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ABSTRACT: The complete genome of the solvent tolerant Staphylococcus
warneri SG1 was recently published. This Gram-positive bacterium is tolerant
to a large spectrum of organic solvents including short-chain alcohols, alkanes,
esters and cyclic aromatic compounds. In this study, we applied a two-
dimensional liquid chromatography (2D-LC) mass spectrometry (MS)
shotgun approach, in combination with quantitative 2-MEGA (dimethylation
after guanidination) isotopic labeling, to compare the proteomes of SG1
grown under butanol-free and butanol-challenged conditions. In total, 1585
unique proteins (representing 65% of the predicted open reading frames)
were identified, covering all major metabolic pathways. Of the 967 quantifiable
proteins by 2-MEGA labeling, 260 were differentially expressed by at least 1.5-
fold. These proteins are involved in energy metabolism, oxidative stress
response, lipid and cell envelope biogenesis, or have chaperone functions. We
also applied differential isotope labeling LC-MS to probe metabolite changes
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in key metabolic pathways upon butanol stress. This is the first comprehensive proteomic and metabolomic study of S. warneri
SGI and presents an important step toward understanding its physiology and mechanism of solvent tolerance.
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B INTRODUCTION

Engineering solvent tolerant microorganisms for biodegrada-
tion, biofuel production, and biocatalysis of high value
compounds is an important branch of synthetic biology.
However, these endeavors are often hindered by the toxicity of
organic compounds, which damage important macromolecules
such as DNA, RNA, and proteins, as well as disrupt biological
membrane functions such as transport and cause dissipation of
the proton motive force. Adaptation of the bacterium to survive
in a high titer of organic solvent is achieved through global
changes that include alteration of the membrane structure and
fluidity, differential protein expression, and activation of specific
defense mechanisms. The interplay between solvent stress and
cellular response is thoroughly reviewed.' ™ In spite of this, the
fact that solvent tolerant bacteria isolated, either selectively or
naturally, outnumbers those with acquired tolerance via
targeted genetic manipulation is a testament of the complexity
and multifacet nature of how microorganisms cope with solvent
stress.

In general, Gram-negative bacteria have a higher tolerance
against organic solvents because they have an additional outer
membrane and thus are more widely studied compared to
Gram-positive bacteria.® In recent years, the number of solvent
tolerant Gram-positive bacteria isolated and studied has
increased, especially those from the Staphylococcus and Bacillus
genera.7_10 Staphylococcus warneri is a solvent tolerant Gram-
positive bacterium that constitutes a part of the human skin
flora, and its genome was recently published.'’ The genome
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consists of 2.56 Mbases and is estimated to encode 2457 open
reading frames. This bacterium, specifically the SG1 strain, is
tolerant to alkanes, short-chain alcohols, esters, and cyclic
aromatic compounds; in particular, SG1 could grow in the
presence of 2.5% 1-butanol, making it an excellent candidate
chassis for biofuel production.

Classical fermentation of Clostridium acetobutylicum on
molasses or grains yields acetone, butanol, and ethanol.'?
With the advent of synthetic biology, notably in Escherichia coli
and Saccharomyces cerevisiae, novel or heterologous metabolic
pathways can be engineered to produce butanol and numerous
high value chemicals.'>™ !¢ However, butanol titers from these
biological systems are believed to be limited by the chaotropic
effects of the end product. A number of studies on the
aforementioned model organisms have attempted to elucidate
the complex mechanism of solvent tolerance using genomics,
proteomics, and metabolomics discovery approaches.'””*'
Though informative, the shotgun proteomic approach identi-
fied only a small subset of predicted proteins using C.
acetobutylicum®' and Pseudomonas putida®*® as query
organisms.

In this study, we first applied two-dimensional liquid
chromatography (2D-LC) tandem mass spectrometry (MS/
MS) (2D-LC—MS/MS) profiling of the whole cell lysates and
established a reference map covering 65% of the predicted
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proteome. We then employed 2-MEGA labeling to carry out
comparative proteomic analysis of SG1 grown in the presence
(BtOH") and absence (BtOH™) of butanol using 2D-LC—MS/
MS. Of the 967 quantified proteins, we found proteins involved
in energy metabolism, lipid and cell envelope biogenesis, and
those with chaperone functions to be differentially up-regulated.
Finally we used an isotope labeling LC—MS method to
investigate the metabolomic changes of SG1 upon butanol
exposure. The combination of proteomic and metabolomic data
provides detailed insight into the solvent tolerance mechanism
of SGI.

B EXPERIMENTAL SECTION

Chemicals and Reagents

All the chemicals and reagents, unless otherwise stated, were
purchased from Sigma-Aldrich Canada (Markham, ON,
Canada). Lysostaphin was purchased from AMBI Products
(Lawrence, NY). Isotopically enriched reagents including
formaldehyde (*CD,0) were purchased from Cambridge
Isotope Laboratories (Andover, MA). For dansylation and p-
dimethylaminophenacyl (DmPA) labeling reactions, the '*C-
labeling reagents without depletion of "*C isotopes were from
Sigma-Aldrich, where the '*C-labeling reagents were synthe-
sized in our lab using the procedures published previously.”***
Phosphoric acid (H;PO,), potassium chloride (KCl), potas-
sium dihydrogen phosphate (KH,PO,), and ammonium
bicarbonate (NH,HCO;) were purchased from EMD Chem-
ical, Inc. (Mississauga, ON, Canada). Sequencing grade
modified trypsin, HPLC grade formic acid, LC—MS grade
water, acetone, and acetonitrile (ACN) were purchased from
Fisher Scientific Canada (Edmonton, AB, Canada). A domestic
900 W (2450 MHz) sunbeam microwave oven was used to
perform microwave-assisted protein solubilization experiments.

