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The Proteomic Response of Mycobacterium smegmatis to
Anti-Tuberculosis Drugs Suggests Targeted Pathways
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Mycobacterium smegmatis is a fast-growing model mycobacterial system that shares many features
with the pathogenic Mycobacterium tuberculosis while allowing practical proteomics analysis. With
the use of shotgun-style mass spectrometry, we provide a large-scale analysis of the M. smegmatis
proteomic response to the anti-tuberculosis (TB) drugs isoniazid, ethambutol, and 5-chloropyrazinamide
and elucidate the drugs’ systematic effects on mycobacterial proteins. A total of 2550 proteins were
identified with ~5% false-positive identification rate across 60 experiments, representing ~40% of the
M. smegmatis proteome (~6500 proteins). Protein differential expression levels were estimated from
the shotgun proteomics data, and 485 proteins showing altered expression levels in response to drugs
were identified at a 99% confidence level. Proteomic comparison of anti-TB drug responses shows
that translation, cell cycle control, and energy production are down-regulated in all three drug treatments.
In contrast, systems related to the drugs’ targets, such as lipid, amino acid, and nucleotide metabolism,
show specific protein expression changes associated with a particular drug treatment. We identify
proteins involved in target pathways for the three drugs and infer putative targets for 5-chloropyrazin-

amide.

Keywords: Mycobacterium e mass spectrometry e tuberculosis e drug targets

Introduction

Tuberculosis (TB) is one of the most prevalent infectious
diseases in the world, claiming 2 million lives every year.!
Lengthy chemotherapy and emergence of drug-resistant strains
pose significant problems for effective control. To shorten the
duration of TB therapy, novel drugs are needed against the
causative agent of TB, Mycobacterium tuberculosis. Under-
standing the biological action of the current drugs should help
in the development of new drugs. Isoniazid (INH), ethambutol
(EMB), and pyrazinamide (PZA) (Figure 1) are the front-line
drugs currently used to treat TB.? INH selectively inhibits the
synthesis of mycolic acids, the main component of the waxy
cell wall in mycobacteria.> Both enoyl-acyl carrier protein
reductase (InhA) and 3-oxoacyl-acyl carrier protein synthase 2
(KasB) have been proposed as the primary targets of INH,
which are involved in the type II fatty acid synthase (FAS II)
system of mycobacteria for full-length extension of the mero-
mycolate chain.* The primary target of EMB is arabinosyl
transferase (EmbABC), which is responsible for the synthesis
of the arabinan portion of arabinogalactan (AG)® and lipoara-
binomannan (LAM)®” in mycobacterial cell walls. PZA disrupts
cell membrane function and depletes energy transport.>®
Relatively little is known about the specific targets of PZA,
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Figure 1. Structures of the anti-TB drugs isoniazid (A), ethambutol
(B), and pyrazinamide (C).2

although fatty acid synthase (Fas) has been proposed as a
potential target.’

Proteomics is capable of investigating the systematic re-
sponse of cells in a reasonably comprehensive manner'® and
is readily applied to mycobacteria. With the use of two-
dimensional gel electrophoresis coupled with mass spectrom-
etry (2DE-MS), a total of 263 proteins were identified in M.
tuberculosis and Mycobacterium bovis BCG strains.'! In M.
tuberculosis, Schmidt et al. identified 108 proteins'? and Sinha
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et al. identified 105 membrane proteins.'®> With the use of
multidimensional chromatographic separation and mass spec-
trometric detection (LC/LC/MS/MS or MUDPIT (Multidimen-
sional Protein Identification Technology)),'* 1044 proteins were
identified from three subcellular compartments in M. tuber-
culosis*® and 901 proteins were identified from Mycobacterium
smegmatis.'®

Protein profiles after exposure to drugs make it possible to
classify compounds of unknown mechanism of action into
similar groups, thereby elucidating the site of drug action.”> We
employed quantitative mass spectrometry to compare pro-
teomic fingerprints of anti-TB drugs and to identify markers
of drug action. Specifically, we examined the fast-growing M.
smegmatis, a nonpathogenic model system for studying the
cellular processes of mycobacteria, such as the related patho-
genic species M. tuberculosis. M. smegmatis has previously been
used to study alterations in protein expression in anti-TB drug
treatments and is sensitive to INH,!” EMB,'® and PZA’s
analogue 5-CI-PZA,° but resistant to PZA. With LC/LC/MS/MS,
we measured the global response of the M. smegmatis pro-
teome to INH, EMB, and 5-CI-PZA, which enabled us to identify
proteins that show altered expression levels and elucidate the
drugs’ systematic effects on mycobacterial cells.

