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Reversible protein phosphorylation determines growth and adap-
tive decisions in Mycobacterium tuberculosis (Mtb). At least 11
two-component systems and 11 Ser/Thr protein kinases (STPKs)
mediate phosphorylation on Asp, His, Ser, and Thr. In contrast,
protein phosphorylation on Tyr has not been described previously
in Mtb. Here, using a combination of phospho-enrichment and
highly sensitive mass spectrometry, we show extensive protein
Tyr phosphorylation of diverse Mtb proteins, including STPKs. Sev-
eral STPKs function as dual-specificity kinases that phosphorylate
Tyr in cis and in trans, suggesting that dual-specificity kinases have
a major role in bacterial phospho-signaling. Mutation of a phos-
photyrosine site of the essential STPK PknB reduces its activity in
vitro and in live Mtb, indicating that Tyr phosphorylation has
a functional role in bacterial growth. These data identify a previ-
ously unrecognized phosphorylation system in a human pathogen
that claims ~1.4 million lives every year.

Reversible phosphorylation is the main signaling mechanism
underlying the dynamic adaptive responses necessary for
Mycobacterium tuberculosis (Mtb) survival in the host. Although
phosphorylation on Ser, Thr, and Tyr was long considered ex-
clusive to the eukaryotic lineage, it now is recognized as being
ancient and ubiquitous (1). In the major human pathogen Mib,
phosphorylation on Ser and Thr residues is essential for growth
and adaptation, and the essential growth regulator protein ki-
nase PknB is under development as a therapeutic target (2, 3). In
contrast, the prevalence and functional consequences of protein
phosphorylation on Tyr in prokaryotes are less defined. The
best-understood role of bacterial Tyr phosphorylation is the
regulation of capsule exopolysaccharide production and trans-
port in several species, directly linking Tyr phosphorylation to
pathogenesis (4-7).

In Mtb, the phospho-signaling landscape is not well defined,
and to date there has been no conclusive molecular evidence for
protein Tyr phosphorylation. One study detected a small number
of bands in Mtb lysate by Western blotting with a phospho-Tyr
(pTyr)-specific antibody (4G10), but these proteins were not
identified, and phosphorylation on Tyr was not confirmed by
other methods (8). Another study showed in vitro Tyr phos-
phorylation of two Mtb proteins (9). Several phosphoproteomic
studies in Mtb identified hundreds of pSer/pThr sites but did not
detect pTyr sites (10, 11). The prokaryotic Phosphorylation Site
Database (12) lists 167 pTyr sites from a number of bacterial
species but none from Mtb. Bacterial Tyr phosphorylation is
thought to be catalyzed largely by a distinct class of Tyr kinases,
the BY kinases, that share no similarity with eukaryotic kinases
(13). Mtb is not predicted to encode functional BY kinases but
produces two canonical protein Tyr phosphatases of the low
molecular weight and classical types (14). The Tyr phosphatases,
however, are thought to be secreted and to act on host substrates
(15). The absence of functional BY kinases and the presumed
secretion of the phosphatases into the host supported the notion
that Mrb does not support intrinsic protein Tyr phosphorylation.

Phosphorylation on Tyr is the least abundant, most labile, and
technically least tractable of Ser/Thr/Tyr phosphorylation events.

www.pnas.org/cgi/doi/10.1073/pnas.1323894111

In eukaryotes, pTyr contributes 0.5-2% of phosphorylation sites
(16, 17). In prokaryotes, the abundance of Tyr phosphorylation
differs widely among species. Most studies reported 2.7-25.8%
of Ser/Thr/Tyr phosphorylation events occurring on Tyr (18),
including 8.6% in Escherichia coli (19). However, a recent study
in E. coli identified >500 pTyr sites, a number far exceeding that
of Ser/Thr phosphosites, suggesting that Tyr phosphorylation is
much more prevalent than previously believed (20). The same
study suggests a much smaller role for the E. coli BY kinases Etk
and Wzc than previously thought.