Cell Growth and Protein Sample Preparation

Cultures of S. warneri strain SG1 were routinely grown in
Luria—Bertani broth at 37 °C with shaking for 16 h. For MS
studies, 2 L cultures were grown in triplicate (seeded with a
0.1% inoculum), with or without 1.5% (v/v) 1-butanol, and
harvested by centrifugation at 8000 X g for 15 min and
resuspended in 100 mM Tris/5 mM EDTA buffer, pH 7.0. Cell
lysis was carried out either mechanically by repeated passage
(4x) through a Constant Systems TS benchtop cell disruptor
(Daventry, Northants,, UK.) at 40 kpsi, or enzymatically by
adding NaCl (100 mM), lysostaphin (10 ug mL™'), and
lysozyme (50 pg mL™"), followed by incubation at 37 °C for 1
h. Unbroken cells and cell debris were removed by
centrifugation at 10000 X g for 20 min, and the cell lysates
were frozen immediately with liquid nitrogen.

Protein assays were performed to adjust protein concen-
trations of lysates to similar levels. Acetone, precooled to —80
°C, was gradually added to the whole cell lysates to a final
concentration of 80% (v/v), and the mixtures were incubated
overnight at —80 °C. Samples were then spun at 20 800 X g for
20 min, and the pellets were washed with 40 uL of prechilled
acetone before drying at room temperature. The pellets were
then subjected to microwave-assisted protein solubilization in
urea.’® Briefly, 8 M urea was added to the whole cell lysates
followed by six cycles of microwave irradiation in 30 s cycles
with sample cooling and homogenization between cycles. The
mixtures were then centrifuged at 20 800 X g for S min, and the
pellets were subjected to a fresh round of microwave-assisted
protein solubilization. Upon complete solubilization of the
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pellets, the supernatant fractions were pooled and diluted with
100 mM NH,HCO; to reduce the urea concentration to ~1 M.
Samples were analyzed by protein assay and reduced with
dithiothreitol for 1 h at 37 °C, followed by alkylation with
iodoacetamide for 0.5 h at room temperature in the dark.
Trypsin was added to a protein/trypsin ratio of 40:1 and
incubated at 37 °C for 20 h for complete digestion. The tryptic
digests were acidified with 50% trifluoroacetic acid to pH 2 and
injected into an Agilent 1100 HPLC system (Palo Alto, CA) for
desalting and quantification. A Polaris C18-A column (4.6 mm
X 50 mm, 3 pm particle size, 300 A pore size) (Varian, Palo
Alto, CA) was used for desalting, and a UV detector operating
at 214 nm was used for quantification of the eluted peptides.”

Proteome Profiling

2D-LC-MS/MS was used for generating a qualitative profile of
the SG1 proteome. After protein digestion, the desalted
peptides were dried, reconstituted in 0.2% H,PO, (pH 2.0),
and separated by SCX liquid chromatography using a
polysulfoethyl A column (2.1 mm X 250 mm, S pm particle
size, 300 A pore size) (PolyLC, Columbia, MD). Peptides were
fractionated using the following gradient: mobile phases A (10
mM KH,PO,, pH 2.76) and B (10 mM KH,PO,, pH 2.76, 500
mM KCl); t = 0 min, 0% B; t = 1 min, 4% B; t = 17 min, 20%
B; t = 39 min, 60% B; ¢ = 45 min, 100% B; ¢ = 50 min, 100% B;
t = 52 min, 0% B; t = 62 min, 0% B. The collected peptide
fractions were then desalted and quantified. Less abundant
neighbor fractions were combined to a total of 20 fractions.
The SCX fractionated peptides were further separated by
reversed phase liquid chromatography (RPLC) using a
nanoACQUITY UltraPerformance LC system (Waters, Mis-
sisauga, ON) with an Atlantis dC18 column (75 gm X 150 mm,
3 um particle size, 100 A pore size) (Waters, Milford, MA).
The following gradient was applied to separate the peptides:
mobile phase A (0.1% FA in water) and B (0.1% FA in ACN); t
= 0 min, 2% B; t = 2 min, 7% B; t = 85 min, 20% B; t = 105
min, 30% B; t = 110 min, 45% B; t = 120 min, 90% B; t = 125
min, 90% B; t = 130 min, 95% B.>” The eluted peptides were
then electrosprayed into an electrospray ionization (ESI)
quadrupole time-of-flight (Q-TOF) premier mass spectrometer
(Waters, Missisauga, ON) at a flow rate of 350 nL min~". A
survey MS scan was acquired from m/z 350—1600 for 0.8 s,
followed by eight data-dependent MS/MS scans. A mass
tolerance window of 80 mDa was applied for both dynamic and
precursor ion exclusion,”® with a retention time tolerance
window of 150 s. The collision energy used for MS/MS analysis
was varied based on the precursor ion mass and charge state. A
mixture of leucine enkephalin and (Glul)-fibrinopeptide B,
used as mass calibrants (i.e., lock-mass), was infused at a flow
rate of 300 nL min~’, and a 1 s MS scan was acquired every 1
min throughout the run. Each SCX fraction was analyzed twice
on the RPLC-MS with a precursor ion exclusion list involved in
each of the second run to eliminate redundant identification.
Raw RPLC-MS data were lock-mass corrected, de-isotoped,
and converted to peak list files with retention time information
using the ProteinLynx Global Server 2.3.0. The peak list files
were processed using MASCOT (Matrix Science, London, U.K.
version 2.2.1) to attain peptide sequence information. Database
search was restricted to the 2457 predicted open reading frames
from SGI. The search parameters were selected as follows:
enzyme, trypsin; missed cleavages, 1; peptide tolerance, 30
ppm; MS/MS tolerance, 0.2 Da; peptide charge, (+1, +2, and
+3); fixed modification, carbamidomethylation (C); variable
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modifications, oxidation (M) and carbamylation (N-term).
Identified peptides with scores larger than the MASCOT
threshold score at a 95% confidence level were retained to
generate the final BtOH™ and BtOH" proteomes.

