6762 Biochemistry2003,42, 6762-6771

Regulation and Mutational Analysis of the HPr Kinase/Phosphorylase from
Bacillus subtilig

Frederigue Pomped,Yohann Granet,Jean-Pierre LavergrieChristophe Grangeas8&ylvie Nesslef,
Jean-Michel Jault,and Anne Galinier*

Laboratoire de Chimie Bacttenne, UPR 9043, IBSM-CNRS, 31 chemin Joseph Aiguier, 13402 Marseille,
Institut de Biologie et Chimie des Pfates, UMR 5086 CNRS-Urgrsite Claude Bernard Lyon |,
7 Passage du Vercors, 69367 Lyon, Laboratoire d’'Enzymologie et de Biochimie Structurales, UPR 9063 CNRS,
bat. 34, 91198 Gif-sur-¥ette, and BMC/DRDC, UMR 5090 CEA-Grenoble, 17, rue des Martyrs,
38054 Grenoble cedex 9,France

Receied March 12, 2003; Résed Manuscript Receed April 17, 2003

ABSTRACT: In most Gram-positive bacteria, catabolite repression is mediated by a bifunctional enzyme,
the HPr kinase/phosphorylase (HprK/P). It has recently been shown that HprK/P could catalyze the
phosphorylation of the protein HPr by using pyrophosphate) @Pa phosphate donor instead of ATP.
Here we showed that, as for ATP, iHihds to the enzyme with strong positive cooperativity. However,

in contrast to ATP, PRbinding does not modify the fluorescence properties of the unique Trp residue of
Bacillus subtilisHprK/P. In addition, to understand how two conserved motifs, namely, the P-loop and
the specific signature of this family, participate in the three enzymatic activities of HprK/Ps (ATP-kinase,
PR-kinase, and phosphorylase), several site-directed mutants were generated. Whereas the three activities
are mediated by the P-loop which is directly involved in the binding of ATR, &PPi, the signature

motif seems to be involved preferentially in the dephosphorylation reaction. On the basis of these results,
we propose a model in which the binding of the allosteric activator FBP induces a conformational change
of a central loop located above the active site of HprK/P, thereby allowing the ATP binding. However,
this conformational change is not required for the binding of PP

Carbon catabolite repression (CCRillows bacteria to  vate carboxykinase (PEPCKJ,(8). The X-ray structures of
alter catabolic gene expression in response to the availabilityHprK/Ps from different species have been determined [PDB
of rapidly metabolizable carbon sources. In the low-GC entries 1JB19), 1KO7 (10), 1KKL, 1KKM (11), and 1KNX
Gram-positive bacteri@@acillus subtilis regulation of CCR  (12)], showing that they are homohexamers. The catalytic
involves the HprK/P, a bifunctional enzyme catalyzing both core of the protein forms dimers of trimers surrounded by
the phosphorylation and the dephosphorylation of HPr three dimers of N-terminal domains. The function of the latter
(histidine-containing protein) and its homologue Crh (catabo- remains unknown.
lite repression HPr) at Ser4@-{3). HprK/P appeared to be
unrelated to the classical eukaryotic protein kinases, but the
catalytic C-terminal domain contains a P-loop (or Walker A
motif) commonly found in other nucleotide-binding proteins
(4, 5) and a signature motif found in all HprK/P proteins

from different organismsg). The sequence and structure of tor, FBP, as well as the binding of the nucleotide ATB)(

HprK/P are restrictedly but significantly homologous with = . :
urthermore, inorganic phosphate)(Ras been found to be
those of another phosphotransferase, the phOSphoenOIDyruémother effector of HprK/P which inhibits the kinase activity
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Marseille Il, the Fondation pour la Recherche ditale, and the vivo, the kinase activity is predominant when high concen-
ministae de la recherche “ACl-jeunes-chercheurs” (to A.G.). trations of ATP and FBP are present in the cell, whereas the
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The ATP-dependent phosphorylation of HPr or Crh is
stimulated by glycolytic intermediates such as fructose 1,6-
bisphosphate (FBP). It has been demonstratedBthsuibtilis
HprK/P is an allosteric enzyme which displays strong
positive cooperativity for the binding of its allosteric activa-

+IBSM-CNRS. of P, increases3). The inhibitory effect of Pwas explained
$ UMR 5086 CNRS-Universit€laude Bernard Lyon |. by demonstrating the competition betweeraRd ATP for
"UPR 9063 CNRS. the same binding sitelf) and by the crystal structure of

YUMR 5090 CEA-Grenoble. .
1 Abbreviations: CCR, carbon catabolite repression; Crh, catabolite Her/P from Lactobacillus Caseﬁg) and fromStaphoncoc-

repression HPr; EDTA, ethylenediaminetetraacetic acid; FBP, fructose CUS Xylosug10) that revealed the presence of one or two P
1,6-bisphosphate; AMP-PNP,-&denylyl imidodiphosphate; FRET,  molecules interacting with the P-loop. Recent experiments

fluorescence resonance energy transfer; HPr, histidine-containing ; _ _ _
protein: Hprk/P. HPr kinase/phosphorylase: Mari33-N-methylan- showed that Fis not an activator of P-Ser-HPr dephospho

thraniloyl; PEPCK, phosphoenolpyruvate carboxykinase; PFK, phos- fylation but the substrate of the reaction, which produces
phofructokinase; Pinorganic phosphate; RRyrophosphate. HPr and pyrophosphate (BP(15). The phosphorylase
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reaction seems to be reversible, but the physiological hprK gene by PCRZ0), and the presence of the correct
significance of the PRlependent HPr phosphorylation mutations was checked by DNA sequencing.

remains unknown. This Pdependent kinase activity of Protein Purification HPr(His)y and HprK/P(His) wild-
HprK/P is not stimulated by the effector FBP in contrast to type and mutant proteins were purified on-NNTA agarose
the ATP-dependent kinase activity. columns as previously describet] @).

