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ABSTRACT. The phosphocarrier protein, HPr, from Gram-positive organisms and mycoplasmas is a substrate
for an ATP-dependent kinase that phosphorylates serine 46. In Gram-negative organisms, the corresponding
HPr is not phosphorylated on serine 46 and the ATP-dependent kinase is absent. To determine the
specificity requirements for phosphorylationMf/coplasma capricoluriiPr, a chimera in which residues
43—-57 were replaced by thEscherichia colisequence was constructed. The chimeric protein folded
properly, but was not phosphorylated on either serine 46 or histidine 15. A dissection of the region
required for phosphorylation specificity was carried out by further mutagenesis. The deficiency in
phosphorylation at histidine 15 was localized primarily to the region including residues7’1Activity

studies revealed that residues 48, 49, and&3 are important for recognition &fl. capricolumHPr by

its cognate HPr(Ser) kinase. The characteristics of this region suggest that the-kiRasateraction

occurs mainly through a hydrophobic region. Molecular modeling comparisohk o&pricolumHPr

and the chimeric construct provided a basis for interpreting the results of the activity assays.

An important pathway for the transport of numerous sugars role of HPr depends on the state of phosphorylation of Ser46.
by bacteria is the phosphoenolpyruvate:sugar phosphotransCarbon catabolite repression in Gram-positive bacteria is
ferase system (P15 The PTS ) effects the concomitant  dependent on the catabolite control protein, designated CcpA,
transport and phosphorylation, from PEP, of numerous a repressor homologue. A complex of CcpA and Ser(P)-
sugars. Two cytoplasmic proteins, designated enzyme | andHPr binds to a catabolite responsive elemeere)( and
HPr, are the first proteins that interact with PEP. Enzyme | negatively regulates transcriptioB)(
is autophosphorylated by PEP, and P-El transfers a phos- The phosphorylation of Ser46 of HPr is catalyzed by an
phoryl group to HPr. The site of phosphorylation on both ATP-dependent kinase whose activity is stimulated by
proteins is a histidyl residue. Phospho-HPr is able to passfructose bisphosphate and inhibited by inorganic phosphate
its phosphoryl group to a family of sugar-specific proteins, (4). The presence of the kinase has been demonstrated in
designated enzymes Il, which ultimately bring the sugar Gram-positive bacteria as well asNbycoplasma capricolum
across the cell membrane in a phosphorylated form. and Mycoplasma genitaliung5). While the structures of

It has become apparent that the PTS fulfills other roles HPrs from all species examined are similar, characterized
besides driving sugar transport. Considerable attention has2s an open-facefi-sandwich with threex-helices packed
been focused on the role of glucose-specific enzyme IIA against a four-stranded antiparajesheet, only those HPrs
(IIA99) of Escherichia colias a positive regulator, in its from Gram-positive bacteria are substrates for HPr(Ser)
phospho form, of adenylyl cyclase. Enzyme $fas also kinase. The three-dimensional structures of HPrs fiMdm
been shown, in its dephospho form, to inhibit the activity of capricolum E. coli, and Gram-positive bacteria are similar
glycerol kinase and several permeases. (6), but some aspect of the architecture in the vicinity of
Ser46 is assumed to determine the ability of the HPr to be
phosphorylated by HPr(Ser) kinase. Consequently, a mu-
tagenesis approach was used to evaluate that assumption.
The results of the study presented here pinpoint some
residues that are important for the interaction of HPr(Ser)
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Regulatory functions have also been attributed to HPr. In
E. coli, dephospho-HPr stimulates the activity of glycogen
phosphorylase?). In Gram-positive bacteria, the regulatory
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DNA Methods starting material for constructing expression vectors for the
) ) ) variousM. capricolum-E. coli HPr chimeras. The vector
Construction of the Expression Vector for M. capricolum ;55 digested wittBamHI and Kpnl to remove the residue
Enzyme | (pPMC-EI). The DNA sequence encoding thé 43—-57 region of theM. capricolum ptsl gene. Comple-
capricolumkl (pts) was amplified by PCR using pPZB)( mentary pairs of chemically synthesized oligonucleotides,
as a template. The forward primer{8TAAGGATATA-  gascribed in Table 1, were mixed in a 1:1 molar ratio and
CATATGTCAAAACAAAT-3) which contained an engi-  pjaced in a HO bath at 94°C. The bath was allowed to
neered\dd site (underlined) and the reverse primer down- ¢4 slowly to room temperature to allow the oligonucleotide
stream of theHindlll site in the ptd open reading frame a5 t0 anneal. The annealed double-stranded DNA frag-
were used to obtain PCR fragment 1. To change the Trp nents with cohesiv@arHi—Kpnl ends were then ligated
codon from TGA (a stop codon irE. col) to TGG, into the vector. All the constructs were verified by DNA
mutagenesis was carried out as.prewoysly descriBpd\( sequencing by the dideoxy method of Sanger etl8). ¢sing
forward primer upstream of thlindlll site in ptd and a 5 Applied Biosystems automated sequencer. Plasmids were
reverse primer (SCTCCACACATACCAACCCATTTAT- introduced into gtsdeletion derivative of. coli G1698 by
TATGC-3) containing ank. coli Trp codon (underlined)  gjectroporation as described previousl)
were used for PCR amplification (PCR2). PCR3 was
produced by amplification using a forward primer'-(5 Proteins
GCATAATAAATGGGTTGGTATGTGTGGAG-3) con- o _ )
taining theE. coli Trp codon (underlined) and the reverse ~ HPr Derivatives. Transformants irk. coli GI698Apts
primer (3-GTAGTGTCGACTAATAAGATAATTAAC- were cultured as describet]. The chimeric proteins were
TAACTTATTAATC-3) with an engineere®al site (un-  €Xpressed and purified as previously descrit#diging Ni—
derlined) and a stop codon (bold). PCR2 and -3 were mixed NTA—agarose (Qiagen) followed by FPLC on a MonoQ HR
and used as the template for the fourth PCR with the primers10/10 column. All the purified HPr proteins were ap-
upstream of thedindlll site containing theSal site. The  Proximately 95% pure. Protein concentrations were deter-
product of PCR1 was purified and digested wibd and mined by the method of Waddell%).
Hindlll. The product of PCR4 was purified and digested ~ Expression and Purification of M. capricolum Enzyme |.
with Hindlll and Sal. The trimmed products of PCR1 and The construct pMC-El (see above) was used to transform

