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The soil bacterium Bacillus subtilis possesses a fine-tuned

and complex heat stress response system. The repressor

CtsR, whose activity is regulated by its modulators McsA

and McsB, controls the expression of the cellular protein

quality control genes clpC, clpE and clpP. Here, we show

that the interaction of McsA and McsB with CtsR results in

the formation of a ternary complex that not only prevents

the binding of CtsR to its target DNA, but also results in a

subsequent phosphorylation of McsB, McsA and CtsR. We

further demonstrate that McsB is a tyrosine kinase that

needs McsA to become activated. ClpC inhibits the kinase

activity of McsB, indicating a direct role in initiating CtsR-

controlled heat shock response. Interestingly, the kinase

domain of McsB is homologous to guanidino phospho-

transferase domains originating from eukaryotic arginine

and creatine kinases. Mutational analysis of key residues

of the guanidino kinase domain demonstrated that McsB

utilizes this domain to catalyze the tyrosine phosphoryla-

tion. McsB represents therefore a new kind of tyrosine

kinase, driven by a guanidino phosphotransferase domain.
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Introduction

The Gram-positive soil bacterium Bacillus subtilis can

respond to various and multiple changes of its natural

environment. The various cellular stress response systems

of B. subtilis enabling this fast adaptation serve as a general

model system for regulatory circuits, which include, for

example, two-component systems, alternative sigma factors

and regulated proteolysis. For one of these systems, the heat

shock response of B. subtilis, it could be demonstrated that it

is regulated by at least five different mechanisms. The major

regulatory proteins of four of these classes were identified

and characterized. Class I genes are regulated primarily by

the repressor HrcA, the alternative sigma factor sB controls

the class II genes, the repressor CtsR controls the class III

genes and the two-component system CssRS controls the

class V genes (Darmon et al, 2002; Schumann et al, 2002).

The proteins we investigated in this study, McsB and

McsA, encoded by class III heat shock genes are directly

involved in the regulation of class III heat shock response.

The major regulator CtsR is a dimeric repressor, which binds

to a highly conserved heptanucleotide direct repeat, located

upstream of clpP, clpE and the clpC operon (Derre et al,

1999a, b; Krüger and Hecker, 1998). The regulation of the

CtsR regulon is thought to be based on maintaining a basal

steady-state level of CtsR at 371C and that at elevated

temperatures a rapid degradation of the repressor by ClpCP

occurs (Krüger et al, 2001). All the genes of the clpC operon,

which consist of ctsR, mcsA, mcsB and clpC, are involved in

the regulation of the activity of CtsR, because McsA and McsB

act as modulators of CtsR (Krüger et al, 2001). McsB, a

putative kinase was shown to repress the DNA-binding ability

of CtsR and it was further proposed that McsB could modify

CtsR to target it for degradation by ClpCP. Such an McsB-

dependent modification of CtsR was detected by an in vivo

approach, suggesting a possible phosphorylation of the re-

pressor. However, a kinase activity of McsB was not demon-

strated yet. Interestingly, McsB contains a domain that is

highly conserved among ATP:guanidino phosphotransferases

(referred to as guanidino kinases) (Krüger et al, 2001). This

domain is used by the phosphagen kinase family and cata-

lyzes the phosphorylation of guanidino molecules such as

arginine or creatine, serving as ‘energy-storage’ in maintain-

ing energy homeostasis by buffering cellular ATP concentra-

tions of cells of higher eukaryotes, which have to utilize high

amounts of ATP (Ellington, 2001).

In this study, the precise role of both modulators of CtsR

was investigated. Therefore, we established an in vitro phos-

phorylation assay and could demonstrate a kinase activity of

McsB. Surprisingly, the characterization of the phospho-

amino acids and mutational analysis of McsA and McsB

revealed phosphorylation on tyrosines. Tyrosine phosphory-

lation was considered to be restricted to eukaryotes until

phosphotyrosine kinase (PTK) activity could be demon-

strated in Escherichia coli (Manai and Cozzone, 1982). So

far, bacterial PTKs were found to be involved in the regula-

tion of the synthesis of exopolysaccharides in B. subtilis and

other bacteria (Morona et al, 2000; Mijakovic et al, 2003) and

possibly in the regulation of the heat shock response in

E. coli (Klein et al, 2003).

The tyrosine kinase activity of McsB required the activa-

tion by McsA and resulted in phosphorylation of both McsA

and McsB. We could further show that CtsR is a bona

fide phosphorylation substrate of McsB and that the kinase
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activity of McsB is antagonized by ClpC, indicating a direct

role of this phosphorylation cascade in initiating CtsR-

controlled heat shock response.

Results and discussion

McsB is a protein kinase that is stimulated by McsA

and phosphorylates CtsR

The amino-acid (aa) sequence of McsB contains a highly

conserved domain with similarity to guanidino kinases

(kinase domain aa 119–253). Furthermore, the heat shock-

induced and McsB-dependent occurrence of an additional

acidic charged subspecies of CtsR, detected by two-dimen-

sional gel analysis, suggested modification of CtsR by phos-

phorylation (Krüger et al, 2001).

In order to experimentally examine a possible kinase

activity of McsB, we used the purified components to estab-

lish an in vitro phosphorylation assay, using radioactively

labeled [g-32P]ATP. The results of this assay depicted in

Figure 1 demonstrate that McsB alone, unlike McsA or

CtsR, appeared to be phosphorylated at a very low level

(Figure 1A, lane 2) when incubated with the labeled

ATP, suggesting a low-level autophosphorylation activity of

McsB. Addition of equal amounts of McsA stimulated this

activity by several orders of magnitude and led to the

concurrent phosphorylation of McsA (Figure 1A, lane 6).