The presence of Tyr phosphorylation in many bacterial phyla
and its presumed absence in others led us to reconsider the
possibility of Tyr phosphorylation in Mtb. Here, we show that
Mtb does indeed phosphorylate protein on Tyr. We found that
several Ser/Thr protein kinases (STPKs) phosphorylate protein
on Tyr in cis and in trans and that Tyr phosphorylation regulates
STPK activity. Using a gel-free, high-accuracy mass spec-
trometry (MS) approach, we identified several Tyr-phosphorylated
proteins in Mtb, indicating potentially broad regulation of Mtb
physiology by this posttranslational modification.

Results

Mth STPKs Are Dual-Specificity Kinases. Protein phosphorylation
is a major regulatory mechanism in Mtb. Protein Tyr phos-
phorylation is widespread among prokaryotes from Archaea to
Firmicutes and Proteobacteria, but there was no previous evi-
dence for Tyr phosphorylation in Mtb. In contrast to the pre-
vailing notion, we hypothesized that Mrb may regulate cellular
processes by Tyr phosphorylation. To explore this idea, we first
investigated whether Mtb encodes BY kinases, a distinct family
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of Tyr kinases with no sequence or structural similarity to
eukaryotic Tyr kinases. To identify potential BY kinases in Mtb,
we searched the Mrb proteome using the BYKdb prediction
program (21). BYKdb did not predict any functional Mtb BY
kinases but did identify two proteins with similarity to BY
kinases, Rv1708 and Rv3918c. However, neither Rv1708 nor
Rv3918c contains the BY kinase signature Walker A’ motif.
In a chemical biology screen for ATPases (22), we previously
identified Rv1708 as a functional ATPase, a prerequisite for
kinase function. To verify the prediction that Rv1708 is non-
functional even though it has ATPase activity, we expressed
Rv1708 recombinantly and tested for kinase activity. Rv1708 did
not have any detectable kinase activity (Fig. S14). In an in
vitro study, Rv2232 previously has been shown to phosphorylate
protein on Tyr (9). Rv2232 is predicted to be a haloacid de-
hydrogenase, a hydrolase family with no similarity to known
kinases. Consistent with the structural prediction for Rv2232, we
did not detect kinase activity by measuring **P incorporation
(Fig. S14). Also, we did not detect any Tyr-phosphorylated
residues of Rv2232 by MS after incubation with ATP and a range
of cofactors.

Although our findings suggested that Mtb does not produce
BY kinases, Tyr phosphorylation might be carried out by non-
canonical mechanisms, as would be consistent with a recent study
of Tyr phosphorylation in E. coli indicating that, despite their
biochemical capacity, BY kinases actually play a limited role in
Tyr phosphorylation in vivo (20). In yeast, Tyr phosphorylation is
carried out exclusively by dual-specificity kinases that have both
Ser/Thr and Tyr kinase activity. Although rare, dual-specificity
kinases also have been described in bacteria (23, 24), raising the
possibility that some Mtb STPKSs also could have dual specificity.
To test this possibility, we measured in vitro Tyr phosphorylation
of the kinase domain (KD) of the Mrb transcriptional regula-
tor kinase PknD. Surprisingly, in addition to several previously
described pSer and pThr sites, we observed MS spectra for phos-
phorylation on the activation-segment residues Tyr178 and
Tyrl80 (Fig. 1 4 and B) as well as on residues outside the acti-
vation segment. Because E. coli also phosphorylates protein on
Tyr, we sought to rule out the possibility that PknD phosphor-
ylation resulted from E. coli phosphorylation during recombinant
expression by testing for PknD Tyr autophosphorylation activity.
PknD showed clear autophosphorylation on Tyr by Western
blotting when recombinant PknD was incubated with ATP and

manganese (Fig. 1C), confirming that PknD autophosphorylates
on Tyr and can act as a dual-specificity kinase. Mutation of Tyr178
and Tyr180 to Phe abrogated autophosphorylation, showing that
these sites indeed are phosphorylated (Fig. 1C).

