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ABSTRACT. HPr is a protein of the bacterial phosphoenolpyruvate:sugar phosphotransferase transport system
(PTS). In Gram-positive bacteria, HPr can be phosphorylated ag I8eHPr(Ser) kinase/phosphorylase
(HPrK/P) and on Hig; by enzyme | (El) of the PTS. In vitro studies have shown that phosphorylation on
one residue greatly inhibits the second phosphorylation. However, streptococci contain significant amounts
of HPr(Ser-P)(His-P) during exponential growth, and recent studies suggest that phosphorylation of HPr-
(Ser-P) by El is involved in the recycling of HPr(Ser-P)(HR). We report in this paper a study on the
phosphorylation oStreptococcus salarius HPr, HPr(Ser-P), and HPr(S46D) by EI. Our results indicate
that (i) the specificity constank{/Km) of El for HPr(Ser-P) at pH 7.9 was approximately 5000-fold
smaller than that observed for HPr, (i) no metabolic intermediates were able to stimulate HPr(Ser-P)
phosphorylation, (iii) the rate of HPr phosphorylation decreased at pHs below 6.5, while that of HPr-
(Ser-P) increased and was almost 10-fold higher at pH 6.1 than at pH 7.9, (iv) HPr(S46D), a mutated HPr
alleged to mimic HPr(Ser-P), was also phosphorylated more efficiently under acidic conditions, and, lastly,
(v) phosphorylation oBacillus subtilisHPr(Ser-P) byB. subtilisEl was also stimulated at acidic pH.

Our results suggest that the high levels of HPr(Ser-P){Risin streptococci result from the combination

of two factors, a high physiological concentration of HPr(Ser-P) and stimulation of HPr(Ser-P)
phosphorylation by El at acidic pH, an intracellular condition that occurs in response to the acidification
of the external medium during growth of the culture.

The bacterial phosphoenolpyruvate:sugar phosphotransHirst step in the transport of all PTS sugars involves the
ferase system (PTS)first described inEscherichia coliin general energy-coupling proteins El and HPr. El undergoes
1964 by Kundig et al.X), detects, transports, and phospho- autophosphorylation at the expense of PEP and transfers its
rylates a variety of mono- and disaccharides and also servegphosphoryl group to HPr on a histidyl residue at position
as a signal transduction system that allows the cells to 15, leading to HPr(HisP). Then, HPr(His P) transfers its
preferentially select rapidly metabolizable sugats The phosphoryl group (P£) to sugar-specific Ells, which trans-
locate and phosphorylate incoming sugdrs The Ells are
T This work was supported by the Canadian Institutes of Health composed of three and sometimes four domains, namely,

gelsearCE (Mt?P 36|338)-t I.C. \{Vlas tSUIDhloorlted_ by(g\SRF’\?_?;i?ggg;Sl) dIIA, [1B, IIC, and IID, which can be on separate polypeptides
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(NSERC) (6792-254666-2002). HPr(His~P) is not only involved in sugar transport but
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ﬁgrlns?maiﬁzca.(418) 656-2861. E-mail: Christian.Vadeboncoeur@ _ i oore and antiterminators by phosphorylation, which

1 Abbreviations: PTS, bacterial phosphoenolpyruvate:sugar phos- modulate the transcription of several genes involved in the
photransferase system; PEP, phosphoenolpyruvate; El, enzymer; EI - metabolism of secondary carbon souregs). HPr(His~P)

phosphorylated enzyme I; HPr, heat-stable histidine-containing protein; 5150 controls glycerol kinase in sonnterococcusand
Seus, seryl residue at position 46; His histidyl residue at position

15; HPr(His-P), HPr phosphorylated at histidine 15; HPr(Ser-P), Hpr Bacillus species §—8) and the non-PTS lactose transporter
phosphorylated at serine 46; HPr-P, HPr phosphorylated on one residuelacS inStreptococcus thermophil¢8) by phosphorylation.

HPr(Ser-P)(His-P) and HPr-B doubly phosphorylated HPr; HPr- _ e :
(S46D), HPT in which serine 46 is replaced by an aspartate; iic In Gram-positive bacteria, HPr can also be phosphorylated

histidine tag; CcpA, catabolite control protein Aye, catabolte ~ ON @ strictly conserved seryl residue at position 46 by an
responsive element; IIAB", cytoplasmic domains A and B of the =~ ATP-dependent bifunctional HPr(Ser) kinase/phosphorylase,

mannose:phosphotransferase system; |IC and 11D, membrane-bound El| i i _
domains C and D; HPrK/P, HPr(Ser) kinase/phosphorylase; LacS, non (HPrK/P) (L0, 11). Unlike the phosphoamidate bond of HPr

PTS lactose/H symporter; LDH, lactate dehydrogenase; PRD, PTS (His~P), the phosphoester bond of HPr(Ser-P) is heat stable
regulation domain; GC, guanosine cytosine; w/v, weight/volume;  and cannot be used to mediate PTS transport. However, by
Tris, 2-amino-2-(hydroxymethyl)-1,3-propanediol; HEPES, 4-(2-hy- interacting with the transcriptional regulator CcpA2),
droxyethyl)-1-piperazineethanesulfonic acid; MES, 2-morpholinoet- which belongs to the Lacl/GalR family of transcriptional
hanesulfonic acidgzgo, molar extinction coefficient at 280 N, . s :

turnover number;K,, Michaelis-Menten affinity constant;Vimax repressors/activators, HPr(Ser-P) is involved in carbon

maximal velocity;ke.a/Km, specificity constant. catabolite repression and carbon catabolite activatid) (
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Table 1: Strains and Plasmids

strain/plasmid relevant genotypes and/or characteristic(s) source or ref

strains

E. coliLMG194 F, AlacX74,galE, thi, rpsL,AphoA,(puull), Aara714 leu:Tn10 (Tet) Invitrogen

E. coliNM522 SupE, thiA(lac-proAB), Ahsdb (r-,m"), [F, proAB, lacFZAM15] Stratagene

E. coliBL21(DE3) F, ompT, hsdS (rs~ ms~), dcm gal A(DE3) Novagen
plasmids

pET28aft) expression vector, Kan Novagen

pBAD/HisB expression vector, Anip Invitrogen

pQE30 expression vector, Arfnp Qiagen

pHPW18 contains thptsHgene ofS. salvarius ATCC 25975 cloned into pBAD/HisB 35

pH46D contains thetsHgene ofS. salvarius ATCC 25975 with a mutation replacing HPr this work

S46 by D, cloned into pBAD/HisB

pETI-16 contains thetsl gene ofS. salvarius ATCC 25975 cloned into pET28&() 27

pHPKHis contains théprK gene ofS. salvarius ATCC 25975 cloned into pET28#{ 35

pAG2 contains th@tsHgene ofB. subtilisGM107-4 cloned into pQE30 J. Deutscher, INRA

pAG3 contains th@tsl gene ofB. subtilisGM107-4 cloned into pQE30 J. Deutscher, INRA

aKan, kanamycin resistance; Ammmpicillin resistance; Tgttetracycline resistance.

14). The complex CcpA/HPr(Ser-P) binds to consensus DNA of HPr, HPr(Ser-P), and HPr(S46D) by EIl using recombinant
sequences calledre located in the promoter region of proteins from S. salvarius ATCC 25975. Our results
targeted operons, leading to transcriptional activation or suggested that the high levels of HPr(Ser-P){HR$ in
repression, depending on the position of tiie sequence  streptococci result from the combination of two factors: a
(12). In Bacillus subtilis more than 300 genes are regulated high physiological concentration of HPr(Ser-P) and stimula-
by CcpA in a direct or indirect manner, and in several cases, tion of HPr(Ser-P) phosphorylation by EI at acidic pH, an
the interaction of CcpA with HPr(Ser-P) is requireld(16). intracellular condition that occurs in response to the acidi-
In several bacteria, HPr(Ser-P) is also involved in the fication of the external medium during growth of the culture.
phenomenon of inducer exclusion, a physiological process

that prevents the metabolism of several PTS and non-PTSEXPERIMENTAL PROCEDURES

sugars when a rapidly metabolizable sugar such as glucose gyains plasmids, and Culture Conditiorsl strains and