The false positive peptide matching rate of our analysis was
gauged by the target-decoy searching strategy.”® Semiquantita-
tive analysis of identified proteins was determined by the
exponentially modified protein abundance index (emPAI value)
based on protein coverage by the peptide matches in a database
search result. The emPAI values obtained from the MASCOT

server were normalized using the following equation.*’
emPAL_ ..
normalized emPAI = P X 100%
emPAI

total

Quantification of Proteome Changes Using 2-MEGA
Labeling and LC-MS

2-MEGA isotopic labeling was carried out on biological
triplicate of SG1 grown in the absence and presence of
BtOH according to the workflow shown in Supporting
Information Figure S1. After protein digestion, the BtOH™
and BtOH" peptides were individually labeled with either heavy
chain or light chain using the 2-MEGA labeling method.*'~**
Briefly, 4 M O-methylisourea was added to the peptide mixtures
and the pH was adjusted to 11 with 2 M NaOH. Samples were
incubated at 60 °C for 20 min with intermittent shaking to
guanidinate the lysine side chains. The pH was then adjusted to
6 using 50% trifluoroacetic acid and further adjusted to 4.5
using acetate buffer. Then 1 M NaCNBH; and 4% form-
aldehyde (*CH,O for light chain labeling and *CD,O for
heavy chain labeling) were added to dimethylate the N-termini
of the peptides. After labeling, a small amount of 1 M
NH,HCO; was added to consume the excess formaldehyde and
the reaction was quenched by adjusting the pH to 2 using 10%
trifluoroacetic acid. Finally, labeled peptides were desalted and
quantified. Heavy chain labeled BtOH™; was mixed with light
chain labeled BtOH" in a 1:1 ratio based on the total peptide
content by weight as forward labeling. Similarly, reverse labeling
was done by mixing light chain labeled BtOH™ with heavy
chain labeled BtOH*y. The BtOH™ [ :BtOH'y and
BtOH"|:BtOH i mixtures were analyzed by 2D-LC—MS/MS
as described above with the exception that each SCX fraction
was only analyzed once and a survey MS scan was followed by
four data-dependent MS/MS scans.

Raw MS and MS/MS data were searched using MASCOT
DISTILLER with the following parameters: taxonomy, all
entries; enzyme, trypsin; missed cleavages, 1; fixed modifica-
tions, carbamidomethylation (C) and guanidination (K);
variable modifications, dimethylation d, (+'C,H,, +28.0313
Da, N-term), dimethylation ds (+°C,D, +34.0631 Da, N-
term), Oxidation (M); peptide tolerance, 30 ppm; MS/MS
tolerance, 0.2 Da. A modified ESI-Q-TOF ijon fragmentation
series that permitted a-type ions was applied. The relative
intensity ratios for peak pairs were extracted and normalized
using the median ratios to avoid system bias. In cases where
same peptide pairs were detected multiple times in different
SCX fractions or where peptide pairs with same sequences but
different charge states, the relative ratios of the peptides pairs
were averaged. Peptides with relative error > 1 in forward and
reverse labeling were discarded. Protein ratios were calculated
based on the geometric mean of peptide ratios from the same
protein. Finally, six lists of protein ratios were generated from
the biological triplicate samples (each sample set contains a pair
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of forward and reverse labeling data). To identify differentially
expressed proteins with statistical confidence, the following
procedures were used. First, proteins quantified in less than two
biological samples were discarded. The geometric mean of
protein ratios from different replicates were calculated and
subjected to one-sample t-test where only proteins with p <
0.01 were retained,*** followed by applying a 1.5-fold cutoff
threshold for differential expression. Global protein expression
profiles were analyzed by Cluster of Orthologous Groups
(COG)*® and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) server.”

Quantification of Metabolome Changes Using Isotope
Labeling LC—MS

For metabolite extraction, whole cell lysates from BtOH™ and
BtOH" cells were prepared as described above. A volume of
1200 uL of acetone was added to 300 uL of the whole cell
lysates to precipitate the proteins. The supernatants were dried
using a SpeedVac and resuspended in either 50 yL of water for
dansylation labeling or 90 uL of water for p-dimethylamino-
phenacyl (DmPA) labeling,

For dansylation labeling, the 50 yL solution was mixed with
25 pL of 250 mM sodium carbonate/sodium bicarbonate buffer
and ACN, vortexed, spun down, and mixed with 50 uL of
freshly prepared 'C-dansyl chloride solution (18 mg mL™")
(light labeling) or "*C-dansyl chloride solution (18 mg mL™)
(heavy labeling). The reaction was allowed to proceed for 1 h at
60 °C, followed by addition of 10 uL of 250 mM NaOH to
quench the excess dansyl chloride. The solution was then
incubated at 60 °C for another 10 min. Finally, S0 yL of 425
mM formic acid in 1:1 ACN/H,O was added to consume the
excess NaOH and to acidify the solution.

For DmPA labeling, 90 uL of solution was first acidified with
HCI and extracted with 300 uL of ethyl acetate. The organic
layer was dried and dissolved in 60 uL of 20 mg mL™'
triethylamine, and then mixed with 60 uL of freshly prepared
2C-DmPA bromide solution (20 mg mL™") (light labeling) or
BC-DmPA bromide solution (20 mg mL™") (heavy labeling).
The reaction was allowed to proceed for 50 min at 90 °C and
quenched with 50 4L of 20 mg mL™" triphenylacetic acid for 30
min at 90 °C.