Activation-segment phosphorylation is a central regulator of
kinase activity. To gauge the possibility for Tyr phosphorylation
on other Mtb STPK activation segments, we aligned the activa-
tion segments of the 11 Mtb STPKs (Fig. 1D). All except one
activation segment contained Tyr residues, including the Tyr
residue toward the C-terminal end that is conserved in some
STPK families and is present in all Mtb STPKs except PknG.
Several other Tyr residues are in the vicinity of pThr sites known
to control STPK activation. To test for Tyr phosphorylation
in the STPK-activation segment sequences, we phosphorylated
recombinant PknB, PknD, PknE, PknF, and PknH KDs and full-
length PknG in vitro and investigated Tyr phosphorylation by
MS/MS. All tested STPKs were phosphorylated on Tyr (Fig. 1D
and Table S1), suggesting that most, if not all, Mtb STPKs have
dual specificity. PknB, -D, -E, -F, and -G were phosphorylated on
Tyr in the activation segment, suggesting that several STPKs also
may be regulated by Tyr phosphorylation. To rule out the pos-
sibility that Tyr phosphorylation of these STPKs during re-
combinant expression results from E. coli Tyr kinases rather
than intrinsic Tyr kinase activity, we compared Tyr phosphory-
lation on kinase-dead PknB, -F, and -H with Tyr phosphorylation
on WT kinase; all Tyr phosphorylation on the kinase-dead
mutants would be the result of E. coli phosphorylation. We
detected no or one (PknH) pTyr on the dead kinases but nu-
merous pTyr on the WT kinases, indicating that the pTyr
detected in recombinant STPKs indeed results from STPK Tyr
kinase activity (Fig. S1B).

The STPKs Phosphorylate Tyr in trans. To test whether the STPKs
also phosphorylate Tyr in trans, we mapped the Tyr phosphosites
on structural models predicted by the PHYRE Protein Fold
Recognition Server. Three pTyr sites of PknD mapped to the
back side of the N lobe, and one site mapped to the C lobe. Most
of these pTyr residues are oriented in the opposite direction
or are >10 A away from the predicted position of the ATP
y-phosphate, precluding intramolecular autophosphorylation of
these sites. PknH was Tyr-phosphorylated at residues 16 and 31
in the N lobe, which also are distant and oriented away from the
active site. We detected similar phosphorylation sites that are
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not accessible for intramolecular autophosphorylation in PknB
and PknE. These data suggest that the STPKs can phosphorylate
substrates in trans.

Mtb Phosphorylates Proteins on Tyr. Given our finding that the Mtb
STPKs can phosphorylate on Tyr in trans, we next investigated
whether Mtb supports broader in vivo protein phosphorylation
on Tyr. By using a targeted, gel-free, MS-based proteomics ap-
proach in combination with affinity-based phosphopeptide iso-
lation, we probed the Mtb phosphoproteome specifically for
phosphorylation on Tyr. Mtb cultures were grown to late log
phase, lysed, proteolytically digested, and subsequently enriched
for phosphopeptides by tandem immobilized metal-affinity chro-
matography (IMAC) using Fe(IIT) and TiO, procedures to re-
duce sample complexity. We performed high-mass accuracy
nano liquid chromatography MS (LC-MS) analysis with colli-
sion-induced dissociation (LC-MS/MS) of the isolated analytes
to study the phosphoproteome comprehensively. Data were an-
alyzed with the proteomics software tool suite Trans-Proteomic-
Pipeline (TPP) (25). We detected 30 unambiguous Tyr phos-
phorylation sites on 17 proteins in Mtb lysates (Table S2). A
representative fragmentation spectrum of the Tyr-phosphory-
lated peptide VPGpYAPQGGGYAEPAGR derived from the
protein FhaA is shown in Fig. 24. Nearly the entire b and y ion
series in the spectrum could be annotated. The two most intense
fragments, y12* and y16™™, result from internal Pro fragmenta-
tion in the peptide sequence, a well-known collision-induced
fragmentation behavior of this amino acid (26). Less common
but not unusual is a doubly charged fragment derived from
a doubly charged precursor such as the y16™ ion, which may be
caused by a mobile proton. The probability of phosphorylation
on Tyr388 was determined to be 1.000 by the PTMProphet al-
gorithm of the TPP (25). To further verify Tyr phosphorylation
at position 388 and other positions identified in Mb lysate, we
chemically synthesized the FhaA phosphopeptide and a subset
of the phosphopeptides listed in Table S2 and subjected the
synthetic peptides to identical LC-MS/MS analysis. The spec-
trum obtained from the synthetic Tyr-phosphorylated peptide
VPGpYAPQGGGYAEPAGR (Fig. 2B) is identical to the frag-
mentation pattern of the endogenous peptide observed in Mtb
cell lysate and provides conclusive evidence of the pTyr assign-
ment. The MS/MS spectrum of the nonphosphorylated peptide is