is available {7-19). . o plasmids used in this study are listed in TableEL.coli
Conceptual models of sugar metabolism regulation in low- strains were routinely grown aerobically on a New Brunswick
GC Gram-positive bacteria involve the phosphorylation state co. rotatory shaker at 180 rpm and 3T in a 2 L
of HPI’, which is determined by environmental conditions. Erlenmeyer flask Contain'g'] 1 L of LB medium Supp'e_
In these models, transport and regulatory PTS-related func-mented with appropriate antibiotics. For the production of
tions have been attributed to HPr(HiB) and HPr(Ser-P)  |arge amounts of HPIE. coli was grown aerobically at 37
exclusively €0—23). However, it is now established that °cC in a Microferm laboratory fermentor (New Brunswick
rapidly growing streptococcP@—26) contain high levels of  ggientifics) containing 10 L of LB medium supplemented
the doubly phosphorylated derivative HPr(Ser-P){H.  \jth appropriate antibiotics, with the stirrer speed set at 200
Moreover, recent studies have shown that this form of HPr rpm and the @flux at 2 L/min.
can efficiently transfer its phosphate group to the lIA-like  Gene CloningReplacement of HPr Sgrby an aspartyl
domain of the non-PTS LacS permeasesSaptococcus  residue was carried out by PCR with pHPW18 as template
salivarius and S. thermophilus(26, 27) and to theS.  3nd the QuickChange site-directed mutagenesis kit (Strat-
salivarius IIAB Ma" proteins (unpublished results), indicating agene). The PCR mixture contained 50 ng of pHPW18, 0.2
that HPr(Ser-P)(HisP) can control the activity of proteins v deoxynucleoside triphosphate, 125 ng of the oligonucle-
possessing a llA-like domain and can participate in PTS- gtide primers ptsH46D-F (FAGTTAACCTTAAAGATAT-
mediated sugar transport. CATGGGTGTTAT-3) and ptsH46D-R (SATAACAC-
While functions can now be ascribed to HPr(Ser-P)- CCATGATATCTTTAAGGTTAACT-3), and 2.5 units of
(His~P), the way it is synthesized in vivo remains to be Pfu Turbo DNA polymerase (Promega). After a 30 s
elucidated. Theoretically, the doubly phosphorylated HPr incubation at 95C, the amplification reaction was carried
could be synthesized via the phosphorylation of HPr(Ser-P) out for 16 cycles, each with a 30 s denaturing step #t®5
by El and/or via the phosphorylation of HPr(HiB) by a 1 min annealing step at 4&, and a 8 min extension step
HPrK/P. However, in vitro studies have shown that phos- at 68°C. After digestion withDpnl and transformation of
phorylation of one residue strongly reduces the rate of E. coli XL1 Blue (Stratagene) with the resulting mixture,
phosphorylation of the second resid@8,(29). It should be  we obtained the plasmid pH46D. This plasmid bore the same
noted, however, that these observations result from studiesDNA fragment as pHPW18, with a two-nucleotide substitu-
that were conducted with PTS proteins frdnterococcus  tion that replaced the serine at position 46 by an aspartate.
faecalis and B. subtilis two Gram-positive bacteria that, When induced, cells harboring this plasmid overexpressed
unlike streptococcid4—26), do not accumulate HPr(Ser-  the recombinant HPr(S46D) protein, a mutated HPr previ-

P)(His~P) in vivo (30, 31). ously demonstrated to be structurally and functionally similar
To determine how streptococci synthesize high levels of to HPr(Ser-P) 2, 33).
HPr(Ser-P)(His-P), we studied in vitro the effect of glyco- Protein QuerexpressionAll proteins used in this study

lytic intermediates and pH on the rates of phosphorylation were overexpressed as recombinant proteins fused with an
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N-terminal six-histidine tag sequence (kJisTo overproduce  of recombinant HPr or HPr(S46D) per liter of culture with
HPr and HPr(S46D) fronSs. salvarius and HPr fromB. a degree of purity exceeding 95% as determined by-SDS
subtilis, E. coli LMG194 (pHPW18 or pH46D) oE. coli PAGE (data not shown).

NM522 (pAG2) cultures were induced at mid-log phase  Recombinant El Purification. S. sadirius andB. subtilis
(ODggo = 0.4—0.7) after growth at 37C in LB medium El were purified by passing the cell-free extracts obtained
supplemented with ampicillin (5@g/mL) or with ampicillin from 1 L of culture through 1 mL Ni"—Sepharose HP
(50ug/mL) and tetracycline (2@g/mL) for strain LMG194. columns (Amersham Biosciences) &@ following the same
Inductions were carried out with 0.02%arabinose for 16  protocol used for HPr. Pooled fractions of EI were Qu22

h for strain LMG194 or with 1 mM IPTG fo4 h for strain filtered. They were first dialyzed atC for 16 h against 25
NM522. Cells were then harvested by centrifugation at 4 mM HEPES, pH 7.5, containing 5 mM Mg&£ 150 mM KCl,

°C at 11000 rpm (200@f) for 5 min in a J2-21 centrifuge 1 mM EDTA, 1 mM DTT, and 20Q«:M PEP. This step was
(Beckman). The cells (3 g) were resuspended using a vortexcarried out to optimize the dimerization of E34). The El

in 30 mL of cold Tris-HCI buffer, pH 7.5, containing 50 fractions were then dialyzed for another 24 h against the
mM NacCl and 10% glycerol. Cell suspensions were supple- same buffer without PEP and EDTA. Dialyzed fractions were
mented with 0.5 mg/mL lysozyme (chicken egg white applied to another 1 mL Ki—Sepharose HP column
lysozyme, Sigma-Aldrich) and 1 mg of DNase | (Roche equilibrated at #C with 25 mM HEPES, pH 7.5, 150 mM
Applied Science) and were left at’€ with gentle agitation ~ KCI, 5 mM MgCl,, and 10 mM imidazole. The column was
for 2 h. The cell suspensions were then sonicated @0 s) washed with 5 mL of the same buffer. Elution was carried
on ice using a Sonifier Cell Disruptor W-350 (Heat Systems out by gravity flow in the same buffer containing 500 mM
Ultrasonics) at 50% duty cycle, using the pulse cycle mode imidazole. The pooled fractions were 022 filtered before
and with the intensity set at 5. The sonication periods were being concentrated at 4C by ultrafiltration through a
separated by at least 1 min. Cell-free extracts were obtainedNanoSep 3K membrane. Concentrated fractions were then
by centrifugation at 4C for 60 min at 13000 rpm (2200 applied on a Superdex 200GL 10/300 column (Amersham
in a J2-21 centrifuge followed by ultracentrifugation at 4 Biosciences) equilibrated with 25 mM HEPES, pH 7.5, 150
°C for 90 min at 35000 rpm (1250@pin an Optima LE- mM KCI, 5 mM MgCl,, 1 mM EDTA, and 1 mM DTT and
80K ultracentrifuge (Beckman). The cellular extracts were operated with the same apparatus as described above. The
immediately passed through a column ofNaffinity resin column was calibrated with the high (HMW, lot 307915)
as described below or stored-aR0 °C in the presence of  and low molecular weight (LMW, lot 319694) gel filtration
0.1 mM PMSF, 2uM pepstatin A, 2uM leupeptin, and 1 calibration kits from Amersham Biosciences. The following
mM EDTA. For the purification of the recombinant enzymes protein standards were used: ribonuclease A (from bovine
HPrK/P and El fronS. salvarius, and for EI fromB. subtilis pancreas, 13700 Da), chymotrypsinogen A (from bovine
cell-free extracts fromE. coli BL21(DE3) (pHPKHis or pancreas, 25000 Da), ovalbumin (from hen egg, 43000 Da),
pPETI-16) or E. coli NM522 (pAG3) were obtained as albumin (from bovine serum, 67000 Da), aldolase (from
described above. However, kanamycin (@@mL) was used  rabbit muscle, 158000 Da), catalase (from bovine liver,
instead of ampicillin for the growth of BL21(DE3) strains, 232000 Da), and ferritin (from horse spleen, 440000 Da).
and all inductions were performed with 1 mM IPTG for 4 The recombinant enzymes were eluted at room temperature

h. in the same buffer at 0.5 mL/min, and 0.5 mL fractions were
Purification of Recombinant HPr and HPr(S46D). S. collected and analyzed by SB®AGE on 10% acrylamide
salivarius HPr and HPr(S46D), as well as HPr froB. gels as described below. The two El enzymes were recovered

subtilis were purified from cellular extracts obtained from in an elution volume between 13 and 15 mL (data not
1 or 10 L of cultures as described above. The cellular extract shown). Fractions containing El were pooled and incubated
obtained fron 1 L of culture was passed throng 1 mL with 2 mM PEP for 30 min at 37C and then extensively
Ni2*—Sepharose HP column (Amersham Biosciences) equili- dialyzed at £C against 25 mM HEPES, pH 7.5, containing
brated at £C with 50 mM Tris—-acetate, pH 7.5, 300 mM 150 mM KCI, 5 mM MgCh, 1 mM EDTA, 1 mM DTT,
NaCl, and 10 mM imidazole. The column was washed with and 10% glycerol. Dialyzed fractions were 0,22 filtered

5 mL of the same buffer. The His-tagged proteins were eluted before being stored at80 °C. This method yielded about
by gravity flow with the same buffer containing 500 mM 10 mg of >95% homogeneous El per liter of culture with
imidazole. Elution fractions were then pooled, 0.2& high activity and stability (data not shown). Before experi-
filtered (Millipore), and concentrated at’€ by ultrafiltration ments involving El, the enzyme was diluted in 25 mM
through a NanoSep 3K membrane (Pall). The concentratedHEPES, pH 7.5, containing 5 mM Mgg£I1150 mM KCI, 1
fraction was applied to a Superdex 75GL 10/300 column mM EDTA, and 1 mM DTT, and the solution was prein-
(Amersham Biosciences) equilibrated with 25 mM HEPES, cubated for 15 min at 37C. Under these conditions.

pH 7.5, and connected to an FPLC LKB Controller LCC- salivarius and B. subtilisrecombinant Els were stable for
500 Plus (Pharmacia). The proteins were eluted at roomup to 1 h (data not shown). One unit of El was defined as
temperature in the same buffer at 0.5 mL/min, and 0.5 mL the amount of enzyme that phosphorylatedniol of HPr/
fractions were collected and analyzed by SEFSAGE on min at 37°C.