PCR4 were ligated and then inserted into Mad and Sal Gl698Apts The cells were grown as describet#) to an
cloning sites of expression vector pRED|. The construct  Aeoo Of ~0.6, and then tryptophan was added to induce the
was verified by DNA sequencing. expression of El. Induction was continued overnight. The

Mutagenesis of pMC-HPrpMC-HPr (1) is an expression cells were then harvested and disr_upteq as descriedhe
vector forM. capricolumHPr. To create a version of this SUPernatant solution after centrifugation at 3590fas
vector that would permit replacement of the sequence '0@ded onto a column (1.4 cm 40 cm) of DE-52 anion
corresponding to residues 437 of HPr, a mutagenesis was  €xchange resin equilibrated with buffer A [25 mM THECI
carried out in which 8arH| site was created in the vicinity ~ (PH 7.5) and 10 mM DTT]. The proteins were eluted with
of residues 42 and 43 andKpnl site was created in the & gradient (approximately 1 L) of buffer A from 0 t0 0.5 M
vicinity of residues 58 and 59. To create thanHl site, it NaCl. Fractions enriched in El, as judged by SEFAGE,

was necessary to change the codon corresponding to Asn43vere pooled and concentrated. The sample was then

of M. capricolumHPr to Ser, which is found at that position ~ fractionated on an Ultrogel ACA-44 column (2.6 can100
in E. coli HPr. A two-step PCR mutagenesis method, cm) equilibrated and eluted with buffer A containing 0.1 M

previously described9j, used pMC-HPr as the initial NaCl. Ultrogel fractions enriched in El were pooled and
template for two PCRs. One contained a primer upstreamtheén chromatographed on a MonoQ HR 10/10 (FPLC,
of the Ndd site of the vector and the reverse mutagenic Pharmacia) column using buffer A and a gradient (ap-
primer encompassing codons-384 of M. capricolum ptsi proximately 100 mL) from 0.1 to 0.4 M NaCl. Fractions

(5-AGCCATTGCCATTACATTCATAATTGATTTTAA- enriched in El were refractionated on the MonoQ column

GGATCCTTGTTTTTCATT-3) (BanHl site underlined using a salt gradient from 0.15 to 0.35 M NaCl. Fractions
ment of Ser43 codon in bold). The other P,CR enriched in El were concentrated and fractionated on a

involved a reverse primer downstream of tba site of ~ Superose 12 column (1.6 cm 50 cm) u%ing buffer A with
the vector and the forward mutagenic primer encompassing?-1 M NaCl._ The final product was 95% pure as judged
codons 4862 of M. capricolum ptsl (5-ATGAATGT- by SDS-PAGE. N-Terminal sequence analysis shows the

AATGGCAATGGCTATAAAAACTGGTACCGAAATAACT-3") protein to be an approximately equal mixture of the species
where theKpnl site is underlined. The t products of the two with and without the N-terminal methionine residue.
PCRs were annealed and used as the template for a thir

PCR using the two vector primers. The PCR produ&g0 dC|rcuIar Dichroism

bp) was purified and digested witide andXba and cloned CD measurements were carried out using a 0.2 mm water-
into the same sites of pRE-His-Taf)(a vector designed  jacketed, temperature-controlled (20) cylindrical cell in
for the expression of His-tagged proteins. a Jasco-710 spectrometer. Spectra were corrected for the

Expression Vectors Encoding Chimeric Forms of M. solvent CD signal. The proteins were diluted to 1 mg/mL
capricolum HPr. The pRE-His-Tag vector containing the in 25 mM KPQ, (pH 7.5). Wavelength scanning was carried
gene encoding\. capricolumHPr in which Asn43 was  out at 10 nm/min. The spectra are the average of four
mutated to Ser and which contained strategically located accumulations. CD data were analyzed using Origin soft-
BanHI and Kpnl sites, described above, was used as the ware (MicroCal, Inc., Northampton, MA).
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Table 1: Composition of Cassettes for Mutagenesis of the Residues74Begion ofM. capricolumHPR
CONSTRUCT CASSETTE STRUCTURE AND TRANSLATION

N43S 57-GA TCC TTA AAA TCA ATT ATG AAT GTA ATG GCA ATG GCT ATA AAA ACT GGT AC-3'
3/-G AAT TTT AGT TAA TAC TTA CAT TAC CGT TAC CGA TAT TTT TGA C-5'

G42 543 L44 K45 S46 I47 M48 N49 V50 M51 AS52 M53 AS54 I55 K56 T57 GS8 T59

ecd3-57 57—GA TCC GCG AAA AGC CTG TTT ABRA CTG CAG ACT CTG GGC CTG ACT CAA GGT AC-3’
3'-G CGC TTT TCG GAC AAA TTT GAC GTC TGA GAC CCG GAC TGA GTT C-5'