shown for comparison in Fig. 2C. The observed b and y fragment
ions for the phosphorylated and nonphosphorylated form of this
peptide are annotated in the peptide sequence. The mass shift
caused by phosphorylation is shown by the different y ion masses
upstream and the different b ion masses downstream of the pTyr
residue, as highlighted by arrows in Fig. 2D. Spectra of additional
synthetic pTyr peptides also were nearly identical to the spectra
obtained from the endogenous peptides in Mtb lysate, confirm-
ing Tyr phosphorylation of these sites (Fig. S2). In addition, we
fragmented peptides from Mtb lysate by higher-energy collisional
dissociation in a Q Exactive mass spectrometer. The low molec-
ular weight pTyr-specific immonium reporter ion of m/z 216.0426
(27) was observed, as shown in a representative spectrum in Fig.
S3, further confirming the presence of pTyr in these samples.

In five biological replicates, we detected 30% of phosphory-
lation sites multiple times, indicating nonstochastic, specific
phosphorylation events (Table S2). The overlap between differ-
ent biological replicates was similar to that reported in analyses
of eukaryotic phosphoproteomes (28). The Mrb proteins phos-
phorylated on Tyr span all functional categories except for the
PE/PPE family, and essentials are enriched by approximately
twofold compared with all genes (Table S2). The most highly
phosphorylated protein by both number of different sites and
total abundance is FhaA. FhaA is a protein containing a fork-
head-associated (FHA) domain that is also a substrate of several
Ser/Thr kinases (29). Of note, FhaA is a 57-kDa protein and thus
likely is the major protein detected by anti-pTyr Western blot in
a previous study (8). All FhaA phosphorylation sites mapped to
the unstructured intermediate domain of the protein that is Pro-,
Gly-, and Tyr-rich (30). Based on structure predictions using
PHYRE, other Tyr phosphorylation sites are predicted to be in
well-structured regions, precluding a general preference for Mtb
Tyr phosphorylation of disordered regions. Other Tyr-phos-
phorylated proteins with known or predicted functions include
the chaperone GroEL2, the proteasomal subunit PrcB, and the
probable aminopeptidase PepB, raising the possibility that pro-
tein folding and degradation are regulated by Tyr phosphorylation.
Consistent with our in vitro data, we also detected phosphorylation
of Tyr178 of PknD, showing that STPK activation-segment phos-
phorylation occurs in live Mtb.

To determine the ratio of pTyr to pSer and pThr in Mtb, we
compared the number of Tyr phosphorylation sites with the
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number of pSer and pThr sites detected in the same samples. In
agreement with previous studies of bacterial Ser/Thr/Tyr phos-
phorylation, we found that 5.8% of Mtb proteins are phosphor-
ylated, with a strong bias toward pThr (pSer:pThr:pTyr ratio of
34%:62%:4%). At 4%, the percentage of pTyr in Mtb is within
the range found in other bacterial phosphoproteomes (18, 31).