Analysis of the time course of this reaction revealed that a

maximal level of phosphorylation for both proteins was

achieved after 20 min and remained stable for at least an

additional 60 min (Figure 1B, and data not shown). The

addition of equimolar amounts of CtsR to this in vitro

phosphorylation assay resulted in the immediate phosphor-

ylation of CtsR, but only in the presence of both McsA and

McsB (Figure 1A, lanes 7 and 3–5). We titrated the amount of

CtsR and observed that the phosphorylation of CtsR became

saturated at a ratio of two CtsR per McsA/McsB (data

not shown). It was previously observed that a dimer of CtsR

is the active species (Derre et al, 1999a, b, 2000; Krüger and

Hecker, 1998).

We conclude from these results that McsA acts as a specific

activator necessary for the full kinase activity of McsB,

resulting in the phosphorylation of McsB, McsA and sub-

sequently CtsR.

Interaction of McsB with McsA and CtsR

To allow phosphorylation of McsA, McsB and CtsR, an

interaction between McsA, McsB and CtsR must occur. To

investigate this complex in more detail, we used two ap-

proaches. First, as an in vivo approach, co-immunoprecipita-

tion experiments were performed with either McsA, McsB or

CtsR antibodies immobilized on protein A-coated magnetic

beads and lysates were prepared from wild-type (wt), DmcsA,

DmcsB or DctsR mutant cells, which were grown at 371C or

heat shocked at 501C. Subsequently, a Western blot was

performed to analyze whether McsA, McsB or CtsR was

co-immunoprecipitated from the lysates.

The experiment shown in Figure 2A demonstrates that

using McsA antibodies, capture of CtsR by McsA was possible

only when wt lysate and not lysate prepared from DmcsB cells

was used (Figure 2A). This indicated that the presence of

McsB is necessary for an interaction of McsA with CtsR.

In a pull-down experiment using McsB antibodies, CtsR and

McsA co-precipitated together with McsB. CtsR could also be

detected in the same experiment using a lysate prepared

from DmcsA cells (Figure 2B), which demonstrated that the

interaction of McsB with CtsR was independent of McsA.

Using CtsR antibodies, McsB co-precipitated in a wt as well as

in a DmcsA extract, whereas McsA co-precipitated only in

lysates of wt but not of DmcsB cells (Figure 2C). In summary,

these experiments suggested that McsA and CtsR were able

to bind simultaneously to McsB and that the interaction

of CtsR with McsA proceeded via McsB.

The ability of McsB to interact directly with either McsA or

CtsR was confirmed in vitro using surface plasmon resonance

(SPR) with a BIAcore instrument. As depicted in Figure 2D,

both McsA and CtsR showed interaction with McsB. CtsR,

whose binding to McsB was about five times stronger, also

appeared to have a very low off-rate compared to McsA

binding to McsB.

These protein interaction experiments demonstrated the

ability of McsB to bind directly to CtsR and to McsA, and

the co-immunoprecipitation (co-IP) experiments strongly
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Figure 1 Characterization of the phosphorylation activity of McsB.
(A) McsB exhibits a weak autophosphorylation activity, which is
strongly stimulated by McsA, and phosphorylates McsA and CtsR.
McsB, McsA and CtsR was incubated with [g-32P]ATP for 20 min
and subsequently analyzed by SDS–PAGE and autoradiography (as
indicated below the autoradiogram). The position of McsB, McsA
and CtsR is indicated on the right side. The star indicates a low
abundant contaminant of the McsB purification from E. coli, which
possesses an autophosphorylation activity independent of McsB.
(B) Quantitative analysis of the time course of the phosphorylation
of McsB and McsA. Filled squares represent the relative phosphor-
ylation of McsB and filled circles McsA. The inset depicts the
autoradiogram of the time course of the phosphorylation level of
McsA and McsB. McsA (1mM) and McsB (1mM) were incubated
with [g-32P]ATP and samples were withdrawn at the indicated time
points, analyzed and quantified with a phosphorimager.
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suggested that McsB was located at the center of a ternary

complex of McsA–McsB–CtsR. This implies that the observed

induction of the McsB kinase activity by McsA, which

resulted in the concurrent phosphorylation of CtsR

(Figure 1A), takes place in this ternary complex.

Phosphorylation occurs on tyrosine residues

To gain insight into the nature of the phosphorylation events,

catalyzed by McsB and McsA, we wanted to determine what

kind of amino acid was phosphorylated. First, we examined

the stability of the phosphorylation of McsA, McsB and CtsR

at high temperature (951C), acidic (HCl, 1 M) and basic

(NaOH, 1 M) conditions. Our results demonstrated that the

phosphorylation of McsA, McsB and CtsR was stable under

all these conditions (Figure 3A). The observed stability under

acidic and heat conditions is consistent with hydroxyamino

acid phosphorylation and since only phosphotyrosine resi-

dues resist high pH, these experiments suggested tyrosines as

phosphorylation sites (Duclos et al, 1991).

To verify this assumption, we used two-dimensional thin-

layer chromatography to analyze the phosphoamino acid

(Mijakovic et al, 2003). The migration pattern of the radio-

labeled hydrolysis products was compared with phospho-

amino acid standards PBSer, PBThr and PBTyr. As shown

in Figure 3B, radioactive products of hydrolyzed McsA and

McsB comigrated with the PBTyr standard.

The chemical stability and the phosphoamino acid analysis

by two-dimensional thin-layer chromatography demonstrated

that McsB and McsA became phosphorylated at tyrosines.