15% acrylamide gels as described below. The elution volume  Purification of Recombinant HPrK/P. S. sedirius HPrK/P

of HPr and HPr(S46D) frons. salvarius was between 11 was purified at 4°C from E. coli BL21(DE3) (pHPKHis)
and 14 mL, whereas that &. subtilisHPr was between 13  cell-free extract as described previousB5) except that
and 15 mL (data not shown). Fractions containing HPr or Ni?*—Sepharose HP was used instead of Ni-NTA Superflow
HPr(S46D) were pooled and stored-&20 °C in the presence  (Qiagen). All of the material used for the purification of
of 10% glycerol. This method yielded approximately 5 mg HPrK/P was siliconized, extensively washed with deionized
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water, and autoclaved {). After passage on the Niresin, 3250 Mt cm™. The S. salvarius and B. subtilis HPr
the fractions of interest were pooled, dialyzed aC4for 16 coefficients €,50) determined as described above were also
h against 50 mM Tris-acetate, pH 7.5, and supplemented used for the quantification of HPr(Ser-P) and HPr(S46D).
with 10% glycerol, 0.1 mM PMSF, 2M pepstatin A, 2 Electrophoretic analyses were all performed using a Bio-
uM leupeptin, and 1 mM EDTA for storage a80 °C. This Rad Mini-Protean Il apparatus under either native or
method yielded approximately 10 mgA5% homogeneous  denaturing conditions as described by Laemi3@) ( Lastly,
recombinant HPrK/P with high specific activity and stability for densitometric analyses, gels were first Coomassie Blue
(data not shown). The stock solution was diluted in 50 mM stained for 30 min in a solution containing 50% methanol,
Tris—acetate buffer, pH 7.5, for maximal activity. 10% acetic acid, and 0.05% (w/v) Coomassie Blue (Brilliant
Synthesis offP]PEP. [*?P]PEP was prepared according Blue R-250, Sigma-Aldrich) and destained in 5% methanol/
to the method of Mattoo and Waygoo86] using purified 7% acetic acid for 1624 h. Gels were then scanned using
PEP carboxykinase frofa. coli K-12 HFr 3000, whichwas  a Gel Doc 2000 UV transilluminator (Bio-Rad), and data
kindly provided by A. H. Goldie (University of Saskatchewan). were analyzed using Quantity One software (Bio-Rad).
HPr(Ser-P) Synthesis and PurificatiorlPr(Ser-P) was HPr(His~P) PhosphohydrolysisThe spontaneous phos-
prepared fron8. salvarius ATCC 25975 HPr an@®. subtilis phohydrolysis of HPr(His'P) fromS. salvariuswas studied
GM107-4 HPr as described previousB6(27, 35) with some  at 37°C using the spectrophotometric assay described above,
modifications. Briefly, the synthesis was carried out in a total except that the El concentration in the reaction mix was
volume of 15 mL containing 50 mM Trisacetate, pH 7.5,  raised to 500 nM to ensure rapid and complete rephospho-
5 mM MgCl,, 5 mg of purified HPr, and 1509 of purified rylation of free HPr. This allowed the concentration of HPr-
HPrK/P fromS. salvarius. After a 5 min preincubation at  (His~P) to remain virtually unchanged throughout the
37 °C, the reaction was initiated by adding 2 mM ATP and experiment, making it possible to calculate the phosphohy-
stopped after 60 min by placing the reaction mixture on ice. drolysis first-order rate constant.
This first step yielded a mi_xture of recombingnt HPr(Sgr—.P) Kinetic StudiesThe kinetic constant&m, Vimax Keas and
and HPrK/P. The preparation was further purified by affinity keafKm Were determined using the El-LDH-coupled assay

and size exclusion chromatographies on a column éf Ni  jescribed above, except that the reactions were carried out
resin and a column of Superdex 75GL as described above;, 50 mm MES, pH 5.5 or 6.5, or HEPES, pH 7.5.

for HPr. This step allowed HPrK/P to be separated from HPr- yperiments were conducted with various concentrations of
(Ser-P) (data not shown). The fractions were _then analyzeder, HPr(Ser-P), HPr(S46D), and El, as indicated in the
by PAGE and SDSPAGE on 15% acrylamide gels as figyre legends. After a preincubation for 15 min at %7,
described below. _ phosphotransfer reactions were initiated by adding 40
SpectroscopyAll spectrophotometric measurements were NADH and 10 mM PEP, and reaction rates were measured
carried out in a DU-530 spectrophotometer (Beckman). For y recording the absorbance at 340 nm for 4 min. The rates
protein quantification at 280 nm, data were recorded at 25 \yere subsequently corrected for NADH autoxidation. Under
°C. When using the EI-LDH-coupled assay (see below), the 4| conditions, the initial reaction rates were linear for up to
spectrophotometer was equipped with a Peltier temperaturezg s with correlation coefficientsR) =0.97. The final pH

control module adjusted at 3T (Beckman). _ of all solution was determined after mixing all of the
Protein Quantification and Electrophoretic and Densito-  components.

metric AnalysesThe concentrations of HPrK/P and EI were
determined spectrophotometrically at 280 nm. The following |,
molar extinction coefficientsefgg) were used: 31920 M
cm tand 32430 M! cm ! for S. salvarius El and HPrK/P,
respectively, and 29360 M cm™ for EI from B. subtilis
GM107-4. The coefficients were calculated using the Pep-
tidsort program of the GCG package (Genetic Computer
Group) from the amino acid sequences of the His-tagged ResyL TS

proteins. The HPr concentrations were determined using the

spectrophotometric EI-LDH-coupled assay originally de-  Purification of EI. The protocol used to purif@. salvarius
scribed by Waygood et al.37, 38) with the following andB. subtilisEl was optimized to preserve the activity of
modifications. The reaction was carried out in a total volume the enzymes during purification and storage. Analyses by
of 0.6 mL containing 50 mM HEPES, pH 7.5, 5 mM Mgl  size exclusion chromatography confirmed that $hesali-

1 mM DTT, 250 nM El, 20 units of LDH (from rabbit  varius and B. subtilis El preparations contained a single
muscle; Sigma-Aldrich), different amounts of HPr, and 150 protein with a molecular mass of approximately 130 kDa
mM KCI, which was added for enzyme stability. The reaction (data not shown), which corresponds to the dimeric active
mix was preincubated for 15 min at 3T before adding  form (40). Consistent with a previously published study on
100u4M NADH and 10 mM PEP to initiate the reaction that S. salvarius El (41), and unlikeE. coli and Salmonella
reached completion within 10 s. HPr concentrations were typhimuriumEl (38, 42), we never observed monomers in
then calculated from thAAg4o resulting from the NADH to the purified preparations of recombinant El used in this study.
NAD* conversion ¢z = 6300 M cm™). The HPr In addition, unlike EI fromE. coli (38) andE. faecalis(43),
concentrations calculated using the LDH-coupled assay wereEl from S. salvarius did not lose its activity when stored
used in the BeerLambert equationA = ecl) to estimate for several months at-80 °C in a solution at a pH near
HPr €250 For S. salvarius HPr, €250 was estimated at 3475  neutrality (data not shown). The purification procedure
M~! cm™%, whereas foB. subtilisHPr, the coefficient was  yieldedS. salvarius El preparations with specific activities

Kinetic Data AnalysisThe kinetics of HPr phosphorylation
ere analyzed with Kaleidagraph 3.51 (Synergy Software)
using a Michaelis Menten nonlinear regression curve func-
tion. The kinetics of HPr(Ser-P) and HPr(S46D) phospho-
rylation were analyzed by linear regression with Microsoft
Excel 2000 (Microsoft Corp.).
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Table 2: Kinetic Constants &. salvarius El 15472 Rl TS R g8 9
Vmax (Units/ Keal Km
substrate  pBM Kn uM)® mgofElf k(s (M ts?)e
HPr 6.1 122 145+ 8 157+ 9 1.3x 107

70 2041 3914+11 424412 2.1x 10
7.9 3944 336+15 365+16 0.93x 107
d - —
HPr(Ser-P) 6.1 ND ND ND 16 10° e - — - — :
79 ND ND ND 1.9x 10° T - —
HPr(S46D) 6.1 ND ND ND 80« 10°
79 ND ND ND 6.1x 10°

2The pHs of the reaction mixtures were determined after mixing all [ g
of the components including PEP, which was added at tinfeT@e
values (standard error) are the means of three determinations. ND,
not determined. See comments in the text abouKthef S. salvarius
El for HPr(Ser-P) and HPr(S46D).The specificity constants for HPr
were obtained using the Michaetidenten equation, while those for
HPr(Ser-P) and HPr(S46D) were obtained using linear regressions. The
values are the means of three determinations.

