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ABSTRACT. Treponema pallidunand Treponema denticolancode within their genomes homologues of
energy coupling and regulatory proteins of the phosphoenolpyruvate:sugar phosphotransferase system
(PTS) but no recognizable homologues of PTS permeases. These homologues include (1) Enzyme |, (2)
HPr, (3) two IIAV"-like proteins, and (4) HPr(Ser) kinase/phosphorylase (HprK). Because the Enzyme
I-encoding gene inT. pallidumis an inactive pseudogene and because all gpftegenes in bothr.
pallidumandT. denticolaare actively expressed, the primary sensory transduction mechanism for signal
detection and transmission appears to involve HprK rather than El. We have overexpressed and purified
to near homogeneity four of the five PTS proteins frdmdenticola Purified HprK phosphorylates HPr

with ATP, probably on serine, while Enzyme | phosphorylates HPr with PEP, probably on histidine.
Furthermore, HPr(His)-P can transfer its phosphoryl group t&"HA Factors and conditions regulating
phosphoryl transfer prove to differ from those described previouslBdoillus subtilis but cross-enzymatic
activities between thélreponema Salmonella and Bacillus phosphoryl-transfer systems could be
demonstrated. Kinetic analyses revealed that the allosterically regulated HPr kinase/phosphorylase differs
from its homologues iBacillus subtilisand other low G-C Gram-positive bacteria in being primed for
kinase activity rather than phosphorylase activity in the absence of allosteric effectors. The characteristics
of this enzyme and th€reponemahosphoryl-transfer chain imply unique modes of signal detection and
sensory transmission. This paper provides the first biochemical description of PTS phosphoryl-transfer
chains in an organism that lacks PTS permeases.

Spirochetes are free-living or host-associated microorgan-a functional mannitol-specific PT9,(10) and a complete
isms, several of which are causative agents of animal andset of PTS proteins including PTS permeases has been
human diseasesl), The most important human diseases identified in the fully sequenced genome®brrelia burg-
caused by spirochetes are syphiliggponema pallidui dorferi (11, 12), spirochetes with completely sequenced
periodontitis Treponema denticojaLyme diseaseBorrelia genomes in the genus@seponemaand Leptospiraappar-
burgdorfer), and leptospirosis Ligptospira interrogans ently lack PTS permease$, (8, 13). However, they do
Nevertheless, our knowledge about the physiology of this encode the ATP-dependent HPr kinase/phosphorylase (HprK)
group of bacteria is minimal. Poorly defined growth require- and homologues of several PTS energy-coupling proteins,
ments and sparse genetic tools provide primary obstacles toEnzyme | (Ptsl), the small phosphocarrier protein, HPr
in vivo experimentationZ—4). (PtsH), and either one or two Enzyme IIA proteir?s 14).

In recent years, the availability of complete genome — the pTs plays at least two important roles in many
sequences has led to predictions of important and surprisingpa cterial cells: (1) sugar uptake coupled to phosphorylation,
physiological characterlsucs: For example,'ﬁnpallldgm and (2) regulation of transport, metabolism, and gene
TCA cycle enzymes are lacking, and consequently, it seemsg, 1 esgion15). The primary function is sugar uptake, which
likely that these organisms must obtain many biosynthetic ;. qves transfer of the phosphoryl group from phospho-
precursors from exogenous sourcﬁ)s_'(. p_allldumals_o lacks enolpyruvate (PEP) to the substrate sugar via a PTS protein
the enzymes necessary for fatty acid biosynthesis, althoughypogphoryl-transfer chain. The sequential phosphotransfer
this bacterium is rich in lipidsg). These characteristics differ cascade includes the following enzymes: Enzyme I, HPr
from those of free-living bacteria and impose a need for lIA, 1B, and IIC. Only the IIC constituent is an integ';ral '

unique regulatory constraints. membrane protein, and only this protein is not phosphory-
Phosphoenolpyruvate-dependent phosphotransferase SYSated. It is tkl?e sugz;\r permezlse/kirl?ase phosphory

tems (PTSs) of spirochetes exhibit unique featuigs3). ; _
The PTS protein homologues presentlindenticolaare

Although Spirochaeta aurantidnas been shown to possess !
Ptsl, HPr, and two homologous nitrogen-regulatory Enzyme

i Ntr_ Ntr_ i
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Table 1: Strains and Plasmids Used in This Paper

strains characteristics reference
T. denticola
ATCC35405
E. coli
DH5a F~, $80dlacZAM15, endAl recAlL hsdR17ry~, m*),
supE44thi-1, gyrA96 relAl, A(lacZYA-argF)U1691~
Origami (DE3) F~ompT [lon](trxB) (gor) hsdS(rg"ms~) with DE3,
A T7 RNA polymerase gene
CGSC 7319 lacl22, dctB3 A7, glk-1, ptsl2 relAl, spoT1 thi-1
S. typhimurium
SB-1477 ptsi18 51
B. subtilis
BAL218 trpC2 52
GM273 trpC2 ptsH1 46
GP202 trpC2 hprK::spc 53
plasmids
PET28(a)- Novagen
PET-H pET28(a} carryingT. denticola ptsH this paper
PET-K pPET28(a} carryingT. denticola hprK this paper
PET-EI pET28(a} carryingT. denticola ptsl this paper
PET-EINT-1 pPET28(a)- carryingT. denticola ptsAl this paper
PET-EIN-2 PET28(ay- carryingT. denticola ptsA2 this paper
PDG148stul 27
PDG-K pDG148stul carryingT. denticola hprK this paper
PDG-H pDG148stul carryingT. denticola ptsH this paper

that possess the PTS energy-coupling proteins is a characthe Escherichia coliregulatory systems describetl( 24).
teristic of some related spirochetes suchlrapallidumand We also show that the kinetic properties of thedenticola
L. interrogans as well as the distantly related green HprK differ dramatically from those recognized in the well-
bacterium,Chlorobium tepidun(17) and thed-proteobac- characterized low &C Gram-positive bacteria.