G42 S43 A44 K45 S46 L47 F48 K49 L50 Q51 T52 L53 G54 L55 T56 Q57 G58 TS9

ecd3-50 | —————- TCC GCG AAA AGC CTG TTT AAA CIG-———————mm—mmm——mm—mmmm—m———————mm———

ec43-47 | ——---- TCC GCG AAA AGC CTG--——m=m—m——————=——=——————mmmmm——mmm— o mm

ecd8 @020 mmmmmmmemmm o P T e e e e e e e e e e e e e e
_____________________ AT e e o e e
F48
ecdd 0 | oo mmmoomssesesss s AAA- — S m S see s o — s
————————————————————————— PP T = e e e e e e
K49
ec50 2= | mmmmmmmemmmmmmemm e CIG-—~———— - — e
————————————————————————————— GAC-—-~——————— e
L50
ec5157 | —m———m———m—mmmmmmmmmmmmmmmmmmmmmm e CAG ACT CTG GGC CTG ACT CAA---—--——=--=
————————————————————————————————— GTC TGA GAC CCG GAC TGA GTT----
Q051 T52 LS53 G54 LS55 T56 Q57
ec51-53 2 | ————mmm e e CAG ACT CTG-——————====——==———————e e
————————————————————————————————— GTC TGA GAC-————————mmmm————
©51 T52 L53
ec531 2 |- e e CAG e e e ot o e o e e
————————————————————————————————— GTCrm——— e e
Q51
ecs2 = | -mmmmmmmmmmmemmmm e ACT———mm e e e
————————————————————————————————————— B e bl
T52
ec53 @000 | T e e e e e e e e e e CTG-————m e e e
————————————————————————————————————————— GAC-=—=—m——mm e m
L53
ec54-57 0 | e e e GGC CTG ACT CAA--——=—===——

————————————————————————————————————————————— CCG GAC TGA GTT----
G54 L55 T56 Q57

a Complementary oligonucleotide pairs, which when annealed formed termini for the restriction endoniBed$esnd Kpnl, were synthesized.
Mutagenesis of pMC-HPr in which N43 was mutated to S aighaH| site was created in the region of G42-S43 aridpml site was created in
the region of G58-T59 is described in Experimental Procedures. The first construct (N43S) shown corresponils tapiieolumsequence in
which N43 has been changed to S. The second construct corresponds to a replacement of resEluesM3capricolumwith residues 4357
of E. coli. The remaining sequences show the residues ftorooli which were inserted into th#l. capricolumHPr sequence. Dashed lines
correspond to the sequence shown for the N43S construct.

HPr Phosphorylation running buffer. The samples were then deposited on-SDS
polyacrylamide gels (4 to 20%, Trigycine, Novex). After
Phosphorylation at Serine 46Frozen cells oM. capri- electrophoresis, the gels were soaked in boiling TCA (15%)

colum or freshly grown cells ofBacillus subtiliswere  for 45 min and then stained with Gelcode Blue Stain Reagent
suspended in 20 mM THEICI (10—20% wiv) and disrupted (Pierce). Densities qf the HP( regions in autoradiograms of
in a French pressure cell at 10 000 psi. The suspension wadhe gels were quantitated using the NIH IMAGE program
centrifuged for 30 min at 140@) and the supernatant (version 1.55) developed at the National Institutes of Health
solution was used as a source of the HPr(Ser) kinase.by W. Rasband.

Incubated mixtures, in a volume of 14, contained 20 mM Phosphorylation at Histidine 15Phosphotransfer from
Tris*HCI (pH 7.5), 5 mM NaF, 2 mM DTT, 2 mM MgG] [¥2P]PEP to HPr and IIA° was carried out in a reaction

5 mM fructose bisphosphate iy of the various control or ~ mixture (10uL) containing 100 mM TrisHCI (pH 7.5), 2
chimeric HPrs, 0.125 mMy-*2P]JATP (~1500 cpm/pmol), mM MgCl,, 1 mM EDTA, 0.5 mM DTT, 0.55uM [32P]-

and the designated source of HPr(Ser) kinase (Qdgtof PEP 1300 cpm/pmol), 0.5«g of the specified HPr, 0.1
protein/reaction oM. capricolumcrude extract or 0.929 ug of M. capricolumenzyme I, and 0.2g of M. capricolum

of protein/reaction oB. subtilisextract). Incubation was [IA9°. The samples were incubated at room temperature for
carried out for times between 0 and 30 min at room 10 min. The mixture was then electrophoresed on a-SDS
temperature and terminated by the addition of SDS gel polyacrylamide gel (4 to 20% Triglycine, Novex). The
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gel was stained with Gelcode Blue Stain Reagent and dried.
Autoradiography was carried out using Kodak XAR film.

Molecular Modeling of M. capricolum HPr with E. coli
Residue Replacements at Positions-83

The crystal structure of HPr fromdl. capricolum(6) was
used as the parent molecule to develop a model of the
mutated molecule at positions4837. The goal was to check
whether the replacement can be accommodated without gross
conformational perturbations, and how each of these changes S46
might impact the neighboring residues. The model was built
on a Silicon Graphics Indigo Il workstation, using the MSI
software package QUANTA. The side chain conformation
of each mutated residue was chosen so that it resembled mos
closely the side chain conformation of the original residue
and avoided steric clashes with neighboring residues. The
resulting model was compared with the parent molecule and
with the two crystal structures of HPr froE coli (16, 17)
and that fromB. subtilis(18).