YwlE, a tyrosine phosphatase, dephosphorylates McsA,

McsB and CtsR

It was previously proposed by Kobayashi and colleagues that

YwlE, a protein with homology to low molecular weight

tyrosine phosphatases, carrying the conserved active site

signature motif, CTGNTCRS/T (Zhang et al, 1995), could

act as counterpart to McsB (Schumann et al, 2002). In

addition, Mijakovic et al (2003) reported that YwlE could

dephosphorylate the autophosphorylated tyrosine kinase,

YwqD, and two proteins phosphorylated at tyrosines,

[P-Tyr]-YwqF and [P-Tyr]-TuaD. We cloned, expressed and

purified YwlE and tested its effect on the in vitro phosphor-

ylation of McsA and McsB. Both proteins were preincubated

for 20 min with [g-32P]ATP to gain the maximal phosphoryla-

tion state (Figure 1B), YwlE was added and samples were

withdrawn subsequently following the indicated time course

(Figure 3C). Compared to the control reaction in the absence

of YwlE, an immediate loss of the phosphorylation signals of

McsA and McsB was observed (Figure 3C). The phosphatase

activity of YwlE could also be demonstrated for CtsR

(Figure 3D). Furthermore, the presence of YwlE did not

alter the Ser56 phosphorylation of RsbV by RsbW, which

served as a control and demonstrated the PBTyr specificity of

YwlE (Figure 3C). We also purified YwqE, which is the

cognate tyrosine phosphatase of YwqD, YwqF and TuaE

(Mijakovic et al, 2003), and YfkJ, the closest paralog (30%

identity) of YwlE. Unlike YwlE, neither of these two phos-

phatases interfered with the phosphorylation state of McsA

and McsB (data not shown).

The dephosphorylation of McsA, McsB and CtsR by the

tyrosine phosphatase YwlE further supported our previous

findings (Figure 3A and B), that McsB, its activator protein

McsA and their substrate-protein CtsR are phosphorylated at

tyrosine residues.

Mapping of the phosphorylation sites within McsB

and McsA

The most conserved tyrosine residues of McsB, among those

Gram-positive bacteria with a low GC content that encode

for an McsB ortholog, are located within the kinase domain

(aa 119–253; Y155, Y163 and Y210) (Krüger et al, 2001).

Nevertheless, we substituted all eight tyrosine residues of

McsB against its closest structural homolog, phenylalanine.

Figure 4A depicts the result of the kinase assay of McsA with

wt McsB as well as all tyrosine point mutants of McsB. No

phosphorylation of either McsA or McsB in the assay could be
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Figure 2 Analysis of the interaction between McsA, McsB and
CtsR. (A–C) Pull-down experiments using protein A-coupled McsA
(A), McsB (B) and CtsR antibodies (C), with lysates prepared from
B. subtilis 168 (wt), DctsR, DmcsA or DmcsB strains (as indicated
above). Co-precipitated proteins were analyzed by SDS–PAGE and
subsequent Western blotting with the respective antisera (indicated
on the right). (D) Interaction of McsB with McsA and CtsR by SPR.
The binding response is measured in resonance units (RU). McsB
was immobilized on a CM5 chip and McsA (0.8 mM) and CtsR
(0.8 mM) (as indicated in the sensorgram) were passed over the chip
surface as analytes.
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detected for McsBY155F and only a very weak signal could

be detected for McsBY210F. This demonstrated that both

tyrosine residues necessary for the kinase activity of McsB

are possible targets for phosphorylation.

These results implicated that an intramolecular phosphate

transfer, as recently discussed for the KaiC phosphorylation

(Xu et al, 2004), could occur in McsB, although it cannot

be excluded that the protein kinase gains its activity in a

two-step mechanism as shown for the E. coli PTK Wzc

(Grangeasse et al, 2002). To test such a two-step process,

which requires an initial phosphorylation to activate the

kinase, we created Y155E and Y210E point mutants of McsB

to mimic phosphorylation by an acidic charge of glutamate

(Gryz and Meakin, 2003). As shown in Figure 4C, no kinase

activity could be detected for these mutants as well as for the

YF substitutions of Y155 and Y210 (Figure 4A). Since

no phosphorylation appeared even in the YE variants of

McsB, we conclude that McsB does not employ an intrinsic

two-step mechanism as described for Wzc (Grangeasse

et al, 2002).

In gel filtration experiments, McsB appeared to run as

a monomer (data not shown), but nevertheless we also

tested a 1:1 mixture of both single mutant proteins, YF

as well as YE substitutions of Y155 and Y210, in the

kinase assay. But no phosphorylation signal appeared,

suggesting that a missing tyrosine could not be complemen-

ted in trans by a tyrosine in another McsB molecule (Figure

4B and C). These results support our first assumption of an

intramolecular phosphate shuttle between the two tyrosines

in McsB.

We were interested in whether the McsA phosphorylation

is achieved by an intermolecular phosphate transfer from

McsBBP and is thereby a part of the putative phosphate

shuttle. We addressed this issue by incubation of McsA with

purified [32P]Tyr-McsB, where free [g-32P]ATP was removed.

As depicted in Figure 4D, no McsA phosphorylation signal

could be detected in an autoradiogram, suggesting that the

McsA phosphorylation did not result from a phosphate

transfer from McsBBP but rather utilized the g-phosphate

of a new ATP molecule.

McsA is characterized by its two Zn-binding motifs in the

N-terminus and a C-terminal uvr domain (amino-acid resi-

dues 139–174). Deletion of this C-terminal domain did

not abolish the phosphorylation signal, demonstrating that
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Figure 3 Analysis of the phosphoamino acid. (A) Autoradiogram of the chemical stability of McsA, McsB and CtsR. All three proteins (1 mM)
were incubated with [g-32P]ATP for 20 min and subsequently treated with HCl, NaOH or boiled at 951C (as indicated below) for an additional
10 min. The position of McsA, McsB and CtsR is depicted on the right. (B) Autoradiogram of the analysis of the phosphoamino acid by two-
dimensional thin-layer chromatography of hydrolyzed McsABP and McsBBP. An overlay with the position of the standard phosphoamino
acids, PBSer, PBThr and PBTyr (B20mg), which was analyzed by ninhydrin staining, is indicated by dotted circles. (C) Dephosphorylation of
McsABP and McsBBP by YwlE. McsA and McsB were preincubated with [g-32P]ATP for 20 min. Then, 1 mM YwlE was added at time point 0
(lanes 5–8) or not added (lanes 1–4) and the reaction was followed for another 60 min. Samples were withdrawn at the indicated time points
and analyzed by SDS–PAGE and autoradiography. The relative position of McsBBP and McsABP is depicted on the left. YwlE did not alter the
serine phosphorylation of RsbV by RsbW. RsbW and RsbV were incubated with [g-32P]ATP as described above and the phosphorylation was
followed in the presence and absence of YwlE (lanes 9–14). (D) Dephosphorylation of CtsR by YwlE. McsA, McsB and CtsR (1mM) were
incubated with [g-32P]ATP for 20 min, followed by the addition of YwlE (as indicated below), and analyzed as described above. The relative
position of McsBBP, McsABP and CtsRBP is depicted on the left.
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phosphorylation takes place in the N-terminus (data not