terium, Geobacter metallireducen4). The absence of

membrane-integrated PTS permeases prompted us to spectEXPERIMENTAL PROCEDURES

late that the phosphotransferase system is not associated with g;;4ins and Growth Conditiond. denticolaATCC 35405
sugar transport in these species and that it therefore serve%-rame 1) was grown at 37C in liquid NOS broth 25) in
a strictly regulatory role. Moreover, the absence of PTS a CO-enriched atmosphere using a GasPak-Plus sy&8m (
permeases means that the sensor for regulation cannot bg i strains were grown at 37C with agitation in LB
PTS-mediated sugar transport or an indirect consequence 0Eroth culture media. Cultures were supplemented with an
such transport such as a change in PEP levels. Thls_ IS NOY, ribiotic (kanamycin, 3@g/mL, or ampicillin, 10Qug/mL)
true for any other PTS regulatory system so far studied. \\hen necessary. The same culture conditions were used for
Regarding PTS-mediated gene regulation, catabolite re-Bacillus subtiliswith 5 xg/mL of kanamycin when necessary.
pression of gene expression in enteric bacteria depends orBacillusstrains were also cultured in C brot?g] to evaluate
1A (15), but in Gram-positive bacteria, catabolite repres- sugar uptake and catabolite repression in response to the
sion depends on HPr phosphorylation by a specific ATP- inclusion of plasmids encoding select PTS enzymes ffom

dependent kinase/phosphorylase (Hprkg<20). HPr phos-  denticola The characteristics of all strains and plasmids used
phorylation by HprK occurs at Ser-46, and the resulting in this paper are presented in Table 1.

P-seryl HPr acts as a corepressor together with the mediator Cloning Primers used for PCR amplification oF.
of catabolite repression, the catabolite control protein A, denticolagenes encoding PTS proteins were designed using
CcpA (21, 22). The high-resolution three-dimensional struc- the genome sequence available at http://hgsc.bcm.tme.edu/
tures of several Gram-positive HprKs are known (see ref microbial/Tdenticola/ according to the genome anno-
19). Many Gram-negative bacteria possess homologues oftations (http://www.tigr.org/tigr-scripts/ CMR2/GenomeP-
the Gram-positive bacterial HPr kinas&s11, 54), butthese  age3. spl?databasetd). Primers were flanked by specific
bacteria lack CcpA and in no case is their physiological restriction sites to obtain directional cloning on the pET28a-
function known @3, 54). (+) (Novagen) expression vector with an N-terminal His tag.
The aim of the work reported here is to provide a detailed The T. denticola ptsland ptsH genes and the two genes
description of the PTS protein phosphoryl-transfer chains in encoding 1A homologuesptsAlandptsA2 were cloned
T. denticolaandT. pallidum We show that PTS proteins in  into Ndd and EcaRl restriction sites; ABarrH| restriction
T. denticolaare active in catalyzing phosphoryl transfer with  site was introduced into the reverse primer when cloning
phosphoenolpyruvate as the phosphoryl donor but thét in  thehprK gene. The sequences of the primers used are shown
pallidum the PTS phosphoryl-transfer chain is inactivated in Table 2, and the restriction sites used in each case are
because of the loss of functional Enzyme I. The presence ofunderlined. Using T7 universal primers, the sequences of
active hprK, ptsH (HPr), andptsN (IIA) genes in both the fragments cloned were verified by sequencing. For
organisms leads to the probability that HprK rather than Ptsl expression of th@ts genes inB. subtilis the same primers
is the sensor of the metabolic state and that the spirocheteused for cloning into pET28&() were modified as described
regulatory system is therefore fundamentally different from by Joseph et al.2(7), and the fragments were cloned into
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Table 2: Primers Used for PCR Amplification ®f denticola ptsGened

forward primer reverse primer
hprK (HprK) TGATTGCACATATGGCTAACATAAGCTTTTC CTAGGATCCGGTATTCCTGCCCGATTTTGA
PtsH(HPr) TGATTGCACATATGATTTCAAAAACTATTAAGGTTCAAA ACGAATTCCCGAAAAAGTTTATTCTTCTTCAAA
ptsl (EI) TGATTGCACATATGAAAAAACTTAACGGACTCATA ACGAATTCCAATAATTTCATCTTTAGTTTTCGGC
PtsAL(EIIN'-1)  TGATTGCACATATGGAATTTAAAGATGCATTGAA ACGAATTCTTACTCTTCGTCGCTTTCCA
PtsA2(EIIN"-2)  TGATTGCATATGCCCGTTATTTGCGTGTTT ACGAATTCGAGTTCATCGAACCCGTACC