RESULTS
Comparison of Structures of HPrs from E. coli and M. N
capricolum We previously described the three-dimensional FiIGUrRe 1: Superposition of the crystal structures of HPrs fiigim

: L capricolumandE. coli. The E. coli structure (LOPD) is gray. The
structure of HPr fromM. capricolum showing it to have M. capricolumstructure (1PCH) is yellow. The region of tihé.

the same general f0|q (an open—fag{édandwich) as other  capricolumstructure replaced by tHe. coli sequence is red. The
previously characterized HPr&)( Consistent with the  side chains of serine 46 (S46) and histidine 15 (H15) are magenta.

finding that this HPr cannot only be phosphorylated at the Virtual bonds between &atoms are drawn. The superposition was
active site His15, but also at the regulatory Serag),(it calculated on @ atom coordinates, using the program Align written

found that th | HPr struct bles th y G. Cohen30). TheE. coli S46D HPr structure is shown, because
was foun al the mycoplasma HET structure resembles thay,e wild-type HPr crystal structure contains a sulfate ion bound

of HPrs from Gram-positive organisms more closely than close to residues 53 and 54, which perturbs the main chain
that fromE. coli; phosphorylation at the regulatory site is a conformation of the protein compared with all other HPr crystal

characteristic of Gram-positive bacteria. structures.

We previously pointed out that the first published crystal 42 50 60
structure ofE. coli HPr (16) deviates from all other known
HPr structures in the region of the loop containing residues
50-53 (6). A recent structure of the mutant Ser46Asp HPr
from E. coli (17) shows a closer resemblance to all other
HPrs in the residues 53 region. Thus, the larger
deviation of the wild-type structure probably arises from the
presence of a sulfate ion in the vicinity of the above residues.

with a eye on developing an insight into_ the requirements FIGURE 2: Multiple sequence alignment of HPr from diverse
for recognition of an HPr by HPr(Ser) kinase, we created bacteria. Sequences from residues—8Q were aligned and

and tested a series of replacements in that region (Figure Lhighlighted using the DNADRAW program. Boxed residues are
for the ability to be phosphorylated. found in all HPrs. Reverse shaded residues are identical in the HPrs

Sequence ComparisansThe region of sequence of from E. coli and M. capricolum Lightly shaded residues are

residues 4260 of several HPrs was examined (Figure 2). common toM. capricolum M. genitalium andB. subiilis but not
" to E. coli. Accession numbers for the various HPr sequences are

While the HPr fromE. coliis not phosphorylated at Ser46 s foliows: E. coli, PO7006M. capricolum L22432;M. genitalium
by HPr(Ser) kinase, that frod. capricolum M. genitalium L43967; andB. subtilis PO8877.

andB. subtilisis (19). Nevertheless, the Lys-Ser sequence
at residues 45 and 46 is found in all HPrs. In all the Gram- the construct, the sequence encoding residue 43 (Abh in
positive and mycoplasma HPrs examined, residues 43 is Asn,capricolun) was mutated to Ser (the residue foundircoli).
47is lle, 51 is Met, and 55 is lle or Val; it seemed reasonable A test of the effect of this replacement on the ability of the
to predict that these residues might be determinants for Ser46HPr to be phosphorylated at Ser46 byMa capricolum
phosphorylation. extract indicated that the rate of phosphorylation was at least
Construction of M. capricolum Asn43Ser HPA mu- 50% as great as that of the original HPr (data not shown).
tagenesis approach was used to evaluate the importance o€onsequently, the N43S HPr (see Experimental Procedures)
residues in the region of residues—437 for Ser46 phos-  of M. capricolumwas used as the reference protein for
phorylation. A strategy was devised (see Experimental subsequent studies.
Procedures) in which an expression vector encodihg Replacement of Residues-487 of M. capricolum HPr
capricolumHPr was modified to allow the region of residues by the E. coli SequenceOligonucleotides were prepared
43-57 to be excised with unique restriction endonucleases. which, when annealed, encoded the sequence of residues 43
In this way, a variety of sequences, some of which encoded57 of E. coli HPr (see Experimental Procedures). The
E. colisequence, could be inserted into the vector. To make corresponding sequence Mt capricolumHPr was replaced

E.coli AsARBLFRLOTLGLTQERYV

M.capricolum K T E

M.genitalium G RHNDN

I i
B.subtilis VNLEGgEIMGV
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30 A containing HPr(Ser) kinase (Figure 3B) showed a significant
difference. While theM. capricolun{N43S) HPr showed
good phosphorylation at Ser46, the capricolun{ec 43-

57) HPr chimera was inactive as a substrate for the kinase.
This experiment established that the region encoding residues
43—-57 of M. capricolumHPr is important for recognition

by the kinase.

The two proteins were also tested for their ability to be
phosphorylated at the active site His1l5 (Figure 3@).
capricolum(N43S) HPr was not defective in PEP-dependent
phosphorylation mediated . capricolumenzyme |. The
M. capricolun{ec 43-57) HPr chimera was not phospho-
N rylated at the active site. This is consistent with a model
180 190 200 210 220 230 240 for the interaction between HPr and its partner proteins that

Wavelength (nm) suggests an interface of the complexes encompassing a patch
B c of HPr containing residues within the region of residues 43
—lIA 57 (21, 22).
Determination of Residues Important for Ser46 Phospho-