shown). Indeed, using single phenylalanine substitutions of

the N-terminal-localized two tyrosines of McsA (McsAY40F

and McsAY103F), no phosphorylation of McsB or McsA was

observed in the kinase assay (Figure 4E). This raised the

question whether only the phosphorylated state of McsA

stimulates the kinase activity of McsB. To test this hypothesis,

we substituted the tyrosine residues of McsA against gluta-

mate to mimic the acidic charge of phosphorylation. As

depicted in Figure 4F, both single tyrosine to glutamate

(McsAY40E, McsAY103E) substitutions, unlike the previously

described tyrosine to phenylalanine substitutions (McsAY40F,

McsA103F), were able to activate McsB, resulting in the

phosphorylation of McsB as well as the second, not altered,

tyrosine residue of McsA. This suggested that both tyrosines

of McsA are not only required for phosphorylation of McsA

and the activation of McsB but were both themselves phos-

phorylated.

In summary, these experiments demonstrate that the

tyrosines 155 and 210 of McsB and the tyrosines 40 and 103

of McsA could be phosphorylation targets and that they are

essential for the tyrosine kinase activity of McsB and its

activation by McsA. Moreover, our experiments indicate

that the phosphorylation of McsB resulted from an intra-

molecular phosphate transfer between both phosphorylation

sites, Y155 and Y210, whereas no intermolecular phosphate

transfer from McsBBP to McsA was detected.

McsB-mediated release of CtsR from DNA is enhanced

in the presence of McsA and ATP

Our results indicated that McsA could form a ternary complex

with McsB and CtsR and concurrently activated the kinase

activity of McsB. Therefore, we investigated the influence of

McsA and McsB on the DNA-binding activity of CtsR in more

detail. The repression of the class III heat shock genes is

based on the binding of the dimeric CtsR to a heptanucleotide

direct repeat, which is located in varying copies within the

promoter regions of clpC, clpE and clpP. To monitor the DNA-

binding ability of CtsR, we amplified the promoter region

of clpC, which contains two CtsR-binding sites. As already

shown, McsB antagonizes the CtsR–DNA interaction (Krüger

et al, 2001). However, titration of both modulators allowed a

more precise analysis. Increasing amounts of McsB prevented

DNA binding by CtsR (Figure 5A). This McsB-dependent

inhibition of CtsR binding was enhanced by McsA, in the

presence of ATP, reducing the McsB level, which is required

for its inhibiting effect, by half (Figure 5A). ATP depletion or

replacement by the slow hydrolyzable analog, ATPgS, weak-

ens the influence of McsA (data not shown). This McsA

activation appears to be coupled to the presence of ATP,

indicating phosphorylation of McsB.

To verify the assumption that phosphorylated McsB

exhibits a higher affinity toward CtsR, we tested the phos-

phorylation mimicking McsB mutant, McsBY155E, in the gel

retardation assay. As depicted in Figure 5B, McsBY155E could
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Figure 4 Mapping of the phosphorylation sites within McsB and McsA. (A) Autoradiogram of a phosphorylation assay of McsA with McsB and
all YF point mutants of McsB (as indicated above). The position of McsBBP and McsABP is depicted on the left. (B, C) The phosphorylation
activity of McsB could not be complemented in trans. McsBY155F or McsB210F (B) and McsBY155E or McsBY210E (C), respectively, either
alone or together (as indicated above the autoradiograms), were incubated with McsA and [g-32P]ATP for 20 min and analyzed by SDS–PAGE
and autoradiography. The position of McsBBP and McsABP is depicted on the left. (D) The McsA phosphorylation did not result from a Pi

transfer from McsBBP. McsB (10 mM) was incubated with [g-32P]ATP for 30 min, purified from free [g-32P]ATP and subsequently incubated
with McsA (10mM). Samples were withdrawn immediately after the addition of McsA (0 min) and 30 min as well as 60 min later (as indicated
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McsA phosphorylation could be mimicked by replacement of Y against E and thereby recovering the kinase activity of McsB. McsB was
incubated with each of McsA, McsAY40E and McsAY103E (as indicated above) in the presence of [g-32P]ATP for 20 min and analyzed by SDS–
PAGE and autoradiography. The position of McsBBP and McsABP is depicted on the left.
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diminish the CtsR–DNA interaction alone as efficient as wt

McsB in the presence of McsA and ATP.

However, since McsB is able to inhibit DNA binding of

CtsR on its own, phosphorylation of CtsR cannot be a

prerequisite for its release. It seems more likely to assume

a higher affinity of McsB for CtsR in a phosphorylated state,

either alone or together with McsA.

In summary, these results demonstrate that phosphory-

lated McsB, activated by McsA, is a stronger inhibitor of the

CtsR repressor than unphosphorylated McsB.