@ Restriction sites used for directional cloning are underlined.

the pDG148stul vector. Additionally, a FLAG sequence mM Tris-HCI buffer at pH 7.4. Phosphoenolpyruvate was
encoding 8 amino acids (DYKDDDDK) was introduced at radiolabeled using pyruvate kinase as described by Roosien
the N termini of these proteins to follow expression of the et al. 31).
encoding genes by Western blotting. Methylo-Glucoside UptakeB. subtilisstrains were grown
Protein Querexpression and PurificatiorThe recombinant in C broth in the presence of glucose (0.5% w/v) to ansaD
plasmids (pET-H, pET-K, pET-l, pET-II&"-1, and pET-  of 0.5. Sugar uptake assays were performed as described
IIAN'-2) carrying the differenT. denticola ptsgenes were  previously 82). Exponentially growing cells were washed
transferred to the expression host Origami (DE3). Gene 3 times and temperature-equilibrated before the addition of
expression was induced by adding 1 mM isoprofy- labeled sugar (final concentration of 0.1 mM). Aliquots were
thiogalactopyranoside (IPTG) to the LB broth once thes6dD  periodically removed, and cells were filtered on 0/
reached 0.5. Cells were collected at an ¢gbf 0.6 by Millipore filters and washed 3 times with TM buffer before
centrifugation, washed 3 times, and resuspended in 25 mMradioactivity was determined by scintillation countirg).
Tris-HCI at pH 8.0 before disruption in a French press. All values represent the averages of three independent deter-
five proteins that except II4'-1, which was produced ina  minations.
soluble form, were recovered from inclusion bodies. HprK,  pmannitol PhosphorylationPTS assays were conducted
Enzyme |, and IIA"-2 were then solubilizeéh vivo using using cell-free extracts gftsl mutant strains to evaluate the
a sorbitol (1 M)-betaine (2.5 mM) solutio@®). IIAN"-1was  gpility of T. denticolaPts! to complement the mutations.
recovered without treatment. HPr was solubilized with gxiracts were obtained by passage of the bacterial cells
guanidiniumHCI followed by dialysis. In this last case (HPr), through a French press at 10000 psi. Samples were
the inclusion bodies were fully denaturedd M guanidinium —— centrifuged for 10 min at 10 000 rpm, and the supernatant
HCI (45 min at 50°C) and HPr was refolded by dialysis in 55 ysed as the crude PTS enzyme preparation. The reaction
four steps. In the first step, the dialysis buffer consisted of nixture contained 3@g of extract (total protein), 416 ug
0.5 M Tris-HCl at pH 8.0, 10 mM dithiothreitol (DTT), and of pureT. denticolaPtsl, 5 mM MgCh, 10 mM KF, 10 mM
3 M guanidiniumHCI. In the second and third steps, the phosphoenolpyruvate, 1 mM DTT, 204 [4C]mannitol, and
guanidiniumHCI concentration was decreased from 3t0 1.5 55 M phosphate buffer at pH 7.0. The assay mixture was

M and then from 1.5 to 0.8 M. In the last step, the jcypated at 37C for 1—30 min. The same conditions were
concentration of the Tris-HCI buffer in the dialysis solution |,sed in the control experiments, Bt denticolaPts| was

was reduced to 0.05 M and DTT and guanidinttt@l were omitted. The resin used to separatC]sugar from J*C]-

omitted, allowing completion of the refolding process. Each sugar-phosphate was AG1-X2, 5000 mesh, chloride form
dialysis step was carried out over 24 h, and two changes Of(BioRad).

buffer were used in the last two steps. All renatured proteins
as well as IIA"-1 were purified by affinity chromatography

using nickel columns (Novagen) following the protocol . : .

NI wild-type strain and the isogentgprK mutant were trans-
rtlacon:jmen(;jed by the magyfr?cturer. The"&2 was talsgl ¢ formed with the pDG-HprK plasmid or the empty plasmid
Ct‘)’t”‘? o .OV?feXpreSfebl’ OWte‘.’e{' we ‘é"erteﬂ:“’.ta © ®and cultivated in medium C26), in the presence of 0.5%
obtain suficient pure soluble protein to conduct meitro myoinositol or 0.5% sorbitol, respectively, with or without

phsrs(?tgpnrygﬁfsn ﬁérpelgginfésa Bnless otherwise indi- 0.5% glucose. For determination of gluconate kinase activity,
: phorylat Y Wise Indi cells were grown in LB in the presence of 0.5% gluconate

cated, the standard assay mixtureiforitro phosphorylation with or without 0.5% glucose. The cells were disrupted by

SLH;EE bi’ gfﬂr%_ﬁ_mg'?ﬁ& ‘l:/(ljgaMoTznfr;rl\n/laflreuactteo :;_f{eé_at passage th_rough a French press, and .the enzymatic activities
L ’ ’ P o ’ of myoinositol dehydrogenas8&3), glucitol dehydrogenase
bisphosphate, 0.5 mMyP*P]ATP (specific activity of 18 (34) or gluconate kinase3f) were determined. Protein

cpmumol™t), and 2-5 ug HPr and HprK in a final volume : : . : :
of 40 uL. Reaction mixtures were incubated at 32 for Ei(:ncentratlon was estimated using the BioRad protein assay