Analysis of HprK/P mutants of different Gram-positive | imited Trypsin DigestionWild-type or mutant Hprk/P
bacteria revealed that both ATP-dependent phosphorylationproteins (6ug) were digested by trypsin as previously
and R-dependent dephosphorylation reactions are associateqiescribed7) before they were applied to a 15% SPBAGE
and linked to the Walker A motif, corresponding to the gg|,
phosphate binding site or P-loop (6—18). The comparison Gel Filtration. Wild-type and mutant HprK/P proteins (200

OI th? crystafl ;trgctu;epﬁj th;/;ree gp:;/ PHWitIEIIche crystal 4 were loaded on a Superose 12 HR 10/30 column from
Structures o F-Ser-AFHpre/ and RPFAPIK/E Com- — pharmacia and eluted at a rate of 0.3 mL/min with a 50 mM
plexes inferred the possible mechanisms of phosphorylationis_Hc| (pH 7.4), 150 mM NaCl buffer. The column was

and dephosphorylation and gave some clues about some,e\igusly calibrated with molecular mass markers.
important residues forming the active sifd). In particular, Protein Actity AssaysA 10 uL ATP-dependent phos-

Aspl77 B. subtilisamino acid numbering) was proposed : : . :
. . . ; phorylation mixture contained 3oVl HPr, 50 mM Tris-HCI
to be the catalytic residue which deprotonates Ser46 in the(pH 8.0), 10 mM MgC}, and 0.5 mM ATP, with or without

phosphorylatioq reaction and acts as an acid catalyst in the5 mM FBP and HprK/P (054 uM). A 10 ul. PR-dependent
dephosphorylation reaction,(11). hosphorylation reaction mixﬁture conta?ned[a’ﬂ HPr, 50
Finally, divalent cations are required for both activities an 'IPris-|—>|/CI (pH 8.0), 4 MM MgC4, 4 mM PP(potaséium

. . . P . I ) [
of HprK/P as confirmed by several biochemical studi$ ( salt, K.PQy), and HprK/P (0.5-4 uM). A 10 uL dephos-

19). Indeed, investigation of thé. caseiHprK/P crystal . . . :
; : o phorylation reaction mixture contained 3 P-Ser-HPr,
structure in complex with HPr or P-Ser-HPr demonstrated ¢~ =\ Tris-HC (oH 7.5), 10 mM MgGl 1 mM P

:Jh;t,taﬁ Cgfgﬁ'quoé‘ eN%a i;,noiﬂiraﬁgf _Sétsngir:ir:]e ptr)stl(tali?]r; (potassium salt, ¥2,07), and HprK/P (1uM). The mixtures
Y P Y P gp were incubated at 37C for 10 min for the kinase reactions

(11). However, up to now, all the HprK/P structures were ; ; :
) . : and for 60 min for the dephosphorylation reaction. All
determined with no bound nucleotide or FBP, and no data experiments were stopped by addition of 100 mM EDTA,

e g St s and e samples wer oaded onto a nondenatng 125%
P : Y, polyacrylamide gel as described previousli3); After

findings showed that the hexamer of HprK/P dissociates atelectrophoresis, the gel was stained with Coomassie Blue

high pH (pH 9.0), and the authors suggested that this and scanned in a GS 800 densitometer from Bio-Rad. The

dISSQ(?Iat!OH could be related _to a SW'.tCh between the_ two results were analyzed with Quantity One software (Bio-Rad).
activities; the dephosphorylation activity would be mainly .
Fluorescence Measurementll experiments were per-

supported by the hexameric form, whereas the kinase activityformeol at 30°C using a SAFAS fix-Xenius 5117 spectrof-

would reside in the trimeric form of HprK/PLg). :
P 2 luorimeter. All spectra were corrected for buffer fluorescence.

In this paper, using the recent structural data and the A A ied out ious|
evidence that HprK/P uses a new phosphate donor, namelyueusc;rr?gggg%;a measurements were carried out as previously

PR (11, 15), we describe new information concerning the
functioning of this atypical bifunctional enzyme. We showed RESULTS
first that HprK/P displays a strong positive cooperativity for
the binding of PPto the nucleotide binding site. Furthermore, ~ ATP or PP as a Substrate of the Phosphorylation
we demonstrated that proteins with a mutation in the P-loop Reactionlt was recently shown that P®as the product of
have lost simultaneously both types of kinases (ATP- HPrdephosphorylation and can be used as a phosphate donor
dependent and RPBependent) and phosphorolysis activities. for HPr phosphorylation, whether FBP was preséfy}.(The
With regard to the signature motif, we determined that it is kinetic parameters were already reportetb)( but no
mostly involved in the PRdependent kinase reaction and in  cooperativity was mentioned. To determine if the binding
the phosphorylase reaction since single-point mutations inof PR to HprK/P follows a cooperativity mechanism, we
this signature of HprK/P do not significantly affect the ATP- analyzed HPr phosphorylation in the presence of(Pigure
dependent kinase activity. Then, characterizing HprK/P 1A,B). The sigmoidal curve in Figure 1B reveals that the
H138A and H171R mutations, we showed that His138 is binding of PRto HprK/P follows a strong positive cooper-
not a catalytic residue but is rather involved in interactions ativity mechanism. Since the binding of ATP induces a
with the magnesium. The role of His171 seems to be the change in conformation around the unique Trp residue
stabilization of the active conformation(s) of HprK/P. Finally, present in the sequence Bf subtilisHprK/P (13), we tried
we investigated the influence of FBP on HprK/P activity, to use the same technique to assess the direct binding of PP
and we propose a mechanism of phosphorylation stimulatedor B to the enzyme. However, no change in intrinsic
by this compound. fluorescence due to the addition of |RPP P was detected.
This suggests that the conformational change is induced by
EXPERIMENTAL PROCEDURES the binding of the basesugar part of the nucleotide outside
Reagents Mant-GTP was purchased from Molecular the P-loop, close to the central loop. Therefore, experiments
Probes. ATP and FBP were purchased from Sigma. were carried out to analyze the possible competition between
Site-Directed Mutagenesi®lasmid pAG4 Z) was used PR and phosphates of the Mant-GTP for the P-lodp (Ve
as a template for introduction of point mutations into the chose to use Mant-GTP as the affinity of HprK/P for this
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comitantly reduced the extent of fluorescence resonance
A energy transfer (Figure 1C). This shows that the addition of
— — — — — HPr PR chased off the Mant-GTP previously bound to HprK/P.
b-Ser-HP These results confirm that there is a direct competition
—— — er-nEr T
between PPand Mant-GTP for the binding to the P-loop of
0 0005 001 0025 005 0.1 02 05 mMPPi Hprk/P.
Construction of HprK/P MutantsThe crystal data obtained
B with the complex ofL. caseiHprK/P with HPr or P-Ser-
HPr from B. subtilis(11) provided some information about
the residues likely to be involved in the catalytic mechanism
of phosphorylation and dephosphorylation. For instance, the
' authors proposed an essential role in both activities of
HprK/P for residues Aspl77, Lys159, His138, and Arg243
and a possible role of Glu202 and Ser160 in the interactions
with the divalent cationB. subtilisamino acid numbering).
The importance of Aspl77 and its neighbor Aspl76 has
already been analyzed by site-directed mutagen@sig ¢
b analyze how some of these key residues participate in the
- -— different HprK/P activities, site-directed mutagenesis was
0 0.1 0.2 03 04 05 06 carried out in two highly conserved regions of the protein,
(PPi] mM and two other strictly conserved residues, His138 and His171,
were also mutated (Figure 2). Six residues of the P-loop motif
C (Gly153, Serl55, Gly156, Gly158, Lys159, and Ser160) were
100 = mutated to Ala, but Lys159 was substituted with an Arg.
. The Ser residues were also replaced with a Cys at Ser155
80 | or with a Thr at Ser160. Residues G153, G158, K159, and
W S160 are the canonical residues of the Walker A motif
"-\ [GxxxxGK(S/T)], while S155 and G156 are specifically
70+ conserved in HprK/P. Three residues of the signature motif
60 S defined by Reizer et al6] (Glu202, Arg204, and Gly205)
M were also mutated to Ala. Site-directed mutagenesis was also
50 1 o S carried out for conserved residues with the homologous
ot . protein PEPCKT). Hence, His138, proposed to be essential
based on the three-dimensional (3D) structures of HprkK/P
0 5 10 15 20 in complex with HPr or P-Ser-HP4.{), was mutated to Ala.
[PPi] uM Finally, the conserved His171, situated near the interface

