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ABSTRACT Carbon catabolite repression (CCR) is the
prototype of a signal transduction mechanism. In enteric
bacteria, cAMP was considered to be the second messenger in
CCR by playing a role reminiscent of its actions in eukaryotic
cells. However, recent results suggest that CCR in Escherichia
coli is mediated mainly by an inducer exclusion mechanism. In
many Gram-positive bacteria, CCR is triggered by fructose-
1,6-bisphosphate, which activates HPr kinase, presumed to be
one of the most ancient serine protein kinases. We here report
cloning of the Bacillus subtilis hprK and hprP genes and
characterization of the encoded HPr kinase and P-Ser-HPr
phosphatase. P-Ser-HPr phosphatase forms a new family of
phosphatases together with bacterial phosphoglycolate phos-
phatase, yeast glycerol-3-phosphatase, and 2-deoxyglucose-6-
phosphate phosphatase whereas HPr kinase represents a new
family of protein kinases on its own. It does not contain the
domain structure typical for eukaryotic protein kinases.
Although up to now the HPr modifying/demodifying enzymes
were thought to exist only in Gram-positive bacteria, a se-
quence comparison revealed that they also are present in
several Gram-negative pathogenic bacteria.

Carbon catabolite repression (CCR) is the paradigm of signal
transduction. It allows bacteria to alter catabolic gene expres-
sion in response to the availability of rapidly metabolizable
carbon sources. Discovered in the early 1940s in Bacillus
subtilis and termed the “diauxic phenomenon” (1), one type of
molecular mechanism was deciphered in the 1960s in Esche-
richia coli; in enteric bacteria, changes in the level of cAMP
were thought to provide the signal for CCR (2). However,
recent results on lacZ expression in E. coli suggest that an
increase in the cAMP level reduces only the lag phase of
diauxic growth but that the major CCR mechanism is based on
inducer exclusion mediated by EITAS® of the phosphoenol-
pyruvate:sugar phosphotransferase system (PTS) (3). It was
only in the last decade that the molecular mechanisms under-
lying CCR in bacilli and other Gram-positive bacteria were
partly elucidated (refs. 4-7; for a review, see ref. 8). In these
organisms, the complex regulatory cascade is triggered by the
ATP-dependent, fructose-1,6-bisphosphate (FBP)-stimulated
phosphorylation of Ser-46 in histidine-containing protein
(HPr) (9-11), a phosphocarrier protein implicated in carbo-
hydrate transport effected via PTS (12). Signal transduction in
CCR continues with a phosphorylation-controlled protein—
protein interaction between HPr and the transcriptional re-
pressor/activator catabolite control protein A (CcpA) (13, 14).
ATP-dependent phosphorylation at Ser-46 is a prerequisite for
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the interaction of HPr with CcpA whereas phosphoenolpyru-
vate-dependent phosphorylation of HPr at His-15 prevents the
complex formation, thus linking PTS-mediated sugar trans-
port to CCR (13). The protein complex formed between CcpA
and P-Ser-HPr interacts specifically with an operator site
called catabolite responsive element (cre) (15, 16). A recently
discovered HPr-like protein of B. subtilis, catabolite repression
HPr (Crh) (11), is also phosphorylated by the HPr kinase at
Ser-46 and is involved in CCR of certain operons. The only
poorly characterized components in this signal transduction
pathway were the kinase that modifies HPr, and the phospha-
tase acting on P-Ser-HPr. The genes encoding these two
enzymes previously had not been identified. In this commu-
nication, we report the identification of the B. subtilis hprK and
hprP genes and the characterization of the encoded HPr kinase
and P-Ser-HPr phosphatase.

MATERIALS AND METHODS

Plasmid Construction and Protein Purification. By using
the two oligonucleotides 5'-CAGGAGGAAGGATCCGTG-
GCAAAGGTTCGC-3" and 5'-ATTTAACGCAAGCTTC-
TATTCTTCTTGTTC-3', a 945-bp DNA fragment containing
the B. subtilis hprK gene (previously called yvoB) with a BamHI
site at the 5’ end and a HindIII site at the 3’ end, was amplified
by PCR and cloned into plasmid pQE30 (Qiagen, Chatsworth,
CA) cut with the same restriction enzymes to give plasmid
PAG4. E. coli strain M15 containing plasmid pREP4 (Qiagen)
was transformed with pAG4. Using a similar approach, hprP
(previously called yvoE) of B. subtilis was amplified by using
oligonucleotides 5'-GACGACGACAAGATGAGTGA-
CAAACAAGTAACG-3' and 5'-GAGGAGAAGCCCG-
GTCTACTTCACTCCAACGATTTGTAATAG-3" and
cloned into vector pET-32LIC (Novagen) by single strand
annealing. The resulting plasmid was transformed into E. coli
strain BL21(DES3), allowing the expression of a thioredoxin-
P-Ser-HPr phosphatase fusion protein with a His-tag located
between the fused proteins. Induction of AprK and hAprP and
purification of HPr kinase(His)s, thioredoxin-P-Ser-HPr phos-
phatase(His)s, Crh(His)e, and HPr(His)s on Ni-NTA-agarose
columns were carried out as described (11). When the thiore-
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doxin domain and the His-tag of thioredoxin-P-Ser-HPr phos-
phatase(His)s were cut off with enterokinase, P-Ser-HPr phos-
phatase was repurified on a Ni-NTA-column.