—— rylation. Having established that replacement of residues
43—-57 of M. capricolumHPTr by theE. colisequence resulted
in loss of phosphorylation activity at Ser46, we undertook a
dissection of the residues 437 region (see Figure 4A).
When cassettes containing eittiercoli residues 4350 or
51-57 were inserted into thil. capricolumsequence, the
— HPr resulting chimeras were not phosphorylated by an extract

i from M. capricolum this result indicated that residues in

1 2 1 2 both the residues 430 and the 5357 regions are important
FIGURE 3: Characterization ofl. capricolumN43S HPr and the  for Ser46 phosphorylation.
M. capricolum-E. coli 43—57 chimeraM. capricolumN43S HPr The residues 4350 region was examined more closely.
and theM. capricolum-E. coli chimera in which residues 437 Substitution of residues 4317 from E. coli resulted in
(labeled ec 4357) of M. capricolumHPr were replaced by the. . o .
coli sequence were created and purified as described in Experi-"€tention of 62% of the control activity. Replacement of
mental Procedures. (A) Circular dichroism. The experiment was residue 50 was associated with no loss of activity, while
carried out as described in Experimental Procedures. (B) Phospho+eplacement of residues 48 and 49 led to complete loss of
rylation at serine 46. The experiment was carried out as describedgctjvity.

in Experimental Procedures: upper panel, stained gel; lower panel, P ; : ;
autoradiogram; lane 1, N43S: and lane 2, e¢ 83, (C) Phospho- A similar analysis was carried out for the residues-57

rylation at histidine 15. The experiment was carried out as described '€9ion.  While replacement of residues-3 had no effect
in Experimental Procedures: upper panel, stained gel; lower panel,on the activity, replacement of residues-3&3 led to
autoradiogram; lane 1, N43S; and lane 2, ec-83. The migration ~ complete loss of the activity. The change of residue 51
positions of 114 (labeled 11A) and HPr on the gels and autorad- yesylted in retention of 42% of control activity, while
lograms are indicated. replacement of residues 52 and 53 led to complete loss of
activity. This study established that the rate of phosphory-
lation of Ser46 by the kinase fronM. capricolum is
influenced partially by residue 51 and is totally dependent
on residues 48, 49, 52, and 53 for activity.
The sequences ®. capricolumandB. subtilisHPrs differ
in some of the sites determined to be essential for phospho-
rylation of M. capricolum HPr by the kinase fromM.
capricolum (Figure 2). While residue 48 is Met in both
HPrs, residue 49 is Asn iM. capricolumand Gly in B.
subtilis Position 52 is Ala inMl. capricolumand Ser inB.
subtilis Residue 53 is Met iM. capricolumand Leu inB.
subtilis(as well as irE. coli). It was therefore of interest to
) _ test the collection of chimeric HPrs for phosphorylation by
A comparison of theM. capricolun{ec 43-57) HPr g extract fronB. subtilis(Figure 4B). The results indicated
chimera withM. capricolun{N43S) HPr by circular dichro-  some differences in the specificity of the two kinases.
ism (Figure 3A) showed essentially identical spectra, a further Notably, while residue 50 is VVal in bot. capricolumand

N
o

a
(=]

[©] (10*-deg-cm’-dmol™)

'
ey
o

— HPr

— 1A

with the cassette fror&. coli. Figure 1 presents a superposi-
tion of the structures of the HPrs froa. coli and M.
capricolum highlighting in red the region of residues43

57 that were replaced by tHe. coli sequence. It is clear
that the fold of both proteins in this region is quite similar.
If the sequence of residues 437 is a determinant for
phosphorylation at Ser46, it would be expected that the
chimera would not be phosphorylated. The expression vector
encoding the chimeric HPr was used for the expression and
purification of the protein as described in Experimental
Procedures. The purified protein was essentially homoge-
neous.

indication that replacement of residues4& by theE. coli B subtilisHPrs (Figure 2), the kinase froM. capricolum
sequence did not affect the folding of the protein. The tolerates replacement of this residue by Leu while the enzyme
spectra were similar to that previously reported Eorcoli from B. subtilisshows a reduction of 72% in kinase activity.
HPr (20). Another interesting finding is that tHe. capricolumkinase

A comparison of the two proteins for their ability to be was equally active with the control HPr and the form in
phosphorylated at Ser46 by extracts Mf capricolum which residues 5457 were replaced by tHe. colisequence,
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Ficure 4: Survey of chimeric HPrs for phosphorylation at serine
46. The collection of chimeric HPrs were prepared and tested for
phosphorylation at serine 46 as described in Experimental Proce-
dures. The incorporation &P by the N43S HPr at 30 min is taken

as 100% incorporation. N43S represeMs capricolumHPr in
which Asn43 is replaced by Ser, the residue foun&ircoli. The
numbers on each construct correspond to the residues iNWthe
capricolumHPr which have been replaced by tBecoli sequence.

(A) Phosphorylation using the extract from. capricolum (B)
Phosphorylation using the extract frdBn subtilis The constructs
labeled “inactive” were tested under the same conditions as those
showing activity (four time points), and there was no detectable
incorporation of radioactivity. For simplicity, therefore, the data
points are not shown.

but the enzyme fronB. subtiliswas only 9% as active with
the substitution of residues 547. TheB. subtiliskinase
was also more sensitive than that frdvh capricolumto
replacement of residues 437 (62% of control activity for
M. capricolumand 15% of control foB. subtilig. The one
case in which the enzyme froM. capricolumappears to
be more specific than that froB. subtilisinvolves residue
52 (Thr in E. coli, Ala in M. capricolum and Ser inB.
subtilis). While the Ala— Thr replacement leads to total
loss of activity for theM. capricolumenzyme, 9% of the
control activity is retained by thB. subtilisenzyme. This
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Ficure 5: Survey of chimeric HPrs for phosphorylation at histidine
15. The collection of chimeric HPrs were prepared and tested for
phosphorylation at histidine 15 as described in Experimental
Procedures: lane 1, N43S; lane 2, ec-43; lane 3, ec 5157;

lane 4, ec 5153; lane 5, ec 5457; lane 6, ec 51; lane 7, ec 52;
lane 8, ec 53; lane 9, ec 4%0; lane 10, ec 4347; lane 11, ec 48;
lane 12, ec 49; and lane 13, ec 50. Upper panel (A), stained gel;
lower panel (B), autoradiogram. Protein markers indicated are as
follows: I, EI; lIA, 1A 9 and HPr.