(20 M)

HPriSer-
4]

(20 pMy

ranging from about 145 to 400 units/mg depending on the i ST = (] e ] e
pH of the solution (Table 2). (M)
Purification of El SubstrateDetermination of the kinetic o
constants of El for its substrates required large amounts of
HPr and HPr(S46D). For this purpose, HPr(S46D) was
purified from severbl L cultures and HPr from several 10 E EATES RIS e ST T e T o]
L cultures as described in the Experimental Procedures 400 M)
section. The substrate HPr(Ser-P) was produced by phos-
phorylation of HPr with HPrK/P and ATP before being
further purified by size exclusion chromatography as de-
scribed above. This method allowed the separation of the
kinase from the phosphoserine HPr derivative and yielded

_ ; Ficure 1: PEP-dependent phosphorylation of HPr and HPr(Ser-
HPr(Ser-P) preparations free of unphosphorylated HPr asP) byS. salvarius El. The reaction mixtures (40L) contained 50

demonstrated by nqtive PAGE and silver st.aining. The (M HEPES, oH 7.5, 5 mM MgG) 1 mM DTT, 150 mM KCl, 25
absence of free HPr in the HPr(Ser-P) preparations was alsq:M HPr or 254M HPr(Ser-P), and 1, 40, or 400 nM EI. The final
confirmed as described previousl27j by incubating the ~ pH was 7.9. After a preincubation for 5 min at 3Z, 10 mM PEP
purified preparation of HPr(Ser-P) with El arfdff]PEP and was added to initiate the reactions. After 30 min, /40 of 3x

: : ; PAGE loading buffer was added to each reaction mixture, and 20
detecting the reaction products by autoradiography afterﬂl_ was loaded on a 15% nondenaturing polyacrylamide gel

separation by native PAGE. Onf§P~El and HPr(Ser-P)-  (paGE). Lane 1:S. salvarius HPr (3 ug). Lane 2: S. salvarius
(His~%2P) were detected. The absence of free HPr in the HPr(Ser-P) (3.g). The faint band that migrated as HPr(HR) in
HPr(Ser-P) preparations was essential to prevent interferenceéhe absence of PEP (lane 3) was likely the result of HPr
when measuring the rate of HPr(Ser-P) phosphorylation usingphosphorylatlon by REI already present in the enzyme prepara-
the spectrophotometric assay. tion.

_ HPr(His~P) PhosphohydrolysisBecause the t-P-his- not contain the doubly phosphorylated HP8,(31). We thus
tidyl residue of HPr(His-P) is unstable44), we determined  first compared the ability o. salvarius El to phosphorylate

(40 nMy

FEP

(10 mM

the rate of spontaneous hydrolysis 8f salvarius HPr- HPr and HPr(Ser-P) under identical conditions by carrying
(His~P) as described in the Experimental Procedures sectionout in vitro phosphorylation experiments as described in the
using eight different concentrations of HPr(Hi8) ranging legends of Figures 1 and 2. The HPr isoforms were separated

from 20.4 to 52.«M. We found that the first-order reaction by PAGE. From the results presented in Figure 1, we
constant forS. salvarius HPr(His~P) spontaneous phos- evaluated that HPr(Ser-P) was approximately 1000 times less
phohydrolysis was 0.0 0.005 min*. Thus,S. salvarius efficiently phosphorylated by EI than HPr. This is consistent
HPr(His~P) is rather unstable, as is the case for HPr{#} with previous studies conducted with PTS proteins fidm

from B. subitilis(44), Bacillus thuringiensis israelens{g5), subtilisandE. faecalis(28, 29). It should be noted that the
E. coli(46, 47), E. faecalis(48), Staphylococcus aureys9), presence of free HPr detected in lanes 4, 6, and 8 of Figure
Lactococcus lactig44), Mycoplasma capricolunis0), My- 1 was most likely the result of spontaneous phosphohydroly-

coplasma pneumoniagsl), and Staphylococcus carnosus sis of HPr(His-P), as suggested by the results mentioned
(52). The rate of spontaneous phosphohydrolysis was takenabove. We then looked at whether the PEP-dependent
into account in determining the rate of HPr phosphorylation phosphorylation of HPr(Ser-P) was stimulated in the presence
by El, particularly at very low concentrations of HPr. of the following metabolic intermediates tested at various
HPr(Ser-P) Is a Poor Substrate for S. sarius EI. Since concentrationsy3, 54): glucose 6-phosphate{1.000uM),
HPr(Ser-P)(His-P) is present in large amounts in strepto- fructose 1-phosphate (25 mM), fructose 6-phosphate (0
cocci 24, 25), it was expected that the phosphorylation rate 100 M), fructose 1,6-bisphosphate-{80 mM), glyceral-
of HPr(Ser-P) byS. salvarius El would be higher than the  dehyde 3-phosphate {00 «M), 2,3-bisphosphoglycerate
rate observed with proteins isolated from bacteria that do (25 mM), 3-phosphoglycerate {2500 «M), 2-phospho-
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Ficure 2: PEP-dependent phosphorylation of HPr and HPr(Ser-
P) by S. salvarius El as a function of pH. The reaction mixtures
(40 uL) contained 50 mM sodium acetate, pH 4.0, 4.5, and 5.0,
MES, pH 5.5, 6.0, and 6.5, HEPES, pH 7.0 and 7.5, or tricine, pH
8.0 and 8.5, 5 mM MgG| 1 mM DTT, and 29M HPr and 0.5

nM El (A) or 29 uM HPr(Ser-P) and 1uM EI (B). After a
preincubation for 5 min at 37C, 10 mM PEP was added to initiate
the reactions. After 30 min, 28L of 3x PAGE loading buffer
was added to reaction mixtures, and/Al5was then loaded on a
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Ficure 3: Initial rates of phosphotransfer reactions frdgn

salivarius P~EI to HPr, HPr(Ser-P), and HPr(S46D) as a function
of pH. The reaction mixtures (6Q@L) contained 50 mM sodium
acetate, pH 4.0, 4.5, and 5.0, MES, pH 5.5, 6.0, and 6.5, HEPES,
pH 7.0 and 7.5, or tricine, pH 8.0 and 8.5, 5 mM MgCl mM
DTT, 150 mM KCI, 29uM HPr and 1.5 nM EI &), 29 uM HPr-
(Ser-P) and LM EI (#), or 29uM HPr(S46D) and kM El (dotted
line), and 20 units of LDH. Data were collected in dupli-
cate. Maximal reaction rates were measured at pH 7.0 for HPr
(4.1 x 1072 umol min~t), pH 5.9 for HPr(Ser-P) (5.5 103 umol
min~Y), and pH 6.1 for HPr(S46D) (1.& 1072 umol min™1).
Because the amount of El differed substantially with respect
to the substrate, the results are expressed as relative reaction
rates.

To determine more accurately how pH modifies the
interaction of El with its substrates, we measured the initial
rates of phosphorylation of HPr, HPr(Ser-P), and HPr(S46D)
at different pHs using a spectrophotometric EI-LDH-coupled

15% nondenaturing polyacrylamide gel (PAGE). Lanes 1, 4, and assay. Results presented in Figure 3 clearly show that HPr

15 (A and B): nothing. Lane 2 (A and B)S. salvarius HPr (3
u#g). Lane 3 (A and B):S. salvarius HPr(Ser-P) (3.g). The relative

quantities indicated as percentages represent in (A) the proportion

of HPr(His~P) and in (B) the proportions of HPr(Ser-P)(HiB).

glycerate (6-500uM), pyruvate (6-2000uM), lactate (G-

50 mM), ribulose 1,5-bisphosphate (25 mM), and dihydroxy-
acetone phosphate {2000 «M). None of these had any
effect on HPr or HPr(Ser-P) phosphorylation (data not
shown).

El Activity as a Function of pHUnlike enterococci and
bacilli (55, 56), the intracellular pH of streptococci decreases
during growth in response to the acidification of the
extracellular medium caused by metabolic production of
organic acidsg5, 57). This prompted us to study the effect
of pH on HPr and HPr(Ser-P) phosphorylation. We first

was a very good phosphoryl acceptor at pHs above 6.5, with

& maximal phosphorylation rate at pH 7.0, while HPr(Ser-

P) was better phosphorylated below pH 6.5, with maximal
rate at slightly below pH 6.0. The opposite effect of
acidification on the phosphorylation of HPr and HPr(Ser-P)
most likely came from the strong negative charge of the
phosphoryl group linked to Sgrin HPr(Ser-P). This was
confirmed by studying the phosphorylation of HPr(S46D),
which also possesses a negative charge at position 46 owing
to the replacement of Sgrby an aspartyl residue. This
mutated HPr is structurally and functionally similar to HPr-
(Ser-P) 82, 33). Results shown in Figure 3 indicate that the
variation of the phosphorylation rate of HPr(S46D) by El
as a function of the pH was similar to the pattern observed
with HPr(Ser-P), except that HPr(S46D) was a better

measured the relative quantities of histidine phosphate substrate than HPr(Ser-P) at all pH values.

derivatives formed as a function of pH after separation of

the reaction products by electrophoresis under native condi-

Determination of S. salarius El Kinetic ConstantsTo
determine how pH affects the kinetic properties $f

tions. Results presented in Figure 2 clearly indicate that a salivarius El, we first measured the kinetic constants

decrease in the pH had a different effect on the abilit{ of

salivarius El to phosphorylate HPr and HPr(Ser-P). Indeed,
while the phosphorylation of HPr was strongly inhibited at
pHs below 5.9, with less than 5% of HPr being phospho-

rylated (Figure 2, panel A, lanes 5 and 6), the phosphory-
lation of HPr(Ser-P) was enhanced at lower pHs. Indeed,

HPr(Ser-P)(His-P) represented more than 55% of total HPr

associated with the phosphorylation of HPr at three different
pHs (6.1, 7.0, and 7.9). The results shown in Figure 4 were
obtained by analyzing the data with the Michaelidenten
equation. The affinity constant¥y), maximal velocities
(Vmay), turnover numbersk{,), and specificity constant&g/

Km) calculated from the computerized best fit curves are
listed in Table 2. Th&, values ofS. salvarius El for HPr

after the reaction had reached equilibrium at pHs betweenvaried with respect to pH from 12 to 38 with specificity

5.1 and 6.4 (Figure 2, panel B, lanes-®), while the
percentage dropped to less than 30% at higher pHs.

constants K../Km) approaching diffusion-limited reaction
rates. Interestingly, the kinetic constants varied with respect
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Ficure 4: Kinetics of HPr phosphorylation b$. salvarius El at
three different pHs. The reaction mixtures (600 contained 50
mM MES, pH 5.5 (A), MES, pH 6.5 (B), or HEPES, pH 7.5 (C),
5 mM MgCl, 1 mM DTT, 150 mM KCI, 20 units of LDH, various
concentrations of HPr from 0 to 1QM, and 1 nM El at pH 7.0

or 2 nM El at pH 6.1 and 7.9. The final pHs were determined as
6.1 (A), 7.0 (B), and 7.9 (C). Data were collected at least in triplicate
and analyzed by nonlinear regression. Correlation coeffici€}s (
for these fits were all over 0.90.

