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short communication

Bacillus subtilis single-stranded DNA-binding
protein SsbA is phosphorylated at threonine 38
by the serine/threonine kinase YabT

Abstract

Background and purpose: Single-stranded DNA-binding proteins
participate in all stages of DNA metabolism that involve single-stranded
DNA, from replication, recombination, repair of DNA damage, to natural
competence in species such as Bacillus subtilis. B. subtilis single-stranded
DNA-binding proteins have previously been found to be phosphorylated on
tyrosine and arginine residues. While tyrosine phosphorylation was shown
to enhance the DNA-binding properties of SsbA, arginine phosphorylation
was not functionally characterized.

Materials and methods: We used mass spectrometry analysis ro detect
phosphorylation of SsbA purified from B. subtilis cells. The detected phos-
phorylation site was assessed for its influence on DNA-binding in vitro,
using electrophoretic mobility shift assays. The ability of B. subtilis serine/
threonine kinases to phosphorylate SsbA was assessed using in vitro phos-
phorylation assays.

Results: In addition to the known tyrosine phosphorylation of SsbA on
tyrosine 82, we identified a new phosphorylation site: threonine 38. The in
vitro assays demonstrated that SsbA is preferentially phosphorylated by the
B. subtilis Hanks-type kinase YabT, and phosphorylation of threonine 38
leads to enhanced cooperative binding to DNA.

Conclusions: Our findings contribute to the emerging picture that bac-
terial proteins, exemplified here by SsbA, undergo phosphorylation at mul-
tiple residues. This results in a complex regulation of cellular functions, and
suggests that the complexity of the bacterial cellular regulation may be un-
derestimated.

INTRODUCTION

he model Gram-positive bacterium Bacillus subtilis possesses two

single-stranded DNA-binding proteins, SsbA and SsbB (7). Physi-
ological roles of both these proteins have been under extensive investiga-
tion for over a decade, and they are currently known to participate in
DNA replication (2), recombination (3), damage repair (4) and the pro-
cess of transformation of the B. subtilis chromosome in the state of
natural competence (5). We have previously reported that B. subtilis
SsbA and SsbB can undergo phosphorylation at tyrosine residues, and
this phosphorylation is catalyzed by the B. subtilis BY-kinase PtkA (6).
In the case of SsbA, it was determined that PtkA-dependent phosphor-
ylation occurs on the residue tyrosine 82. This residue belongs to the
N-terminal region of the protein, known to be involved directly in DNA




A. Derouiche et al.

Phosphorylation of B. subtilis SsbA

binding. Phosphorylation of tyrosine 82 was shown to
lead to enhanced binding of SsbA to single-stranded
DNA (6). SsbA phosphorylation iz vive was shown to
diminish during the DNA-damage response and we
speculated that it may be involved in the repair mecha-
nisms (6). Soon thereafter, we demonstrated a pronounced
cell cycle phenotype of the AprkA strain, which could also
be related to the loss of phosphorylation of SsbA (7). More
recently, phosphorylation of SsbB on an arginine residue
was detected in a global phosphoproteome study (8). The
physiological effect of arginine phosphorylation on SsbB
was not further investigated, but it was shown that the B.
subrilis protein-arginine kinase McsB can phosphorylate
it in vitro (8). Evidence of phosphorylation of single-
stranded DNA-binding proteins on tyrosine residues was
obtained also from studies on other bacteria: Escherichia
coli and Streptomyces coelicolor (6,9).

It is a common occurrence that a single BY-kinase (70)
or bacterial protein-arginine kinase (8) can phosphorylate
a pool of different cellular proteins, and by doing so si-
multaneously regulate or coordinate different cellular
processes. The members of another family of protein ki-
nases present in bacteria, the Hanks-type serine/threo-
nine kinases, also typically display this ,promiscuous”
behavior towards protein substrates. In B. subrilis, three
such Hanks-type kinases have been described: PrkC (11),
YabT (12) and PrkD (13). All of them have been shown
to phosphorylate different cellular substrates. Interest-
ingly, significant phosphorylation-based cross-talk has
been demonstrated between B. subtilis BY-kinases and
Hanks-type kinases (74). Kinases from these two different
families phosphorylate each other at key regulatory resi-
dues, and thus have the capacity to create signal interfer-
ence or overlap between the two regulatory networks.
Phosphoproteome studies performed on different bacte-
rial species indicate that the overlap between BY-kinase
and Hanks-type serine/threonine kinases also exists on
the substrate level, with a significant number of bacterial
proteins phosphorylated by both types of kinases (15).