could also not be phosphorylated By coli enzyme | (data
not shown). The availability of the collection of partial
replacement chimeric HPrs made it possible to determine
whether specific residues in the residues-83 region were
important for phosphorylation at the active site. Figure 5
depicts the results of an experiment in which the various
HPr proteins were incubated witFPP]PEP, enzyme I, and
A9 from M. capricolum With respect to phosphoryl
acceptance from enzyme |, none of the other constructs with
partial replacements by thE. coli sequence was totally
inactive. The replacement of residues—&/ (lane 3)
showed a substantially decreased phosphoryl acceptance.
However, replacements of residues-&EB (lane 4), 5457
(lane 5), 51 (lane 6), 52 (lane 7), and 53 (lane 8) were all
active in phosphoryl acceptance. Similarly, the replacement
of residues 4350 (lane 9) and all the partial replacements
in that region (lanes 1013) were active in phosphoryl
acceptance. The data suggest that some combination of
residues in the residues 487 region is important for the
interaction of enzyme | with HPr.

The gels in Figure 5 also reveal the ability of the various
HPrs to transfer a phosphoryl group to 9% The replace-
ment of residues 4357 (lane 2) is inactive in phosphoryl
acceptance and thus cannot be tested for phosphoryl transfer
activity in this test system. Interestingly, the replacement
of residues 5157 (lane 3) is active with respect to
phosphoryl acceptance but essentially inactive with respect

to phosphoryl transfer. Partial replacements (residues 54
57, lane 5) or individual substitutions (residues%B, lanes

result is reasonable since Thr is more closely related to Ser6—8) were all active in phosphoryl transfer. Similar to the

than to Ala.

Phosphoryl Acceptance and Transfer at the Z&tBite
His15 The data of Figure 3C established that replacement
of residues 4357 of M. capricolumHPr by theE. coli
sequence resulted in inactivation of the HPr with respect to

case with phosphoryl acceptance, the data suggest that some
combination of residues in the residues—&l/ region is

important for effective interaction d&fl. capricolumHPr with
M. capricolumlIA9c,
Modeling of the Effect of Replacements on the M.

phosphoryl acceptance from enzyme |. This chimeric HPr capricolum HPr Structure A modeling study was carried
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52 is an Ala— Thr replacement on the surface. It would
be predicted to influence the kinaskElPr interaction by a
combination of steric and polar effects. Residue 53, located
in the core, is a Met> Leu change. Because the side chain
of Leu is smaller than that of Met, either a hole would be
formed in the core or the backbone would have to change
slightly to recover efficient packing. The phosphorylation
assay supports the latter effect. Residue 54, located on the
surface, is an Ala— Gly replacement and should easily be
accommodated in the structure. Residue 55, an-lleeu
replacement, is in the core and should not significantly affect
the structure. Residue 56, located on the surface, is a
significant change from Lys> Thr but is too far away from
Ser46 to affect the kinaséHPr complex. Finally, residue

57 is also a surface residue remote from Ser46; while the
Thr — GIn change is significant, it would not be expected
to disrupt complex formation between the kinase and HPr.
The conclusion from the modeling study is that all the
replacements are compatible with conservation of the folded
protein. Further, the changes that are predicted to have a
major impact on the interaction of the kinase with HPr are
the replacements at residues 48, 49, 51, and 52. These
predictions are generally, but not totally, consistent with the
findings from the activity assays of the chimeric proteins
(Figure 4A,B).

DISCUSSION

The studies presented here have helped to define the
Ficure 6: Closeup of theV. capricolumHPr region around serine  determinants on HPr for the interaction with the ATP-
46. The main chain trace is gray, with secondary structure units dependent kinase that phosphorylates Ser46. It has been

girgeg'ri]gh;er? sl gzte’?é‘;' g(ij‘fee ‘éﬂgmz Oéfthri&zttii‘(’;spr?ggit” ar g;ﬁgg pointed out repeatediys( 18, 23) that, since the general fold

phosphorylation of Ser46 most dramatically are red. For the sake of all HPrs is similar, some peculiarities qf_the region arpund
of clarity, side chains of other mutations are not shown, but are Ser46 must be reponsible for the specificity of the kinase
indicated by the labels. Residues lle35, Ala37, and Gly42 (shown which phosphorylates Gram-positive but rigt coli HPrs.

as a sphere) on thg-hairpin were not mutated, but are shown The present mutagenesis experiments were designed to
because they may impact the replacement at position 53. identify those residues in the region of Ser46 M

out to ascertain the effect on te capricolumHPr structure capricolumHPr that are important recognition sites for the
of replacing residues 437 with the corresponding residues kinase. The mutagenesis strategy was to replace residues
characteristic of th&. coli protein (Figure 6). It should be in the Ser46 region of the active HRVI( capricolun) by
noted that residues 45 and 46 are identical in the two proteins.residues found in the inactive HPE.(col). The concern
Residue 43 is an Asf Ser replacement and would not be that construction of the chimera in whch residues-83 of
expected to perturb the structure, since the Asn is a surfaceM. capricolumHPr were replaced with thi. coli sequence
residue. Residue 44 is a Leti Ala replacement and should would lead to a major disruption of the structure was
create a hole in the core (unless backbone adjustment occursjliminished by the demonstration that the CD spectra of the
with a possible effect on the stability of the protein. Residue 43—57 chimera and wild-typeM. capricolum HPr were