A structural model of the guanidino kinase domain

of McsB

A structural model of the McsB kinase domain would be

valuable to understand the role of the guanidino kinase

domain and the tyrosines in this new tyrosine kinase. Two

of the eight tyrosines of McsB are necessary for the kinase

activity of McsB. They are conserved in all McsB homologs

and located within the kinase domain, but they are not

conserved in AK/CK (Figure 6A). This suggests that these

tyrosines, which are possible phosphorylation targets, are not

necessarily key residues of the catalytic mechanism of gua-

nidino kinase domains. A number of creatine and arginine

kinases bearing the guanidino kinase domain were crystal-

lized and their structures solved (Fritz-Wolf et al, 1996; Zhou

et al, 1998). Based on this, SwissModel (http://swissmodel.

expasy.org//SWISS-MODEL.html) a fully automated protein

structure homology modeling server, could successfully be

used to obtain a structural model of the kinase domain of

McsB (Figure 6A). The program based that model of the McsB

kinase domain (aa 119–253) on the homologous domain of

different arginine and creatine kinase structures deposited in

PDB (1bg0, 1m15, 1p50, 1p52, 1qk1, 1rl9). Figure 6A shows

an alignment of the McsB kinase domain with the guanidino

kinase domain of the AK from Limulus polyphemus (PDB

code 1bg0), whose previously determined crystal structure

served also as model template (Zhou et al, 1998). The activity

of AK is controlled by a conformational switch, upon binding

of substrate and ATP (‘induced fit’), and relies on several key

residues and structural elements. These include (in the AK

nomenclature) the essential C271, the highly conserved

NEED segment (residues 223–227), the flexible loop (aa

309–320) with E314 and the arginines R229, R280 and

R309. As depicted in the alignment (Figure 6A), all these

key residues are conserved in McsB. Y210 of McsB is located

within the flexible loop region (aa 309–320). For the gluta-

mate (E314) of this flexible loop region, it was demonstrated

that it interacts together with a cysteine (C271) and a gluta-

mate (E225 of the NEED motif) with the substrate arginine

upon binding of ATP. All three amino acids thereby stabilize

and orient the substrate arginine in the transition state of the

phosphate transfer reaction of AK. The second tyrosine of

McsB, Y155, is located on the other side of the ATP-binding

domain with C271 and the NEED loop in between

(Figure 6A). The positive charges of the conserved arginines

R229, R280 and R309 are thought to stabilize the bound

nucleotide (Zhou et al, 1998; Yousef et al, 2002).

Mutation of essential residues within the guanidino

kinase domain abolishes the kinase activity of McsB

We were interested in whether the catalytic mechanism of

ATP binding and the phosphorylation reaction of McsB

proceeds analogous to the mechanism described for AK/CK.

Guided by the alignment and the structural model, we

decided to substitute Cys167 (C271 in AK), which is highly

conserved and thought to enhance the catalytic rate through

electrostatic stabilization of the transition state, with a serine

(Gattis et al, 2004). The kinase activity of this mutant McsB

C167S was completely abolished (Figure 6B). In the gel

retardation assay, McsB C167S could still inhibit the DNA

binding of CtsR but McsA had no influence on the CtsR

inhibiting activity of McsB C167S anymore (Figure 6D),

indicating that McsB C167S is active and behaved like non-

phosphorylated McsB.

Next, we also substituted the conserved E121 (E225 in AK)

of the NEED motif and the adjacent E120 (E224 in AK) to

alanine and created also a double mutated variant EE120/

121AA (EE224/225AA in AK). All three McsB variants with

glutamate to alanine replacements revealed no kinase activity

(Figure 6C). To test the influence of the flexible loop region

(aa 309–320), we decided to fix this loop by substitution of

I209 against a proline, which resulted also in the inactivation

of the kinase of McsBI209P (data not shown). The kinase-

deficient McsB variants demonstrate that all the mutated
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Figure 5 Modulation of the CtsR–DNA interaction by McsA and McsB measured by DNA gel retardation. (A) Influence of McsA, McsB and ATP
on the DNA-binding ability of CtsR. CtsR (1mM) was incubated with McsA (1 mM), 1 mM ATP and increasing concentrations of McsB (0–1 mM)
(as indicated below the gel). DNA-binding analysis was initiated by addition of the promoter fragment. The DNA retardation was analyzed by
ethidium bromide staining of the native gel. (B) Influence of the McsBY155E mutation on the CtsR–DNA interaction. McsBY155E, a variant of
McsB, which carries an acidic charge at one phosphorylation site, was tested for its influence on the CtsR activity as described above.
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McsB residues, which are conserved key residues of guani-

dino kinases, are also essential for the kinase activity of

McsB. This strongly suggests that McsB utilizes the phos-

phorylation mechanism of the phosphagen kinase family for

its tyrosine kinase activity.

Arginine/creatine kinase domain as part of a tyrosine

kinase

The kinase domain of McsB is homologous to a guanidino

kinase domain originating from phosphagen kinases, which

are found only in eukaryotes. These homologous enzymes

E224/E225 R229 C271

E314

E224/E225

C271

R280

R309 Y155

Y210

Y155

ADP

Y210

Flexible loop region358
253

McsB~P

McsA~P

McsB~P

wt
McsB
E120A

McsB
E121A

McsB
EE120/121AA

McsA~P

wt
McsB
C267S

McsB

McsBC167S

+ +

+

+ +

0.1 0.2 0.4 0.6 0.8 1 µM 0.1 0.2 0.4 0.6 0.8 1 µM

+

+ +

+

+ +

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+CtsR 1 µM

McsA 1 µM

ATP 1 mM

McsB

−

−

−

−

−

−

−

−

−− − − − − −

−− −

−

−

B C

A

D

KARG 223 NEEDHLRIISMQKGGDLKTVYKRLVTAVDNIESKLPFSHDDRFGFLTFCPTNLGTTMRAS 282
McsB 119 NEEDHIRIQCLFPGFQLLEAMKAANQVDDWIEEKVDYAFNEQRGYLTSCPTNVGTGLRAS 178
        *****:** .:  * :*  . *    . * **.*: ::.::: *:** ****:** :***

KARG 283 VHIQLPKLAKDRKVLEDIAS—-KFNLQVRGTRGEHTESEGGVYDISNKRRLGLTEYQAVR 340
McsB 179 VMMHLPALVLTRQINRIIPAINQLGLVVRGIYGEGSEAVGNIFQISNQITLGKSEQDIVE 238
        * ::** *.  *:: . *.:  ::.* ***  ** :*: *.:::***:  ** :* : *.