An LC-UV quantification step was carried out prior to mass
analysis in order to control the amount of sample used for
metabolome comparison.®® A volume of 2 uL of the labeled
solution was injected onto a Phenomenex C18 column (2.1
mm X 5 cm, 1.7 um particle size, 100 A pore size). For amine
quantification, the gradient started with 100% A (0.1% (v/v)
formic acid in 5% (v/v) ACN) and 0% B (0.1% (v/v) formic
acid in ACN) for 1 min and was changed to 5% A/95% B
within 0.01 min and held for 1 min. The gradient was restored
to 100% A/0% B in 0.5 min and held for 3.5 min to re-
equilibrate the column. For acid quantitation, the gradient
started with 20% B for 2 min and was increased to 85% B
within 0.01 min and held for 2 min and then increased to 95%
B within 0.01 min and held at 95% B for 1 min. The gradient
was restored back to 20% B in 1 min and held for 3 min to re-
equilibrate the column. The flow rate was 450 L min™".

The labeled metabolites were analyzed using a Bruker 9.4 T
Apex-Qe Fourier transform ion-cyclotron resonance (FTICR)
mass spectrometer (Bruker, Billerica, MA) linked to an Agilent
1100 series binary HPLC system (Agilent, Palo Alto, CA). The
samples were injected onto an Agilent RP Eclipse Plus C18
column (2.1 mm X 10 cm, 1.8 um particle size, 95 A pore size)
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Figure 1. Percentage distribution of proteins by cluster of orthologous groups showing the predicted (black), BtOH™ (green), and BtOH" (red)

proteomes of S. warneri SG1.

for separation. Solvent A was 0.1% (v/v) formic acid in 5% (v/
v) ACN, and solvent B was 0.1% (v/v) formic acid in ACN.
The chromatographic conditions for amine labeling were t = 0
min, 20% B; ¢ = 3.5 min, 35% B; t = 18 min, 65% B; t = 21 min,
95% B; t = 26 min, 95% B. The gradient for acid labeling was ¢
= 0 min, 20% B; £ = 9 min, 50% B; t = 22 min, 65% B; t = 26
min, 80% B; t = 29 min, 98% B; ¢t = 30 min, 98% B. The flow
rate was 180 L min~". All MS spectra were obtained in the
positive ion mode. The resulting MS data were processed using
R language program based on XCMS>® written specifically for
12C/13C peak pair picking.** This program eliminated the false
positive peaks, such as isotopic peaks, common adduct ions,
and multiple charged ions. Only the protonated ion pairs were
exported for further analysis.

B RESULTS AND DISCUSSION

The complete genome sequence of a solvent tolerant Gram-
positive bacterium, S. warneri strain SG1, was recently
published."" This bacterium can thrive in the presence of
short-chain alcohols, alkanes, esters, and cyclic aromatic
compounds, as shown in Supporting Information Table SI.
In order to investigate the molecular mechanisms activated or
repressed upon butanol challenge, we adopted a mass
spectrometry approach to study the proteome of SG1 grown
in the absence (BtOH™) and presence (BtOH') of 1.5%
butanol, a concentration which decreased cell yield at stationary
phase by approximately 15%. An advantage of this study is that
S. warneri SG1 boasts a relatively compact proteome
comprising 2457 proteins, which is considerably smaller than
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those of P. putida®>*® (around 5520 proteins) and C.
acetobutylicum™*"* (around 3850 protein encoding genes)
examined in similar studies.

Proteome Profiling and Quantification

In our initial 2D-LC—MS/MS profiling experiments, 8521 and
7944 unique peptides, corresponding to 1477 and 1328
proteins, with a false discovery rate of 1.37% and 1.22%, were
identified under BtOH™ and BtOH" conditions, respectively. A
total of 1220 common proteins were detected, while 257
unique proteins were observed only in the absence of butanol
and 108 unique proteins were observed in the presence of
butanol. In total, 1585 proteins were identified, representing
almost 65% of the predicted proteome and in parity with recent
MS studies on Staphylococci species.*”** Supporting Informa-
tion Table S2 lists the identified proteins in the BtOH™ and
BtOH" proteomes, while Supporting Information Table S3
shows the most abundant proteins that were mapped by 2D-
LC—MS/MS. Proteins with one peptide-spectrum match were
also included in this list, as our data were acquired using the
QTOF instrument and we have demonstrated the reliability of
QTOF data for spectrum-to-sequence assignment using
sequence database searching.*!

We first categorized the protein expression profiles by cluster
of orthologous groups (COG).** The predicted and observed
proteomes of SG1 were grouped into 20 functional categories,
as shown in Figure 1. The predicted proteome is composed
largely (~40%) of proteins which have unknown function
(COG class S), have general function prediction only (COG
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class R), or have no matching COGs (COG class X). Similarly,
large portions (~30%) of both the BtOH™ and BtOH*
proteomes fall into these categories. Excluding these three
COG classes, a large number of the observed proteins fall into
COG dlasses J, E, and G, which correspond to protein
synthesis, amino acid transport/metabolism, and carbohydrate
transport/metabolism, respectively. Comparison of the BtOH™
and BtOH" proteomes shows that their COG distribution
profiles are highly similar (Figure 1) which is consistent with
the transcriptome result of butanol stress on E. coli.*> Detailed
analyses of metabolic pathways using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database revealed that the
enzymes involved in central metabolic pathways such as
glycolysis, the tricarboxylic acid cycle, and pentose phosphate
pathway were all expressed under both BtOH™ and BtOH*
conditions.