20—30 min, stopped by adding PAGE sample buff2®)(

and analyzed by denaturing electrophoresis. After determi- ResyLTS

nation of kinetic parameters, reactions were terminated by

protein precipitation with trichloroacetic aci®@. Radio- Sequence Alignments and Comparisoreble 3 presents
activity in sliced bands from dried polyacrylamide gels and the properties oflf. denticolaPTS proteins and compares
precipitated proteins was quantitated by liquid scintillation them with those present in two other spirochetes. When the
counting. All experiments were performed 3 times. HPr five T. denticolgprotein sequences were compared with those
phosphorylation by Ptsl was performed at°& for 15-20 from T. pallidum four of them showed high degrees of
min in a reaction mixture containing 15 mM Mgdh 25 conservation. Percent identity values for the orthologous pairs

Enzymatic Determinationg~or determination of myo-
inositol or glucitol dehydrogenase activities, tBesubtilis
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Table 3: Comparison of. denticolaPTS Proteins with the Homologous Enzymes Present in Other Spirochetes

Ptsl HPr HprK IIAN-1 IIANT-2
(42525603) (42526803) (48374381) (42525581) (42526589)
T. denticola length 595 88 329 163 201
T. pallidum length 684 88 319 143 180
% identity? 32 54 66 72 51
L. interrogans length 610 87 321 160 not present
% identity? 30 38 47 32

a2 Genbank Index number of tHe denticolahomologue? Percent identity compared to the orthologdusdenticolaprotein.
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Ficure 1: Binary alignment of the sequences of fhedenticola(Tde) andT. pallidum(Tpa) Enzyme I. The rectangle shows the enzyme
signature present in both proteins in a region of high sequence identity. Alignment positions (ruler) are presented underneath the alignment.
Residue number in each protein is presented at the end of each line. The bar graph beneath the alignment indicates the degree of conservatior
at each position. *, identity;, close similarity;., distant similarity. The arrow indicates the position of the frameshift mutation ifTthe

pallidum Ptsl. The seven insertions in tfAe pallidumEnzyme | are numbered-T7.

proved to be higher than 50% for HPr, NA1, IAN'-2 and All five genes encoding these proteins were PCR-amplified
HprK, but the percent identity observed for the Enzyme | using the primers shown in Table 2 and cloned into pET-
orthologues was much lower (Table 3). 28At* (Novagen, Inc.) for overproduction of the His-tagged
T. denticolaPtsl is 595 amino acyl residues long and proteins in theE. coli Origami strain (Table 1) (see the
shows more than 35% identity with several Gram-positive Experimental Procedures). All native and refolded proteins
Enzymes | such as Ptsl froB. halodurans When T. were applied to a nickel-affinity column and eluted with 1
denticolaPtsl was compared with the putatie pallidum M imidazole as described by Novagen Inc. Figure 2 shows
Ptsl, the latter protein proved to be 89 residues longer andthe results of SDSPAGE analyses for all of these purified
the two proteins exhibited only 32% sequence identity. These His-tagged proteins. The proteins migrated with apparent
two proteins had the highest percent identity in the region molecular weights of roughly 70, 12, 38, and 22 kDa for
of the Ptsl signature sequence (DFFSIGTNDLIQYtmAA- El, HPr, HprK, and IIA"-1, respectively. No contamination
DREN) corresponding to residues 46481 in the T. was detected in any of these preparations.
denticolaprotein (rectangle in Figure 1). Seven gaps were  Phosphorylation of HPr withP]JATP and HprK Using
found to interrupt the alignment as a result of short insertions [3°P]ATP as the phosphoryl donor, phosphorylationTof
(6—14 residues each) in the pallidumsequence. Because denticolaandB. subtilisHPr proteins by both th&. denticola
(1) these insertions are not present in other Enzymes I, (2)andB. subtilisHprKs could be demonstrated (Figure 3). In
all pts genes in bothr. denticolaand T. pallidum exhibit lane 1, phosphorylation of the wild-tyfg# subtilisHPr by
strong promoters in front of their structural genes with the T. denticolaHprK is shown. Inclusion of the same concen-
sole exception of thé&. pallidum ptsigene, and (3) only the  tration of the S46D mutarB. subtilisHPr protein did not
T. pallidum ptslgene exhibits a documented frameshift give rise to a radioactive band (lane 2), suggesting that, as
mutation (position 216; see arrow in Figure 1), we conclude expected, serine-46 in the wild-type protein is phosphorylated
thatptsl of T. pallidumis an inactive pseudogene. As shown (20).
below, theptsl gene product of . denticolais enzymatically When theB. subtilisCrh protein was the substrate with
active. the T. denticolaHprK, phosphorylation was also demon-
Purification of PTS Proteins from T. denticolAs noted strated (lane 3). Th&. coli HPr, which cannot be phos-
above, theT. denticolagenome encodes five PTS-related phorylated by HprKs from Gram-positive bacteria, was not
proteins: Enzyme I, HPr, two 14" proteins, and HprK?). phosphorylated by th€&. denticolaHprK (lane 4). When the
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Ficure 4: pH curve forT. denticolaHPr phosphorylation byl.