Protein Phosphorylation and Dephosphorylation Assays.
Phosphorylation of HPr(His)s or Crh(His)s by the HPr kinase
was carried out as described by Galinier et al. (11). A typical
assay contained, in a total volume of 20 ul, 1 ug of Crh(His)
or HPr(His)e, which was incubated for 10 min at 37°C with 0.5
pg of purified HPr kinase in 20 mM Tris-HCI (pH 7.4), 1 mM
DTT, 10 mM FBP, 10 mM MgCly, and 50 uM v-[**P]ATP (4
wnCi). The phosphorylation reaction was stopped by adding an
equal volume of sample buffer to the assay mixtures before
loading them onto a SDS/polyacrylamide gel (17). After
electrophoresis, gels were treated for 5 min with boiling 16%
trichloroacetic acid before they were dried for 2 h and exposed
to autoradiography.

Dephosphorylation of P-Ser-HPr or P-Ser-Crh by P-Ser-
HPr phosphatase was measured on nondenaturing 12.5%
polyacrylamide gels. On nondenaturing polyacrylamide gels,
seryl-phosphorylated HPr or Crh are well separated from the
corresponding unphosphorylated protein, thus allowing detec-
tion of P-Ser-HPr phosphatase activity (18). Either 2 pg of
P-Ser-HPr or P-Ser-Crh was incubated with 10 mM MgCl, and
with or without 1 pg of P-Ser-HPr phosphatase for 60 min at
37°C, or 4 ug of P-Ser-HPr or P-Ser-Crh was incubated with
10 mM MgCl, and with 1 ug of thioredoxin-P-Ser-HPr phos-
phatase(His)s for 15 min. The reaction was carried out in the
absence or presence of phosphate, which stimulates P-Ser-HPr
phosphatase activity. When indicated, the reaction mixture
contained 1 pg of native or heat-denatured (10 min at 80°C)
HPr kinase(His)s. The reaction was stopped by keeping the
samples for 10 min at 60°C.

Bacterial Strains, Growth Conditions, and Enzyme Assays.
A 391-bp fragment ranging from nucleotide 189-580 in the
hprK gene was amplified by PCR with the two oligonucleotides
5"-GCTTGGCTGTGTCGGAGAACAGCTTCCTGAAG-
AGGAGA-3' and 5'-TCCGTGCCCTCCTGGAGAGCGTT-
TCCCACAAGAGTATC-3" and cloned into the integration
vector pMutin-Fse (V. Vagner, E. Dewyn, and S. D. Ehrlich,
unpublished data, and F. Denizot, unpublished data) by single
strand annealing resulting in a fusion of the 4prK fragment with
the lacZ gene present in this plasmid. The annealing site in
pMutin-Fse is preceded by an erm gene and the spac promoter
and is followed by the lacZ gene. The erythromycin-resistant
hprK mutant OBKO13 was constructed by Campbell type
integration of pMutin-Fse carrying the #prK fragment into the
genome of SG82, a trpC2 lacA mutant strain derived from B.
subtilis 168 (19). As a consequence of this integration, the lacZ
gene in OBKOI13 is expressed under control of the yvo
promoter whereas the genes following 4prK in the yvo operon
are expressed under control of the spac promoter. The ptsHI
crh::aphA3 double mutant strain QB7102 is identical to the
previously described QB7103 (11) but does not contain the
levD'-'lacZ fusion integrated at the amyE site.