KARG 341 EMQDGILEMIKMEKAAA 358
McsB 239 DLNSVAAQLIEQERS—  253
        :::.   ::*: *:: 

Figure 6 Structural model of the McsB kinase domain and mutational analysis of key catalytic residues of AK within McsB. (A) Structural
model of the McsB kinase domain (aa 119–253) derived by SwissModel based on homologous guanidino kinase domains of several AKs/CKs
(PDB code 1bg0, 1m15, 1p50, 1p52 1qk1 and 1rl19) is depicted on the right. The positions and stick models of ADP, Y155, Y210, E224, E225 and
C271 are shown. An alignment of the guanidino kinase domain of L. polyphemus (KARG) with the McsB kinase domain (McsB) is displayed on
the left of the figure. The key residues of the catalytic AK kinase mechanism as well as the corresponding residues in McsB are indicated above
and below the sequences (see text for discussion). (B, C) Autoradiogram of the phosphorylation assay of McsA with McsBC167S (B) and
McsBE120A, McsBE121A and McsBEE120/121AA (C) (as indicated above the autoradiograms). The relative position of McsBBP and McsABP
is depicted on the left. (D) Influence of McsBC167S on the DNA-binding activity of CtsR. CtsR (1mM) was incubated with McsA (1mM), 1 mM
ATP and increasing concentrations of McsBC167S (0–1mM) compared to McsB (as indicated on the left and below the gels) and analyzed as
described above.
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bind ATP and transfer the gamma phosphate of ATP to a

specific amino group of their small molecule substrates

arginine or creatine. This reversible formation of a high-

energy bond is used in cells with fluctuating energy require-

ments, like muscle or brain cells, to buffer the amount of ATP

(Ellington, 2001).

The kinase domains of the so far identified and character-

ized prokaryotic and eukaryotic tyrosine kinases are not

related to one another nor to the guanidino kinase domain.

The ATP-binding domains of prokaryotic tyrosine kinases are

homologous to P-loop Walker type ATPase domains and

thereby clearly differ from eukaryotic tyrosine kinases. This

demonstrates that evolutionarily different ATP-binding and

hydrolyzing domains can be part of tyrosine kinases. Our

results indicate that the ATP-binding and gamma phosphate

transfer activity of the guanidino kinase domain of arginine

and creatine kinases must have been utilized by McsB/McsA

to transfer the g-phosphate onto tyrosines. This adds a

new, third kind of ATP-binding domains to tyrosine kinase

function.

McsB alone exhibits only a very low autokinase activity

and the interaction with McsA is necessary to fully activate

the McsB kinase activity. This activation could result from a

conformational switch from the open to the closed state upon

McsA and ATP binding, resulting in relocalization of either

Y155 and/or Y210 of McsB into a position where they become

a substrate for phosphorylation. During the activation of

McsB, the activator McsA is concurrently phosphorylated.

The tight regulation of eukaryotic tyrosine or related Ser/Thr

kinases is often mediated by interacting activating proteins,

which themselves become phosphorylated, to ensure a regu-

lated signal transduction (Huse and Kuriyan, 2002).

Negative influence of ClpC on the kinase activity

of McsB and McsA

One remarkable feature of the clpC operon is the translational

coupling of mcsA–mcsB and mcsB–clpC, suggesting an inter-

action between McsA, McsB and ClpC directly after its

synthesis. Therefore, we tested the influence of ClpC on the

kinase activity of McsB (Figure 7A). Surprisingly, the addition

of ClpC led to a weak phosphorylation of ClpC and using

increased amounts of ClpC, it also diminished the kinase

activity of McsB. A six-fold excess of ClpC, which is active as

a hexamer, reduced the phosphorylation level of McsA and

McsB to B20%. Similar results were obtained when we

tested the double Walker B mutant of ClpC, DWB-ClpC,

which is able to bind to but not hydrolyze ATP and lacks

therefore chaperone activity (Figure 7A). This excludes a

chaperone-mediated decrease of the kinase activity of

McsB, for example, by unfolding of McsB. In addition, an

influence by the ClpC ATPase on the ATP level can be

eliminated.

The inhibition of the McsB kinase activity by ClpC sup-

ports a titration model where this interaction would serve as

sensor for heat shock or general stress. It has been previously

demonstrated that ClpC localized upon heat shock in vivo to

protein aggregates (Krüger et al, 2000) and it was demon-

strated in vitro that ClpC in the presence of the adaptor

protein MecA interacted and could even disaggregate and

refold protein aggregates (Schlothauer et al, 2003). The

accumulation of misfolded proteins, for example, upon heat

stress could result in a competition of McsA/McsB and

misfolded proteins for interaction with ClpC. This would

result in a relief of the inhibitory effect of ClpC on the

McsB/McsA kinase activity, enabling the subsequent phos-

phorylation of McsA and McsB followed by the derepression

of the CtsR regulon.

We tried to examine this model experimentally in vitro

(Figure 7B) and used the phosphorylation intensity of McsB,

induced by added McsA, as a read-out for interaction with

ClpC. The intensity of McsB phosphorylation in the presence

of McsA served as control and was set to 100% (lane 1). In

the presence of a hexamer of ClpC or ClpC-DWB, the phos-

phorylation of McsB was inhibited (Figure 7B, lane 2, and

Figure 7A). We performed order of addition experiments to

test the influence of potential competitors on ClpC. We used

both ClpC and ClpC-DWB, which gave similar results. To

eliminate a possible interference of the ATPase activity of

ClpC, we present the results performed with the ClpC-DWB

variant.

First, we tested the ability of McsA to reactivate the kinase

activity of McsB, which was preincubated with ClpC-DWB

and 1 mM of ATP (Figure 7B, lane 3 versus 2). Then, we

tested whether the addition of MecA as well as MecA and

casein, a model substrate for misfolded protein, to the pre-

incubated ClpC-DWB and McsB (lanes 4 and 5) influenced

the inhibitory effect of ClpC. As an additional control, ClpC-

DWB with MecA and casein was preincubated and McsB

together with McsA was added afterwards (lane 6). After the

various incubations, the kinase activity was monitored for all

reactions by the final addition of [g-32P]ATP.