denticolaHprK. The assays were performed using the standard

reaction mixture. Different pH values were obtained using overlap-

ping range buffers, with a 40 mM final concentration, citrate-citric

acid from pH 4 to 6.2 and Tris-maleate from pH 5.2 to 8.3.
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Ficure 2: PAGE of purifiedT. denticolaproteins. Lanes (1) I1A'-

1, (2) HprK, (3) HPr, (4) Ptsl, (5) kaleidoscope prestained molecular 7
weight markers (BioRad). [I&'-2 was not purified to homogeneity -6 Eiwcisse bie phesphate
but runs together with [IA"-1 (data not shown). The gel was stained 6.5 1
using Coomassie Tablets, PhastGel Blue R-350. . 6-phosphoglucanate
I 2 3 4 5 6 1 - ——
£5 551
g3
£E °)
$8,5]
Ficure 3: Autoradiogram of an SDS gel showing the phosphory- ;‘%
lation of heterologous HPr proteins by the HprK 48) purified TE 4
from T. denticolaas follows: lane (1B. subtilisHPr (1 ug), (2)
B. subtilisHPr S46D (2ug), (3) B. subtilisCrh (2ug), and (4)E. 3.5 4
coli HPr (2 ug). The reciprocal assay is shown in lane 5 udihg
subtilis PtsK (2ug) with T. denticolaHPr (3 «g). Lane 6 shows 3
the positive control using. denticolaHprK (2 «g) andT. denticola
HPr (3 ug). Lane 7 shows the positive control usiBg subtilis 25 ; ; v -
HprK (0.5 «g) andB. subtilisHPr (0.5u0). The phosphorylation 0 2 4. 6 . 8 1
assays were conducted as described under the Experimental Metabolite concentration (mM)
Procedures. Ficure 5. Concentration-dependent modulation of HprK activity
) ) B by fructose-1,6-bisphosphai®)and 6-phosphogluconatl). The
reciprocal experiment was conducted wihsubtilisHprk standard reaction mixture was as described under the Experimental

andT. denticolaHPr, a low level of HPr phosphorylation  Procedures. The varying concentrations of the intermediary me-
was detected (lane 5). Finally, as expected, HprKs from both tabolites were as indicated. Incubation was for 20 min atG7
T. denticolaand B. subtiliscould phosphorylate their own [Sgét';&g%s(gggrmggg)ﬁom bands sliced from the gel following
HPr's efficiently (lanes 6 and 7, respectively). These experi- '
ments demonstrate that HprK frofin denticolacatalyzes In low G+C Gram-positive bacteria, HprK activity is
HPr phosphorylation, as do typical HprKs from lowtG allosterically activated by fructose-1,6-bisphosphate (FBP)
Gram-positive bacteria, and that tie denticolaand B. and less effectively by gluconate-6-P (Gnt-B),(36—38).
subtilis systems exhibit enzymatic cross reactivities. TheT. denticolakinase was similarly activated by these two
T. denticolaHprK activity was measured as a function of phosphorylated compounds, but unexpectedly, activity was
pH (Figure 4). The enzyme was essentially inactive below very substantial in their absence. Moreover, FBP and Gnt-P
pH 6, but activity increased dramatically above pH 6.5 until exhibited maximal activation at concentrations of 0.5 and
maximal activity was observed at pH 8.5. Different behavior 0.2 mM, respectively, while inhibiting strongly at higher
has been reported for Gram-positive bacterial HprKs. For concentrations (Figure 5). Under the conditions used with 5
example, theStreptococcus pyogené$prK shows a pH mM MgClI; present in Tris-maleate buffer at pH 7.8, FBP
optimum at 7.0 80). inhibited much more strongly than did Gnt-P, demonstrating
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Ficure 6: Concentration-dependent modulation of HprK activity
by divalent cations added to the reaction mixture in the chloride
form. Mg (@), Mn (O), Zn (»), Co ©), and Ca 4). The pH was
controlled using 40 mM Tris-maleate buffer at pH 8.3. Fructose-
1,6-bisphosphate was used at the optimal concentration4®1)0
for the T. denticolaHprK. The assays were performed for 20 min
at 37°C using 2ug of the purified HprK and 2g of HPr. Samples
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Ficure 7: Effects of different concentrations of sodium pyrophos-
phate on HprK activity. The reaction mixture containedg?each

of HPr and HprK, fructose-1,6-bisphosphate (200), MgCl, (5
mM), DTT (1 mM), and p3?P]JATP (0.5 mM) in 40 mM Tris-
maleate buffer at pH 8.3. The reaction mixture was incubated at
37 °C for 20 min, and the product was quantified as described by
Reizer et al. 30).