Casabon et al.

45

Initial rates (MM/min)

0 10 20 30 40 50 60 70 80 90 100

[S]x [E] (uM?)
Ficure 5: Initial rates of phosphotransfer reactions frdgn
salivarius P~EI to HPr(Ser-P) and HPr(S46D) at two different pHs.
The reaction mixtures (600L) contained 50 mM MES, pH 5.5,
or HEPES, pH 7.5, 5 mM MgG| 1 mM DTT, 150 mM KClI, 20
units of LDH, and various concentrations of HPr(Ser-P)200
uM) or HPr(S46D) (6-150uM). The final pHs were equal to 6.1
for the solutions containing the MES buffer and 7.9 for the solutions
containing the HEPES buffer. The reactions with HPr(Ser-P) as
the substrate were carried out in the presence of 500 nM El at a
final pH of 7.9 @) and 100 nM EI at a final pH of 6.14%) while
the reactions with HPr(S46D) as the substrate were carried out in
the presence of 250 nM El at a final pH of 7@)(and 50 nM ElI
at a final pH of 6.1 4). Data were collected at least in triplicate.
Each value was the means of three determinations, and the qualities
of the fits were assessed by inspecting the random distributions of
the residuals (data not shown).

to pH at the most by a factor of 3. The affinity was highest
at the lowest pH tested (pH 6.1). However, thgwas also
reduced at this pH, being about 3 times lower than at pH
7.0 where maximal activity was observed. The combined
effects gave &../Kn value less than 2-fold higher at pH 7.0
compared with the value obtained under acidic conditions.

Since the phosphorylation rate of HPr(Ser-P) was ap-
proximately 10-fold higher at pH 6.1 than at pH 7.9 (Figure
3), we attempted to determine the kinetic constants associated
with the phosphorylation of HPr(Ser-P) and HPr(S46D) by
S. salvarius EIl at these two pH values. Unfortunately, we
were unable to reach high enough concentrations of these
two El substrates (i.e., above the expedtgflto accurately
calculate th&K,, andVmax values with the MichaelisMenten
equation $8). For comparison purposes with the published
Km andVnax values ofB. subtilisl for HPr(Ser-P) and HPr-
(S46D), which have been extrapolated from experiments
conducted with substrate concentrations below the estimated
Km values 29), we nonetheless extrapolated #ig andVmax
values for HPr(Ser-P) and HPr(S46D). The affinity constants
and the maximal velocities estimated were similar to the
values obtained with thB. subtilisproteins (data not shown).
While the conditions used (substrate concentrations low
compared t,,) do not allow precise determinations of the
Km, Vmax and kea values, they do allow an accurate
determination of the specificity constatmt{/Km) (58). This
constant is equivalent to the,;when the enzymatic reaction
proceeds via a ping-pong mechanism, which is the case for
El (41, 59). We thus determined the specificity constants
(Figure 5 and Table 2) for the two substrates and found that
the keofKm value for HPr(Ser-P) phosphorylation .
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amounts of the doubly phosphorylated HPr, HPr(Ser-P)-
(His~P), have been found iB. subtilisandE. faecalis(30,

31). These findings led to the suggestion that synthesis of
HPr(Ser-P) is a physiological process aimed at regulating
the transport of PTS sugars7 20).

Several studies conducted over the years have shown,
however, that HPr(Ser-P)(Hig?) may account for more than
70% of the total HPr in exponentially growing cells of a
number of streptococci2@—26, 61). Furthermore, it was
demonstrated that this form of HPr can efficiently transfer
its phosphate group to the IIA-like domain of the lactose/
H* symporter LacS o08. salvarius andS. thermophilu$26,

27) and to S. salvarius IIABMa" (unpublished results), a
protein involved in the transport of PTS sugaf®)( These
results clearly indicate that HPr(Ser-P)(HB) is a physi-
ologically important phosphoprotein.

The possible involvement of HPr(Ser-P)(HiB) in PTS-
FIGURE6: Initial rates of phosphotransfer reactions frBosubtilis mediated sugar uptake requires recycling via phosphorylation
P~EI to B. subtilisHPr and HPr(Ser-P) as a function of pH. The of HPr(Ser-P) by El at a rate sufficient to maintain the

reaction mixtures (60@L) contained 50 mM sodium acetate, pH ; imi
4.0, 4.5, and 5.0, MES, pH 5.5, 6.0, and 6.5, HEPES, pH 7.0 and cellular pool high enough to maximize sugar transport. In

7.5, or tricine, pH 8.0 and 8.5, 5 mM MggIL mM DTT, 20 units this context, one would expect that the phosphorylation of
of LDH, 34 4M HPr and 12 nM EI @), or 34uM HPr(Ser-P), 400 HPr(Ser-P) byS. salvarius El would be a rather efficient
mM KCI, and 4uM EI (#). Data were collected in duplicate.  process. Surprisingly, we found that HPr(Ser-P) was a poor
Maximal reaction rates were measured at pH 7.9 for HPr (3.5 gypstrate foiS. salvarius El at neutral pH, a result similar

1073 umol min%) and at pH 6.1 for HPr(Ser-P) (1:2 1072 umol . : oo :
min—1). Because the amount of El differed substantially with respect to that obtained with proteins isolated from bacteria that do

to the substrate, the results are expressed as relative reaction rate§0t synthesize large amounts of HPr(Ser-P)tH$ (28, 29).
Moreover, the addition of key metabolites to the reaction
salivarius El was 8 times higher under acidic (pH 6.1) than Mixture did not improve the rate of HPr(Ser-P) phosphory-
alkaline (pH 7.9) conditions. As expected, thg/Kn for lation, suggesting that cellular levels of HPr(Ser-P)(H®
HPr(S46D) also increased with a decrease in pH, the are not controlled by the cellular levels of specific central
specificity constant being 13 times higher under acidic metabolic intermediates. However, while the phosphorylation

100

80

60

40

Initial rates (%)

20

conditions. of HPr(Ser-P) by El was not efficient at a pH near the
Effect of pH on the Phosphorylation of HPr(Ser-P) by B. neutrality, the initial rates of phosphotransfer determined
subtilis EI. The absence of HPr(Ser-P)(HiB) in Bacillus using a quantitative spectrophotometric assay unequivocally

showed that HPr(Ser-P), unlike free HPr, was phosphorylated
more efficiently at acidic pH. Indeed, the phosphorylation
rate measured with the serine phosphate derivative was

species 1) prompted us to determine whether phosphory-
lation of HPr(Ser-P) byB. subtilisEl was also enhanced at
lower pHs. Results presented in Figure 6 show that the . . - )
phosphorylation ofB. subtilis HPr and HPr(Ser-P) was almost 10-fold higher under acidic conditions (see Figure
influenced by pH in the same manner as fhesalvarius 3)- . . - .
proteins, except that the maximum rates of phosphotransfer Previous studies have indicated that the phosphorylation
were observed at slightly more alkaline pHs. Lastly, the of the seryl 46 residue does not significantly modify the
availability of purified proteins frons. salvarius and B. structure of HPrg3, 64). The inability of El to phosphorylate
subtilis enabled us to study the synthesis of HPr(Ser-P)- HPT(Ser-P) results mostly from disruption of hydrophobic
(His~P) with heterologous systems. Our results showed that INteractions between the enzyme and its substrate caused by
the phosphorylation d8. salbarius HPr(Ser-P) byB. subtilis electrostatic repulsion between the dianionic charge of the
El as well as the phosphorylation Bt subtilisHPr(Ser-P) ~ Phosphoserine and a glutamyl residue in El ¢ln E. coli

by S. salvarius El occurred at similar rates and was activated E!) (64). This repulsion does not occur with unphosphory-
at acidic pHs in a manner similar to that of the homologous 'ated HPr, as the free hydroxyl group of the seryl 46 residue

systems (results not shown). is actually hydrogen-bonded to this glutamaﬁé)(Also, it
was suggested that the electrostatic repulsion between El
DISCUSSION Glugs and the phosphoryl group on HPr fanay be reduced