With a proteome reference map in hand, we employed 2-
MEGA labeling, followed by 2D-LC—MS/MS, to measure
changes in protein expression in SG1 upon butanol challenge.
A final list of peptide pairs from both forward and reverse
labeling experiments was generated. By discarding outlier data
with relative error larger than 1, very good correlation was
observed in a log,—log, plot (Supporting Information Figure
$2), indicating good analytical reproducibility between the
forward and reverse labeling experiments. Data from six
independent labeling experiments of biological triplicates
were then integrated to give a total of 967 quantified proteins
using 2-MEGA labeling. After employing a double-filter, 156
and 104 proteins were identified to be up-regulated or down-
regulated at least 1.5-fold, respectively, with p-values smaller
than 0.01 (Figure 2A; Supporting Information Table S4). The
global cellular changes in SG1 upon butanol challenge are
represented by Figure 2B. In a BtOH" environment, proteins in
COG classes G (carbohydrate transport and metabolism), O
(post-translational modification/protein turnover/chaperones),
L (replication, recombination and repair), E (amino acid
transport and metabolism), I (lipid transport and metabolism),
and M (cell wall/membrane biogenesis) tended to be up-
regulated and accounted for more than 50% of the 156 up-
regulated proteins. On the other hand, proteins in COG classes
P (inorganic ion transport and metabolism), K (transcription),
and J (translation) were negatively correlated with butanol
exposure.

Metabolic Pathways of SG1 Involved in Butanol
Adaptation

The quantitative proteomic analysis of S. warneri SG1 enables
us to identify important metabolic pathways that are regulated
by SGI1 upon butanol challenge. Based on the KEGG pathway
database, we reconstructed a metabolic pathway map of SG1
for butanol adaption including pathways of glycolysis, Krebs
cycle, pentose phosphate pathway, fatty acid biosynthesis,
amino sugar and nucleotide sugar metabolism, peptidoglycan
biosynthesis, and oxidative phosphorylation (Figure 3).
Proteins that have chaperone functions, responsible for
oxidative stress response or glucuronate interconversion, were
also summarized. The reconstructed pathway map (Figure 3)
depicts the dynamic responses of S. warneri SG1 upon exposure
to 1.5% butanol and illustrates a complicated mechanism for
butanol adaptation.

Membrane and Membrane Composition

The first line of defense against solvent exposure is the cell
envelope/membrane. An unusual extracellular capsule for S.
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Figure 2. (A) Volcano plot representing changes in protein expression
levels upon butanol challenge of S. warneri SGI. Differentially
expressed proteins that were up-regulated or down-regulated by at
least 1.5-fold, with p-values smaller than 0.01, are marked in red and
green, respectively. (B) Distribution of differentially expressed proteins
by cluster of orthologous groups. The COG classes were organized
from the most up-regulated class to the most down-regulated class
from left to right. COG groups: C, energy production and conversion;
D, cell cycle control, cell division, and chromosome partitioning; E,
amino acid transport and metabolism; F, nucleotide transport and
metabolism; G, carbohydrate transport and metabolism; H, coenzyme
transport and metabolism; I, lipid transport and metabolism; J,
translation, ribosomal structure, and biogenesis; K, transcription; L,
replication, recombination, and repair; M, cell wall/membrane/
envelope biogenesis; O, posttranslational modification, protein
turnover, and chaperones; P, inorganic ion transport and metabolism;
Q, secondary metabolites biosynthesis, transport, and catabolism; R,
general function prediction only; S, function unknown; T, signal
transduction mechanisms; U, intracellular trafficking, secretion, and
vesicular transport; V, defense mechanisms; X, no matching COG.

warneri ZZ1 was developed upon toluene exposure.® In our
studies, we observed that BtOH* SG1 cells were resistant to
chemical lysis by lysostaphin. Since lysostaphin is a
glycylglycine endopeptidase that hydrolyzes the cross-bridges
in the peptidoglycan layers of Staphyloccocci,***” we can infer
that butanol exposure resulted in alteration of the peptidogly-
can structure/composition in SG1. In our 2D-LC—MS/MS
studies, we observed a larger than 1.5-fold increase in the
abundances of UDP-N-acetylglucosamine diphosphorylase
(AGC91484), UDP-N-acetylenolpyruvoylglucosamine reduc-
tase (AGC91239), phosphoglucosamine mutase
(AGC90058), epimerases (AGC89781, AGC91420, and
AGC90069), glycosyltransferases (AGC89738 and
AGC91519), penicillin-binding protein 2 (AGC90601), and
teichoic acid biosynthesis protein F (AGC89857) (Figure 3,
Supporting Information Table S4). These proteins are crucial
for the biosynthesis of the peptidoglycan precursors N-
acetylglucosamine and N-acetylmuramic acid, as well as
catalyzing their cross-linking via a short polypeptide.*®*
Meanwhile, the increased amount of teichoic acid synthesized
would allow additional modification of the peptidoglycan layer
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to strengthen it.*”>" Altogether, the increased expression of cell
wall synthesis/modification enzymes suggests an elaborate
adaptive mechanism for SG1 to survive in the presence of
butanol.

Changes in fatty acid and phospholipid compositions upon
solvent exposure are well documented for both Gram-negative
and Gram-positive bacteria. However, the reported effects were
contradictory. Studies done on E. coli and P. putida
demonstrated denser membrane packing and therefore a
decrease in membrane fluidity upon organic solvent exposure.®
In contrast, Staphylococcus hemolyticus and Bacillus sp. strain
ORAs2 adapted to solvent challenge by increasing membrane
fluidity.”*" In this study, we found a branched-chain amino acid
transaminase (AGC91419) was up-regulated 1.5-fold. This
protein initiates the first step of branched fatty acids synthesis
by converting isoleucine, leucine, and valine to the correspond-
ing a-keto acids. Thus, it appears that SG1 is increasing the
membrane fluidity in order to combat butanol stress. Several
other enzymes involved in the fatty acid synthesis machinery
were also up-regulated in the presence of butanol. Malonyl
CoA-acyl carrier protein transacylase (AGC90810), 3-oxoacyl-
[acyl-carrier protein] reductase (AGC90809), and enoyl-[acyl-
carrier protein] reductase I (FAGC91061) were all up-
regulated (Figure 3), indicating enhanced production of fatty
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acids in SG1 under butanol stress. Finally, we observed a 2.1-
fold up-regulation of the fatty acid/phospholipid synthesis
protein PlsX (AGC90811), which has been shown to catalyze
the synthesis of fatty acyl-phosphate®* and postulated to play a
role in fatty acid metabolism by regulat1n§ the intracellular
concentration of acyl-[acyl carrier protein].>” The plsX gene is
part of a locus that comprises genes encoding 3-oxoacyl-[acyl-
carrier protein] reductase and enoyl-[acyl-carrier protein]
reductase mentioned above, as well as a gene encoding for a
fatty acid biosynthesis transcriptional regulator (AGC90812).
Altogether, it appears that up-regulation of fatty acid synthesis
enzymes under the BtOH" condition allows SG1 to overcome
butanol stress by increasing fatty acid synthesis, especially those
which contain branched chains to increase the overall