Experimental Procedures

Growth and Drug Treatment of M. smegmatis Cells. M.
smegmatis mc*155 bacteria were grown with agitation at 37 °C
in Middlebrook 7H9 broth (Difco, supplemented with 10%
Middlebrook ADC enrichment, 0.2% glycerol, and 0.05% Tween-
80) to midexponential phase.'® Cultures for experimental
treatment were initiated by diluting 1:200 into fresh 7H9 media
and grown to early log phase (ODg, ~ 0.3) with shaking in 5%
CO, atmosphere at 37 °C. Drug treatments were begun by
adding filtered stock solutions of INH (10 mg/mL, Sigma) or
EMB (10 mg/mL, Sigma) to achieve the following final con-
centrations of 4, 8, 12, 16, and 30 ug/mL for INH and 0.5, 1, 2,
4, and 8 ug/mL for EMB.?° Minimum inhibitory concentrations
(MICs) were verified using the microbroth dilution technique,®!
by testing 7 drug concentrations (bracketing the published MIC
values), each tested by 12 replicates. 5-Cl-PZA treatment was
performed in Middlebrook 7H9 media adjusted to pH 5.6 with
HCl when cultures were grown from ODjy, of 0.2,?>*® with final
5-Cl-PZA concentrations of 25 and 50 ug/mL. Measured MICs
are in agreement with the literature values: 4 ug/mL for INH,
1 ug/mL for EMB, and 25 ug/mL for 5-Cl-PZA.®?*?5 Samples
were collected at selected intervals as in ref 20. In addition to
25 samples from ref 16, 2 more untreated control samples were
collected at ODgy, of 1.9 from Middlebrook 7H9 media. Samples
were centrifuged at 12 000g for 30 min, suspended in ice-cold
lysis buffer (25 mM Tris HCI, pH 7.5, 2.5 mM DTT, 1.0 mM
EDTA, and 1x Calbiochem Protease Inhibitor Cocktail Set I
(CPICSD) (1 mL/g cell pellet), and disrupted by bead-beating
with 0.1 mm glass beads.?®?” Cell lysates were clarified by
centrifugation at 20 000g for 30 min, with typical protein
concentrations of 10 mg/mL.

Preparation and LC/LC/MS/MS Analysis of M. smegmatis
Peptides. M. smegmatis soluble protein extracts were diluted
in digestion buffer (50 mM Tris HCI, pH 8.0, 1.0 M urea, and
2.0 mM CaCl,), denatured at 95 °C for 15 min, and digested
with sequencing grade trypsin (Sigma) at 37 °C for 20 h.
Untreated control samples were analyzed as in ref 16. Tryptic
peptide mixtures were separated by automated two-dimen-
sional high performance liquid chromatography. Chromatog-
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raphy was performed at 2 L/min with all buffers acidified with
0.1% formic acid. A BioBasic-SCX 100 x 0.32 (mm) column was
used for first-dimensional peptide separation. Chromatographic
salt step fractions were eluted from the strong-cation exchange
column with a continuous 5% acetonitrile (ACN) background
and 10 min salt bumps of 5, 20, 60, and 900 mM ammonium
chloride. Each salt bump was eluted directly onto a C18 reverse-
phase column and washed free of salt. Reverse-phase chro-
matography was run in a 125 min gradient from 5% to 50%
ACN, then purged at 95% ACN. Peptides were analyzed online
with electrospray ionization ion trap mass spectrometry’'*28
using a ThermoFinnigan Surveyor/DecaXP+ instrument. For
drug-treated samples, gas phase fractionation was used to
achieve maximum proteome coverage and increase coverage
of low-abundance proteins.? Three sequential LC/LC/MS/MS
analyses were performed, with spectra collected from different
mass/charge (m/z) ranges (300-650, 650-1000, and 1000-1500
m/ z) during data-dependent precursor ion selection. For each
MS spectra, the 5 tallest individual peaks, corresponding to
peptides, were fragmented by collision-induced dissociation
with helium gas to produce MS/MS spectra, using a normalized
collision energy setting of 34%. Fragmentation data from each
set of three runs were combined for peptide analysis. ESI
voltage was set at 3.2 kV and capillary heated to 160 °C.