by a slight rotation of the Sgy C>—Cf bond. This local

In Gram-positive bacteria, HPr is phosphorylated at the change is believed to disturb the hydrophobic interaction
expense of PEP on the catalytic histidine at position 15 by between ElI and HPr6d). We thus propose that the
El, leading to HPr(His-P), and on a seryl residue at position stimulation of HPr(Ser-P) phosphorylation by El at acidic
46 by the ATP-dependent bifunctional enzyme HPrK/P, pH is, to some extent, caused by a partial neutralization of
leading to HPr(Ser-P)(Q). Studies conducted with proteins the negative charges of Sgiof HPr(Ser-P) and/or of the
from E. faecalisandB. subtilishave shown that HPr(Ser-P) glutamyl residue of El. Neutralization of these negative
is a poor substrate for El while HPr(Hi#) is poorly charges should partially overcome the electrostatic repulsion
recognized by HPrK/P28, 29). In both cases, the phospho- between the enzyme and its substrate and decrease the
rylation rates of phosphorylated HPr are much lower than distortion of the Seg C*—C? bond. This in turn should
that of free HPr. Consistent with these results, only minute stabilize the EI/HPr(Ser-P) complex and allow the efficient
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synthesis of HPr(Ser-P)(Hi€?). However, the rotation of  rapidly taken up via the constitutive mannose/glucose PTS,
the Sejs C*—Cf bond caused by phosphorylation of HPr on  which may function initially with HPr(His-P) (72). The
Sens may also be caused by sterical hindran6d).( This rapid metabolism of glucose via the Emdeveyerhoff
would explain why acidification of the intracellular lumen pathway causes an increase in the levels of cellular metabo-
did not restore the phosphorylation of HPr(Ser-P) by El to lites that are indicators of a high cellular energy statis (
a level similar to that for HPr. The hypothesis that the 71). Under these conditions, the kinase activity of HPrK/P
stimulation of HPr(Ser-P) phosphorylation by El at low pHs is stimulated while its phosphorylase activity is repressed,
results from the protonation of the phosphate group and/or allowing the synthesis of large amounts of HPr(Ser®) (
the glutamyl residue is supported by experiments conducted35). The cells are then able to prevent the entry of secondary
with HPr(S46D). Indeed, because the aspartyl residue is aenergy sources by HPr(Ser-P)-mediated inducer exclusion
weaker acid than the phosphate group of HPr(Ser-P), one(17—19) and to inhibit the expression of genes under the
would expect that HPr(S46D) would be a better substrate control of the CcpA/HPr(Ser-P) compleX3). The intense
than HPr(Ser-P) for El and that charge repulsion would be cellular glycolytic activity generates large amounts of lactic
weakened at a higher pH. We indeed found that HPr(S46D) acid, which is excreted into the external mediurd)( As
was phosphorylated almost 5 times faster than HPr(Ser-P)the acidification of the external milieu is accompanied by a
under all conditions tested and that its maximal phosphory- decrease in intracellular ptb7), the synthesis of HPr(Ser-
lation rate occurred at a pH higher than that of HPr(Ser-P). P)(His~P) is stimulated and the doubly phosphorylated HPr
From our results, a scenario that explains how rapidly becomes the principal EIIA substrate, ensuring optimal PTS-
growing streptococci synthesize high levels of HPr(Ser-P)- mediated sugar uptake. Consistent with this hypothesis is
(His~P) began to emerge. The amount of HPr in exponen- the recent finding that HPr(Ser-P)(Hi®) can efficiently
tially growing streptococci can account for-8% of the total transfer its PQto S. salvarius IIAB Ma" (unpublished results),
cytoplasmic proteins, which represents HPr concentrationsa PTS protein involved in the transport of glucose, fructose,
between 0.5 and 1 mM66). Additionally, HPr(Ser-P) can  and mannose6@). At this stage, the cellular levels of free
represent more than 70% of the total HPr pool in exponen- HPr and HPr(His-P) are virtually nil @4). This should
tially growing cells 4—26). Thus, the concentrations of the prevent the activation of transcriptional activators and
phosphoserine derivative can be roughly estimated at-250 antiterminators containing PRD domains. This hypothesis is
500 uM. These concentrations might even be much higher supported by recent studies suggesting BiagubtilisHPr-
locally according to the phenomena of macromolecular (Ser-P)(His-P) is unable to phosphorylate the PRD-contain-
crowding and metabolite channeling that allow metabolite ing antiterminator LicT 75). According to this model, control
sequestration and concentrations of cytoplasmic proteins upof sugar metabolism in exponentially growing streptococcal
to 400 mg/mL 67, 68), thus favoring the formation of stable  cells would be mediated by HPr(Ser-P) via CcpA-dependent
protein complexes. It is noteworthy that the existence of such transcription activation and repression as well as inducer
stable complexes involving several PTS proteins and someexclusion while PTS sugar transport would be ensured by
of their substrates has already been proposdl 70). HPr(Ser-P)(His-P).
Accordingly, our results suggest that the cellular concentra-
tions of HPr(Ser-P) in streptococci are high enough to favor ACKNOWLEDGMENT

phosphorylation of HPr(Ser-P) over HPr, which is virtually  \ye thank Dr. Josef Deutscher (INRA, France) for kindly
absent in growing cell2fl). Moreover, several studies have  ,qyiding theE. colistrains overexpressing recombinant HPr
indicated that streptococci do not maintain their intracellular 53nq E| of B. subtilis Dr. A. H. Goldie (University of

pH near the neutrality in response to a decrease in eXtra_Ce|Saskatchewan) for generously providing PEP carboxykinase,
lular pH (35, 71). According to our results, the decrease in penjs Brochu for work on the pH46D construct, Dr. Jacques
the intracellular pH during cellular growth should enhance Lapointe and Dr. Stghane Gaghéor help with the kinetic
HPr(Ser-P)(His-P) synthesis by promoting the interaction  5nq structure analyses and for valuable discussions, Denis
of HPr(Ser-P) with EI, while phosphorylation of HPr pqy for help with the experiments conducted witPJPEP,

becomes unlikely. These results suggested that the high levelgyic |ebrun for contribution to the purification of HPr, and
of HPr(Ser-P)(His-P) in streptococci result from the com-  Gepe Bourgeau for editorial assistance.

bination of two factors: a high physiological concentration
of HPr(Ser-P) and stimulation of HPr(Ser-P) phosphorylation REFERENCES

by El following acidification of the cellular lumen.
y g 1. Kundig, W., Gosh, S., and Roseman, S. (1964) Phosphate bound

B. SUbtilisand E. faecalisconta.in. Only trace amounts of to histidine in a protein as an intermediate in a novel phospho-
HPr(Ser-P)(His-P) (30, 31). Surprisingly, we found that the transferase systerRyoc. Natl. Acad. Sci. U.S.A. 520671074,
rate of phosphorylation of HPr(Ser-P) By subtilisEl varied 2. l;ﬁstmﬁ, P. |W Le?geleg f, O\IN-t, anhd J?COtbSOF}, G. R (tl993) .

: ; i osphoenolpyruvate:carbohydrate phosphotransferase systems o

as a func’uon' of. pH in a manner similar 'to that observgd bacteria Microbiol. Rey. 57, 543-594.
W|th_theS. salvanusprof[ems_. However, unlike streptococci, 3.Saier, M. H., Jr., and Reizer, J. (1992) Proposed uniform
bacilli and enterococci maintain an intracellular pH near nomenclature for the proteins and protein domains of the bacterial
neutrality under conditions of low extracellular pB§( 56). thsf;‘felr‘g%)_”lud‘r’géeisugar phosphotransferase sytéacte-

. . . . rol. y .
This properFy may explain why these bacterial Speges do 4. Stike, J., Arnaud, M., Rapoport, G., and Martin-Verstraete, .
not synthesize large amounts of HPr(Ser-P)(H$ during (1998) PRB-a protein domain involved in PTS-dependent
grOWth. !nduction_ and cart_Jon qatabolite repression of catabolic operons

The succession of physiological events that occur in _ I bacteriaMol. Microbiol. 28, 865-874.

. g L 5. Greenberg, D. B., Slke, J., and Saier, M. H., Jr. (2002) Domain
streptococcal cells after inoculation of a glucose-containing analysis of transcriptional regulators bearing PTS regulatory
culture medium can be described as follows. Glucose is first domains,Res. Microbiol. 153519-526.



HPr and HPr(Ser-P) Phosphorylation by Streptococcal El

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Reizer, J., Novotny, M. J., Stuiver, |., and Saier, M. H., Jr. (1984)
Regulation of glycerol uptake by the phosphoenolpyruvategar
phosphotransferase systemBacillus subtilis J. Bacteriol. 159
243-250.

. Deutscher, J., Bauer, B., and Sauerwald, H. (1993) Regulation of

glycerol metabolism inEnterococcus faecalidy phospho-
enolpyruvate-dependent phosphorylation of glycerol kinase cata-
lyzed by enzyme | and HPr of the phosphotransferase system,
Bacteriol. 175 3730-3733.

. Charrier, V., Buckley, E., Parsonage, D., Galinier, A., Darbon,

E., Jaquinod, M., Forest, E., Deutscher, J., and Claiborne, A.
(1997) Cloning and sequencing of two enterocogpK genes
and regulation of the encoded glycerol kinases by phospho-

enolpyruvate-dependent, phosphotransferase system-catalyzed phos-29.

phorylation of a single histidyl residue]. Biol. Chem. 272
14166-14174.