membrane fluidity.
Changes in Energy Metabolism

A key mechanism of solvent toxicity is the partition of the
solvent into the cytoplasmic membrane, causin§ leakage of ions
and small molecules across the lipid bilayer.>*">® The loss of
the proton gradient and membrane potential leads to
deprivation in ATP synthesis and inhibition of transport
processes that are coupled to the proton motive force. In SG1,
the enzymes involved in oxidative phosphorylation are
differentially regulated upon butanol challenge: the soluble
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NADH dehydrogenase (AGC91120) was up-regulated >5-fold;
expression of the succinate dehydrogenase complex was
unchanged; the terminal cytochrome aa3 oxidase
(AGC91022, subunit II; AGC91023, subunit I) and ATP
synthase (AGC90107, B subunit of Fj; AGC90108, § subunit of
F;; AGC90110, y subunit of F;; AGC90112, & subunit of F,)
were down-regulated ~2-fold (Figure 3). Different studies in
the literature show that ATP synthase can be either down-
regulated*"*” or up-regulated***> upon solvent stress.

To compensate for the decreased level of energy production
from oxidative phosphorylation, cells must utilize other
methods of ATP generation, such as substrate level
phosphorylation. In our 2-MEGA labeling study on SG1, the
majority of proteins that are involved in glycolysis and the
tricarboxylic acid cycle were either unchanged or up-regulated
upon butanol challenge (Figure 2B, COG class G).
Interestingly, we observed the key reactions of these pathways
to be highly influenced by the presence of butanol (Figure 3).
In glycolysis, the irreversible conversion of f-p-fructose 6-
phosphate to f-p-fructose 1,6-bisphosphate represents a crucial
rate-limiting step. Phosphofructokinase (AGC90377), the
enzyme that catalyzes this reaction, was up-regulated 3.4-fold
when cells were grown in the presence of butanol. The final
enzyme in glycolysis, pyruvate kinase (AGC90378), generates
ATP at the substrate level and was up-regulated 1.9-fold under
the BtOH" condition. In the tricarboxylic acid cycle, succinyl-
CoA synthetase (a subunit, AGC90793; S subunit,
AGC90794) can also generate either ATP or GTP, and it
was up-regulated 3.8-fold. Enzymes that are involved in NADH
generation, such as glyceraldehyde 3-phosphate dehydrogenase
(AGC90387) and malate dehydrogenase (AGC90287), were
also up-regulated (Figure 3). The increased expression of key
proteins involved in the central carbohydrate metabolic
pathways is undoubtedly a cellular response to compensate
for the decreased ATP synthesis from oxidative phosphor-
ylation and to meet the high energy demands of combating
butanol stress.”>*>>”

Comparative genomics between S. warneri SG1 and other
Staphylococci species suggested a number of gene products
which may contribute to the solvent tolerance properties of
SGL."' One distinction is the presence of a gene cluster that
encodes for enzymes involved in glucuronate interconversion
(AGC91608—AGC91617). The proteins D-mannonate oxidor-
eductase (AGC91609), 2-keto-3-deoxygluconate kinase
(AGC91613), and 4-hydroxy-2-oxoglutarate aldolase
(AGC91614) were observed only in the BtOH* condition. 2-
MEGA labeling showed that f-p-glucuronidase (AGC91608),
glucuronate isomerase (AGC91611), and f-N-acetylhexosami-
nidase (AGC91617) were induced 14.0-fold, 2.8-fold, 2.1-fold,
respectively. Thus, the majority of the enzymes in this locus
involved in glucuronate interconversion appear to be highly
upregulated upon butanol exposure. To our knowledge, this is
the first report of a positive correlation between glucuronate
interconversion and solvent tolerance and their mechanistic
relationship is unclear. One possibility is that these unusual
sugars are used to synthesize a hydrophilic extracellular capsule
to repel organic solvents,® as exemplified by S. warneri ZZ1

8,58
upon toluene exposure.

Global Stress Responses

Exposure to organic solvents typically triggers a global cellular
response involving heat shock proteins, oxidative stress
proteins, and transcriptional activators/repressors.”***° The
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2-MEGA labeling studies showed that butanol exposure to SG1
resulted in COG class O (post-translational modification,
protein turnover, chaperones) being the second most elevated
COG class only behind carbohydrate transport and metabolism
(Figure 2B). Interestingly, the most up-regulated proteins in
COG class O upon butanol challenge were a hypothetical
protein with a NifU-like domain (AGC91125) and an iron—
sulfur cluster assembly protein SufC (AGC91149), which were
increased 17.2 and 4.7-fold, respectively. In plants and bacteria,
the NifU 6grotein acts as a scaffold for iron—sulfur cluster
formation.®”®" The up-regulation of a NifU-like protein along
with SufC suggests that iron—sulfur cluster proteins in SG1
were damaged in the presence of butanol. If this is true, then
labile iron from damaged proteins could lead to increased
oxidative stress in the cell and trigger repair proteins to
counteract oxidative damage.