The result of one representative experiment depicted in

Figure 7B demonstrates that in the reaction where McsA,

MecA and casein were added afterwards, more McsB became

phosphorylated (lane 5, 51%) compared to the experiment

where only McsA was added later (lane 3, 18%), but less

compared to the sample where McsB and McsA were added to

a preformed complex of ClpC-DWB with MecA and casein

(lane 6, 61%). This suggested that the addition of unfolded

protein with its cognate adaptor MecA could indeed result in

a release of McsB from ClpC. In addition, the phosphorylation

signal of McsB in lane 6 was significantly lower (61%) than

that in the absence of any ClpC (lane 1, set to 100%),

suggesting that ClpC preincubated with MecA/casein could

still inhibit the subsequently added McsB and McsA. This

indicated that under our experimental conditions, the ClpC

populations interacting with McsB or MecA/casein were in an

equilibrium, which could be shifted in both directions. These

experiments demonstrated that an unfolded protein-mediated

release of McsB and McsA, with a subsequent activation of

the phosphorylation cascade, can be observed in vitro.

The heat shock-induced degradation of CtsR depends

on the presence of McsA and McsB

We could demonstrate that McsA activated the kinase activity

of McsB and that phosphorylated McsB had, compared to

unphosphorylated McsB, a stronger CtsR DNA-binding inhi-

biting activity. It was also previously suggested that following

heat shock, CtsR was inactivated by modification and even

degraded (Krüger et al, 2001). We were interested to further

validate this assumption and to examine the possible invol-

vement of McsA and McsB by probing the stability of CtsR

under normal growth and heat shock conditions. Therefore,

we performed pulse-chase and Co-IP experiments with
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Anti-CtsR antibody serum to determine the stability of CtsR.

The experiment depicted in Figure 7C demonstrates that CtsR

is degraded only upon heat shock and that this heat-induced

degradation is abolished in mcsA and mcsB mutant strains.

McsA, unlike McsB, is not directly interacting with CtsR

(Figure 2). Therefore, McsA could influence the stability of

CtsR only via McsB, most possibly via its McsB kinase

activating ability. These results strongly suggest that the

McsA-mediated phosphorylation of CtsR is necessary for

its degradation. In addition, the temperature dependence

together with the important role of McsA argues for

the involvement of the McsA/McsB kinase activity in the

discussed titration model.

Conclusion

By investigating the function of McsA and McsB in regulating

the activity of the repressor CtsR, we revealed a complex
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Figure 7 Regulation of the McsB kinase activity and its effect on the CtsR stability. (A) Influence of varying amounts of ClpC and ClpC-DWB on
the McsB kinase activity. The relative phosphorylation of McsA (circles) and McsB (squares) in the presence of increasing amounts of ClpC is
depicted in the graph. The inset shows the corresponding autoradiogram of the phosphorylation assay of McsA, McsB and ClpC or DWB-ClpC.
McsA (1mM), McsB (1mM) and ClpC/DWB-ClpC (0–6 mM; as indicated in the panel below) were incubated with [g-32P]ATP for 20 min and
subsequently analyzed by SDS–PAGE and autoradiography. The positions of McsA and McsB are depicted on the right. (B) Negative influence
of ClpC could partially be reversed in the presence of competing ClpC substrates. ClpC-DWB (6mM), McsB (1 mM) (lanes 3–5), or ClpC-DWB
(6 mM), MecA (6 mM) and casein (1 mM) (lane 6) were preincubated with ATP (1 mM) for 5 min. Subsequently, McsB (1 mM) and McsA (1mM)
(lane 1) or McsB (1mM), McsA (1 mM) and ClpC-DWB (6 mM) (lane 2) were incubated. At the same time, McsA, McsA and MecA as well as
McsA with MecA and casein (as indicated) were added to the preincubated ClpC-DWB and McsB (lanes 3–5) or McsA and McsB were added to
the preincubated ClpC-DWB, MecA and casein (lane 6) and the kinase assay was started by addition of [g-32P]ATP followed by a 20 min
incubation (as described in the scheme on the right). The effect of ClpC-DWB, MecA and casein on the kinase activity of McsB was measured
by the McsBBP level. The phosphorylation signals were quantified with a phosphorimager and are depicted as percentage relative to the
control reaction of McsA and McsB (lane 1) below the lanes. (C) In vivo stability of CtsR by pulse-chase analysis. Cells of wt, DmcsA and DmcsB
were grown at 371C and upon an OD500 nm¼ 0.5, the cultures were divided and one half was exposed to 501C and the other half was kept at
371C. The cells were pulse-labeled simultaneously with [35S]methionine for 10 min as described in Materials and methods. Samples were
withdrawn at the indicated time points, and immunoprecipitated CtsR was detected by autoradiography.
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interplay of CtsR, McsA, McsB and ClpC, encoded in this

order by the clpC operon of B. subtilis. We could demonstrate

that McsB is at the center of a network interacting with the

three other proteins (Figures 1, 2 and 7). We identified and

biochemically characterized McsB as a new kind of tyrosine

kinase, which utilizes a guanidino kinase domain, known

only from eukaryotic arginine and creatine kinases. We could

demonstrate that McsB needs to be activated by McsA, which

becomes concurrently phosphorylated by McsB. This activa-

tion of McsB resulted in a stronger inhibition of the DNA-

binding activity of CtsR and in the immediate and concurrent

phosphorylation of CtsR (Figures 3–6). ClpC on the other

hand is inhibiting the kinase activity of McsB (Figure 7A). In

addition, CtsR is degraded in vivo upon heat shock and this

heat shock-induced degradation depends on the presence of

McsA (Figure 7C).

This constellation suggested a new kind of enhanced

titration model to regulate the activity of CtsR, which we

tested in vitro (Figure 7B). The relief of the inhibition of the

McsB kinase activity by competition of unfolded proteins for

ClpC will cause a fast phosphorylation of CtsR by McsB and

McsA, finally resulting in the degradation of CtsR (Figure 7C).

The induced phosphorylation cascade of McsB and McsA

appears to act like an amplification module for the release of

the chaperone by competition, for example, with unfolded

proteins. This additional module might result in a more

sensitive and responsive signal transduction system com-

pared to a signal transduction system acting by a direct

‘relief-of-interaction’ titration model proposed for other heat

shock response systems.