Protein Identification. For peptide and protein identification
purposes, we used a database of 8968 potential M. smegmatis
coding sequences described in ref 16. Mass spectrometry data
were analyzed using the data processing program BioWorks
Turbosequest 3.1. Proteins were identified from the resulting
peptide MS/MS fragmentation spectra by searching against the
custom M. smegmatis predicted protein database using BioWorks
Turbosequest 3.1, considering up to 2 missed tryptic cleavages.
The unique and total number of peptides for each identified
protein in a given proteomics experiment were obtained using
PeptideProphet®® and ProteinProphet,®! implemented in the
Transproteomic Pipeline v.1.2.3. Proteins were identified with a
5% false-positive identification rate using the ProteinProphet error
model. The mass spectrometry raw data from this study, along
with all database search parameters, have been deposited in the
OpenProteomics Database,>*underaccessionnos. opd00007_MYCSM-
opd00031_MYCSM and opd00052_MYCSM-opd00086_MYCSM.

Protein Quantification. To estimate the relative abundance
of each protein i, we employed the differential Absolute Protein
Expression measurement (APEX) technique:**** we counted the
number (n) of observed MS/MS spectra associated with each
identified protein and calculated relative protein abundance f; for
that experiment as f; = n;/N, where N is the total number of
observed MS/MS spectra in the experiment. On the basis of these
measures of f;, the significance of differential protein expression
was calculated using a Z-score as

7= fi,l _fi,z
\/fi,o(l 7f;',0)/N1 +fi,0(1 7]‘;,0)/]\]2

where the numerator represents the difference in sampled
proportions of protein i in two shotgun proteomics experiments
fi1 = niINy, fio = n;,/N,; and the denominator represents
the standard error of the difference under the null hypothesis
in which the two sampled proportions are drawn from the same
underlying distribution with the overall proportion, f;, = [(n;,
+ n;,)/(N; + N,)]. In this analysis, we pooled results from 8
experiments each for INH, EMB, and 5-Cl-PZA treatments and
untreated controls and calculated a Z-score for each identified
protein between drug-treated and untreated cells.
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Clustering of Proteins by Their Expression Profiles. Protein
expression profiles were calculated from the relative abundance
(f; values) for proteins identified more than 20 times across the
60 shotgun proteomics experiments. Hierarchical clustering was
performed on the mean-centered profiles using the program
Cluster and displayed with the program Treeview.*®

Functional Annotation of M. smegmatis Proteins. Func-
tional annotation of the custom M. smegmatis predicted protein
database was previously described.'® Briefly, the proteins were
assigned functional categories with the Clusters of Orthologous
Groups (COG) database annotation®® associated with their top
BLAST hits with expectation value < 1 x 10~ ° against a database
of 89 fully sequenced genomes. M. smegmatis proteins were also
assigned with M. tuberculosis orthologs’ Gene Ontology (GO)
functional annotation, where orthologs were identified as bidi-
rectional best BLAST hits.

We calculated the enrichment of functional categories among
proteins showing significantly differential expression in drug
treatments. Under the hypergeometric distribution, the prob-
ability of a functional category being present only at levels
expected by random chance was calculated as

min(M,n)
F(kin, M, N) = P(iln, M, N)
i=k+1

M ) N—-M
(E)0-%)
N
(%)

and N is the total population size, M is the number of proteins in
the functional category j, n is the number of identified proteins
showing significant differential expression in that drug treatment,
and ks the overlap between M and n. COG functional categories
with Py eeraea < (1/18) were selected as significant, as there are
18 COG categories in M. smegmatis.

With the use of a two-tailed binomial distribution, we
identified GO functional categories showing significant enrich-
ment among proteins differentially expressed in drug treat-
ments as

where

P(k,In, M, N) =

n

Fikln,p)= (?)p"(l —p

i=k+1

where n represents the total number of the identified proteins, k
is the number of identified proteins with the functional category
J, and p is the fraction of proteins in the functional category j for
the whole genome. The enrichment of a functional category was
calculated as f= k/(N-p), where N represents the total number
of the identified proteins, k is the number of identified proteins
with the functional category j, and pis the fraction of proteins in
the functional category j for the whole genome. GO functional
categories with F < (1/350) were selected as significant, as there
are 350 GO categories. For rare GO functional categories with p
< 0.05, we calculated the significance based on Poisson statistics
as

k Lok
Flkin, p) = ep.n(z Lp,w_n))

i=0

where n, k, and p are defined as above. Again, GO functional
categories with F < (1/350) were selected as significant.
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Results and Discussion

The Growth of M. smegmatis Cells Is Inhibited by Anti-
TB Drugs. To investigate drug-induced metabolic changes, M.
smegmatis protein expression was examined throughout a time
course after adding the anti-TB drugs. The M. smegmatis
mc?155 cells were grown at 37 °C to early log phase, anti-TB
drugs were added, and cells were grown with agitation at 37
°C. At initial time points, cells grew normally; with increasing
time, cell growth slowed. In the presence of 4 ug/mL INH, the
growth of M. smegmatis was reduced, and at 8 ug/mL, INH
almost fully inhibited growth after 18 h. In EMB treatment, cell
growth was decreased at an EMB concentration of 1 ug/mL
and markedly reduced in 4 ug/mL EMB. 5-CIl-PZA slowed cell
growth at a concentration of 25 ug/mlL, although still did not
fully inhibit cell growth with 50 ©g/mL, consistent with previous
observations.? Cells were harvested from each of these drug
treatments and their proteomes analyzed by shotgun proteomics.