. . , between the two trimers of HprK/P and close to a large spot
Ficure 1: Interaction of HprK/P with PR (A) Increasing concen-

trations of PP were added in a Rflependent phosphorylation of uninterpreted dQnSIty in the c_:rys_tals lof caseiHprk/P
mixture [30 M HPr, 50 mM Tris-HCI (pH 8.0), 4 mM MgGl (9), was replaced with an Arg which is found to be conserved

and 3uM HprK/P], and the enzymatic assay was incubated for 10 in the homologous protein PEPCK)( After overexpression
min at 37°C. The phosphorylation reaction was stopped by adding and purification of the mutant proteins, their stability was

100 mM EDTA to the assay mixtures. (B) The amounts of checked by limited trypsin digestiorf)( All mutants were
phosphorylated and nonphosphorylated HPr separated on a 12.5% .
nondenaturing gel were quantified. The percentages of phospho-?ound to be properly folded and as stable as the wild-type

rylated HPr were plotted as a function of Rncentration. (C)  Protein since they had the same digestion profile as the wild-
HprK/P (0.6uM) was incubatedri a 2 mLcuvette containing 25  type HprK/P protein on SDSPAGE gels (data not shown).
%pﬂzﬂﬁﬁ?/ggg E(E]g iﬁg)e,alsip:'\/'c(l)\f]%g# t?ggoﬁgﬂohfflm'\é?gzggez Furthermore, all mutants exhibited the same elution profile
After excitation of the unique ?ryptophan of Hprl|</P at 295 nm, as the wild-type protein V\_/hen analyzed by size exc_lu5|on
the fluorescence emission was recorded between 310 and 510 nmChromatOgraphy’ suggesting a conserved hexamer'c state
2 min after each addition of PPThe extent of fluorescence (data not shown). All these mutants were tested in several
resonance energy transfer (FRET) obtained by integrating the enzymatic assays: ATP-kinase activity in the presence and
emission peak around 430 nm characteristic of the fluqrescence ofin the absence of 10 mM FBP, PRnase activity, and
%irgéﬁ;;igﬁ””d to Hprk/P was plotted as a function ofi PPy ogphorylase activity as described in Experimental Proce-
' dures. The direct binding of the nucleotides or FBP was
compound is very high7( 13). The binding of 1Q«M Mant- monitored by the intrinsic fluorescence of the unique Trp235
GTP produced a drastic quenching of the fluorescence of HprK/P (13). The binding of PPor R was indirectly
emission spectrum of the Trp residue of HprkK/P. Simulta- detected by measuring the decrease in the extent of FRET
neously, a new peak of fluorescence developed, centered abetween the Trp and the Mant moiety of the Mant-GTR (
approximately 430 nm, which is indicative of the fluores-  The P-Loop Is Imolved in the Two Kinase and Phospho-
cence resonance energy transfer (FRET) between the Trpylase Actiities. After determination of the residual activities
residue and the Mant derivative (data not showr). (  of the mutants, four amino acids of the P-loop (Gly153,
Addition of increasing concentrations of P#ogressively Gly156, Gly158, and Ser160) were found to be essential for
relieved the quenching of the Trp fluorescence and con- all three activities of HprK/P (Table 1). For none of these
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Ficure 2: Location of the 11 mutated amino acids of HprK/P. (A) Schematic view oBthsubtilisHprK/P sequence. The Walker A

motif, or P-loop, is shown in red and the signature motif in yellow. The designated substitutions are shown in black for each amino acid.
(B) 3D structure of a trimer of HprK/P fror. casei(blue) in interaction with its substrate P-Ser-HPr (orange) (PDB entry 1kkm). Residues

of the P-loop are colored red. Residues of the signature are colored yellow. His140 (HisB38ubtilisHprK/P) is colored green and
His173 (His171 inB. subtilisHprK/P) black. (C) Close-up view of the active site of one monomedr.afaseiHprK/P in interaction with
P-Ser-HPr. The phosphorylated Ser46 of HPr is colored purple. TheRRcule is colored pink and the €aion cyan.