47 is a conservative lle> Leu replacement on the surface indistinguishable. Clearly however, since the-43 chimera

of the molecule, which might be readily accommodated. is not a substrate for the kinase, it must be structurally
Residue 48 is a Met> Phe replacement. While itis located different from the wild-type HPr. Modeling examination of
on the surface, it introduces a substituent with a quite the probable three-dimensional structure of the—83
different shape in the vicinity of Ser46 and therefore would chimera was carried out to evaluate the structural conse-
be expected to exert a steric effect on the formation of the quences of individual amino acid replacements.
HPr—kinase complex. Residue 49 is an Asm Lys Residues 4347 comprise the loop betweghstrand 3
replacement. It is a surface residue in the vicinity of Ser46 and helix 2. Replacement of the conserved Asn43 by Ser
and is expected to introduce both a steric and electrostatic(see Figure 2) results in an approximately 50% decrease in
perturbation that would interfere with complex formation. the phosphorylation rate. Additional replacement of residues
Residue 50, located in the core, is a ValLeu replacement.  44—47 leads to a further moderate drop of about 40% in
It might compensate for the hole resulting from the Leu44Ala reaction rate (Figure 4A). Only positions 44 and 47 can be
replacement in the 4357 mutant. As a single mutation, it  responsible for this effect. The replacement of the surface
would be predicted to not be important for binding to the residue lle47 by Leu is rather conservative; the replacement
HPr(Ser) kinase. Replacement of Met51, located on the of the core residue Leu44 by Ala may be accompanied by
surface, by GIn introduces a polar residue that would be backbone adjustments to avoid an internal hole, and this in
expected to influence the formation of the complex. Residue turn may affect the interaction with the kinase. Thus, a
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determinant for the kinase interaction involves the loop Leu53 ofE. coli HPr. Mutating Met53 ofM. capricolum

preceding Ser46, requiring Asn43 and Leu- and/or lle44. HPr without the introduction of these correlated mutations
There is additional evidence that does not support an may have led to unforeseen changes in the structure which

important role for residue 47 in the recognition of HPr by eliminated phosphorylation of Ser46.

HPr(Ser) kinase. That position is lle in Gram-positive  There is an important difference in the response of the

organisms and Leu iB. coli (Figure 2). It has been observed kinases fromM. capricolumandB. subtilisto replacement

(24) that a mutation of HPr fronStreptococcus salarius of residues 5457. When the Ala-lle-Lys-Thr sequence of
in which 1le47 is replaced by Thr did not prevent the M. capricolumHPr is replaced by thE. colisequence (Gly-
phosphorylation on Ser46. Leu-Thr-GIn), the chimeric HPr is fully active with the kinase

Surface residues within helix 2 are crucial for appropriate from M. capricolum but retains only~10% of the activity
interaction of HPr with the kinase. Gram-positive HPrs with the B. subtiliskinase (Figure 4). The reason for this
contain Met or lle at position 48, which is replaced by the specificity difference is not clear, but it is noteworthy that
aromatic group of Phe iR. coli. It was previously predicted the sequence iB. subtilisHPr is Gly-lle-Ala-Lys. Since
(6, 18, 23) that this residue might interfere with the protein  residue 54 is Gly in both thB. subtilisandE. coli sequences,
protein interaction. The data in Figure 4 provide compelling that residue cannot be the determinant of substrate specificity.
evidence for the importance of this residue. The recent repor2)) of the purification and characterization

Residue 49 is Asn or Gly in phosphorylatable HPrs but of the HPr(Ser) kinase frof. subtilisshowed that some of
Lys in E. coli (Figure 2). As is the case with position 48, the HPrs that are kinase substrates (e.g., that fEoiero-

Lys is bulkier than Asn or Gly, but very importantly, it might coccus faecalishave a Gin residue at position 57, although
prevent phosphorylation by perturbing the electrostatics of the rate of phosphorylation of various HPrs was not
the HPrkinase interface. The data in Figure 4 substantiate quantitated. Therefore, that position is also excluded as the
the importance of this position. sole determinant for excluding. coli HPr as a substrate.

Residue 50 has similar side chains (Leu or Val) in all HPrs. Consequently, it appears that tBesubtilisenzyme utilizes
Replacement of the Val found M. capricolumby the Leu the sequence lle-Lys-Thr at positions-35/ characteristic
characteristic oE. coliHPr would not be expected to affect of M. capricolumHPr as a substrate in a manner superior to
phosphorylation. The data witM. capricolum extracts that with Leu-Thr-GlIn, found irE. coli HPr. In constrast,
(Figure 4A) support this anticipation. Interestingly, however, the kinase fronM. capricolumdoes not exhibit a significant
that is not the case with extracts froB subtilis (Figure velocity difference with these two sequences.
4B). HPr in which Val50 has been replaced with Leu is  While the residues 4357 region may not be the only key
only about 30% as active with the kinase frdn subtilis to the specificity of HPr(Ser) kinase, these studies establish