Proteins Identified in LC/LC/MS/MS Experiments. Ap-
proximately 1.6 million MS/MS peptide fragmentation spectra
were collected and analyzed over the course of 33 LC/LC/MS/
MS experiments, characterizing the proteins expressed in 33
samples drawn from time courses of M. smegmatis growing in
three different drug (INH, EMB, 5-Cl-PZA) treatments. By
integrating these data with 850 000 MS/MS spectra from 27
untreated control experiments,'® we identified a total of 2550
M. smegmatis proteins. Proteins were identified using Protein-
Prophet®! at an estimated false-positive identification rate of
approximately 5%. These identified proteins represent ~40%
of the ~6500 genes expected in the M. smegmatis genome
(personal communication, David Graham), whose final se-
quence and annotation is currently underway at the J. Craig
Venter Institute.

The Global Protein Expression Response of M. smegmatis
to Anti-TB Drugs. It has been observed that the number of
MS/MS spectra associated with each identified protein in
shotgun proteomics experiments correlates well with protein
concentrations.*” In the ‘spectral counting’ approach, we
consider the count of all MS/MS spectra from all peptides
attributable to a given protein divided by the count of all
interpreted MS/MS spectra for all proteins in the experiment.
The resulting frequencies of MS/MS spectra have been shown
to provide good estimates of relative protein abundance.*®*!
We estimated the relative protein abundance for each protein
in drug-treated M. smegmatis cells using this approach (Supple-
mentary Table 1 in Supporting Information). Protein expression
profiles derived from the fraction of identified MS/MS spectra
per protein reveal general trends of protein expression across
the treatments (Figure 2). Proteins involved in drug target
pathways generally cluster together in this analysis. INH’s target
3-oxoacyl-acyl carrier protein synthase 2 (KasB) is in the same
operon as 3-oxoacyl-acyl carrier protein synthase 1 (KasA),
meromycolate extension acyl carrier protein (AcpM), malonyl
CoA-acyl carrier protein transacylase (FabD), and acetyl/
propionyl-CoA carboxylase (AccD6) (Figure 3C). We observed
that proteins encoded by genes in this operon, which are
involved in the FAS-II fatty acid synthesis pathway, are
coordinately up-regulated when cells are treated with INH.
Fatty acid synthetase (Fas), propionyl-CoA carboxylase (AccD5),
and acetyl-/propionyl-CoA carboxylase (AccA3), proteins in the
mycolic acid synthesis pathway, are also coexpressed in this
cluster as might be expected from the general perturbation to
mycolic acid synthesis. In EMB treatments, the inosine-5'-
monophosphate dehydrogenases GuaB1, GuaB2, and GuaB3
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Figure 2. Hierarchical clustering of M. smegmatis proteins identified across 60 shotgun proteomics experiments. (A) Values in the
matrix indicate the fractions of observed MS/MS spectra for 476 proteins (rows) identified more than 20 times across 60 shotgun
experiments (columns). Black bars on the right indicate specific clusters expanded at right. (B—F) Among proteins with expression
levels up-regulated in anti-TB drug treatments are those involved in the drug-target pathways.

are up-regulated. Glutamine synthetase GInA and GInB are up-
regulated in 5-CI-PZA treatment, which might be explained by
5-Cl-PZA-induced amide production activating the L-glutamine
catabolism pathway.*?

Operon-Encoded Proteins Change Expression Levels Co-
ordinately. With these relative expression levels, we analyzed
the expression of proteins encoded in the same operons. We
see reasonably high coherence in the protein expression
patterns of proteins in the same operon (Figure 3). For example,
the expression levels of subunits of the FOF1-type ATP synthase
(AtpF, AtpH, AtpA, AtpG, AtpD, and AtpC) are consistent across
the three drug treatments and untreated controls (Figure 3A).
Figure 3B shows that the proteins in the RpsJ and RpsS operons,
components of the 11 gene S10 ribosomal protein operon, are
strongly down-regulated in all three anti-TB drug treatments
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in a coordinate fashion. This result may indicate that these
three drugs actively inhibit protein translation in cells or, more
likely, may be a secondary effect of the cell growth inhibition.
For the proteins in Figure 3, the average Pearson’s correlation
coefficient between adjacent proteins is 0.72, 0.96, 0.86, 0.99,
and 0.74 for Figure 3, panels A—E; these correlations are
significantly higher than random expectation based on non-
adjacent genes (p < 0.01; Z-test).