Table 1: Activities and Kinetic Parameters of the Wild-Type and P-Loop Mutants of HprK/P

Mant-GTP
FBP ATP ATP with FBP  Mant-GTP with FBP
ATP- ATP-kinase PR-kinase phosphor- (increase), (quenching), (quenching), (FRET), (FRET),
kinase (%) with FBFb (%) (%) ylase (%) KD,C Fma)JFO KD, FmaJFo KD, FmaJFo KD, Fmax KD, Fmax
wild type 100 100 100 100 4202mM 108+ 12uM 74+ 2uM 0.5+0.03uM 1.8+0.1uM
1.7+0.02 0.515+ 0.01 0.316+0.003 17308t 513 17070+ 420
G153A 0 0 0 0 ND ND ND ND
S155A 81 100 100 81 44 0.4mM 129+ 39uM 0.65+ 0.03uM 0.66+ 0.06uM
145+ 0.02 0.469t 0.02 6439+ 155 12375+ 402
S155C 0 0 30 0 ND ND ND *0.1uM 25+ 0.4uM
2174+ 129 6211+ 419
G156A 0 0 0 0 ND ND ND ND
G158A 0 0 0 0 ND ND ND ND
K159R 0 74 59 62 5&4mM ND 59+ 30uM 0.37£ 0.07uM
1.174+ 0.05 0.953+ 0.004 1959+ 121
S160A 0 0 0 0 ND ND ND
S160T 100 100 30 87 28 0.2mM 99+ 25uM 0.7 £ 0.04uM
1.1+ 0.004 0.885: 0.005 6000t 152

a Relative enzymatic activities of the mutant proteins, compared to those of wild-type HprK/P, are indicated. The values for FBP and ATP were
determined by intrinsic fluorescence and for Mant-GTP by FRET. ND indicates that no variation in the fluorescence signal was detected.
b Concentrations used in the tests in the presence of FBP: 10 mM for fluorescence experiments and 5 mM for activity measuferietits.
affinity constant, andFma/Fo is the maximum ratio of fluorescence detected.

four mutants were we able to measure the affinity constantsagreement with the consensus sequence GxxxxGK(S/T). On
of the enzymes for FBP, ATP, or Mant-GTP (Table 1). the other hand, the mutation of another amino acid of the
Serl60 appeared to be essential, but this residue can bé-loop, namely Serl55, to Ala had no effect on the activities
replaced efficiently with a Thr residue which restored nearly of the protein, but substitution with a Cys had the opposite
completely the activity of wild-type HprK/P (Table 1), in effect. Indeed, the mutant HprK/P S155C has lost all
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activities but conserved a small residual-Ripase activity.
A 1107 We observed that all the proteins mutated in the P-loop are
100 Hpr/P-WT not only affected in their ATP-dependent activity of HprK/P
1 HprKk/P-5155C . . .
90| Hork/P-K159R but a}lso affe_cted in their Pfdependent phosphorylatlon
80 reaction and in their phosphorylase reaction, with the only
— 1 exception being the HprK/P S155C mutant (Table 1).
§ 709 To investigate HprK/P S155C behavior, we determined
W 60+ the binding parameters of this mutant, as previously de-
- gl scribed, by measuring the intrinsic fluorescence or the extent
1 : ‘{x\'\ of FRET. The effect of PRor B on Mant-GTP binding is
401 T the same for the mutant HprK/P S155C as for the wild-type
301 T protein (Figure 3A,C). Surprisingly, we observed by FRET
ot that Mant-GTP was able to bind to HprK/P S155C with an
0 5 10 15 20 25 30 unchanged apparent affinity, while the quenching of intrinsic
[PPi] pM fluorescence for the binding of ATP or FBP was not detected
g 110- (Table 1). We also observed that FBP was still able to bind
: to the enzyme by comparing the binding parameters of Mant-
100 :E:E:E:;\;EZA GTP in the absence and presence of 10 mM FBP (Table 1).
90 HorK/P-R204A This mutant might therefore be able to bind NTP or FBP
80- Hprk/P-G205A but not to induce the conformational change observed for
S ] Ny their binding to the wild-type protein. The substitution of
3|_~ 70 -"""'---'-.-:__':'_“_'j_-:-_.___x__ Lys159 with an Arg only slightly modified the activities of
Y 60 - HprK/P. Although no activity was detected under the
T ] - conditions used in the test (Table 1), the ATP-kinase activity
504 was not abolished since it was still detectable with more
40 \'\- enzyme (data not shown) or in the presence of 5 mM FBP.
: “ This Lys residue is described as being essential in the P-loop
30 motif (21) with a catalytic but also structural role32).
o 5 10 15 20 Nevertheless, the Arg residue can be replaced more or less
[PPi] uM efficiently with a Lys. We were unable to detect the binding
of ATP to the mutant HprK/P K159R, but in the presence
Cc ] of 10 mM FBP, ATP hinding was still detectable (Table 1).
100+ . HprK/P-WT With regard to the two other mutants, Hprk/P S155A and
., HprK/P-E202A S160T, with normal activity, we were able to determine the
80+ ;\' AN HprK/P-R204A kinetic parameters for the binding of FBP, ATP, and Mant-
| A N HprK/P-G205A >
s i o HprK/P-5155C GTP. All the affinity constants that were measured were
= 60+ LN S~ identical to those of the wild-type protein (Table 1).
W v, T Analysis of Mutants of the Hp/R SignatureThe residual
w404 AN o activities and the kinetic parameters were also measured for
\ b4 the mutants of the signature mof#tE[LIVM]RG[LIVM]G-
20 ~ s [LIVM] 2[INDEQI][LIVMF] 211 defined by Reizer et al6f and
“::"““* forming the structural capping motif described in theasei
0- D — , structure 9). This study revealed that two of these mutants
0 0.2 0.4 0.6 0.8 1.0 (HprK/P E202A and G205A) have lost not only the phos-
[Pi] mM phorylase activity but also the PRinase activity (Table 2).