Protein Tyr Phosphorylation in Published Mth Proteomic Data. In
light of our identification of Tyr phosphorylation in vitro and in
Vivo, it is puzzling that numerous previous studies did not detect
this modification. To test if phosphorylated Tyr peptides also
may be contained, albeit overlooked, in previous data, we ana-
lyzed four datasets available through the public MS data re-
positories PeptideAtlas (www.peptideatlas.org) and Peptidome
(ftp://ftp.ncbi.nih.gov/pub/peptidome/studies/PSEnnn/PSE133). We
considered two recently published datasets on Mtb strain H37Rv
described by Kelkar et al. (10) (123 LC-MS/MS runs, 1,385,970
spectra) and Schubert et al. (32) (24 LC-MS/MS runs, 236,475
spectra), one Mycobacteria bovis bacillus Calmette—Guérin set
by Schubert et al. (32) (24 LC-MS/MS runs, 213,183 spectra),
and one set on Mtb strain A7494 and A12998 (250 LC-MS/MS
runs, 1,784,650 spectra, Peptidome PSE133). Each study used
different types of sample fractionation including OffGel electro-
phoresis, strong cation exchange chromatography, C18 chroma-
tography, multidimensional protein identification technology, or
in-gel fractionation of total cell lysate and culture filtrate. Because
of the different scope of each study and the assumption that Mtb
does not support phosphorylation on Tyr, none of these data, to
the best of our knowledge, were analyzed extensively with regard
to Tyr phosphorylation. The search of the more than 3.6 million
spectra from these four datasets resulted in the identifica-
tion of 35 Tyr phosphorylation sites from 34 proteins from
a broad range of functional categories (Table S3). Two peptides
from FhaA (R.GGYPPETGGYPPQPGpYPRPR.H and R.
VPGpYAPQGGGYAEPAGR.D) were identified both in the
public dataset and in our experiments, further confirming assign-
ment of this pTyr site. Of note, the former peptide was identified
in each of the four public datasets as well as in our study. Rv0440
also was identified through different pTyr peptides in our ex-
periments and the public data. All other phosphorylation sites
were different in our and published datasets, likely because of the
large differences in sample type, sample preparation, and frac-
tionation techniques used, MS approaches and instrumentation,
and data analysis. These data, which demonstrate the utility of
reanalysis of public datasets for addressing new biological ques-
tions, further expand our view of the Tyr phosphoproteome and
bring the total number of Mtb Tyr-phosphorylated sites to 63 in
49 different proteins.

To test if phosphorylation on Tyr is conserved in other my-
cobacteria, we also measured pTyr in the soil-dwelling Myco-
bacterium smegmatis. Indeed, we identified four proteins (Table
S4), including MSMEG_5785, the Mtb ortholog of Rv2145c,
which also was identified in the public dataset as a Tyr-phos-
phorylated protein. These data show that Tyr phosphorylation is
a conserved regulatory mechanism in mycobacteria. Because M.
smegmatis is a soil-dwelling, nonpathogenic species, pTyr does
not seem to be linked exclusively to pathogenesis but likely
supports basic bacterial functions.

Phosphosite Mutation Affects PknB Activity. Kinases are widely
regulated by phosphorylation in their activation segments. To
test the effect of Tyr phosphorylation of the activation segment
on Mth kinase activity, we mutated the PknB KD pTyr site 182 to
Phe and generated a Thr173Ala mutation, which is known to
regulate PknB activity (33). All proteins were purified by
metal-affinity and size-exclusion chromatography and eluted at
a similar molecular weight (Fig. S44). We tested for autophos-
phorylating activity by measuring ““P incorporation after in-
cubation of PknB with [y-*>P] ATP. Unlike the PknB Thr173Ala
mutation, the autophosphorylating activity of the Tyr182Phe
mutation did not differ from that of WT (Fig. S4B), suggesting
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that activation-segment Tyr phosphorylation is not required
for this STPK’s autophosphorylating activity. However, transphos-
phorylation of FhaA and GarA, two known PknB substrates that
are phosphorylated on Ser and Thr residues (29, 34), was reduced in
the Tyr182Phe mutant (Fig. 34). PknB is essential for Mtb growth,
and we recently showed that growth is highly sensitive to altered
PknB activity (35). To test whether the reduced activity of the
Tyr182Phe mutant in vitro affects live Mtb, we measured the growth
of Mtb strains overexpressing WT PknB, the kinase-dead Lys40Ala
mutant, and the Tyr182Phe mutant (Fig. 3B, Inset). As previously
shown, overexpression of WT PknB led to complete growth arrest,
whereas the kinase-dead mutant did not affect Mtb growth. Over-
expression of Tyr182Phe led to a >20-fold reduction of toxicity
compared with overexpression of WT PknB on day 7 (Fig. 3B).
These data show that PknB Tyr182Phe function is impaired in
live Mtb, suggesting that Tyr phosphorylation of the activation
segment regulates some essential functions of PknB relating
to growth.