B-Xylosidase activities were measured after growth of B.
subtilis strains in minimal medium supplemented with succi-
nate and glutamate. Induction was carried out by diluting an
overnight culture one- to threefold in minimal medium sup-
plemented with the appropriate sugars. The minimal medium
had the following composition (40 mM Mops, pH 7.4/11.4 mM
K;S04/3.4 mM NaCitrate/0.8 mM MgSO4/2 mM
K2HPO4/50 png/ml tryptophane/2 mg/ml glutamine/6 g/liter
potassium succinate/8 g/liter sodium glutamate/7 mg/ml
FeCl3(H20)6/0.2 mg/ml MnSO4). When indicated, sugars
were added at the following concentrations: 0.27% xylose,
0.27% glucose, and 0.67% glycerol. After growth for 1 h at
37°C, B-xylosidase activity was measured in 100-ul samples of
the culture medium by using 4-methylumbelliferyl B-xyloside
as substrate. Ten microliters of 4-methylumbelliferyl B-xylo-
side (10 mg/ml dissolved in dimethyl sulfoxide) was added to

Proc. Natl. Acad. Sci. USA 95 (1998)

100 pl of the culture medium and incubated at 25°C. The
reaction was stopped by adding 100 ul of 0.5 M sodium
carbonate. Fluorescence was measured by using a Millipore
cytofluor. B-Xylosidase activity is expressed as the increase of
fluorescence intensity per min (excitation at 390 nm and
emission at 460 nm when using a sensitivity level of 4).
Induction of B-xylosidase was always ~1.5-fold higher in
mutant strains compared with induction in the wild-type strain
SG82.

RESULTS

The yvoB Gene of B. subtilis Encodes HPr Kinase. To identify
the B. subtilis hprK gene within the completed genome se-
quence, we first purified the HPr kinase from Enterococcus
faecalis to homogeneity. Using degenerate oligonucleotides
based on the N-terminal sequence and on the sequence of a
tryptic peptide of purified enterococcal HPr kinase, we were
able to amplify by PCR a fragment of the 4prK gene encoding
the first 99 residues of HPr kinase (European Molecular
Biology Laboratory accession no. Y14027). The complete
sequence of the E. faecalis hprK gene and characterization of
the enterococcal HPr kinase will be published elsewhere.
Comparison of the enterococcal hprK gene fragment with the
genome sequence of B. subtilis revealed a putative ORF (yvoB,
GenBank accession no. Z99121) encoding a protein with
sequence similarity to the N-terminal sequence of the entero-
coccal HPr kinase. yvoB is part of an operon comprised of six
OREFs [yvoB to yvoF; see B. subtilis genome sequence (20)].
After amplification of the yvoB gene by PCR, the putative
protein encoded by this gene was synthesized in E. coli and
purified (Fig. 14, lane 2). The purified protein was able to
phosphorylate both HPr and Crh (Fig. 1B). Replacement of
Ser-46 by Ala in HPr or Crh completely prevented their
ATP-dependent phosphorylation by YvoB (data not shown).
As previously described for the HPr kinase, FBP was found to
be an allosteric activator of YvoB-catalyzed HPr phosphory-
lation (Fig. 1C) whereas inorganic phosphate (50 mM) acted
as an inhibitor (data not shown). In summary, these results
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FiG. 1. (A) SDS gel of purified proteins; lanes: 1, protein marker;
2, HPr kinase(His)s, 3, HPr(His)s; and 4, Crh(His)e. (B) Phosphory-
lation of HPr or Crh by purified HPr kinase; lanes: 1, 1 ug of HPr
kinase(His)s; 2, 1 pg of HPr kinase(His)s with HPr(His)s; 3,
HPr(His)e; 4, 1 pg of HPr kinase(His)s with Crh(His)s; and 5,
Crh(His)s. (C) Effect of 20 mM FBP on the phosphorylation of 1 ug
HPr(His)e; only samples loaded on lanes with even numbers contained
FBP; lanes 1 and 2 contained 0.5 ng; lanes 3 and 4, 5 ng; lanes 5 and
6, 50 ng; lanes 7 and 8, 250 ng; and lanes 9 and 10, 750 ng of HPr
kinase(His)s.
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E.faecalis MEVVKIYQLV ENLSLEVVYG DEESLNRTIK TGE-ISRTGL ELTGYFNYYS HDRLQLFGSK
B.subtilis MAKVRTKDVM EQFNLELISG -EEGINRPIT MSD-LSRPGI EIAGYFTYYP RERVQLLGKT
S.pyogenes = iiieieseas et e se e s e eee cees e eesee te et eeaee eeeeeaean D
M.pneumoniae MKKLLVKELI EQFQDCVNLI DGHTNTSNVI RVPGLKRVVF EMLGLFSSQI -GSVAILGKR
M.genitalium MKHLTVKALV LOFNDCIQLI DGKNNIDNVI TIPGLKRSVF ELLGLFCKPI -GSVAILGKR
T.pallidum MLDVLKLDLK ERDSLDLRCI AGHHGLANPI TISDLNRPGL VLSGFFDLFP YRRIQLFGRG
N.gonorrhoeae MPSISVRRLFD DNQYKLQLAW AAGNSGADNR IGVEADKPVL ALVGHLNFIH PNQIQVVGLA
C.acetobutylicum MQVSIEDII ENLDLEV-LV KGKDGI--KL GLSDINRPGL QFAGFYDYFG NERVQVIGKA
Consensus M E G F G