In this study, we report an example of a bacterial pro-
tein that undergoes phosphorylation on tyrosine, arginine
and threonine residues. In addition to the known phos-
phorylation events taking place on tyrosine and arginine,
we demonstrate that the B. subrilis SsbA gets phosphory-
lated at threonine 38 77 vivo. In vitro, this phosphorylation
is catalyzed most efficiently by the Hanks-type B. subtilis
kinase YabT. The consequence of phosphorylation is the
enhanced cooperativity of SsbA binding to single-strand-
ed DNA.

MATERIALS AND METHODS

Bacterial strains and growth
conditions

The B. subtilis strain SPSSBHT (6) was used to syn-
thesize the 6xHis-tagged SsbA as previously described (6).
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E. coli M15 carrying pREP4-GroESL was used for over-
expression of proteins from recombinant pQE-30 vectors
as previously described (76). All strains were grown in
Luria-Bertani (LB) medium with shaking, at 37°C.
When appropriate, ampicillin (100 pg/ml) and kanamy-
cin (25 pg/ml) for E. coli and neomycin (5 pg/ml) for B.
subtilis were supplied to the medium.

Construction of ssbA T38D

The ss6A codon for threonine 38 was replaced by a
codon for aspartate, using site-specific primer-directed
PCR mutagenesis, as described previously (6). The result-
ing PCR product was integrated in the pQE-30 vector
and the absence of any unwanted mutations in the ss64
coding region was verified by sequencing.

Synthesis and purification of tagged
proteins

All the recombinant proteins, SsbA, SsbAT38D, Ss-
bAY82E, PrkC, PrkD and YabT were synthesized as
6xHis N-terminal fusion in E.co/i M15 harboring pREP4-
GroESL. The cultures were grown with shaking at 200
rpm at 37°C to OD; 0.5. The protein expression was
induced by adding 1 mM of Isopropyl f-D-1 thiogalac-
topyranoside, and then the cells were grown for addi-
tional 3 hours. The 6xHis-tagged proteins were purified
using Ni-NTA columns and the standard protocol from
the supplier (Qiagen). All proteins aliquots were stored at
—80°C in a glycerol containing buffer (10%) composed of
50 mM Tris-Cl pH 7.5 and 100 mM NaCl. For purification
of 6xHis tagged SsbA from B. subrilis SPSSBHT, 10 mM
sodium pyrophosphate was added to the cell lysate to in-
hibit the phosphatase activity, before the standard purifi-
cation on the Ni-N'TA column.

Determination of phosphorylation site
by mass spectrometry

Determination of the phosphorylation site on 6xHis-
tagged SsbA was performed essentially as described
previously (6). Briefly, the purified protein (50 mg) was
dissolved in 8 M urea, reduced (DTT), carboxyamido-
methylated (iodoacetamide) and digested with trypsin.
The digest was fractionated using into 10 fractions on a
Source

15RPC ST 4.6/100 column (Amersham Pharmacia
Biotech) and each 1 ml fraction was subjected to phos-
phopeptide enrichment using 50 ul PHOS-Select™
IMAC beads (Sigma). The phosphorylation of peptides
was analyzed on an LTQ-FT mass spectrometer (Thermo
Electron) coupled to an 1100 nano-HPLC system (Agi-
lent Technologies). Peptides were separated on an in-
house made nano-C18 HPLC column (ID 75pm x 15cm)
and ionized by electrospray ionization. The mass spectra
were acquired in the positive ion mode and MS acquisi-
tion cycles consisted of a full scan in the FT ICR cell,
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followed by MS/MS scans of the five most intense ions in
the linear ion trap. Resulting mass spectra were searched
against the NCBInr database using the Mascot search
engine (Matrix Science).

In vitro phosphorylation assay

‘The phosphorylation assay was performed as described
previously (76). A 40 pl reaction mix contained 1 ptM
serine /threonine kinase (either YabT, PrkC or PrkD),
5 uM SsbA, 50 pM ATP [y-2P] (20 pCi/mmol of y-*P),
1 mM MgCl,and 100 mM Tris-HCl at pH 7.5. The pro-
teins were incubated with radioactive ATP for 1 hour at
37°C. The reactions were stopped by the addition of the
SDS-PAGE buffer and heating at 100°C for 5 minutes.
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Figure 1. Identification of thre-
onine 38 as the phosphory-
lated residue in B. subtilis
SsbA. (A) The MS/MS spectrum
of the doubly-charged precursor
ion at m/z 560.225, correspond-
ing to the B. subtilis SsbA peptide
TFTNQSGER (theoretical mo-
noisotopic mass 560.227) with
one phosphorylated residue. The
[fragmentation pattern is consis-
tent with phosphorylation on the
residue Thr38. (B) The MS/MS
spectrum of the precursor ion at
the m/z ratio of 520.240, corre-
sponding to the non-phosphory-
lated peptide.
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The protein samples were separated by electrophoresis on
12 % polyacrylamide SDS gels. To reduce the back-
ground, the gel was boiled in 0.5 M HCl for 10 minutes.
Transient staining with Coomassie Blue was used to iden-
tify protein bands. The gels were dried overnight, and the
signals were visualized with the FUJI phosphoimager. The
experiment was repeated three times with proteins puri-
fied independently. One representative experiment is
shown.