Ficure 3: Competition of Por PR for the binding site of Mant- However, they both conserved a normal ATP-dependent

GTP on wild-type or mutant Hprk/P. (A) Wild-type or P-loop ~ Kinase activity. We suggest that the;flépendent phospho-
mutants of Hprk/P (0.6:M) were incubatedri a 2 mL cuvette rylation is the reversible reaction of phosphorolysis or is at
containing 25 mM Hepes/KOH (pH 8.0), 1 mM MgCland 10 least intimately linked with this jRlependent dephosphory-

uM Mant-GTP for 2 min at 30°C, and increasing concentrations . . :
of PR were added. After excitation of the unique tryptophan of lation. The respective role of these two residues seems,

HprK/P at 295 nm, the fluorescence emission was recorded betweerNowever, to be different. Indeed, the affinity constant of
310 and 510 nm, 2 min after each addition of.PFhe extent of HprK/P E202A for ATP was increased by at least 6 times

fluorescence resonance energy transfer (FRET) obtained by inte- i i
grating the emission peak around 430 nm characteristic of the compared to that of the wild-type protein but was back to

fluorescence of Mant-GTP bound to Hprk/P was plotted as a normal in the presence of FBP (Table 2), and the effects of
function of PR concentration. (B) The same experiments that are PR and Pon Mant-GTP binding were highly reduced (Figure
described for panel A were carried out for the signature mutants 3B,C). The affinity of the other mutant, HprK/P G205A, for

of HprK/P. (C) Wild-type and mutants of HprK/P (0:6M) were ] q
incubated m a 2 mLcuvette containing 25 mM Hepes/KOH (pH ATP was 5-fold better than for the wild-type enzyme, but

8.0), 1 mM MgC}, and 5¢M Mant-GTP for 2 min at 30C, and the maximum of fluorescence that was detected was highly
increasing concentrations of Were added. After excitation of the  reduced (Table 2), reflecting that a modified conformational

tryptophan of HprK/P at 295 nm, the fluorescence emission was i
recorded between 310 and 510 nm, 2 min after each addition of P change took place around the Trp. Gly205 plays an important

The extent of FRET obtained by integrating the emission peak Structural role, allowing a sharp turn in the capping motif.
around 430 nm was plotted as a function ptBncentration. Trp235 is the first residue of a flexible loop close to the
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Table 2: Activities and Kinetic Parameters of the Wild-Type and Signature Mutants of Hprk/P

ATP-kinase  ATP-kinase PPR-kinase phosphorylase FBP (increase), ATP (quenching), ATP with FBP’ (quenching),
(%) with FBP (%) (%) (%) Kp,¢ FmaxlFo Kb, FmaxFo Kb, FmaxFo
wild type 100 100 100 100 42 0.2mM 108+ 12uM 74+ 2uM
1.7+ 0.02 0.515+ 0.009 0.316+ 0.03
E202A 80 100 0 0 4.5 0.2 mM 668+ 48 uM 77+ 4uM
1.76+ 0.09 0.736+ 0.06 0.463+ 0.005
R204A 0 29 52 0 5.1% 0.6 mM 1154+ 7 uM 417 £ 81uM
1.16+0.01 0.856+ 0.01 0.670+ 0.02
G205A 79 100 0 0 ND 26 6 uM 32+9uM
0.906+ 0.04 0.819+ 0.008

a Relative enzymatic activities of the mutant proteins, compared to those of wild-type HprK/P, are indicated. The values for FBP and ATP were
determined by intrinsic fluorescence and for Mant-GTP by FRET. ND indicates that no variation in the fluorescence signal was detected.
b Concentrations used in the tests in the presence of FBP: 10 mM for fluorescence experiments and 5 mM for activity measiuferisetits.
affinity constant, andFma/Fo is the maximum ratio of fluorescence detected.

capping motif, and mutation G205A may modify the

environment of the Trp and its fluorescence. Furthermore, | A Siiia HPr
we observed that only the effect of P&nd not B on Mant- Hprk/P o

GTP binding was reduced (Figure 3B,C). These data are in | ™7 - s P-Ser-HPr
agreement with the loss of the Fénase activity. Finally,

the mutant HprkK/P R204A behaves in a manner different B 0 01 02505 1 2 5 10 15mM MgCI2

from that of the two other mutants of the signature. This
mutant has lost, like the two others, the phosphorylase
activity but exhibited a reduced ATP-kinase activity and a
normal PRkinase activity. The apparent affinity constants
determined for ATP and FBP were identical to those for the
wild-type protein HprK/P (Table 2), and the competition
curves of Mant-GTP binding with ;Por PR could be
superimposed onto the competition curves for the wild-type
enzyme (Figure 3B,C). Surprisingly, the apparent affinity
constant for ATP in the presence of 10 mM FBP was
increased by 6 times (Table 2). The mutation lowered the
stabilization effect of FBP for the ATP conformation. A
possible hypothesis may be that Arg204 belongs to the still
unknown FBP binding site. Hence, the maximum of fluo-
rescence due to FBP binding is highly reduced, and the
binding of ATP is affected by the presence of FBP. Arg204
might be important for the conformational change induced
by FBP binding. In light of these results, it seems obvious
that the capping motif is involved in the conformational
change of HprK/P shifting from one activity to the other.
His138 Is Not a Catalytic Residu&aking advantage of

of the PEPCKT, 9, 11), we carried out the HprK/P H138A

activities. In the structure df. caseiHprK/P bound to HPr
(12) and inMycoplasma pneumoniagprK/P (12), His138

Staphylococcus xylosudprK/P (10), His138 adopts an
alternative conformation. In the frde caseiHprK/P, it is

0

0.1 025 05 1 2 5

10 15 mM MgCl2

-H1384

HprkiP . s il i o

HPr

amt® D_Ser-HPr

HPr phosphorylation (%)

100+
804 |

60| /
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40/
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FiGURE 4: Mg?" binding on wild-type HprK/P and HprK/P H138A.

