cells) and
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osmostress (1.2 M NaCl) onto the level of enzymes of the CCM and proline biosynthesis. Log2 ratio of
protein abundances were obtained from the MRM analysis of high glucose samples cultivated in shake
flasks (results from section 5.4.3) and low glucose samples cultivated in chemostat (results from section

5.4.2).

Comparisons of the effect of osmostress during high and low glucose on CCM and proline

biosynthetic enzymes normalized to the respective non-stressed control are shown in Figure 36.

This comparison was performed to analyze the adaptational differences of B. subtilis to

osmostress in the presence of high glucose and low glucose. In the presence of high glucose, the

central carbon metabolic enzymes were not significantly regulated when compared to its growth

control (SMM). The only significant change was found for PckA which is a major gluconeogenic

104

——

'



Praveen Kumar Sappa Results

enzyme and was strongly up-regulated in the presence of high glucose. Osmostress during low
glucose significantly influenced the central carbon metabolism. Many proteins in the central core
carbon metabolism were increased in level during osmostress compared to the none-stressed
control cells; namely Pgi, FbaA, Pgm, PdhC, PdhD of glycolysis and CitB, OdhA, OdhB, FumC
of TCA cycle were up-regulated. The switch point from 2-oxoglutarate to glutamate (glutamate
synthase complex - GItA and GItB) was unchanged in the presence of low glucose but strongly
down regulated in high glucose grown cells. Furthermore, the crucial proteins that are
responsible for osmoprotection cells by producing high amounts of proline, ProJ and ProH, were

induced to a similar extent regardless of the glucose concentration.
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Figure 36: Comparative analysis of protein changes during salt stress (1.2 M NaCl) at high glucose
(shake flask) and at low glucose (chemostat); both compared to their respective growth controls (none-
stressed cells). Log2 ratio of protein abundances were obtained from the MRM analysis of shake flask
samples (results from section 5.4.3) and chemostat samples (results from section 5.4.2).
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A similar comparison for the osmoprotected samples with glycine betaine at high and low
glucose was performed (Figure 37). Again, there was not much difference observed during
osmoprotection at high glucose (left rectangle) in either central carbon metabolic enzymes or the
proline biosynthetic enzymes. Major changes in protein level were observed during
osmoprotection at low glucose (right rectangle). As seen in the osmoprotected samples grown in
the chemostat (see section 5.4.2, Figure 25) most of the effects of glycine betaine were not
represented at transcriptional level, so the effects of glycine betaine were probably post-
transcriptional or translational. For some unknown reasons the stabilization effects imposed by
glycine betaine were not significantly observed for the proteins involved in CCM unlike the

unstable proteins at high glucose.
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Figure 37: Comparative analysis of protein changes during osmoprotection (1.2 M NaCl + 1 mM GB) at
high glucose (shake flask) and at low glucose concentrations (chemostat); both conditions are compared
to their respective osmostressed samples (1.2 M NaCl). Log?2 ratio of protein abundances were obtained
from the MRM analysis of shake flask samples (results from section 5.4.3) and chemostat samples
(results from section 5.4.2).
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5.45 Effect of ProH and ProJ over-expression and glutamate supplementation onto the
osmo-adaptation of B. subtilis

Improving the osmoprotection capabilities of B. subtilis with its existing machinery would
contribute to a better biotechnological application and might also provide new insights into the
physiological regulation and its kinetics. To this regard, two questions were asked: 1) would
higher levels of ProJ and ProH enzymes provide better osmoprotection? 2) would the
supplementation with external glutamate omit a potential bottleneck and result in higher proline
levels and hence a better osmoprotection?

In a different set of experiments we wanted to explore if the enzymes ProH and ProJ or
glutamate levels constitute bottlenecks for the osmoadaptation of B. subtilis. These experiments
were done in collaboration with the group of Prof. Erhard Bremer in Marburg and | contributed
to this study with the proteome analyses described below. Three different strains were used in
this experiment and each strain was grown in four different conditions in triplicate Figure 38.
The conditions include growth in SMM (reference), SMM + NaCl, SMM + glutamate and
SMM + glutamate + NaCl. The strains include JH642 (wild type), MDB22 (amyE control) and
MDB28 (proHJ overexpression from the amyE locus). Overexpression of ProJ and ProH was
achieved by replacing the original promoter by a perfect osmotically inducible SigA promoter
(M10). The M10 promoter (Figure 39B) was a result of a series of mutations of its original
promoter. The resultant promoter activity was assayed with TreA activity [152] and the results
were shown in Figure 39C. All the mutant constructs were tested for the promoter activity during
normal growth and the osmostress. Among the tested mutants, M10 was the strongest expressed

Description Strain Genotype

Wt JHB42 trpC2 pheAl
amyE control MDB22 | treC2 pheAlDproHJ amyk::P(proHwt)-proH-prol
ProHJ over expression MDB28 | trpC2 pheA1DproHJ amyk::P(proH-M10)-proH-prol

v
SMM SMM + NaCl SMM + Glutamate SMM + Glutamate + NaCl

Figure 38 : Experimental setup and strain description for testing the effect of the proHJ over expression
and supplement of glutamate during osmostress. The B. subtilis wild type strain (JH642), the amyE
control strain (MDB22) and proHJ over expressing mutant (MDB28) were grown in four different
conditions (SMM, SMM + 1.2 M NaCl, SMM + 10 mM glutamate and SMM +10 mM glutamate +
1.2 M NaCl). Strains construction and all cultivations were performed in the laboratory of Prof. Erhard
Bremer in Marburg.