250

the concentrations of HPr and ATP were maintained constant
at 200uM (A) and 500uM (B), respectively. Consequently,
the K, values calculated (18M for ATP and 29uM for

HPr) were determined in the presence of essentially saturating

were processed and quantified using the technique described byconcentrations of the second substrate. THégevalues

Reizer et al. 30).

specificity of the interaction. The optimal concentrations of
FBP and Gnt-P for activation of. denticolaHprK are
approximately 20-fold lower than for th&. subtilisenzyme
(37, 39). No significant activation of HPr phosphorylation

should therefore be close to the absolktevalues. Corre-
sponding values reported for tBe subtilisandS. pyogenes
enzymes are roughly 6680 uM for both ATP and HPrZ0,

40). Thus, theT. denticolaenzyme shows a-23-fold higher
affinity for its substrates than has been reported for the low
G+C Gram-positive bacterial enzymes. Its kinetic properties

was observed when several other metabolic intermediatesmore closely resemble those of HprK frobycoplasma
were added. These included glucose-6-phosphate, glucosepneumoniawhich appears to be in the default kinase mode
1-phosphate, fructose-6-phosphate, fructose-1-phosphaterather than the default phosphorylase mode, as observed for
2-phosphoglycerate, 3-phosphoglycerate, phosphoenolpyruthe B. subtilis and S. pyogenesHprks (@1) (see the
vate, 2-deoxyglucose-6-phosphate, mannose-6-phosphatepiscussion).

and glucitol-6-phosphate, all tested at a concentration of 0.5 Phosphorylation of HPr and 1I%-1 with Enzyme.IUsing

mM. HPr phosphorylation proved to be strongly inhibited
by 0.5 mM inorganic phosphate (data not shown).

The dependency &f. denticolaHprK activity on divalent
cations was next investigated (Figure 6). Only #and
Mn?* activated the enzyme for HPr phosphorylation, and

their optimal concentrations were 5 and 2 mM, respectively.

Zn*t, Co*t, and C&" were not effective activators and
instead seemed to be inhibitory.

[¥?P]phosphoenolpyruvate, the purifigddenticolaEnzyme

| was used to demonstrate phosphorylation of itself, HPr,
and IIAN"-1 (Figure 9). On SDSPAGE, a weak band for
Enzyme | (Ptsl; approximate molecular weight of 70 kDa)
was clearly visible when 3*fP]phosphoenolpyruvate was
incubated with pure Enzyme |. A stronger band for HPr
(approximate molecular weight of 10 kDa) could be dem-
onstrated by autoradiography when only these two proteins

Inorganic pyrophosphate, the product of the phosphorolysiswere present in the reaction mixture (data not shown). When

reaction (8) activated HprK activity at a very low concen-
tration (1 uM), but higher concentrations were strongly
inhibitory (Figure 7). Surprisingly, inhibition never reached

100%, leading to the suggestion that inhibition is noncom-

these proteins plus II4-1 were incubated under the same
conditions, phosphorylated bands corresponding to all three
of these proteins could be observed (Figure 9). No phos-
phorylated band was observed when HPr orNIA was

petitive. Pyrophosphate may be capable of phosphorylatingincubated with P]phosphoenolpyruvate either separately
HPr(Ser), in a reaction that constitutes reversal of the or together. It therefore appears that Enzymeé Iphos-

phosphorolysis reactiorl).
The kinetics of HPr phosphorylation as a function of both

phorylates HPr and HRP phosphorylates II%-1 in a
typical sequence of PTS phosphoryl-transfer reactions. We

ATP and HPr concentrations was studied as shown in partsconclude thafl. denticolaEnzyme I, HPr, and II1A"-1 are

A and B of Figure 8, respectively. In these two experiments,

catalytically active and comprise a single phosphoryl-transfer
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P V18] FIGURE 9: In vitro phosphorylation off. denticolaPTS proteins
0 ' ' ' ' Ptsl, HPr, and IIA"-1 using P2P]phosphoenolpyruvate as the
0 50 100 150 200 250 phosphoryl donor. The phosphorylation experiment was carried out
ATP (uM) using 3ug of each purified PTS enzyme. A final reaction mixture
of 40 uL contained 50 mM Tris-HCI at pH 7.4, 15 mM Mg£l
0.11 and 0.5 mM §32P]phosphoenolpyruvate. The reaction was per-
formed at 37°C for 20 min and stopped by addition of Laemmli
01| buffer. After separation by PAGE, the radioactive bands were
visualized with a phosphoimager.
£ 0.09 1 situation may be analogous to thecoli Enzyme | paralogue,
£ 008 Enzyme ', which can phosphorylate HPr and PTS permease
'g ' proteins at rates that are less than 1% of the rates at which
2007 | these proteins are phosphorylated by Enzym24).(
7 In Vizo HprK Complementation Studies in B. subtilifie
2 006 loss of HprK inB. subtilisresults in depressed methyi-
a 10 , glucoside uptake rates, probably because of poor expression
0.05 | 0 005 of (inefficient antitermination) of thetsG gene 42, 43, and
18] unpublished results). The results shown in Figure 11 reveal
0.04 ; ' that inclusion of a high-level expression plasmid (pDG148-
0 100 o 200 300 stul) bearing thénprK gene ofT. denticolapartially restored
HPr (uM) methyl-o-glucoside uptake rates. The uptake rate observed