We searched for operons that were up- or down-regulated
in specific drug treatments. The proteins encoded by the KasB
operon are strongly up-regulated in INH treatment (Figure 3C).
KasB, the target of INH,' is in the same operon as KasA, AcpM,
FabD, and AccD6, which are grouped into one coexpression
cluster, except AcpM (Figure 2B). These proteins are known to
be in the synthesis pathway for mycolic acid,?® the main
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Figure 3. Levels of proteins encoded in the same operon change coordinately in drug treatments. Proteins labeled in red were identified
in our experiments; proteins in bold red are in the same operon. Proteins in the ATPase operon (A) express consistently across all
treatments; proteins in RpsJ, RpsS operons (B) are down-regulated in three drug treatments; the KasB operon (C), and the MhpD
operon (D) are up-regulated in INH and 5-CI-PZA treatments; proteins in the QcrABC operon (E) are down-regulated in EMB treatment.
The y-axes in column charts (right) represent relative protein abundance, measured as the total number of observed MS/MS spectra
associated with a given protein, expressed as a fraction of the total number of observed MS/MS spectra in the experiment.

component of the cell wall in mycobacteria, and have been
previously observed to be significantly up-regulated in quan-
titative analysis of INH-induced proteomic changes measured
by precursor intensity in LC/MS.** The INH-induced up-
regulation of mycolic acid synthesis enzymes suggests the
bacteria are up-regulating these enzymes to counteract the
inhibitory effects of INH. Similarly, 2-keto-4-pentenoate hy-
dratase (MhpD), acetyldehyde dehydrogenase (MhpF), and 4
hydroxy-2-oxovalerate aldolase (NahM) are up-regulated in
5-Cl-PZA treatment (Figure 3D). This operon is involved in
catabolism of aromatic acids and amines;** the operon’s
specific induction in 5-Cl-PZA-treated cells may implicate this
system or those functionally linked to it as 5-CI-PZA targets.
The ubiquinol-cytochrome C oxidoreductase QcrABC operon
is down-regulated in EMB treatment (Figure 3E); this protein

complex is an integral membrane enzyme that catalyzes
electron transfer from a quinol to a c-type cytochrome.**

Protein Differential Expression in M. smegmatis in Anti-
TB Drug Treatments. To characterize the specific response to
each anti-TB drug, we measured differential expression of
identified proteins by counting MS/MS spectra identified from
each protein. The significance of differential expression was
calculated as a Z-score from the difference in the number of
identified MS/MS spectra for a given protein between two
experiments.>** The Z-scores of identified proteins across 32
experiments were calculated comparing drug-treated cells to
the untreated controls (Supplementary Table 2 in Supporting
Information), and proteins showing significant expression
changes were chosen at the 99% confidence level (2] = 2.58).
These differential protein profiles provide information on which
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Figure 4. Proteins in the INH target pathway show differential
expression during INH treatment and can be detected by their
higher Z-scores, supporting the use of the Z-scores for the
identification of candidate downstream targets in the 5-CI-PZA
and EMB experiments. Solid circles represent the distribution of
Z-scores among all proteins identified after INH treatment; empty
triangles represent Z-scores for proteins in the pathway of
mycolic acid synthesis.

proteins are responsive in drug treatments and may belong to
drug target pathways.

We evaluated this strategy by calculating differential protein
expression for INH-treated cells, then testing how the known
targets in the mycolate biosynthesis pathway behaved. Figure
4 shows that mycolic acid biosynthetic proteins are effectively
identified by this strategy. While most cellular proteins are in
the range of I1ZI < 2, all of the 22 mycolic acid biosynthetic
proteins show |ZlI > 2, with the majority (18 proteins) up-
regulated. In INH treatment, downstream targets of INH were
effectively identified using Z-score. On the basis of this analysis,
we might therefore expect that the proteins with high Z-score
(or low Z-score) in EMB and 5-Cl-PZA experiments are also
likely to be enriched in downstream targets of the drugs.