Increasing concentrations of MgGiliere added to ATP-dependent

phosphorylation mixtures containing a8 HPr, 50 mM Tris-HCI

(pH 8.0), 0.5 mM ATP, 5 mM FBP, and AM wild-type HprK/P

or H138A. The assays were incubated for 1.5 min for wild-type

HprK/P and 10 min for HprK/P H138A at 37C, and then stopped

by adding 100 mM EDTA. The substrate HPr and the product

theL. caseiHprK/P 3D structures and because the sequence_l;;]Ser-HPr_ Werte separated k()jy n?ndenatlﬁrilr\? gE%Al )ﬁ'ﬁthQIIC:jhtoreSiS-
inifi ; e experiments were carried out in parallel for e wild-type

and structure HprK/P are significantly homologous with those protein and for (B) the mutant Hprk/P H138A. (C) The percentages

- A o ) of phosphorylated HPr were plotted as a function of MgCl
substitution to determine its possible involvement in Hprk/P - concentration for wild-type Hprk/Pm) and Hprk/P H138A @).

type and mutant proteins,4g of protein was incubated at
interacts with Asp177 which was shown to play a role in 37°C (1.5 min for wild-type HprK/P and 10 min for HL38A)
the catalysis of phosphate transfer. In the structure of in the ATP reaction mixture, with increasing MgQion-
centrations (Figure 4). The HPr-phosphorylated form was
separated from the nonphosphorylated form by nondenaturing

disordered 9). We found that this mutant is only slightly  gels which were then scanned to allow quantification of the
affected in the PFkinase activity of HprK/P and not at all  protein bands (Figure 4A,B). We observed a distinct differ-
in the two others under the conditions that were tested (dataence between the curves (Figure 4C), suggesting that His138
not shown). TheKp values for FBP, ATP, and Mant-GTP is involved in the interactions with divalent cation in the
were effectively identical to thKp of the wild-type protein active site. Ser160 and Glu202 were also described as being
[Kp(FBP) = 3.6 mM, Kp(ATP) = 57 uM, and Kp(Mant- involved in the interactions with the divalent cation in the
GTP)= 0.6uM]. Therefore, His138 is not a catalytic residue. 3D structure ofL. caseiHprK/P. The position of Glu202 is
However, we observed that the ATP-kinase activity was identical to the metal binding site usually observed in P-loop-
affected when the reaction was not carried out in the presencecontaining proteinsg). However, the apparent affinity of

of saturating concentrations of MgCTo compare the wild-  HprK/P E202A protein affected in the reversible phospho-
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that the change in conformation induced by the binding of
the FBP improves the binding of the base part of ATP and
is not needed for the binding of PP

-
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The aim of this paper was to provide insights into the
functioning of B. subtilisHprK/P. We showed that HprK/P
T — displays a strong positive cooperativity for the binding of
PR to the nucleotide binding site. Furthermore, proteins with
a mutation in the P-loop have lost simultaneously all HprK/P

©
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03 4 activities, whereas residues in the signature sequence are
0.0 05 10 15 20 mostly involved in the reversible phosphorolysis. Charac-
[ATP] or [PPi] mM terization of the mutant HprK/P H138A revealed that this

residue is not a catalytic residue but is involved in interac-

Increasing amounts of either ATR (and ¢) or PR (B and @) : . . = ;
were addedd a 2 mLmixture [25 mM Hepes/KOH (pH 8.0) and for the stimulation of kinase activity by the allosteric

1 mM MgCl,] with (¢ and®) or without (o andm) 10 mM FBP activator, FBP.

and 0.6uM Hprk/P preincubated for 2 min at 3@, before each Characteristics of PP Binding to HprkP. We first
addition Qf phosphate donors. The emission of fluorescence Wasinvestigated the PRIependent phosphorylation to determine
scanned in the range of 33380 nm upon excitation at 295 nm of s . : .

the unique tryptophan of Hprk/P. The variations in the fluorescence Which is the primordial phosphate donor in the HPr phos-
emission peak due to ligand binding were monitored and plotted phorylation. Here, we observed that;Plke ATP, binds to

as a function of phosphate donor concentration. the P-loop of HprK/P with a strong positive cooperativity.

Furthermore, the apparent affinities for the binding of ATP

rolysis reaction, determined for a range of Mgoncentra-  Or PR to the enzyme, described in a previous pafi),(
tions, was identical to that of the wild-type protein (data not are compatible yvith the intracellular concentrations of, PP
shown). We were unable to determine the apparent affinity FBP, and NTP in the presence or absence of glucbSe (
of the mutant HprK/P S160A for Mg as this enzyme is ~ Thus, the enzymatic properties of HprK/P and the physi-
totally inactive. ological conditions in thd3. subtiliscells are favorable for
His171 Is Implicated in the Stabilization of the Aeti ~ both kinds of phosphorylation, even if ATP and; Bihd to
Conformation(s) of HprkP. We have also mutated another the same site. The question of the preference between the
His of B. subtilis Hprk/P, His171, which, in the Hprk/P  two primordial high-energy compounds, ATP and,Rfas
hexamer, is located near the interface between two trimersalready been discussed for other enzymes such as the PP
(Figure 2B). This His171 is highly conserved in the dependent phosphofructokinase (PFRB)( This enzyme
sequences of HprK/P from different organisms, and the X-ray catalyzes the transfer of phosphate from; RPfructose
structures show that it interacts with the similarly conserved 6-phosphate to yield FBP and. Fhe authors showed that
Glu276. The His171 position is also conserved in the this enzyme displays a strong preference for &er ATP.
sequence of the homologous PEPCK proteins, but an Arg is The PFK was proposed to originally evolve from an enzyme
found instead of a His. We decided to replace His171 with that used ATP as the phosphoryl donor, and the utilization
an Arg. Phosphorylation and dephosphorylation tests showedof PR happened as an evolving process that occurred later
that this residue is essential for the activities of the protein during evolution. In the case of Hprk/P, Mijakovic and al.
as the mutant HprK/P H171R has lost all activities (data not (15) proposed that RRlependent phosphorylation of HPr
shown). Since His171 is buried in the core of the hexamer, and dephosphorylation by phosphorolysis could be a relic
far from the active site, its role should be at a structural level. Of early life and the use of ATP as phosphoryl donor in the
Furthermore, the mutant protein was found to be oligomeric Presence of FBP was gained during evolution. Furthermore,
by gel-filtration analysis as is the wild-type protein (data not We tried to construct mutant proteins of HprK/P which carry
shown), confirming that it is not directly involved in the ©Only one kinase activity and with a normal phosphorylase
oligomerization. activity. We have performed a mutational analysis of the
Conformational Changes Due to FBP Bindiige studied conserved regions of HprK/P: the P-loop and the signature.
the effect of FBP on the ATP or PBinding to HprK/P by We did not obtain proteins inactivated in only one kinase
intrinsic fluorescence in the presence or absence of FBP.activity. Indeed, numbers of the P-loop residues are essential
As previously observedl@), we found that FBP modifies for all HprK/P activit!es, yvherea; the residues of thelsignature
the conformational change due to the binding of ATP (Figure Seem to be mostly implicated in the phosphorolysis and the
5) without altering the affinity of the enzyme for ATP. This PR-kinase activity, suggesting that either the; BRospho-
result suggests that FBP stimulates the ATp_dependemrylation is the reverse reaction of the phosphorolysis or these
phosphorylation of HPr by inducing a highly efficient and two reactions are highly connected.
specific conformational change in the 3D structure of HprK/P  P-Loop Mutants of HprikP. We observed that several
that we were able to observe by the modification of the residues of the P-loop are essential for both kinase and
environment of the unique Trp of the enzyme. In contrast, phosphorylase activities of HprK/P: Gly153, Gly156, Gly158,
the binding of PPdoes not induce conformational changes and Serl60. Furthermore, the P-loop appeared to be the
that can be detected by intrinsic fluorescence either in the binding site of substrates ATP, PBnd R, explaining why
presence or in the absence of FBP (Figure 5). We proposethe three activities are highly connected. The role of Gly156
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was studied in the PEPCK. In this enzyme, the main chain were indeed inactivated for the phosphorylase activity. The
NH group of Gly253 (corresponding to Gly156 of HprK/P) mutants HprK/P E202A and G205A conserved a normal
was proposed to stabilize the transition state feidPbond ATP-kinase activity but have lost the PEnase activity. The
cleavage in phosphoryl transfe24). Since HprK/P and  phosphorolysis conformation is conserved in the-dR
PEPCK belong to the same family of phosphotransferasespendent phosphorylation, but the ATP-dependent kinase
(7, 8), it is relevant that this Gly residue, conserved in all activity needs a conformational change. The mutants HprK/P