61 120
E.faecalis EITFAERMMP EERLLVMRRL CAKDTPAFIV SRGLEIPEEL ITAAK....©. vueveuneenens
B.subtilis ELSFFEQLPE EEKKQRMDSL CTDVTPAIIL SRDMPIPQEL IDASEKNGVP VLRSPLKTTR
S.pyogenes RYPYLTQMTS HNRYSVLKEM FKKDTPAVVV SRNLAIPKEM VQAAKEEGIS LLSSRVSTSR
M.pneumoniae EFGFLSQKTL VEQQQILHNL LKLNPPAIIL TKSFTDPTVL LQVNQTYQVP ILKTDFFSTE
M.genitalium EFIFLNQKPV EQQKKIIANL LKLKPPAVIL TKSFLDCGVL LAVNQTYQVP ILKTNLFSTE
T.pallidum EHAYLLALLE QGRYGAIEKM FTFDLPCCIF SHGITPPEKF LHLAEPSSCP ILVTRLTSSE
N.gonorrhoeae ESEYLNRLES GETGYQFGDL FDISMSLVIV ANDLPVSPGL RDYCHKNDIP LLTSKLESPY
C.acetobutylicum EWSFLNAMPP EIREKRIRKY FQFETPCIVL ARGLKPQKEL LDCSKEYNRW LLRSKAQTTR
Consensus E L PA T P L P L

121 180
B.subtilis LSSRLTNFLE SRLAPTTAIH GVLVDIYGVG VLITGKSGVG KSETALELVK RGHRLVADDC
S.pyogenes LAGEMSYFLD ASLAERTSVH GVLMDIYGMG VLIQGDSGIG KSETGLELVK RGHRLVADDR
M.pneumoniae LSFTVETYIN EQFATVAQIH GVLLEVFGVG VLLTGRSGIG KSECALDLIN KNHLFVGDDA
M.genitalium LSFTVETYIN EQFATVQKLH GVLLEIFGVG VFLEGKSGIG KSESALDLIN KNHLLIGDDA
T.pallidum LSLRLMRVLS NIFAPTIALH GVLVEVYGVG ILISGDSGVG KSETALELIE RGHRLVADDL
N.gonorrhoeae LMGCV
N.gonorrhoeae WDVLRIYLQ RTLAASSVKH GVFLDVFEIG VLITGHSGLG KSELALELIS RGHSLIADDA
C.acetobutylicum FINKIMNYLD DKLAPETRIH GVLVDIYGLG ILITGESGIG KSETALELIK RGHRLVADDA
Consensus L L A H GVL G G VL G SG G KSE ALELI RGH LVADD

181 240
B.subtilis VEIRQEDQDT LVGNAPELIE H-LLEIRGLG IINVMTLFGA GAVRSNKRIT IVMNLELW- -
S.pyogenes VDVYAKDEET LWGEPAEILR H-LLEIRGVG IIDVMSLYGA SAVKDSSQVQ SAIYLKNF- -
M.pneumoniae IEIYRL-GNR LFGRAQEVAK K-FMEIRGLG IINVERFYGL QITKQRTEIQ LMVNLLSLEK
M.genitalium IEIYRL-GNR LFGRAQALAK G-FMEIRGLG IINIERAYGL QITKEQTEIQ LAISLLSLEE
T.pallidum VEISCVNGNS LIGRGVHKSI GHHMEIRGLG IINITQLYGV GSIRERKEIQ MVVQLEEW- -
N.gonorrhoeae VELFRIGPET LEGRCSPMLR D-FLEVRGLG ILNIRHIFGE TSIRPKKILQ LIINLVEADD
N meningitidis @ ........ e eee e R D-FLEVRGLG ILNIRHIFGE TSIRPKKILQ LIINLVEADD
C.acetobutylicum VDIKEIESV- LVGKSPYITS G-MLEVRGMG IIDVPALYGL SSVLSEKNIN LVIYLEQW- -
Consensus VEI LG LEIRGLG IIN YG IQ L