Collectively, we present multiple lines of conclusive evidence
for Tyr phosphorylation in Mtb, providing a roadmap for de-
fining new Tyr phosphorylation-dependent regulatory mecha-
nisms in this major human pathogen.

Discussion

Protein Tyr phosphorylation in prokaryotes has long been elu-
sive, and phosphorylation on Tyr was thought to be absent in
Mtb. Until now, both phosphoproteins and functional Tyr kina-
ses were considered absent, and the orphan Tyr phosphatases
were explained plausibly as virulence factors targeting host
proteins. We now show conclusive evidence for protein Tyr
phosphorylation in Mtb. Along with the recent identification
of >500 pTyr sites in E. coli (20), these findings suggest a more
pervasive presence of Tyr phosphorylation in prokaryotes and
reveal a new layer of Mtb phospho-signaling.

Until recently, most pTyr activity in bacteria was ascribed to
BY kinases. However, we found no evidence of functional BY
kinases in Mtb but instead identified Tyr-phosphorylation activity
of a number of STPKSs, providing a set of candidate kinases that
may mediate selective Tyr phosphorylation in vivo. Individual
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Fig. 3. Phosphosite deletion affects STPK activity. (A) Mutation of Tyr182 to
Phe in PknB reduces PknB activity in vitro. Autoradiogram shows loss of
phosphorylation of the PknB substrates FhaA and GarA upon Tyr mutation.
(B) Overexpression of PknB is toxic to Mtb, but overexpression of the
Tyr182Phe mutant leads to >20-fold decreased toxicity compared with
overexpression of WT PknB. (/Inset) Western blot of PknB expression in WT
Mtb (lane 1), tet-pknB overexpressor (lane 2), K40A mutant (lane 3), and Y182F
mutant (lane 4). Equal protein loading was controlled by Bradford assay.
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bacterial dual-specificity kinases have been described previously
in Chlamydophila and Bacillus, but our data suggest that dual-
specificity kinases may play a prominent role in bacterial phos-
pho-signaling. The BY kinases, on the other hand, may have
a more peripheral role in Tyr phosphorylation than previously
thought. This idea is consistent with the role of the two known E.
coli BY kinases, Etk and Wzc, in E. coli Tyr phosphorylation:
Deletion of both kinases had a limited effect on overall Tyr
phosphorylation, suggesting the presence of additional, non-
canonical Tyr kinases in E. coli (20).

Our data suggest that Tyr phosphorylation of the activation
segment may regulate STPK activity in a way that is reminiscent
of other dual-specificity kinases. Mutation of the PknB Tyr site
182 led to loss of function in vitro and in live Mtb, similar to the
loss of function previously described for deletion of the Thr173
phosphosite. However, we cannot rule out the possibility that the
mutagenic removal of a hydroxyl group from Tyr182 has other,
phospho-independent effects on activity or substrate binding.
Because PknB and PknD activation-segment Tyr mutations did
not affect autophosphorylation, these Tyr phosphosites might
function in other ways, for example by recruiting specific sub-
strates. Our finding of intrinsic Tyr phosphorylation in M also
puts the Tyr phosphatases PtpA and PtpB in a new light. Al-
though dephosphorylation of host substrates by PtpA has been
substantiated, it now appears likely that PtpA has an additional
role in intrinsic dephosphorylation. PtpA deletion does not affect
in vitro growth in rich medium (36) but causes attenuation of
Mtb in activated human macrophages (37), indicating that PtpA
has an intracellular role in processes that affect host—pathogen
interactions. With Tyr phosphorylation regulating the cell wall in
other bacteria and with cell wall enzymes phosphorylated on Tyr
in Mtb, the effect of PtpA on the survival in the host also may
relate to control of cell wall biosynthesis.