E%%E 8: ﬂ”eﬁc afnlilllglseﬁ of ';Pr lptt‘.OSthry'a”O” by Hper- (A_‘f} 4 for the complemented mutant strain wasfold higher
ependency O I phospnoryiation using an exXcess or purine T ; :
HPr (2004M). (B) HPr dependency of HPr phosphorylation using than for theB. subtilis hprKmutant. However, it was still

an excess ofF?PJATP (500uM). The 40uL of reaction mixture  Substantially lower than for the wild-type strain.
contained 5 mM MgGl 200uM fructose-1,6-bisphosphate, and 1 Complementation of a B. subtilis ptsH Mutant with the T.
mM DTT in 40 mM Tris-maleate buffer at pH 7.8, with the variable  denticola ptsH GeneHPr is required for catabolite repression
concentrations ofyf*P]JATP and HPr indicated in the figure. The ¢ many operons irB. subtilis (44, 45). A ptsHI deletion

gg%a’\\;lepotrlf&r_lre;lcaﬁg rargre tfézge\g?il\lj:@)_ ﬂfstg{? 'Eﬁqdevv\‘,':;séfrf nd mutant ofB. subtiliswas therefore employed to determine

regression plots. Assays were carried out a®@7or 30 min in if the T. denticola HPr could replace theB. subtilis
triplicate, and all samples were quantified using the method of homologue in promoting catabolite repression irptaH
Reizer et al. 30). deletion mutant. Th&. denticola ptsHyene was expressed

) . using the pDG148 plasmid. As shown in Table 4, expression
chain comparable to the nitrogen regulatory PTS phosphoryl- of the ptsH gene fromT. denticolain the ptsHI deletion
transfer chain irE. coli (24). mutant ofB. subtilisresulted in a 38:40% glucose-promoted

When IIAN"-2 was overexpressed, inclusion bodies re- decrease in the activity levels of three enzymes encoded
sulted that were not easily solubilized. The protein obtained within operons that are known to be subject to HPr(Ser)-P-
after affinity chromatography was in a low concentration and dependent catabolite repression. These enzymes are inositol
was contaminated with several other proteins. Consequently,dehydrogenase, glucitol dehydrogenase, and gluconate kinase
we could not demonstrate its capacity to accept a phosphoryl(46). The results are in accordance with the conclusion
group from HPr(His)-P. reported above (see Figure 3) tHatdenticolaHPr can be

Using apts! mutant ofSalmonella typhimuriupwe could ~ Phosphorylated by thB. subtilisHprK. It appears that this
show that Enzyme | of. denticolacould replace the mutated ~ Phosphorylated protein can interact wigh subtilis CcpA
enzyme from this enteric bacterium using a sugar phospho-to mediate weqk catabolite repression of several operons
rylation complementation assay (Figure 10AjC]Mannitol althoughT. denticolalacks CcpA @3).
phosphorylation was linear with time in the presence of the
purified T. denticolaEnzyme | (Figure 10B). This finding DISCUSSION

is of considerable interest, becaukedenticolaappears to Several bacteria including three pathogenic spirochetes
lack all of the known sugar-phosphorylating Enzyme 1l with fully sequenced genomes, pallidum, T. denticolaand
complexes. The results suggest thatdenticolaEnzyme | L. interrogans as well as the green bacteriu@, tepidum

can slowly phosphorylate HPr from enteric bacteria. This and thej-proteobacteriun;. metallireducensncode within
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Ficure 10: In vitro PTS complementation of aB. typhimurium

strain SB1477{ts|18 cell-free extract using purE. denticolaPtsl.
Sugar phosphorylation was measured usi@]mannitol, which

is phosphorylated only by the PTS. (A) Reaction mixture consisted

of an S. typhimuriumSB1477 cell-free extract (18@g/mL total
protein) plus increasing amounts of puFe denticolaPtsl. ©)
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Ficure 11: Restoration offC]methyl-a-glucoside transport in a
B. subtilisHprK-negative mutanB. subtilisBAL218 (M), B. subtilis
GM202 carrying plasmid pDG14BprK bearing thehprK gene of
T. denticola (®), B. subtilis GM202 carrying control plasmid
pDG148stul (empty plasmid) 4).

Table 4: Restoration of Catabolite Repression by Inclusion offthe
denticola ptsHGene in aptsHI Mutant of B. subtilis Strain GM273

GM273 GM273
wild type  pDG-148stul pDG-HprK
inositol dehydrogenase
glucose-inositol <0.2+0.1 6.3+ 0.1 4.1+ 0.2
inositol 6.4+ 0.3 6.7+ 0.3 6.2+ 0.4
gluconate kinase
glucose-gluconate 0.2:0.1 2.1+ 0.1 1.0+ 0.1
gluconate 2.10.2 2.2+ 0.1 1.9+ 0.1
glucitol dehydrogenase
glucose-glucitol <0.2+0.1 2.1+0.2 1.1+ 0.1
glucitol 2.0+ 0.3 2.4+0.2 1.9+0.1

aThe T. denticola ptsHgene was cloned into the pDG-1484l
n expression vector and expressed in Be subtilis GM273AptsHI

T. denticolaPts| was added to the reaction mixture. Incubation was mutant. Expression of. denticola ptsHvas achieved by addition of

at 37°C for 15 min. (B) Time course C]mannitol phosphory-
lation by cell-free extracts (18@g/mL total protein) of S.

typhimurium SB1477 ftsl18 (O) supplemented with purd.

denticolaPtsl (10ug/mL) ().

their genomes Enzyme |, HPr, the HPr kinase/phosphorylas
and either one or two Il homologues of the phos-
phoenolpyruvate-dependent phosphotransferase system
54). However, these same bacteria do not encode homologu
of any other recognized PTS proteins including PTS per
meases (Enzyme Il complexed)7j. This fact leads to the

1 mM IPTG to a synthetic medium (medium C) for inositol or glucitol
dehydrogenase measurements or LB medium for gluconate kinase
measurements supplemented with the sugars listed in the first column.
Cells were recovered by centrifugation after the culture reached an
optical density of 0.7 at 600 nm. After the cells were washed and crude

e extracts were prepared, enzyme activities were measured as described
‘under the Experimental Procedures. Results are expressed in nanomoles
min~! mg of protei™.