241 300
B.subtilis EQGKQYDRLG LEEETMKIID TEITKLTIPV RPGRNLAVII EVAAMNFRLK RMGLNAAEQF
S.pyogenes EAGKVFDRLG NGKEEITFSG VRIPRIRIPV KTGRNVSVVI EAAAMNHRAK EMGFDATKTF
M.pneumoniae QTTVTFERLG TELKKQRLLG VDLSFYEIPI SPGRKTSEII ESAVIDFKLK HSGYNSALDF
M.genitalium KNNASFERLG SDLKLKNLLG VKISYYQIPI SSGRKTSEII ESAVIDFKLK KSGYNSANEF
T.pallidum NSSKAYDRLG TQELNTTILD VSVPLIEIPV RPGRNIPIIL ETAAMNERLK RMGYFSAKEF
N.gonorrhoeae EYMKQLDRLS IRTETESILN VNVRSVTLPV AVGRNLAVLV EAAVRNYILQ LRGKDSTREF
N.meningitidis EYMKQLDRLS IRTETESILN VNVRSVTLPV AVGRNLAVLV EAAVRNYILQ LRGKDSTREF
C.acetobutylicum KEGRDYDRLG -DDEHIKILN IPVRKMTLPI RPGRNVAVII EAAAANYRYN LSSKISPVDT
Consensus DRLG I \% IPV GRN VII EA N LK G S F

301 315
B.subtilis TNKLADVIED GEQEE
S.pyogenes EDRLTQLITK NEVSQ
M.pneumoniae IENQKATILKR KKDES
M.genitalium ILKQRAMLEE QTDE
T.pallidum NQSVLKLMEQ NAAHAPYYRPDDTY
N.gonorrhoeae LERHQTQLKE NEQNHENRPD
N.meningitidis LERHQTQLKE NEQHNEDRPD
C.acetobutylicum INKRIEESTN YD

Consensus

F16.2. Multiple alignment of HPr kinase sequences. A consensus sequence was indicated when, for a given position, an identical amino acid was found
in at least five HPr kinase sequences. A sequence corresponding to the putative A motif or P-loop (24) of nucleotide binding proteins (GXXXXGK][TS])
is located in positions 153-160 of the B. subtilis HPr kinase. The different sequences can be found on the World Wide Web at the following Internet
addresses: E. faecalis (http://expasy.hcuge.ch/sprot/sprot_top.html, Swiss-Prot accession no. 007664); S. pyogenes (http://www.ncbi.nlm.nih.gov/cgi-bin/
BLAST /nph-ouacgtbl (contig183)); M. pneumoniae (http://nbrfa.georgetown.edu/nbrf/get.html, Protein Identification Resource, accession no. S73934);
M. genitalium (http://expasy.hcuge.ch/sprot/sprot_top.html, Swiss-Prot accession no. P47331); T. pallidum [http://www.ncbi.nlm.nih.gov/cgi-bin/
BLAST /nph-tigrbl (tp-5580)]; N. gonorrhoeae [http://www.ncbi.nlm.nih.gov/cgi-bin/BLAST/nph-ouacgtbl (contig268)]; N. meningitidis (http://
www.ncbi.nlm.nih.gov/cgi-bin/BLAST /nph-tigrbl); and C. acetobutylicum (http://www.genomecorp.com/htdocs/sequences/clostridium/clospage.html).
The genome sequences of E. faecalis, S. pyogenes, N. gonorrhoeae, N. meningitidis, and C. acetobutylicum are not yet completed. The /prK sequences of
E. faecalis, S. pyogenes, and N. meningitidis are incomplete, and semicolons in the deduced HPr kinase sequences represent unknown amino acids. We
used the taxonomy browser from the National Center for Biotechnology Information to characterize the position of each bacterium.
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clearly establish that YvoB is identical with the B. subtilis HPr
kinase previously reported to phosphorylate HPr and Crh (11).
In accordance with the E. faecalis gene designation, yvoB was
renamed “hprK.”