Electrophoretic mobility shift assay

The DNA binding assays were performed with 20-,
40- and 80 bp long single stranded DNA fragments with
random sequence. Different ratios (indicated in the figure
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legend) of the single-stranded DNA and SsbA, Ss-
bAT38D, SsbAY82E were mixed in 100 mM Tris-HCI,
pH 7.5, and incubated for 20 min at room temperature.
After the incubation, the reactions were analyzed by elec-
trophoresis, under the following conditions: 2 h migration
at2.5 V/em in 0.5 Tris-acetate-EDTA, using an 8 % poly-
acrylamide gel without SDS. After the migration, the gels
were incubated for 20 minutes with shaking in 50 ml of
Tris-Glycine buffer supplemented with 1 pg/ml of ethid-
ium bromide to visualize DNA. The experiment was re-
peated three times with proteins purified independently.
One representative experiment is shown.

RESULTS AND DISCUSSION

SsbA is phosphorylated at threonine 38
in vivo and this phosphorylation leads
to enhanced cooperative binding to
single-stranded DNA

In an attempt to detect additional phosphorylation
sites on the B. subrilis SsbA, we have purified the 6xHis-
tagged protein directly from B. subtilis, and subjected it
to a mass spectrometry analysis. In addition to the residue
tyrosine 82, which was detected previously (6), we de-
tected an unambiguous phosphorylation signal on the
residue threonine 38, situated at the third position in the
tryptic peptide TFTNQSGER (Figure 1A). Identification
was confirmed by comparison the MS/MS spectrum of
the non-phosphorylated peptide (Figure 1B). In order to
study the effect on phosphorylation of the residue threo-
nine 38 on the activity of SsbA, we constructed a phos-
pho-mimetic version of the protein, SsbA T38D. Ss-
bAY38D carries a negatively charged aspartate residue in
place of threonine 38, thus mimicking the phosphoryla-

A

SsbA SsbA T38D

tion state of SsbA (77). SsbA, like all bacterial single-
stranded DNA proteins, forms tetramers which bind
single-stranded DNA (6,18). Each tetramer binds 25-30
base pairs (19), and longer single-stranded DNA mole-
cules can bind several Ssb proteins. We therefore com-
pared the binding of SsbA and SsbA T38D to a 40-base
pair (Figure 2A) and a 80-base pair single stranded DNA
fragment (Figure 2B), each with a completely random
sequence. In each case the SsbA-DNA molar ratio was
varied from 25:1 to 100:1. SsbA and SsbA T38D exhib-
ited a similar binding profile with the 40-base pair frag-
ment, in which case typically one Ssb tetramer binds per
fragment. This suggests that the affinity of the SsbA tet-
ramer for single-stranded DNA is not significantly af-
fected by phosphorylation of the residue threonine 38. By
contrast, with the 80-base pair DNA fragment, there was
a significant difference in the binding profiles. For SsbA,
for the majority of protein: DNA ratios, the dominant
shifted band was the lower one, corresponding to one
bound tetramer per fragment. SsbA T38D had a much
higher propensity to form the higher molecular weight
complex, with two SsbA tetramers per fragment, indicat-
ing that cooperativity of binding was enhanced by the
T38D mutation. The effect of phosphorylation of SsbA
threonine 38 would therefore seem to be quite different
from the effect of phosphorylation of tyrosine 82. While
phosphorylation of the tyrosine 82 dramatically increased
the SsbA affinity for single-stranded DNA (6), phosphor-
ylation of the threonine 38 enhanced the capacity of SsbA
tetramers to attach adjacently to a single-stranded DNA
substrate. It was recently demonstrated that the disor-
dered C-terminal region of bacterial Ssb proteins col-
lapses towards the tetramer upon DNA-binding (20),
thus leading to a more compact structure. It is tempting
to speculate that phosphorylation of threonine 38 could