. Poolman, B., Knol, J., Mollet, B., Nieuwenhuis, B., and Sulter,

G. (1995) Regulation of bacterial sugar-ymport by phospho-
enolpyruvate-dependent enzyme I/HPr-mediated phosphorylation,
Proc. Natl. Acad. SciU.S.A 92, 778-782.

Poncet, S., Mijakovic, I., Nessler, S., Gueguen-Chaignon, V.,
Chaptal, V., Galinier, A., Boel, G., Maze, A., and Deutscher, J.
(2004) HPr kinase/phosphorylase, a Walker motif A-containing
bifunctional sensor enzyme controlling catabolite repression in
Gram-positive bacteridBiochim. Biophys. Acta 1697123-135.
Brochu, D., and Vadeboncoeur, C. (1999) The HPr(Ser) kinase
of Streptococcus salarius: purification, properties, and cloning

of the hprK gene,J. Bacteriol. 181 709-717.

Warner, J. B., and Lolkema, J. S. (2003) CcpA-dependent carbon
catabolite repression in bacteridjcrobiol. Mol. Biol. Re. 67,
475-490.

Nguyen, C. C., and Saier, M. H., Jr. (1995) Phylogenetic, structural
and functional analyses of the Lacl-GalR family of bacterial
transcription factorsi-EBS Lett. 37798—102.

Chauvaux, S. (1996) CcpA and HPr(ser-P): mediators of catabolite
repression irBacillus subtilis Res. Microbiol 147, 518-522.
Moreno, M. S., Schneider, B. L., Maile, R. R., Weyler, W., and
Saier, M. H., Jr. (2001) Catabolite repression mediated by the
CcpA protein inBacillus subtilis novel modes of regulation
revealed by whole-genome analysk®l. Microbiol. 39, 1366-
1381.

Lorca, G. L., Chung, Y. J., Barabote, R. D., Weyler, W., Schilling,
C. H., and Saier, M. H., Jr. (2005) Catabolite repression and
activation inBacillus subtilis Dependency on CcpA, HPr, and
HprK, J. Bacteriol 187, 7826-7839.

Saier, M. H., Jr., Chauvaux, S., Cook, G. M., Deutscher, J.,
Paulsen, I. T., Reizer, J., and Ye, J. J. (1996) Catabolite repression
and inducer control in Gram-positive bacteméicrobiology 142
217-230.

Vadeboncoeur, C., and Pelletier, M. (1997) The phosphoenolpyru-
vate:sugar phosphotransferase system of oral streptococci and its
role in the control of sugar metabolistREMS Microbiol. Re.

19, 187—-207.

Titgemeyer, F., and Hillen, W. (2002) Global control of sugar
metabolism: a gram-positive solutiointonie Van Leeuwenhoek
82, 59-71.

Deutscher, J., Kessler, U., Alpert, C. A., and Hengstenberg, W.
(1984) Bacterial phosphoenolpyruvate-dependent phosphotrans-
ferase system: P-Ser-HPr and its possible regulatory function,
Biochemistry 234455-4460.

Reizer, J., Romano, A. H., and Deutscher, J. (1993) The role of
phosphorylation of HPr, a phosphocarrier protein of the phos-
photransferase system, in the regulation of carbon metabolism in
gram-positive bacterial. Cell. Biochem. 5119-24.

Stilke, J., and Hillen, W. (1999) Carbon catabolite repression in
bacteria,Curr. Opin. Microbiol. 2 195-201.

Stilke, J., and Hillen, W. (2000) Regulation of carbon catabolism
in Bacillus speciesAnnu. Re. Microbiol. 54, 849—-880.
Vadeboncoeur, C., Brochu, D., and Reizer, J. (1991) Quantitative
determination of the intracellular concentration of the various
forms of HPr, a phosphocarrier protein of the phosphoenolpyru-
vate:sugar phosphotransferase system in growing cells of oral
streptococciAnal. Biochem. 19624—30.

Thevenot, T., Brochu, D., Vadeboncoeur, C., and Hamilton, I. R.
(1995) Regulation of ATP-dependent P-(Ser)-HPr formation in
Streptococcus mutared Streptococcus salarius, J. Bacteriol.

177, 2751-2759.

Cochu, A., Roy, D., Vaillancourt, K., Lemay, J. D., Casabon, I.,
Frenette, M., Moineau, S., and Vadeboncoeur, C. (2005) The

27.

28.

30.

31.

32.

33.

40.

41.

42.

43.

44,

Biochemistry, Vol. 45, No. 21, 2006701

doubly phosphorylated form of HPr, HPr(Se?)(His-P), is
abundant in exponentially growing cells 8treptococcus ther-
mophilus and phosphorylates the lactose transporter LacS as
efficiently as HPr(His-P), Appl. Erviron. Microbiol. 71, 1364~
1372.

Lessard, C., Cochu, A., Lemay, J. D., Roy, D., Vaillancourt, K.,
Frenette, M., Moineau, S., and Vadeboncoeur, C. (2003) Phos-
phorylation ofStreptococcus salarius lactose permease (LacS)
by HPr(His~P) and HPr(Ser-P)(HisP) and effects on growth,

J. Bacteriol. 1856764-6772.

Deutscher, J., and Engelmann, R. (1984) Purification and char-
acterization of an ATP-dependent protein kinase frétrepto-
coccus faecalisFEMS Microbiol. Lett. 23157—-162.

Reizer, J., Sutrina, S. L., Wu, L. F., Deutscher, J., Reddy, P., and
Saier, M. H., Jr. (1992) Functional interactions between proteins
of the phosphoenolpyruvate:sugar phosphotransferase systems of
Bacillus subtilisandEscherichia coliJ. Biol. Chem. 26,79158-
9169.

Leboeuf, C., Leblanc, L., Auffray, Y., and Hartke, A. (2000)
Characterization of thecpA gene of Enterococcus faecalis
identification of starvation-inducible proteins regulated by CcpA,
J. Bacteriol. 182 5799-5806.

Monedero, V., Poncet, S., Mijakovic, |., Fieulaine, S., Dossonnet,
V., Martin-Verstraete, I., Nessler, S., and Deutscher, J. (2001)
Mutations lowering the phosphatase activity of HPr kinase/
phosphatase switch off carbon metaboli&vBO J. 20 3928—
3937.

Reizer, J., Sutrina, S. L., Saier, M. H., Jr., Stewart, G. C.,
Peterkofsky, A., and Reddy, P. (1989) Mechanistic and physi-
ological consequences of HPr(ser) phosphorylation on the activities
of the phosphoenolpyruvate:sugar phosphotransferase system in
gram-positive bacteria: studies with site-specific mutants of HPr,
EMBO J. 8 2111-2120.

Wittekind, M., Reizer, J., Deutscher, J., Saier, M. H., Jr., and
Klevit, R. E. (1989) Common structural changes accompany the
functional inactivation of HPr by seryl phosphorylation or by
serine to aspartate substitutiddipchemistry 289908-9912.

. Hubner, G., Konig, S., Koch, M. H., and Hengstenberg, W. (1995)

Influence of phosphoenolpyruvate and magnesium ions on the
quaternary structure of enzyme | of the phosphotransferase system
from gram-positive bacteridBiochemistry 3415700-15703.

. Frey, N., Nessler, S., Fieulaine, S., Vaillancourt, K., Frenette, M.,

and Vadeboncoeur, C. (2003) The HPr(Ser) kinas&toépto-
coccus saliarius: a hexameric bifunctional enzyme controlled
by glycolytic intermediates and inorganic phosphaf&MS
Microbiol. Lett. 224 67—72.

. Mattoo, R. L., and Waygood, E. B. (1983) An enzymatic method

for [32P]phosphoenolpyruvate synthegisial. Biochem. 12845—
249.

.Waygood, E. B., Meadow, N. D., and Roseman, S. (1979)

Modified assay procedures for the phosphotransferase system in
enteric bacteriaAnal. Biochem. 95293-304.

.Waygood, E. B., and Steeves, T. (1980) Enzyme | of the

phosphoenolpyruvate:sugar phosphotransferase systestloéri-
chia coli. Purification to homogeneity and some propertiean.
J. Biochem. 5840—-48.

. Laemmli, U. K. (1970) Cleavage of structural proteins during the

assembly of the head of bacteriophage Néture 227 680—

685.

Misset, O., Brouwer, M., and Robillard, G. T. (19&3¥cherichia

coli phosphoenolpyruvate-dependent phosphotransferase system.
Evidence that the dimer is the active form of enzyme I,
Biochemistry 19883—-890.

Vadeboncoeur, C., Proulx, M., and Trahan, L. (1983) Purification
of proteins similar to HPr and enzyme | from the oral bacterium
Streptococcus salarius. Biochemical and immunochemical prop-
erties,Can. J. Microbiol 29, 1694-1705.

Weigel, N., Waygood, E. B., Kukuruzinska, M. A., Nakazawa,
A., and Roseman, S. (1982) Sugar transport by the bacterial
phosphotransferase system. Isolation and characterization of
enzyme | fromSalmonella typhimuriumJ. Biol. Chem. 257
14461-14469.

Alpert, C. A., Frank, R., Stuber, K., Deutscher, J., and Hengsten-
berg, W. (1985) Phosphoenolpyruvate-dependent protein kinase
enzyme | ofStreptococcus faecalispurification and properties

of the enzyme and characterization of its active cefBechem-

istry 24, 959-964.