(

e$48, 49), the detailed mechanism of this nitrogen regulatory
- process irE. coliis still poorly understood. Because tiie
pallidum ptslgene is an inactive pseudogene and because

possibility that these organisms do not use the PTS energyE. colilacks anhprK gene, it is unlikely that the regulatory

coupling proteins for sugar phosphorylation but instead us

e phosphoryl-transfer mechanism operative in the spirochetes

these proteins for strictly regulatory purposes. This suggestionis mechanistically at all similar to those E& coli.

is in agreement with published work i coli showing that

Kinetic analyses of the HprK-catalyzed phosphorylation

this enteric bacterium possesses at least two distinct phos-of HPr in T. denticolarevealed several characteristics that
phoryl-transfer chains, one involving Enzyme |, HPr, and differed from theB. subtilisandS. pyogenesnzymes Z0,

sugar-transporting Enzyme Il complexes for the phos

- 40). Thus, (1) the high kinase activity in the absence of a

phorylation of sugars, and a second one involving Enzyme glycolytic metabolite, (2) high affinities for ATP and HPr,

INt NPr, and 1A for the coordination of nitrogen
metabolism with carbon metabolisnig 24). Although

(3) a minimal stimulatory effect of fructose-1,6-bisphosphate,
and (4) the strong inhibitory effects of inorganic phosphate

several publications are in agreement with this suggestionand pyrophosphate all suggest that HprKTofdenticolais
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active as a kinase in the absence of metabolic intermediateghat these genes are actively transcribed and encode func-
as has been suggested for gcoplasma pneumoniagprkK tional proteins. If it is assumed that the functions of these
(42). HprKs from low G+C Gram-positive bacteria appear orthologous PTS phosphoryl-transfer chains are essentially
to exhibit phosphorylase activity in the absence of allosteric the same in these tw@reponemaspecies, then it follows
regulatory metaboliteslg, 20, 40, 41). In this respect, itis  that Enzyme | is not essential for the regulatory function(s)
interesting to note that, while the low+#&C Gram-positive that these chains perform. We therefore put forth the
bacteria use HPr(Ser)-P as a CcpA-dependent catabolitefollowing postulates. (1) The target(s) of regulation interact
corepressor, thélycoplasmaand Gram-negative bacteria with and are primarily controlled by HPr or HPr(Ser)-P. (2)
appear to lack CcpAlQ, 23). Perhaps the default mode of HPr(Ser) phosphorylation is catalyzed exclusively by HprK
HprK (kinase or phosphorylase) reflects the mode of action in the presence of ATP. (3) [IX-1 and IIAM"-2 modulate
of and the target proteins regulated by its product of HPr(Ser) phosphorylation and/or the interaction of either HPr
phosphorylation, HPr(Ser)-P. or HPr(Ser)-P with one or more protein targets that bind one
As noted above, a target &. coli Enzyme N and NPr of these HPr forms, either to HPr or HPr(Ser)-P. (4)Tin
phosphorylation is IIA" (24). IAN" and NPr are encoded denticola but not inT. pallidum Enzyme I plays a secondary
within an operon that also encodes the RNA polymerase regulatory role by phosphorylating the active-site histidyl
sigma factor, sigma-5416), but Enzyme ' is encoded residue in HPr, thereby inhibiting phosphorylation of the
within a distinct operonj0). Sigma-54 plays a primary role  seryl residue 17, 19, 30). It is possible that HPr or HPr-
in the transcription of nitrogen metabolic genesBncoli. (Ser)-P has a primary function of regulating a transcriptional
However, the mechanism by which this putative nitrogen event. However, it is equally possible that the phosphory-
regulatory PTS phosphoryl-transfer chain senses carbonlation state of this protein controls a metabolic target, e.g.,
availability is largely unknown. Until recently, it had been a transport protein or catabolic enzyme. Further studies are
assumed that the carbon-sensing devic&.ircoli requires in progress to determine the biochemical targets and the
the participation of the sugar-transporting Enzyme Il com- physiological functions of this unique phosphoryl-transfer
plexes of the PTS. This could, for example, occur by a chain inT. denticola
mechanism that involves competition by the two PTS
phosphoryl-transfer chains for the energy-rich phosphoryl ACKNOWLEDGMENT
donor of both chains, phosphoenolpyruvald)( The work
reported here, however, sheds doubt on this postulate.
The discovery that certain spirochetes and various other
bacteria have nitrogen-type PTS phosphoryl-transfer chainSReFERENCES
but lack PTS enzymes involved in sugar transport leads to
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