We demonstrated in vitro and in vivo that the protein

phosphorylation by the tyrosine kinase McsB and its activator

McsA is important for the inhibition and degradation of CtsR.

We could also demonstrate in vitro that YwlE is a cognate

tyrosine phosphatase that could antagonize the kinase activ-

ity of McsB. Further experiments are necessary to elucidate

the role of this tyrosine phosphatase in this complex network.

In addition, we are currently investigating the role of the

tyrosine kinase activity in the mechanism by which CtsR is

targeted for degradation after heat shock.

Materials and methods

General methods
DNA manipulations, protein separation and detection were carried
out according to standard protocols (Sambrook and Russell, 2001).

For the preparation of the soluble cell extract of B. subtilis, 168,
DmcsA, DmcsB or DctsR cells were incubated in LB media under
vigorous agitation at 371C. During exponential growth, cultures
were divided and one half was exposed to 501C for 10 min and the
other half was kept at 371C. Cells were harvested by centrifugation,
resuspended in TE buffer and lysed with a FrenchPress. Cell debris
was removed by centrifugation at 41C and 10 000 g. The super-
natant, containing the soluble protein fraction, was used for the
co-IP experiment. Protein concentrations were determined using the
Bio-Rad protein assay (Bradford, 1976).

Phosphorylation assay
Each protein tested for phosphorylation was incubated at a
concentration of 1mM in phosphorylation assay buffer (25 mM
Tris–HCl pH 8, 300 mM NaCl, 5 mM MgCl2 and 1 mM DTT) at 301C
in the presence of 10 mCi of [g-32P]ATP in a final volume of 15ml in
the indicated combinations of McsA, McsB, CtsR and ClpC. If not
stated otherwise, samples of 10ml were withdrawn after 20 min and
mixed with 4 ml of 4� SDS sample buffer and resolved by SDS–
PAGE. Phosphorylation signals were detected by autoradiography

using the phosphorimager MD STORM 860 (Amersham Bio-
sciences).

The chemical stability of phosphorylation was examined by
adding the appropriate amount of HCl or NaOH (final concentration
of 1 M) after 20 min to the phosphorylation assay. After a further
incubation for 15 min, the samples were analyzed as described
above. The heat stability was examined by an additional incubation
at 951C for 15 min after the 20 min incubation period of the
phosphorylation assay and then analyzed as described above.

The phosphoamino acid analysis by two-dimensional thin-layer
chromatography was carried out as described previously (Mijakovic
et al, 2003).

To test a Pi transfer reaction from McsBBP to McsA, 10 mM McsB
was incubated with [g-32P]ATP for 30 min followed by a buffer
exchange to remove free [g-32P]ATP using Bio-Spin P-6 columns
(Bio-Rad). Autophosphorylated McsB was further incubated with
10 mM McsA and samples were withdrawn immediately after the
addition of McsA (0 min) and 30 min as well as 60 min later and
analyzed by SDS–PAGE and autoradiography.

To test the influence of unfolded proteins on the kinase
inhibitory effect of ClpC, proteins were preincubated in various
mixtures as indicated for 5 min in the presence of 1 mM unlabeled
ATP followed by addition of further protein components and
[g-32P]ATP to start the reaction. After 20 min, the kinase reaction
was stopped by addition of 4� sample buffer and analyzed by
SDS–PAGE and autoradiography. The reactions were carried out in a
final volume of 20ml, and McsA, McsB and casein were used at a
concentration of 1 mM and MecA and ClpC-DWB at a concentration
of 6 mM.

Co-immunoprecipitation
Protein A-coated magnetic beads were incubated with 25ml of
antisera (directed against McsA, McsB and CtsR) at 41C for 30 min
according to the manufacturer’s (Dynal) instructions. This protein
A–antibody complex was further incubated with the soluble cell
extract, representing 500mg protein, from 168, DmcsA, DmcsB and
DctsR cultivated at 371C as well as heat-shocked cells. After the
formation of the protein A–antibody–antigen complex for 1 h at 41C,
three wash steps using 0.1% Triton X-100 in PBS were performed to
exclude nonspecific binding of abundant proteins. Finally, pre-
cipitated proteins were treated with SDS sample buffer at 951C and
then analyzed by SDS–PAGE and subsequent Western blotting.

Pulse-chase analysis
Pulse labeling and subsequent immunoprecipitation of CtsR in the
wt, DmcsA and DmcsB background was carried out as described
earlier (Pan et al, 2001), with the following modifications. Cells
were incubated in Belitsky minimal medium under vigorous
agitation at 371C. At OD500 nm¼ 0.5, cells were exposed to 501C or
kept at 371C and concurrently labeled by addition of 25ml/ml
[35S]methionine and chased after 10 min with 400ml of 0.3 M
unlabeled methionine. Samples of 1.5 ml were withdrawn at the
indicated time points. For immunoprecipitation, protein A-coated
magnetic beads and 10ml of polyclonal CtsR antibodies were used.

BIAcore analysis
Using a BIAcore 3000 instrument, McsB was covalently attached to
a CM5 chip surface according to the manufacturer’s instructions
(Biacore) yielding 3000 RU of immobilized McsB. McsA (0.8mM) or
CtsR (0.8 mM) in HBS buffer (10 mM HEPES pH 7.4, 150 mM NaCl,
3 mM EDTA, 0.005% (v/v) surfactant P20) was passed over the chip
surface with immobilized McsB and a reference surface at a flow
rate of 20ml/min. The subsequent injection of HBS buffer allowed
monitoring of the dissociation.

Gel shift assays
Gel retardation analysis was carried out as described earlier (Krüger
and Hecker, 1998) with the following modification. The DNA-
binding analysis was initiated by addition of 0.5mg of the clpC
promoter fragment (171 bp), which carries two CtsR-binding sites,
to the preincubated protein mixture (each 1 mM). The DNA
retardation was then analyzed by ethidium bromide stain of the
native gel.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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