A number of proteins belonging to the Clp superfamily of
proteases were induced at least 1.5-fold in the BtOH" condition
(Figure 3, Supporting Information Table S4: ClpC,
AGC91458; ClpX, AGC90399; ClpB, AGC91084; ClpP,
AGC91209). In S. aureus, the proteolytic activity of ClpP is
critical for pathogenicity, stress response, metal homeostasis,
prevention of autolysis, and activation of the heat shock
regulon.62’63 The Clp proteases are also activated upon solvent
stress in the strict anaerobe C. acetobutylicum.'*?*%* In
agreement with those studies, several other molecular
chaperones, notably DnaK (AGC90480), GroES
(AGC90177), and GroEL (AGC90178), were also induced in
SGI1 in the presence of butanol.

In addition to the chaperones and Clp proteases, we also
observed increased abundances of two Zn-containing alcohol
dehydrogenases (AGC90034 and AGC91651) and an aldehyde
dehydrogenase (AGC90092) that could potentially help
combat oxidative stress. Interestingly, we also saw up-regulation
of methionine-(S)-sulfoxide reductase (MsrA, AGC90621) and
methionine-(R)-sulfoxide reductase (MstB, AGC90622) by
1.6-fold and 1.9-fold, respectively, in the BtOH" condition. As
shown in studies on other bacterial models, MsrA, as well as
MsrB to a lesser extent, are crucial for the amelioration of
cellular damage from reactive oxygen species.”>*® Finally,
peroxiredoxin (OsmC, AGC91162) was also up-regulated 2.5-
fold in SGI upon butanol challenge. This ubiquitous redox
sensitive protein is a good biomarker for oxidative stress.””®®
The combination of proteases, molecular chaperones, redox
sensors, and scavengers of reactive oxygen species which are up-
regulated paints a strong picture of oxidative stress induction in
SGI in the presence of butanol.

Metabolomic Study

In our metabolomics study, we applied a differential isotopic
labeling technique to target the amine-, phenol- and acid-
containing submetabolomes. The comparison between abun-
dances of BtOH™ and BtOH' metabolites was based on the
ratio of '*C-labeled individual samples to the '*C-labeled
pooled reference sample.”*** This labeling technique allows
sensitivity enhancement of 10- to 1000-fold and is particularly
useful for monitoring amino acids, polyamines, and organic
acids in biological samples. Although global metabolite profiling
using techniques, such as NMR and LC—MS without isotope
labeling, was not performed in this study, the profiling of
targeted submetabolomes with enhanced metabolite detection
is informative. Using this approach, a large fraction of the
metabolites associated with a particular metabolic network of
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interest, such as the TCA cycle, can be profiled, which provides
more accurate information on cellular metabolic processes. As
we will see below, these compounds play an important role in
response to butanol stress and a correlation with the
proteomics results can be observed.

Analysis of Amine- and Phenol-Containing Metabolites

On average, 605 + 86 peak pairs or putative metabolites were
extracted from duplicate experiments on triplicate BtOH™ and
BtOH" samples. Principal component analysis was first applied
to evaluate whether the addition of butanol had an eftect on the
metabolite profiles of SG1. As shown in Figure 4, there was a

30

20

10

>

Component 2
| |

Component 1

Figure 4. Principal component analysis plot of dansylation labeled
metabolites from S. warneri SG1 grown in BtOH™ or BtOH" medium.
The data was from technical duplicate experiments on biological
triplicate samples of BtOH™ and BtOH" lysates. Red triangles and blue
squares represent BtOH™ and BtOH" cultures, respectively.

clear distinction between BtOH™ and BtOH" cultures, and the
separation is mainly reflected by the first principal component,
indicating that the presence of butanol lead to a significant
alteration of the metabolite levels in SG1. Using a volcano plot
to find individual metabolites which varied by at least 1.5-fold
with a p-value smaller than 0.01, we identified 94 metabolites,
among which 15 were unambiguously identified (see Table 1).

As discussed above, butanol stress is linked to the oxidative
stress response. We detected higher cadaverine/lysine (Figure
SA) and putrescine/ornithine ratios (Figure SB), which is

consistent with the up-regulation of Orn/Lys/Arg decarbox-
ylase (AGC91502) in our proteomics data. Cadaverine is a
scavenger of superoxide radicals during oxidative stress.””
Spermine, a _})olyamine which can protect DNA from free
radical attack’® and inhibit autolysis of Gram-negative marine
pseudomonad NCMB 845,”"7* was also up-regulated in BtOH*
SGL. Interestingly, S. warneri SG1 is not predicted to encode a
spermine synthase protein, and the physiological function of
spermine in bacteria has not been elucidated.”> A negative
aspect of spermine accumulation is the cytotoxicity and
inhibition of cell growth.”* However, the enzyme spermine/
spermidine acetyl-transferase can minimize the cytotoxicity of
spermine by converting it into Nl-acetyl-spermine,”* and a
similar enzyme (AGC91503) is present in the SG1 genome.
Although we only detected the presence of AGC91503 in
proteome profiling and failed to quantify it in the 2MEGA
labeling, the amount of Nl-acetyl-spermine observed was
increased considerably in BtOH" sample (Figure SC), which
suggests the enhanced activity of AGC91503 in the presence of
butanol.

The conversion of methionine to methionine sulfoxide is
another commonly observed reaction under oxidative stress
conditions, wherein methionine can react with reactive oxygen
species via a two-electron-dependent mechanism to produce
methionine sulfoxide.”” Our metabolomics data show that the
ratio of methionine sulfoxide/methionine in BtOH" increased
more than 2.5-fold compared to that in BtOH™ (Figure SD),
indicating an increased level of oxidation in response to the
oxidative stress caused by butanol. The up-regulation of MsrA
and MstB (discussed above) would allow rapid regeneration of
methionine from methionine sulfoxide, allowing continuous
disposition of reactive oxygen species.