HPr Kinase Is Present in Both Gram-Positive and Gram-
Negative Bacteria. A sequence comparison indicated that HPr
kinase was present also in Streptococcus pyogenes, Mycoplasma
pneumoniae, Mycoplasma genitalium, Treponema pallidum,
Neisseria gonorrhoeae, Neisseria meningitidis, and Clostridium
acetobutylicum (Fig. 2). Using CLUSTAL alignment, sequence
identity ranged from 32.3% (B. subtilis HPr kinase sequence
compared with that of N. gonorrhoeae) to 44.5% (B. subtilis
HPr kinase sequence compared with that of 7. pallidum or C.
acetobutylicum) whereas sequence similarity in these align-
ments ranged from 56.1 to 68.4%. No gene exhibiting homol-
ogy to B. subtilis hprK could be detected in the completely
sequenced genomes of the Gram-negative bacteria E. coli,
Haemophilus influenzae, and Borrelia burgdorferi. Up to now,
ATP-dependent HPr phosphorylation was thought to exist
only in Gram-positive bacteria with low GC content. The
presence of a HPr kinase-like protein in the Gram-negative
bacteria Treponema pallidum, a spirochete with a GC content
of 52.4-53.7% (21), and in neisseriae, which belong to the 8
subdivision of eubacteria, suggests that HPr of these bacteria
also might be phosphorylated at Ser-46.

The yvoE Gene of B. subtilis Encodes P-Ser-HPr Phospha-
tase. Comparison of the different ORFs of the putative yvo
operon of B. subtilis with the complete genome sequence of 7.
pallidum revealed that only the yvoE gene exhibited similarity
to a putative gene in 7. pallidum. In addition, the yvoE gene
shows similarity to phosphoglycolate phosphatase of several
bacteria [Lactobacillus casei (22), Alcaligenes eutrophus (23),
and the cyanobacterium Synechocystis sp. (24); see also genome
sequences of E. coli, H. influenzae, and B. burgdorferi] and to
the yeast enzymes glycerol-3-phosphatase 1, glycerol-3-
phosphatase 2, and 2-deoxyglucose-6-phosphate phosphatase
1. Because YovE exhibited a molecular mass (23 kDa) identical
to the molecular mass of one of three proteins that were
present in a partially purified P-Ser-HPr phosphatase prepa-
ration (18), we assumed that yvoE might encode P-Ser-HPr
phosphatase. The yvoE gene was integrated into the expression
plasmid pET-32LIC, the encoded fusion protein was purified,
and part of it was cleaved with enterokinase (Fig. 34). Slow
dephosphorylation of P-Ser-HPr and P-Ser-Crh by YvoE (Fig.
3B) and of P-Ser-HPr by the thioredoxin fusion protein could
be demonstrated (Fig. 3C, lane 3). Of interest, the presence of
HPr kinase in the assay mixture stimulated dephosphorylation
of P-Ser-HPr by YvoE fused to thioredoxin (Fig. 3C, lane 4).
No P-Ser-HPr phosphatase activity was present in the HPr
kinase preparation (Fig. 3, lane 2), and heat-inactivated HPr
kinase had no stimulatory effect on P-Ser-HPr dephosphory-
lation (Fig. 3C, lane 3). As described for P-Ser-HPr phospha-
tase, YvoE-catalyzed dephosphorylation of P-Ser-HPr was
found to have a stringent requirement for magnesium ions
(data not shown) and to be stimulated by inorganic phosphate
(Fig. 3C, lanes 5 and 6). A similar effect of Mg?*, phosphate
and HPr kinase was observed on the thioredoxin-YvoE(His)e-
catalyzed dephosphorylation of P-Ser-Crh and on YvoE-
catalyzed dephosphorylation of P-Ser-HPr and P-Ser-Crh
(data not shown). These results strongly suggest that yvoE
encodes P-Ser-HPr phosphatase, and the yvoE gene was
renamed “hprP.” A homologue of the hprP gene was detected
in most bacteria that contained the iprK gene. Of interest, only
in B. subtilis were hprK and hprP found to be located in the
same operon. Compared with HPr kinase, sequence identity
between the different P-Ser-HPr phosphatases was less pro-
nounced (data not shown). A conserved sequence (F,L)D-
LDGTL, located very close to the N terminus, was present not
only in the various P-Ser-HPr phosphatases but also in bac-
terial P-glycolate phosphatases and the yeast enzymes glycerol-
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FiG. 3. (A4) SDS/polyacrylamide gel of protein markers (lane 1)
and purified phosphatase (lane 2). (B) Nondenaturing polyacrylamide
Pharmacia Phast-gel stained with Coomassie blue. P-Ser-HPr phos-
phatase-catalyzed dephosphorylation of P-Ser-HPr and P-Ser-Crh
during 60-min incubation at 37°C. Lanes: 1, 2 pg of Crh(His)e; 2, 2 pg
of P-Ser-Crh(His)s; 3, 4 pg of HPr(His)e; 4, 4 pg of P-Ser-HPr(His)s;
5, 2 pg of P-Ser-Crh(His)s incubated with 1 pg of P-Ser-HPr phos-
phatase; 6, 2 ug of P-Ser-HPr(His)e incubated with 1 ug P-Ser-HPr
phosphatase. (C) Nondenaturing 12.5% polyacrylamide gel stained
with Coomassie blue. The effects of HPr kinase (native or denatured
by keeping it for 10 min at 80°C) and 50 mM potassium phosphate (pH
7.4) on the activity of thioredoxin-P-Ser-HPr phosphatase(His)s were
measured. Samples were incubated for 15 min at 37°C. Lanes: 1, 4 ug
of HPr; 2, 4 pg of P-Ser-HPr, 1 pg of HPr kinase, and 50 mM
phosphate; 3, 4 ug of P-Ser-HPr, 1 pg of P-Ser-HPr phosphatase, and
1 pg of denatured HPr kinase; 4, 4 ug of P-Ser-HPr, 1 pg of P-Ser-HPr
phosphatase, and 1 ug of native HPr kinase; 5, 4 pug of P-Ser-HPr, 1
pg of P-Ser-HPr phosphatase, 1 ug of denatured HPr kinase, and 50
mM phosphate; and 6, 4 ug of P-Ser-HPr, 1 ug of P-Ser-HPr
phosphatase, 1 ug of native HPr kinase, and 50 mM phosphate. YvoE
is identical with P-Ser-HPr phosphatase. YvoE-fusion, the thiore-
doxin-P-Ser-HPr(His)s fusion protein.