PEPCKs, is also conserved in this position in the P-loop E202A and G205A destabilize the €@nformation but not

sequence GX®BXGKSE in all HprK/Ps described so far.

Surprisingly, the substitution of Lys159 with an Arg only
slightly modified the activities of HprK/P. In several other
studies, the substitution of the Lys of the P-loop with the

the ATP conformation. The jPconformation needs the
integrity of the signature sequence forming the structural
capping motif @), while the ATP conformation is less
sensitive to mutations in this region. We also found that the

conservative residue Arg has been found to be insufficient apparent affinity of the mutant HprK/P E202A for ATP was

to conserve a residual activityL 8, 25). This Lys residue is

6-fold higher than the affinity of the wild-type protein but

therefore described as being essential in the P-loop motifwas back to the normal value in the presence of FBP. This

(25, 26). In the PEPCK, a crucial role of this equivalent Lys
was proposed in the phosphoryl transf2t,24). The lysine
interacts with both3- and y-phosphoryl groups of ATP in
the 3D structures of the PEPCRY) and of the HprK/P,

residue is situated at the surface of the protein, close to the
active site. In the structure of HprK/P in complex with P-Ser-
HPr (11), it interacts with the bound cation and with the
side chain of the conserved Arg from the flexible loop.

and the side chains of this conserved Lys and the following Glu202 seems, therefore, to be implicated in the stabilization

Ser of the P-loop interact with the Pholecule ). In the

of the flexible loop in the Pconformation. The mutated

mutant protein HprK/P K159R, the Arg residue seems to protein has a higher affinity for nucleotides than foroP

replace more or less efficiently this Lys. This result could

PR, which is in agreement with the hypothesis that the

be explained by the fact that the positive charge, which is a capping motif is important for the stabilization of the P

major requirement for NTP bindin@4, 28), is conserved

conformation. The other signature mutant, HprkK/P R204A,

by the amino acid substitutions. Furthermore, we observedconserved a normal RRinase activity but was strongly

that this mutant HprK/P K159R is still able to bind NTP

affected in the ATP-kinase activity. In one subunit of Bie

but not to induce the conformational change due to ATP xylosusHprK/P structure 10), the side chain of Arg204

binding on the wild-type protein. The Ser residue in the

interacts with both phosphates present in the active site. In

P-loop following the conserved Lys has been described asthe other structures, it is either disordered or without

being important for Mg" binding 6, 29). The substitution
of Ser160 with an Ala completely abolishes all activities of
HprK/P. It was already shown that the kfgwas required
for HprK/P activities and for nucleotide and HPr or Crh
binding (14). If this modified protein is no longer able to
bind M¢?*, it can bind neither nucleotides nor protein

interactions. These observations suggest that Arg204 could
be implicated in the stabilization of the ATP conformation.
Arg204 has previously been mutatelB) to Lys instead of
Ala, and the residual activities detected in this case were a
normal ATP-kinase activity and a complete loss of the
phosphorylase activity. The Lys residue seems to efficiently

substrates (Table 1). The substitution with a Thr restores areplace the Arg for its potential role in the stabilization of

HprK/P with normal activities. In the PEPCK and many other
P-loop-containing proteins, the residue following the con-
served Lys in the P-loop is a Thr which was shown to
contribute an oxygen atom to the Kfgcoordination sphere

(27). Gly153, Gly158, Serl55, and Ser160 of HprK/P were
mutated previouslyl6, 17), and similar results were found

in terms of residual activities; all amino acids were found to

the ATP conformation but not for its role in the dephospho-
rylation reaction.