Using this strategy, we tested for proteins strongly up- or
down-regulated in each drug treatment. Across 32 experiments,
we identified 485 proteins differentially expressed with 99%
confidence (121 = 2.58) from untreated controls. Each signifi-
cantly differentially expressed protein was associated with a
functional category, and the enrichment for particular func-
tional categories was calculated. These enriched categories
provide biological interpretation of the mass spectrometry-
based measurement of differential expression. Functional
enrichment for each drug treatment is shown in Figure 5.
Translation, energy production, and protein export are down-
regulated in all three drug treatments. These three drugs each
inhibit cell growth (Figure 5B), apparent in the interruption of
basic cellular processes. INH up-regulates lipid transport and
metabolism 1.2-fold (Figure 5A), as expected for cells whose
fatty acid synthesis (FASII) and mycolic acid synthesis are
inhibited by INH. Lipid transport and metabolism is also up-
regulated in EMB and 5-CI-PZA treatments, in accordance with
previous observations.?*® In addition, amino acid metabolism
and transport is up-regulated in INH and 5-Cl-PZA treatments.

Figure 6 presents a visual summary of the drug-induced
differential expression of 485 proteins against untreated con-
trols as measured in the 32 experiments. For each protein, a
point is plotted within the triangle at a position signifying the

F Journal of Proteome Research e Vol. xxx, No. xx, XXXX

Wang and Marcotte

relative enrichment of the protein across three drug treatments.
The relative peptide fractions in the three drug treatments were
normalized to add up to 1 in order to indicate the relative
expression, each fraction calculated as

Fraction g ;

fdrug,i = i
Fraction;;

all_drugs,i

where Fractiong,,, ; represents the fraction of total interpreted
MS/MS spectra that were derived from the protein i in total
peptides observed in that drug’s shotgun proteomics experi-
ments. Proteins plotted in the middle of the triangle are equally
abundant in all three drug treatments, indicating general
responses of the cells to drug treatments and growth inhibition.
Proteins sitting in one of the corners are highly induced in one
drug treatment, and proteins that appear along one of the edges
are induced in only two of the three drug treatments. For
example, proteins involved in mycolate biosynthesis (labeled
as red squares) sit in the INH corner. For discussion below,
proteins of interest in EMB treatment are plotted as blue
squares, in 5-Cl-PZA treatment as green squares.

1. The Effect of INH. Using Figure 6, we first summarize
the proteins specifically induced in INH-treated cells. Proteins
plotted in the INH-specific corner are involved in the biosyn-
thesis of mycolic acid.'>*® These proteins include the INH
targets KasB and enoyl-acyl carrier protein reductase (InhA).'3
Alkylhydroperoxidase (AhpD, an element of the peroxiredoxin
defense against oxidative stress), mycolic acid synthase (UmaAl),
and acetyl-CoA acyltransferase (FadA2, involved in lipid deg-
radation) are in the corner as up-regulated. In addition,
proteins in FAS-II system, such as, KasA, AcpM, FabD, AccD6,
polyketide synthase (Pks13), fatty-acid-CoA ligase (FadD32),
and 3-oxoacyl-acyl carrier protein reductase (FabG4), are up-
regulated, as expected in INH treatment.*® The increased
protein production presumably results in accumulated fatty
acid pathway precursors. Fatty acid synthetase (Fas), which
catalyzes the formation of long-chain fatty acids, is up-
regulated. The isoniazid inducible protein (IniA),*” essential for
the activity of an efflux pump that confers drug tolerance to
both INH and EMB, is also up-regulated. The INH up-
regulation of the enzymes in the FASII system, seen in the
proteomics data, suggests that the induction of these proteins
is the consequence of a regulatory feedback mechanism in
which the bacteria up-regulate mycolic acid synthesis enzymes
to compensate for the inhibitory effects of INH.

Peroxidase/catalase (KatG), which activates INH, is strongly
down-regulated. The end products of the mycolic acid pathway,
the mycolyltransferases FbpA, B, and C, are down-regulated,
which is consistent with previous observations.?**® This indi-
cates that INH treatment progressively depletes mature my-
colates.?®