We identified Tyr phosphorylation sites on proteins with a
wide range of functions. Consistent with a role of Tyr phos-
phorylation in capsule biosynthesis in other bacteria, two essential
Mtb enzymes generating cell wall-associated polysaccharides also
are phosphorylated on Tyr: GIfT2, which catalyzes the polymeri-
zation of arabinogalactan with peptidoglycan to form an essential
component of the mycobacterial cell wall (38), and the 1,4-alpha-
glucan branching enzyme GlgB (39) that is involved in the bio-
synthesis of glycogen and capsular a-D-glucan. These data suggest
that the regulation of cell wall-associated carbohydrates by Tyr
phosphorylation might be conserved in Mtb. The most highly Tyr-
phosphorylated protein, FhaA, is an FHA-domain—containing
protein that also is a substrate of several Ser/Thr kinases. A recent
study showed a role for FhaA in assembling a signaling complex
with PknB and Rv3910 that affects cell wall synthesis (40). In-
terestingly, FhaA contains a long intermediate domain in addition
to the C-terminal FHA domain and an N-terminal domain of
unknown function. The intermediate region has a highly repetitive,
Tyr-rich sequence that is unstructured. All Tyr phosphoryla-
tion sites mapped to this intermediate domain. The FhaA in-
termediate domain could link FHA-mediated functions to
other pathways by serving as a switchboard through combi-
natorial Tyr phosphorylation. In addition, FhaA and several
other Tyr-phosphorylated proteins also are phosphorylated on
Ser and Thr, showing that both modifications can decorate the
same protein simultaneously.

The detection of Tyr phosphorylation in Mtb appears to be
more challenging than in other organisms. We found that pTyr-
specific antibodies cannot readily detect Tyr phosphorylated pro-
teins in cell lysate, and their reactivity even with recombinant
Tyr-phosphorylated protein is limited. However, our finding of
Tyr phosphorylation sites in existing MS datasets using vastly
different fractionation methods shows that the current absence
of evidence for Tyr phosphorylation was not caused primarily by
technical difficulties.

The next challenge for understanding the role of Tyr phos-
phorylation in Mtb is the identification of specific functions of Tyr
phosphorylation events. More than 20 years after the discovery of
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Tyr phosphorylation in bacteria, this study redefines phospho-
signaling in Mtb and should encourage research into the function
of this previously unidentified arm of signal transduction.

Experimental Procedures

Cloning, Expression, and Purification of Recombinant Mtb Proteins. The genes
for STPK kinase domains, full-length PknG, Rv1708, and Rv2232 were am-
plified from genomic Mtb H37Rv DNA and cloned into the pET28b expres-
sion vector in-frame with an N-terminal six-His tag and a SUMO tag for
protein stability (FhaA). The kinase domains contain the following residues:
PknB amino acids 1-307; PknD amino acids 1-378; PknE amino acids 1-289;
PknF amino acids 1-301; and PknH amino acids 1-399. Site-directed muta-
genesis was carried out using the QuikChange protocol (Stratagene). Pro-
teins were expressed and purified as described previously (22).

Western Blotting. Kinase reactions were carried out with 200-500 ng kinase,
150 mM NaCl, 20 mM Tris (pH 7.5), 5% (vol/vol) glycerol, 1 mM MnCl, (1 mM
each of MnCl; and MgCl; for Rv1708 and Rv2232, respectively), 500 pM Tris
(2-carboxyethyl) phosphine hydrochloride, and 1 mM ATP. The reactions were
incubated for the indicated time at 37 °C and stopped by adding SDS/
PAGE sample buffer to a final 2-Mercaptoethanol concentration of 1%. The
samples were separated by SDS/PAGE, transferred to nitrocellulose mem-
brane, and probed with P-Tyr-100 antibody (Cell Signaling Technology). The
blots were probed with secondary antibody goat anti-mouse IRDye 800cw
(Licor) and scanned using the Odyssey digital imagining system.

32p Incorporation Kinase Assay. Kinase reactions were carried out as above,
using the indicated amounts of kinase, 5 pg GarA or FhaA substrate, 50 pM
ATP, and 5 uCi [y-32P] ATP per reaction. The reactions were incubated for the
indicated time at room temperature and stopped by adding SDS/PAGE
sample buffer. The samples were separated by SDS/PAGE, the gels were
dried, and the 3P incorporation was visualized by autoradiography.