3-phosphatase 1, glycerol-3-phosphatase 2, and 2-deoxyglu-
cose-6-phosphate phosphatase 1, suggesting that this consen-
sus sequence is necessary for the phosphatase activity of these
enzymes. Sequence identity between P-Ser-HPr phosphatase
and the yeast phosphatases ranges from 24.6 to 26.8%.

Effect of a hprK Gene Disruption on CCR. To demonstrate
the role of HPr kinase in CCR, we inactivated hprK of B.
subtilis by inserting a plasmid containing a lacZ reporter gene
(pMutin-Fse plasmid). The effect of the inactivation of AprK on
B-xylosidase activity in cells grown in minimal medium in the
presence of xylose, xylose plus glucose, or xylose plus glycerol
was studied. Whereas in the wild-type strain B-xylosidase
activity was repressed strongly by the presence of glucose, no
repressive effect of glucose could be observed in the AprK
mutant strain OBKO13 (Table 1). By contrast, the repressive
effect of glycerol was only slightly relieved with 99% inhibition
in the wild-type strain and 78% in the hprK mutant. The AprK
mutant strain exhibited B-xylosidase activities similar to those
observed in a ptsH1 crh::aphA3 double mutant.

DISCUSSION

It appears that all major components participating in a phys-
iological phenomenon described extensively for B. subtilis
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Table 1. Effect of the B. subtilis hprK gene disruption on CCR of B-xylosidase
Sugar added SGS82 (crh™ ptsH™) OBKO13 (hprK™) QB7102 (crh::aphA3 ptsHI)

Xylose 243 = 1.3% 423 =45 328 0.7
Xylose + glucose 2.5 0.1 (90%) 48.2 £ 2.5 (—14%) 323 % 1.5 (1%)
Xylose + glycerol 0.2 = 0.1 (99%) 9.3 = 2.4 (78%) 242 =4 (26%)

*Enzyme activities are expressed in arbitrary units and are the mean of three independent experiments.
SDs and the percentage of CCR (in parantheses) also are indicated.

more than 50 years ago by Jacques Monod and termed
“diauxie” (1) (later on better known as CCR) now have been
identified. Compared with enteric bacteria, in which PTS-
mediated inducer exclusion and cAMP/catabolite activator
protein-dependent activation of catabolic gene expression
seem to regulate CCR and diauxic growth, respectively (2, 3),
a much more complex, negative mechanism seems to be
operative in Gram-positive bacteria. In these bacteria, a great
number of catabolic genes or operons sensitive to CCR were
found to contain, in the promoter region or at the 5" end of the
first gene, an operator site (cre) (25) to which a repressor,
CcpA, can bind (15, 16). In contrast to most other repressors,
the major corepressor regulating the binding of CcpA to the
various cre sequences was not a low molecular mass metabolite
but the seryl-phosphorylated form of the protein HPr. Nev-
ertheless, two low molecular mass compounds, FBP and
inorganic phosphate, were found to regulate the activities of
HPr kinase and P-Ser-HPr phosphatase, which determine the
intracellular concentration of P-Ser-HPr.