2. The Effect of EMB. Next, we summarize specific re-
sponses to EMB. EMB targets the mycobacterial cell wall,
specifically the arabinosyl transferases EmbABC, which act to
polymerize arabinose into the arabinan of arabinogalactan (AG)
and lipoarabinomannan,'! the major polysaccharides of the
mycobacterial cell wall.>~ In our experiments, proteins involved
in the FASII system are up-regulated in EMB treatments, such
as KasB, Pks13, and Fas. In contrast, FbpA and FbpC are down-
regulated, consistent with EMB indirectly inhibiting mycolic
acid synthesis by limiting the availability of arabinan for
attachment of the mycolic acids,*® thereby triggering a cascade
of changes in the lipid metabolism of mycobacteria.
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In Figure 6, seven membrane proteins are specifically brane alanine and glycine rich protein (peptidoglycan biosyn-
induced in EMB treatment, including penicillin-binding pro- thesis), lipoprotein (LpqG), and the transmembrane cyto-
teins (essential membrane bound cell wall synthesizing en- chrome C oxidase CtaC (aerobic respiration). Maltooligosyl-
zyme), aspartate racemase (cell wall biogenesis), transmem- trehalose synthase (GlgY, involved in trehalose biosynthesis),
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Figure 6. Drug treatment-specific protein expression changes, illustrated with a three-way comparison of relative protein abundance
after INH, EMB, and 5-CI-PZA treatments. Each dot represents the relative abundance of a protein in the three drug treatments, positioned
so that proximity to a vertex is proportional to the level of enrichment in the respective sample. Colored squares are annotated proteins:
red squares represent known proteins in INH pathway (mycolic acid synthesis pathway); blue squares represent proteins discussed in
the results of the EMB experiments; green squares are proteins discussed in the results of the 5-CI-PZA treatment.

enoyl-CoA hydratase (beta oxidation of fatty acids), and cys-
tathionine/methionine gamma-synthase/lyase are also up-
regulated specifically, as is ferrochelatase (HemZ), sharing an
operon with two genes (MabA and InhA) involved in mycolic
acid biosynthesis. Glutamyl-tRNA synthetase (GItS) and IMP
dehydrogenase (GuaB1, Gua2, Gua3, involved in GMP biosyn-
thesis) are up-regulated, presumably as glutamate and cAMP
are necessary for galactose to be incorporated into the cell
wall.”® The induction of glutamate-1-semialdehyde 2,1-ami-
nonutase (HemL) might be explained from the effect of EMB
to increase glutamate efflux.’! The remaining up-regulated
EMB-specific proteins include zinc metalloprotease, monooxy-
genase (MSORF3583 and MSORF 2318), and oxidoreductase
(LpdA and MSORF8662), as well as pyruvate carboxylase (Pca).

3. The Effect of PZA. Finally, we summarize the specific
responses to 5-Cl-PZA. PZA is a prodrug, which has to be
activated in M. tuberculosis cell by the pyrazinamidase/nico-
tinamidase (PncA), mutations in which confer resistance to
PZA.>? The active derivative of PZA is pyrazinoic acid, which is
preferentially accumulated in acidic pH,>® resulting in cell
death. Relatively little is known about the targets of PZA,
although PZA inhibits L-tryptophan catabolism®* and increases
catabolism of L-glutamine.*? PZA blocks energy transport by
disrupting membrane functions.>® PZA has also been shown
to inhibit fatty acid synthesis®>® and elevate the NAD™ level in
cells.®®

Notable among proteins specifically up-regulated in 5-Cl-
PZA treatment is PzaA, a homologue of PncA. As M. smegmatis
apparently lacks the PncA gene, it seems likely from these data
that PzaA is carrying out PncA’s function in activating 5-CI-
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PZA. Also up-regulated are glutamine synthetase GInAl (one
of 4 copies of GInA) and GInB, which play a central role in
nitrogen metabolism and the formation of a poly L-glutamate/
glutamine cell wall structure,®” as well as being responsible for
NH, " and energy status.*? The subunits of urea amidohydrolase
(UreA and UreC) are up-regulated; these widely conserved
proteins serve to degrade amines®® and may act here as a
cellular defense against 5-Cl-PZA. In addition, MSORF2805
(Rv1626 ortholog, nitrogen regulation protein), cyanate lyase
LID1, formamidase, isocitrate dehydrogenase (Icd2), and
MSORF1225 (Rv0462 ortholog, involved in energy production)
are up-regulated, all of these proteins involved in nitrogen
regulation and energy metabolism. Other up-regulated proteins
include amine oxidase, amino acid transport system protein,
aminotransferase, and oxidoreductase. We note also that the
pH of the 5-CI-PZA experiment is lower (5.6) than that of the
control experiments (7), necessary for 5-Cl-PZA activation and
to bring the 5-CI-PZA MIC within an accessible range. None-
theless, the proteins up-regulated in this treatment are not
transcriptionally induced in M. tuberculosis grown under similar
acidic conditions in the absence of the drug,® indicating that
the protein expression changes we observe are drug-induced,
not pH induced.