Analysis of TCA Cycle Carboxylic Acids

Prior to isotopic labeling, an extraction step was carried out to
remove amine-containing compounds in order to increase the
specificity of the reaction for carboxylic acids. With the
optimized sample loading, an average of 449 + 66 peak pairs
or putative metabolites were extracted from duplicate experi-
ments on triplicate BtOH™ and BtOH" samples. In this study,
we focused on obtaining dynamic changes of seven TCA cycle
carboxylic acids in the presence of butanol (Supporting
Information Table SS), as the TCA cycle is a critical energy
metabolic pathway and the changes in metabolite levels in TCA

Table 1. List of Differentially Expressed Amine-Containing Metabolites That Were Unambiguously Identified”

metabolite name fold change p-value
N1-acetylspermine 21.64 7.17 X 107
spermine 6.76 1.65 X 107°
cadaverine 3.99 3.83 x 1073
arginine 221 146 x 107*
pyrrolidinone 1.97 2.80 x 107
y-aminobutyric acid 1.89 6.16 x 107
threonine 1.70 132 x 107
taurine 0.61 271 x 107
methionine sulfoxide 0.53 6.98 x 107*
glucosamine 0.47 7.94 x 107°
lysine 0.35 643 x 107
spermidine 0.30 1.65 X 1076
ornithine 0.30 3.08 x 107
methionine 0.21 9.02 x 107

avg rt (min) m/z (light) m/z (heavy)
28.1 315.4672 317.4742
28.9 379.1478 381.8232
23.6 285.1158 287.1226
44 408.1703 410.1769
15.7 319.1115 321.1181
9.9 337.1220 339.1287
8.0 353.1172 355.1239
39 359.0734 361.0800
6.8 399.1046 401.1115
44 413.1383 415.1450
19.8 307.1118 309.1183
26.1 423.1640 426.1741
18.7 300.1014 302.1082
13.3 383.1099 385.1166

“The fold change represents the levels of metabolite seen in BtOH" versus BtOH™.
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Figure S. Column plots highlighting product:substrate ratios which were increased upon butanol challenge. The data was from technical duplicate

experiments on triplicate BtOH™ and BtOH" cultures.

cycle reflects the regulation of energy metabolism of SG1 under
butanol stress.

From the 2D-LC—MS/MS proteomic studies, we observed
up-regulation of enzymes responsible for critical energy-
producing reactions in the TCA cycle. In agreement, the acid
profiling results show that the a-ketoglutarate:isocitrate (Figure
SE) and oxaloacetate/malate ratios (Figure SF) were increased
significantly under butanol challenge. The isocitrate dehydro-
genase (isocitrate — a-ketoglutarate) and malate dehydrogen-
ase (malate — oxaloacetate) reactions both produce NADH,
which is fed into the oxidative phosphorylation pathway to
produce ATP. Interestingly, the other reaction that generates
NADH in the TCA cycle, the a-ketoglutarate dehydrogenase
reaction (a-ketoglutarate — succinyl-CoA), was not up-
regulated as indicated by the high level of a-ketoglutarate in
BtOH" cells. This could be explained by considering that the
enzyme is sensitive to oxidative stress and can be inhibited
under such conditions.”® Since a-ketoglutarate itself can act as
an effective scavenger of reactive oxygen species, the stress
condition should favor an increased accumulation of a-
ketoglutarate.77 Looking at the downstream intermediates, we
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saw decreased levels of succinate, fumarate, and malate. Our
results indicate that the TCA cycle plays a key role in regulation
of the cell response to butanol stress, as it not only promotes
the production of energy, but also helps to modulate the
oxidative stress condition induced by butanol.

B CONCLUSIONS

Understanding the complex interplay that results in solvent
tolerance can shed light on how to genetically engineer bacteria
for biodegradation, biofuel production, and biocatalysis. Our
comprehensive proteomic and metabolomic study on SGI
reveals a complicated mechanism for butanol adaptation that
spans multiple clusters of orthologous groups. Upon butanol
challenge, the structure and composition of cell wall/membrane
were altered. We also saw a strong link between solvent stress
and oxidative stress. Many stress response proteins such as
chaperones and proteases were up-regulated upon butanol
challenge. Key enzymes in carbohydrate metabolism, including
those involved in glucuronate interconversions, were also up-
regulated to counteract the drop in ATP synthesis via oxidative
phosphorylation. Consistent with the proteomic study, inter-
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rogation of amine- and phenol- containing metabolites
provided strong evidence of oxidative stress when SGI1 was
exposed to butanol. Analysis of TCA cycle metabolites further
confirmed these observations and also indicated the key role of
TCA cycle intermediates in the mechanism of butanol
tolerance of SGI.

The vast proteomic changes observed in SG1 upon butanol
challenge observed in our study suggests that a reductionist
approach (a single gene leading to a specific phenotype) to
study solvent tolerance is far from ideal. However, it would still
be of great interest to determine whether overexpression of
specific proteins, such as those involved in oxidative stress or at
key metabolic junctures, can lead to solvent tolerance. In
addition to genetic engineering, modification of the growth
conditions (different carbon/nitrogen sources, aerobic versus
anaerobic growth, etc.) might allow growth in a higher titer of
organic solvent by minimizing energy consumption and
reducing the basal level of oxidative stress. Perhaps this
explains why C. acetobutylicum, a strict anaerobe, is highly
tolerant to butanol and ethanol. Altogether, the results
presented in this work greatly enrich our knowledge of the
mechanisms employed by SG1 to combat butanol toxicity.
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