The next solvent-exposed position, 51, affects phospho-that it plays an important role in determining the kinase
rylation at Ser46, and this is rationalized structurally by the activity. Figure 6 shows the three-dimensional model of the
change of the side chain from hydrophobic (Met) to M. capricolumHPr region that has been probed by site-
hydrophilic (GIn) (Figure 2). The replacement by Gin results directed mutagenesis, and highlights in red the side chains
in 42 and 30% residual phosphorylation activity by the that correspond to thode coli residues shown in Figure 4
enzymes fromM. capricolumand B. subtilis respectively to result in a major loss of phosphorylation activity. The
(Figure 4A,B). interaction of the HPr(Ser) kinase is expected to be with

Residue 52 has a relatively small (Ala or Ser) side chain surface residues of HPr. This involves the polar Asn43, the
in phosphorylatable HPrs (Figure 2) which is replaced by conserved charged Lys45, and hydrophobic interactions with
Thrin E. coli. Despite the relatively conservative mutation 1le47, Met - or lle48, and Met51. Taken together, the Ser46
to Thr, phosphorylation activity by thé. capricolum phosphorylation data and the structural analysis suggest that
enzyme is completely eliminated by this replacement (Figure the loss of activity associated with the replacement at residue
4A). Interestingly, theB. subtilis enzyme retains ap- 48 is due to a steric effect. Activity losses associated with
proximately 10% of control activity with this substitution replacements at residues 44 and 53 may be due to backbone
(Figure 4B). This difference might be rationalized by the perturbations, and those associated with replacements at
observation (Figure 2) that the replacement\¥bicapricolum residues 49, 51, and 52 may be associated with electrostatic
is Ala to Thr, while that forB. subtilisis Ser to Thr, a less  effects.
significant side chain change. While this work was under review, a report describing

Perhaps the most surprising finding in this study concerns the purification of HPr(Ser) kinase frorB. subtilis was
residue 53, for which replacement eliminates phosphorylation published 25). The availability of that enzyme opens the
at Ser46 by both kinase enzymes frém capricolumand possibility for performing NMR studies with!N]JHPr to
B. subtilis This position is occupied by Leu iB. coli, B. determine the chemical shifts associated with the kirase
subtilis andM. genitaliumbut by Met inM. capricolumand HPr interaction. The mutagenesis study presented here
is buried in the protein core. Structurally, this residue would constitutes a complementary approach to the same question
not be expected to have such a dramatic effect on thebut more specifically addresses the issue of why kinases from
phosphorylation reactivity. This finding implies that residue B. subtilisand M. capricolumcannot utilize HPr fromE.

53 may be either Met or Leu but that it must be placed in a coli as a substrate.

particular context in the sequence. Further examination of It is worth noting thatE. coli HPr can be phosphorylated
the environment of Met53 reveals that it interacts with 1le35, on His15 by enzyme | fronB. subtilisat 5% of the rate of
Ala37, and Gly42 on g-hairpin loop (Figure 6). The  theE. colienzyme I-catalyzed reactioB). When we used
equivalent residues ii. coli HPr are Val35, Ser37, and the sensitive radiochemical assay for measuring phospho-
Ala42, which may impose different spatial constraints on transfer from $2P]PEP toE. coli HPr mediated by various
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enzymes | (see Figure 5), we found that coli enzyme |
was active buM. capricolumenzyme | was totally inactive
(data not shown). It was of interest that the chimera in which
residues 4357 of E. coli HPr were placed intoM.
capricolumHPr was incapable of being phosphorylated by
enzymes | from eitheE. colior M. capricolum. The analysis

of the complement of constructs used here shows that some
combination of residues in the residues-&I region play

a role in the determination of the optimal interaction with
El or IIAY¢, |t is worth pointing out that previous studies
(27) showed that some mutationskn coli HPr (Ser43Asn,
Ser46Cys, Phe48Met/Lys49Gly, and GIn57Glu) resulted in
little or no effect on PTS activity.

HPr is a central protein in the PTS. In its role as a
phosphocarrier protein, it accepts a phosphoryl group from
P-El and can affect phosphoryl transfer to a family of
enzymes Il. A comparison of the regions on the surface of
HPr involved in the binding to these proteins with that to
the HPr(Ser) kinase is warranted.

Chen et al. 22) and Van Nuland et al.28) showed by
determining NMR chemical shifts that the greatest effects
of the interactions of IlA° and EI with HPr were on residues
on either side of the active site Hisl5 and in the region
containing residues 43%6. These two regions of HPr also
appear to be involved in the IM—HPr interaction. There-
fore, there is an overlapping surface for the interaction of
HPr with HPr(Ser) kinase and enzymes | and Il of the PTS,
at least in the vicinity of helix 2.

E. coli HPr participates in a high-affinity, species-specific
interaction with E. coli glycogen phosphorylase2); A
survey of a collection of HPrs containing single amino acid
replacements with respect to binding and activation of
glycogen phosphorylase led to a model for important binding
sites. Residues Argl7, Lys24, Lys27, Lys40, Ser46, GIn51,
and Lys72 were established to be important. It is noteworthy
that the region including Ser46 and GIn51 appears to be
common to the glycogen phosphorylase, El, and EIIA
binding sites.

In B. subtilis binding of the catabolite repressor protein,
CcpA, to its target is regulated by the state of phosphorylation
of HPr (29). The surface of Ser(P)HPr that binds to CcpA
has been investigated by NMR. Residues concluded to be
important for the interaction are 4.7, 21-27, 43, 44, 46
56, 78, 81, and 82. Again, the involvement of the region
encompassing residues-466 parallels the requirement for
binding to other proteins.

In summary, the region encompassing residuess43of
M. capricolumHPr is implicated in the recognition site for
the ATP-dependent kinase that phosphorylates Ser46. This
region appears to be a common docking area for all proteins
that interact with HPr.
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