Kalbitzer, H. R., Hengstenberg, W., Rosch, P., Muss, P., Berns-
mann, P., Engelmann, R., Dorschug, M., and Deutscher, J. (1982)



6702 Biochemistry, Vol. 45, No. 21, 2006

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

HPr proteins of different microorganisms studied by hydrogen-1  60.

high-resolution nuclear magnetic resonance: similarities of struc-
tures and mechanismBjochemistry 212879-2885.

Khan, S. R., Deutscher, J., Vishwakarma, R. A., Monedero, V.,
and Bhatnagar, N. B. (2001) ThptsH gene from Bacillus
thuringiensis israelensisCharacterization of a new phosphory-
lation site on the protein HPEur. J. Biochem. 268521—-530.
Waygood, E. B., Erickson, E., El Kabbani, O. A., and Delbaere,
L. T. (1985) Characterization of phosphorylated histidine-contain-
ing protein (HPr) of the bacterial phosphoenolpyruvate:sugar
phosphotransferase systeBipchemistry 246938-6945.
Anderson, J. W., Bhanot, P., Georges, F., Klevit, R. E., and
Waygood, E. B. (1991) Involvement of the carboxy-terminal
residue in the active site of the histidine-containing protein, HPr,

of the phosphoenolpyruvate:sugar phosphotransferase system of 63.

Escherichia coli Biochemistry 309601-9607.

Waygood, E. B., Pasloske, K., Delbaere, L. T., Deutscher, J., and
Hengstenberg, W. (1988) Characterization of the 1-phosphohis-
tidinyl residue in the phosphocarrier protein HPr of the phospho-
enolpyruvate:sugar phosphotransferase syste@trejptococcus
faecalis Biochem. Cell. Biol. 6676—80.

Gassner, M., Stehlik, D., Schrecker, O., Hengstenberg, W., Maurer,
W., and Ruterjans, H. (1977) The phosphoenolpyruvate-dependent
phosphotransferase systemQthphylococcus aureug. *H and
31P-nuclear-magnetic-resonance studies on the phosphocarrier
protein HPr, phosphohistidines and phosphorylated &Br, J.
Biochem. 75287—296.

Zhu, P. P., Reizer, J., Reizer, A., and Peterkofsky, A. (1993) 66.

Unique monocistronic operomptsH) in Mycoplasma capricolum
encoding the phosphocarrier protein, HPr, of the phospho-
enolpyruvate:sugar phosphotransferase system. Cloning, sequenc-
ing, and characterization gftsH, J. Biol. Chem. 26826531
26540.

Halbedel, S., and Ske, J. (2005) Dual phosphorylation of
Mycoplasma pneumoniaklPr by Enzyme | and HPr kinase
suggests an extended phosphoryl group susceptibility of HPr,
FEMS Microbiol. Lett. 247193-198.

Kruse, R., Hengstenberg, W., Beneicke, W., and Kalbitzer, H. R.
(1993) Involvement of various amino- and carboxyl-terminal
residues in the active site of the histidine-containing protein HPr
of the phosphoenolpyruvate-dependent phosphotransferase system
of Staphylococcus carnosusite-directed mutagenesis with the
ptsHgene, biochemical characterization and NMR studies of the
mutant proteinsProtein Eng. 6 417—423.

lwami, Y., Yamada, T., and Araya, S. (1975) Glycolytic inter-
mediates irStreptococcus mutaf®K 1, Arch. Oral Biol 20, 695~

697.

Thompson, J. (1987) Regulation of sugar transport and metabolism
in lactic acid bacteriaFEMS Microbiol. Re. 46, 221—-231.
Kashket, E. R. (1987) Bioenergetics of lactic acid bacteria:
cytoplasmic pH and osmotolerandeEMS Microbiol. Re. 46,
233-244.

Breeuwer, P., Drocourt, J., Rombouts, F. M., and Abee, T. (1996)
A novel method for continuous determination of the intracellular
pH in bacteria with the internally conjugated fluorescent probe 5
(and 6-)-carboxyfluorescein succinimidyl estéppl. Erviron.
Microbiol. 62, 178-183.

Quivey, R. G., Jr., Kuhnert, W. L., and Hahn, K. (2000) Adaptation
of oral streptococci to low pHAdv. Microb. Physiol 42, 239~

274.

Copeland, R. A. (2000) Kinetics of single-substrate enzyme
reactions, inEnzymes: A Practical Introduction to Structure,
Mechanism, and Data Analysignd ed., pp 109145, John Wiley

& Sons, New York.

Meadow, N. D., Mattoo, R. L., Savtchenko, R. S., and Roseman,
S. (2005) Transient state kinetics of enzyme | of the phospho-
enolpyruvate:glycose phosphotransferase systefsoherichia
coli: Equilibrium and second-order rate constants for the phos-
photransfer reactions with phosphoenolpyruvate and BRy;
chemistry 4412790-12796.

61.

62.

64.

65.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Casabon et al.

Vadeboncoeur, C. (1995) HPr: heteromorphous profees.
Microbiol. 146 525-530.

Gauthier, M., Brochu, D., Eltis, L. D., Thomas, S., and Vadeb-
oncoeur, C. (1997) Replacement of isoleucine-47 by threonine in
the HPr protein ofStreptococcus salarius abrogates the pref-
erential metabolism of glucose and fructose over lactose and
melibiose but does not prevent the phosphorylation of HPr on
serine-46 Mol. Microbiol. 25 695—-705.

Pelletier, M., Frenette, M., and Vadeboncoeur, C. (1995) Distribu-
tion of proteins similar to llIManH and IllIManL of th&trepto-
coccus saliarius phosphoenolpyruvate:mannose-glucose phos-
photransferase system among oral and nonoral bactéria,
Bacteriol. 177 2270-2275.

Napper, S., Anderson, J. W., Georges, F., Quail, J. W., Delbaere,
L. T., and Waygood, E. B. (1996) Mutation of serine-46 to
aspartate in the histidine-containing proteinEsicherichia coli
mimics the inactivation by phosphorylation of serine-46 in HPrs
from gram-positive bacteridBiochemistry 3511260-11267.

Audette, G. F., Engelmann, R., Hengstenberg, W., Deutscher, J.,
Hayakawa, K., Quail, J. W., and Delbaere, L. T. (2000) The 1.9
A resolution structure of phospho-serine 46 HPr frémtero-
coccus faecalisJ. Mol. Biol. 303 545-553.

Garrett, D. S., Seok, Y. J., Peterkofsky, A., Gronenborn, A. M.,
and Clore, G. M. (1999) Solution structure of the 40000 Mr
phosphoryl transfer complex between the N-terminal domain of
enzyme | and HPriNat. Struct. Biol 6, 166—173.

Vadeboncoeur, C., Frenette, M., and Lortie, L. A. (2000) Regula-
tion of theptsoperon in low G-C Gram-positive bacterid, Mol.
Microbiol. Biotechnol. 2 483-490.

Zimmerman, S. B., and Trach, S. O. (1991) Estimation of
macromolecule concentrations and excluded volume effects for
the cytoplasm oEscherichia coli J. Mol. Biol. 222 599-620.

Rohwer, J. M., Postma, P. W., Kholodenko, B. N., and Westerhoff,
H. V. (1998) Implications of macromolecular crowding for signal
transduction and metabolite channelifiyoc. Natl. Acad. Sci
U.S.A 95, 1054710552.

Saier, M. H., Jr., Cox, D. F., Feucht, B. U., and Novotny, M. J.
(1982) Evidence for the functional association of enzyme | and
HPr of the phosphoenolpyruvate-sugar phosphotransferase system
with the membrane in sealed vesicledsicherichia coliJ. Cell.
Biochem. 18231—-238.

Kholodenko, B. N., Cascante, M., and Westerhoff, H. V. (1993)
Dramatic changes in control properties that accompany channelling
and metabolite sequestratidFEBS Lett. 336381—384.

Neves, A. R., Pool, W. A., Kok, J., Kuipers, O. P., and Santos,
H. (2005) Overview on sugar metabolism and its control in
Lactococcus lactisthe input fromin vivo NMR, FEMS Micro-
biol. Rev. 29, 531-554.

Zuniga, M., Comas, |., Linaje, R., Monedero, V., Yebra, M. J.,
Esteban, C. D., Deutscher, J., Perez-Martinez, G., and Gonzalez-
Candelas, F. (2005) Horizontal gene transfer in the molecular
evolution of mannose PTS transporteMpl. Biol. Evol. 22,
1673-1685.

Deutscher, J., Kuster, E., Bergstedt, U., Charrier, V., and Hillen,
W. (1995) Protein kinase-dependent HPr/CcpA interaction links
glycolytic activity to carbon catabolite repression in gram-positive
bacteria,Mol. Microbiol. 15 1049-1053.

Garrigues, C., Loubiere, P., Lindley, N. D., and Cocaign-Bousquet,
M. (1997) Control of the shift from homolactic acid to mixed-
acid fermentation irLactococcus lactis predominant role of the
NADH/NAD* ratio, J. Bacteriol. 179 5282-5287.

Lindner, C., Galinier, A., Hecker, M., and Deutscher, J. (1999)
Regulation of the activity of th8acillus subtilisantiterminator
LicT by multiple PEP-dependent, enzyme |- and HPr-catalysed
phosphorylationMol. Microbiol. 31, 995-1006.

BI060278P