To further investigate 5-Cl-PZA effects, we plotted the
expression changes of the significantly differentially expressed
proteins (IZI = 2.58) in the 5-CI-PZA drug treatment as a
function of their GO functional categories (Figure 7). We expect
the most enriched categories might correspond to the pathways
of 5-Cl-PZA drug targets. Among up-regulated proteins, car-
boxylic acid metabolism, organic acid metabolism, nitrogen
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Figure 7. The significant GO functional categories of proteins
identified as significantly differentially expressed (|Z| = 2.58) in
5-CI-PZA treatments. The x-axis represents the logarithms of the
hypergeometric-based probabilities for the significance of the GO
category among differentially expressed proteins. Gray bars
represent GO functional categories for the 89 significantly up-
regulated proteins; black bars represent GO functional categories
for the 71 significantly down-regulated proteins.

compound metabolism, and amino acid metabolism are sig-
nificantly over-represented. In contrast, the GO pathways of
protein biosynthesis and protein metabolism are significantly
enriched among down-regulated proteins. It would appear from
the proteomics data that PZA’s primary specific effects are to
perturb cellular nitrogen metabolism, carboxylic acid, and
organic acid metabolism, with specific perturbations to
glutamine metabolism and amine degradation.

Global Properties of the Observed Proteome. Finally, the
shotgun proteomics data generated in these experiments also
provide an efficient method for annotating the expressed
proteome. In all, we provide experimental support for 2550
proteins (Supplementary Figure 1 in Supporting Information).
Their COG categories (Supplementary Figure 1A in Supporting
Information) indicate significant enrichment for proteins of
energy production (6.5%), amino acid transport and metabo-
lism (6%), and lipid transport and metabolism (4.8%). However,
the largest fraction is uncharacterized proteins (44%). There is
a clear enrichment over random expectation (Supplementary
Table 4 in Supporting Information) in proteins of protein
biosynthesis, amino acid biosynthesis and metabolism, nucle-
otide biosynthesis and metabolism, and carbohydrate metabo-
lism. Low-abundance proteins such as those of DNA recom-
bination and RNA transcription are under-represented in the
shotgun proteomics data. Additional proteomics evidence for
these proteins might be generated by targeting transcription
regulation or lower abundance proteins. Similarly, in this study,
we focused on intracellular protein expression changes in
response to drug treatment. However, we note that secreted
proteins are often important in pathogenesis and virulence, and
that a targeted analysis of secreted proteins would be a good
complement to this work.

For each protein identified, we calculated the number of
identified MS/MS spectra and examined the distribution of
these values across the set of 2550 proteins (Supplementary
Figure 2 in Supporting Information). While the majority of
proteins were observed a small number of times, an appreciable
fraction of the proteins (35%) had 10 or more repeat observa-
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tions of associated MS/MS spectra, with the highest sampling
observed for the protein Tuf, whose MS/MS spectra we
observed a remarkable 5603 times; other highly sampled
proteins include GroEL2, Fas, AccA3, glycerol kinase 2, and
GInAl. While in this paper we have considered relative protein
expression changes, spectral counting can also be applied to
measure absolute protein abundances (e.g., refs 33, 34, and
37-39). These data therefore also indicate that, in principle,
protein expression levels spanning up to roughly 3-4 orders of
magnitude can be measured by this approach.

Conclusions

To explore alterations in M. smegmatis protein profiles, we
have, by using LC/LC/MS/MS, generated signature profiles of
M. smegmatis in response to treatments with INH, EMB, and
5-Cl-PZA. The protein profiles of M. smegmatis during exposure
to drugs are direct consequences of these drugs and provide
us valuable information on the drugs’ modes of action. We
observed that these three drugs selectively induce changes in
the expression of enzymes in the affected pathways, especially
before a more generalized stress response ensues.

With the use of mass spectrometry, we observed many drug-
specific protein expression changes. In INH treatment, proteins
involved in mycolic acid synthesis pathway are differentially
regulated; most are up-regulated, although several proteins are
down-regulated, such as the mycolyltransferases FbpA, FbpB,
and FbpC. Induced proteins could be predicted to either
compensate for inhibition of the target pathway or respond to
the toxic effect of the drug, and we expect that the protein
profiles can serve as a fingerprint of a given drug’s mode of
action. In this case, we reason that the bacteria are up-
regulating mycolate synthesis enzymes to counterbalance the
inhibition effects of INH. It remains to be seen whether the
pathways identified in 5-Cl-PZA treatment represent up-
regulated targets or other cellular responses to the toxicity.
However, they provide a starting point for furthering our
understanding of the drug’s mechanism of action and, there-
fore, to the development of more effective drugs against
tuberculosis.
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