Mtb Strains, Culture, and Lysate Preparation. Mtb strain H37Rv (ATCC) was
grown in liquid 7H9 medium with 10% OADC in rolling cultures. The over-
expressing strains tet-pknB, tet-pknB Lsy40Ala, and tet-pknB Tyr182Phe
were generated as previously described (35). For cfu assays, cultures at ODgoo
0.05 were induced with 20ng/mL ATc and were plated daily for 7 d. For
LC-MS/MS analysis, cultures were harvested by centrifugation for 5 min at
4000 x g and were washed once in PBS. Cells were pelleted and resuspended
in 50 mM NH4HCO3/50% (vol/vol) 2,2,2-Trifluoroethanol. Cells were lysed by
bead beating and inactivated by heat killing. M. smegmatis strain MC2 155
was grown and lysate was prepared as described above for Mtb.

Tryptic Digestion and Phosphopeptide Enrichment. Proteins were reduced with
5 mM dithiothreitol (DTT) for 30 min at 55 °C, alkylated with 14 mM
iodoacetamide (IAM) for 30 min at room temperature in darkness, fol-
lowed by quenching of unreacted IAM with 5 mM DTT. The sample was
diluted with 125 mM NH4HCO; and digested with trypsin at an enzyme:
substrate ratio of 1:50 at 37 °C overnight. The digest was dried under cen-
trifugal evaporation (Savant), resolubilized in 500 pL 1% trifluoroacetic acid,
and peptides were desalted with tC18 SepPak cartridges (Waters). To enrich
for phosphopeptides, we performed IMAC using PHOS-Select Iron Affinity
Gel (Sigma-Aldrich) following a similar protocol (41) and then the Titan-
sphere Phos-TiO kit (GL Sciences Inc.). Before MS analysis, peptides were
desalted with a tC18 SepPak cartridge. Alternatively, Tyr-phosphorylated
proteins were purified by immunoprecipitation with a 1:1 mixture of the
anti-pTyr antibodies PY99 agarose and 4G10 Sepharose before tryptic di-
gestion. After three washes in lysis buffer, protein was eluted with 0.2%
trifluoroacetic acid, and samples were processed further as described above.
Recombinant proteins were reduced with 1 mM DDT, alkylated with 10 mM
IAM, and quenched with 5 mM DDT. Samples were diluted 1:1 with 125 mM
NH4HCO; and digested with trypsin (1:50) overnight.

LC-MS/MS Analysis. Peptides were analyzed on either an LTQ-Velos Orbitrap
or an LTQ-Velos Pro Orbitrap Elite (Thermo Fisher Scientific) mass spec-
trometer equipped with a nano LC system. Peptide separation was per-
formed on C18 (ReproSil-Pur C18-AQ, 120 A, 3 pm; Dr. Maisch GmbH,
Germany) capillary columns packed in house using 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B) with a gradient from
3-25% (vol/vol) B in 90 min at a flow rate of 0.3 pL/min. Survey full-scan
MS spectra were acquired in the mass range m/z 400-2,000 in the Orbitrap
analyzer at a resolution of 60,000. The 10 most intense ions determined
in the survey scan were fragmented by collision-induced dissociation in
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the LTQ. Dynamic exclusion was enabled. In addition, a portion of phos-
pho-enriched Mtb lysate was analyzed on a Q Exactive (Thermo Fisher
Scientific) by higher-energy collisional dissociation and nano LC conditions
as described above.

Data Analysis. Instrument-native data files were converted to mzML or mzXML
files using the ProteoWizard msconvert program (42, 43). MS/MS spectra were
associated with peptide sequences using SEQUEST (version UW2012.01.2) and
a database comprising 3,996 protein entries plus common contaminants and
a sequence-shuffled decoy counterpart. Peptides were allowed to be semi-
tryptic with up to two internal cleavage sites. The search parameters included
a fixed modification of +57.021464 to account for carbamidomethylated cys-
teines and differential modifications of +15.9949 for oxidized methionines
and +79.966331 for phosphorylated Ser, Thr, and Tyr. The search results were
processed with the TPP (v4.6 revl and 4.6.2) including PeptideProphet (44)
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Extended experimental procedures are provided in S/ Experimental Procedures.
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