H138 Is Not a Catalytic Residue but Interacts with the
Divalent Cation.In several phosphorylation reactions, the
nucleotide binds and donates a phosphoryl group to the
enzyme, usually a His residue, generating a phosphoenzyme
intermediate. The enzyme-bound phosphoryl group is in turn

be essential for both activities except Serl55. Here we alsodonated to a second substrate, yielding the final prodidt (

showed that substitution of Ser155 with an Ala had no effect The His138 residue preceding the P-loop, conserved in
on the activities, while the substitution with a Cys residue Hprk/P and PEPCK, occupies the same spatial position in
nearly abolished all activities. The only residual activity was the two structures. In PEPCK, this residue is involved in
the PRkinase activity. The X-ray structures of HprkK/P)( direct and water-mediated interactions with fhphosphate
11) show that Ser155 H-bonds with the transferred phosphate.of ATP and appears to be functionally importaB0,(31).
In the freeL. caseistructure 9), it H-bonds to the catalytic  However, the substitution of H138 with an Ala does not
Aspl77 that adopts an alternative conformation comparedaffect the kinetic parameters which are identical to those of
to the other structures. The substitution with an Ala abolishes the wild-type enzyme for FBP, ATP, and Mant-GTP;
these interactions, while they would be maintained with the however, the kinase activities are slightly affected when not
Cys mutation. The results of these mutations therefore tested at saturating concentrations ofagrherefore, this
suggest that these interactions are not essential for the activityesidue is not an essential residue as predicted by the
of the enzyme. Besides, the position is not strictly conserved structural datag, 11, 32). Nevertheless, we found that this
among HprK/Ps, an Ala being observedXiylella fastidiosa His is involved in the interaction with the Mg. Because
Mutants of the HprikP Signature Whereas we were His138 does not interact with the cation observed in the

unable to find mutants only inactivated for one of the two
kinase activities, we were able to identify mutants only
inactivated for the phosphorylase activity. All the mutants
of the signature motif, HprK/P E202A, R204A, and G205A,

active site ol_. caseiHprK/P, this may indicate that a second
cation could be involved in the HprK/P mechanism, as
suggested previouslys( 14). The comparable His in the

Escherichia coliPEPCK (His233) has also been shown to
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be important for MA* binding @31), the second divalent
cation found in the 3D structure of the PEPCK.

Role of FBP in the ATP-Kinase Aciiy Stimulation FBP
is an activator of the ATP-kinase activity, but no effect on the authors proposed that the switch between the kinase and
the PRkinase activity was detected%). On one hand, we the phosphorylase activity was regulated by pH and the
previously observed that the binding of ATP induces a oligomeric state of the enzyme. The kinase activity would
change in the intrinsic fluorescence which corresponds to abe predominant when the pH of the celH$8.0 and would
change in conformation around the unique Trp residue be carried out by the dimer or trimer of HprK/P. However,
present in the sequence of HprK/B3). On the other hand,  under starvation conditions, the pH of the cell woulcN#0,
we did not detect any change in intrinsic fluorescence due which favors the phosphorylase activity carried out by the
to the addition of PP Furthermore, the mutant HprK/P  hexamer. We analyzed all mutants by gel filtration and found
S155C was found to be inactive for all activities except for that all of them were hexameric. The experiments were
the PRkinase activity, and conformational changes around carried out in a Tris buffer at neutral pH (7.4), which would
the unique Trp of this mutant protein due to the binding of favor the dimeric form of the enzyme and the kinase activity.
ATP or FBP were not detected. We suggest that HprK/P All the mutants, even those with only a kinase activity which
can bind PPwithout inducing the conformational change were expected to be dimeric or trimeric, were also oligomeric
near Trp235, whereas for the larger molecule like ATP, this like wild-type HprK/P. It seems therefore that the regulation
conformational change is needed to open the active site. Weof the switch between the kinase and the phosphorylase
propose that the change in conformation induced by the activity is more complex that the pH-dependent association
binding of the FBP allows the binding of ATP. This or dissociation of the hexamer. Furthermore, we observed
hypothesis is supported by the structural data despite the facthat the PPsubstrate binds to the enzyme HprK/P with a
that, up to now, all the HprK/P structures that have been positive cooperativity. This positive cooperativity has also

to promote dimertetramer assembly and to inactivate the
tetramers.
Role of HprP OligomerizationIn a recent paperl),

obtained do not contain either ATP or FBP. However, the
modeling of an ATP molecule in the active site of HprK/P
is impossible without a conformational change in the loop,
called the central loop (residues 26267 inB. subtilig, from

a second subunit and situated above the active 8¢ (
Several mutations affecting the central loop specifically
lowered the phosphorylase but not the kinase activity of
HprK/P from L. caseiandB. subtilis(17). Therefore, FBP
would stimulate the ATP-kinase activity by inducing a
conformational change in the protein that will move away
the central loop and open the active site. The binding of ATP

been observed for the other substrates (ATiPaRd HPr)
and the effector FBP of HprK/RL.8, 19). Therefore, it would

be tempting to speculate that the mechanism of positive
cooperativity for the binding of the substrates and effector
could be explained by a change in the oligomerization state
of HprK/P. However, for the moment, only the conforma-
tional change induced by the binding of FBP and ATP has
been characterized. It has been linked to a change near the
flexible loop containing the unique Trp235 of HprK/P but
has not yet been linked to a change in the oligomerization
state.

would initiate the same change but less efficiently as shown ACKNOWLEDGMENT

by the quenching of fluorescence for ATP with or without
FBP. This hypothesis is in agreement with the results
obtained for the mutant HprK/P R204A. Thus, the confor-
mational change due to FBP binding is reduced for this
mutant, and the affinity for ATP is reduced in the presence
of FBP. Arg204 seems to be important for an efficient
conformational change induced by FBP and might be located
in the still unknown FBP binding site. It has previously been
proposed that the positive cooperativity mechanism of FBP
binding was more consistent with a concerted symmetry
model between two populations of oligomers than a change
in the affinity for FBP binding sites of the same oligomer
(13). Several enzymes involved in sugar utilization are
allosterically regulated by the FBP. The structures of
enzymes allosterically regulated by FBP and crystallized in
the presence of FBP show that it is difficult to predict the
FBP binding site and the mechanism of FBP regulation. In
the case of pyruvate kinase, the 3D structures obtained in

the presence and absence of FBP clearly demonstrate that

the allosteric activation is limited to small movements of a
limited number of side chains involved in the binding of

substrate and of metal ions. The consequence is an increase

in the affinity for the PEP substrate. The 3D structurek of
coli glycerol kinase (GK) in the presence and absence of
FBP revealed a most unusual type of FBP binding site
formed between two Gly-Arg loops where one half of the
binding site is donated by each monomer at the regulatory
interface 83). FBP is an inhibitor of GK and was proposed
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