We here report the identification of the B. subtilis hprK and
hprP genes that encode HPr kinase and P-Ser-HPr phospha-
tase, respectively. Several bacterial kinases with similarity to
eukaryotic protein kinases have been discovered (26-28).
However, HPr kinase does not exhibit similarity to eukaryotic
serine/threonine kinases (29). The domain structure typical of
eukaryotic serine/threonine kinases is completely missing in
HPr kinase (30). In addition, the ATP binding motif of HPr
kinase resembles the A-motif (P-loop) of nucleotide binding
proteins (31, 32) rather than the ATP binding site of eukary-
otic protein kinases. Because the PTS is thought to have
developed early in evolution (33), HPr kinase is considered
one of the most ancient protein kinases. HPr kinase does not
exhibit similarity to B. subtilis serine kinases, such as SpolIAB
(34) and PrkA (35), or to other known bacterial protein kinases
(36). Bacteria that have been shown to possess HPr kinase
contain a consensus sequence around Ser-46 of HPr: (V/
G)(N/D)XKS(L/T)(M/I)(G/N)(V/L). This motif, which dif-
fers from the sequence around Ser-46 in HPr of Gram-negative
bacteria not possessing the hprK gene, such as E. coli, H.
influenzae, and B. burgdorferi, probably is recognized by the
HPr kinase. Of interest, HPr of Alcaligenes eutrophus also
contains this consensus sequence. It is therefore tempting to
assume that this Gram-negative bacterium, which belongs to a
branch of the B subdivision of eubacteria different from the
one containing neisseriae, also possesses the HPr kinase.

In addition to AprK, the putative B. subtilis yvo operon also
contains the hprP (former yvoE) gene encoding P-Ser-HPr
phosphatase. As described previously for the E. faecalis P-Ser-
HPr phosphatase, dephosphorylation of P-Ser-HPr or P-Ser-
Crh by the B. subtilis P-Ser-HPr phosphatase required Mg ions
and was stimulated by inorganic phosphate. Most interesting,
dephosphorylation of P-Ser-HPr or P-Ser-Crh also was found
to be stimulated by the presence of HPr kinase. This activation
probably occurs by allosteric interaction. However, because
the P-Ser-HPr and P-Ser-Crh preparations contained some
remaining ATP, we cannot exclude the possibility that HPr
kinase stimulates P-Ser-HPr phosphatase via phosphorylation.
P-Ser-HPr phosphatase shows sequence similarity to phospho-
glycolate phosphatase of several bacteria (E. coli, A. eutrophus,
L. casei, and H. influenzae). The hprP gene was found in most
bacteria possessing hprK. Because some of the genome se-

quences are not yet completed, AprP is awaited to be discov-
ered in those bacteria that contain 4prK but for which AprP has
not yet been detected. P-Ser-HPr phosphatase exhibits no
significant homology to known eukaryotic or prokaryotic
P-protein phosphatases, including SpollE of B. subtilis (37).
Together with bacterial phosphoglycolate phosphatase and the
yeast enzymes glycerol-3-phosphatase 1, glycerol-3-phospha-
tase 2, and 2-deoxyglucose-6-phosphate phosphatase 1, it
forms a new family of phosphatases.

We could demonstrate that HPr kinase participates in CCR.
B-Xylosidase activity in the 4prK mutant strain OBKO13 was
not repressed by glucose, and activities similar to those ob-
served in a ptsH1 crh::aphA3 double mutant were measured. It
is most likely that HPr kinase also is involved in CCR of all
operons, the expression of which is sensitive to ptsHI or crhl
mutations (11). CCR mediated by the non-PTS carbohydrate
glycerol was relieved only partially by the AprK mutation,
suggesting an additional CCR mechanism for glycerol and
possibly other non-PTS substrates.

In summary, our results clearly establish that the main
mechanism of CCR in B. subtilis is mediated by protein
phosphorylation involving HPr (and for certain operons Crh),
HPr kinase, and P-Ser-HPr phosphatase. The discovery of HPr
kinase- and P-Ser-HPr phosphatase-like proteins in 7. palli-
dum and neisseriae suggests that HPr phosphorylation also
exists in certain Gram-negative bacteria. It will be interesting
to find out whether the presumed ATP-dependent HPr phos-
phorylation in these Gram-negative bacteria also plays a role
in CCR, which would make the HPr kinase-mediated CCR
mechanism more common than the CCR mechanism opera-
tive in Gram-negative enteric bacteria or whether it serves
another function. Although the HPr kinase-mediated CCR
mechanism is reminiscent of signal transduction pathways in
eukaryotic cells, neither HPr kinase nor P-Ser-HPr phospha-
tase shows significant homology to eukaryotic protein kinases
or protein phosphatases, respectively.
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