B SsbA SsbAT38D
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Figure 2. SsbA T38D exhibits enhanced cooperative binding to single-stranded DNA. Electrophoretic mobility shift assays with purified
SsbA and SsbA T38D, and random sequence single-stranded DNA fragments. 10 pmol of DNA target were used in all lanes. A 40-base pairs
DNA fragment (A) and an 80-base pairs DNA fragment (B) were tested. In both gels the lane 1 corresponds to free DNA control, with no
added protein. The presence of either SsbA or SsbA T38D is indicated above each lane. In lanes 2-5 and 6-9, the final concentration of the
protein was 250, 500, 750 and 1000 pmol, respectively. This corresponds to molar ratios of protein to DNA of of 1:25, 1:50, 1:75 and 1:100).
The samples were separated by electrophoresis and DNA was visualized after ethidium bromide staining. The arrows indicate the signal of free
DNA, the SsbA-DNA complex (one tetramer per DNA fragment), and the SsbA-DNA complex (2 tetramers per DNA fragment). A representa-
tive result from three replicates with independently purified proteins is shown.
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Figure 3. YabT phosphorylates SsbA. /n
vitro phosphorylation assay with purified
B. subtilis Hanks-type kinases YabT, PrkC
and PrkD (1 uM), and the SsbA (5 uM).
The protein(s) present in the assay are indi-
cated above each lane. Reactions were in-
cubated for 60 min in the presence of 32P-
y-ATP, run on SDS-PAGE, and signals
were revealed by autoradiography. The
positon to which SsbA migrates on the gel
is indicated by an arrow. SsbA

lead to a specific interaction with the C-terminal domains
of adjacent SsbA monomers, and thereby aid the compact-
ing process upon binding single-stranded DNA. This and
other possible hypotheses regarding the phenotype of the
T38D mutation will have to be verified experimentally.

Hanks-type kinase YabT
phosphorylates SsbA

In B. subtilis, three Hanks-type serine/threonine ki-
nases are known to exist: PrkC (71), YabT (72) and PrkD
(13). All of these kinases are known to phosphorylate sev-
eral different B. subtilis proteins, and were thus potential
candidates for phosphorylating SsbA on threonine. In
order to assess their capacity to phosphorylate SsbA, we
used an 7z vitro phosphorylation assay described previ-
ously (6). Purified kinases were individually incubated
with SsbA, in the presence of ATP radioactively labelled
at the gamma position. In this assay, kinases use the phos-
phate at the gamma position in the ATP to autophos-
phorylate, or phosphorylate protein substrates. This i
vitro phosphorylation assay revealed that all three Hanks-
type serine-threonine kinases can phosphorylate SsbA to
some extent (Figure 3). From the densitometry quantifica-
tion of the phosphorylated SsbA bands, we concluded that
PrkD is the least efficient kinase of SsbA (relative band
intensity 11.235), followed by PrkC (relative band inten-
sity 20.902), and YabY is the most efficient of the three
(relative band intensity 68.544). We concluded that YabT
is likely to be the main kinase responsible for phosphory-
lation of SsbA. Interestingly, we have previously shown
that YabT phosphorylates the general recombinase RecA
of B. subtilis, at the residue serine 2 (12). Phosphorylation
of RecA occurred mainly during early spore formation,
and was required for RecA participation in checking chro-
mosome integrity during sporulation. Specifically, YabT-
dependent phosphorylation enhanced the formation of
transient RecA foci on the B. subtilis chromosome, and
the absence of phosphorylation led to increased sensitiv-
ity to DNA damage. Our present results suggest that
YabT also activates the loading of multiple tetramers of
SsbA onto single-stranded DNA, by phosphorylating its
residue threonine 38. It is plausible to presume that the
formation of RecA foci and loading of SsbA tetramers are
a part of the same mechanism involved in either sensing
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or repairing DNA damage. YabT, which is mainly ex-
pressed during sporulation (72), could be the key activator
of RecA and SsbA for participating in this early sporula-
tion check-point. To further explore this hypothesis,
quantification of phosphorylation of SsbA and RecA
should be performed in time dependent manner during
early stages of sporulation, and correlated to YabT activ-
ity measured iz vivo.

CONCLUSION AND PERSPECTIVE

Our present findings regarding phosphorylation of B.
subtilis SsbA by the Hanks-type kinase YabT contribute
to the emerging picture of a very complex signal transduc-
tion network in bacteria. It also strengthens the notion
that there is as significant overlap between the tyrosine-
and serine/threonine-phosphorylation systems, both at
the kinase cross-phosphorylation and the substrate phos-
phorylation level. Individual phosphorylation sites, such
as the phospho-threonine 38 of SsbA usually represent an
incremental contribution to the regulation of a complex
physiological process. Given the known involvement of
the kinase YabT in spore formation, the most likely role
of SsbA phosphorylation at threonine 38 is to participate
in the RecA-dependent chromosome integrity check (72).
However, this will require further investigation, and the
involvement in other stages of single-stranded DNA me-
tabolism cannot be excluded at this stage.
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