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HPr is a protein of the phosphoenolpyruvate:sugar phosphotransferase system (PTS) that participates in the
concomitant transport and phosphorylation of sugars in bacteria. In gram-positive bacteria, HPr is also
reversibly phosphorylated at a seryl residue at position 46 (Ser-46) by a metabolite-activated ATP-dependent
kinase and a Pi-dependent HPr(Ser-P) phosphatase. We report in this article the isolation of a spontaneous
mutant (mutant A66) from a streptococcus (Streptococcus salivarius) in which the methionine at position 48
(Met-48) in the protein HPr has been replaced by a valine (Val). The mutation inhibited the phosphorylation
of HPr on Ser-46 by the ATP-dependent kinase but did not prevent phosphorylation of HPr by enzyme I or the
phosphorylation of enzyme H complexes by HPr(His-P). The results, however, suggested that replacement of
Met-48 by Val decreased the afinity of enyme I for HPr or the affinity of enzyme II proteins for HPr(His-P)
or both. Characterization of mutant A66 demonstrated that it has pleiotropic properties, including the lack of
iiiMan, a specific protein of the mannose PTS; decreased levels of HPr, derepression of some cytoplasmic
proteins; reduced growth on PTS as well as on non-PTS sugars; and aberrant growth in medium containing a

mixture of sugars.

The uptake of several sugars by oral streptococci is catalyzed
by the phosphoenolpyruvate (PEP):sugar phosphotransferase
system (PTS) (9). Utilizing PEP as one substrate, the system
catalyzes the sequential phosphorylation of the general energy-
coupling, non-sugar-specific proteins enzyme I (EI) and HPr,
required for the uptake of all PTS sugars. In many cases,
phosphohistidine-HPr [HPr(His-P)], generated from phospho-
EI, transfers the phosphoryl group directly to a carbohydrate-
specific, membrane-bound enzyme IICBA (IICBA), which in
turn phosphorylates the incoming sugar. HPr(His-P) may also
transfer the phosphoryl group to a third cytoplasmic or mem-
brane-bound protein called IIA (formerly called enzyme III)
prior to interaction with the membrane component IICB,
which assumes the permease function (13, 15, 21; see reference
23 for nomenclature rules and definitions).

In gram-positive bacteria, including oral streptococci (14,
25), HPr is reversibly phosphorylated at a seryl residue at
position 46 (Ser-46) by a metabolite-activated ATP-dependent
kinase and a Pi-dependent HPr(Ser-P) phosphatase (3, 16, 18).
It has been proposed that the phosphorylation of HPr on
Ser-46 serves to rapidly modulate the activity of the PTS as a
function of the energetic status of the cell (3, 16, 18). However,
studies conducted with site-directed mutants of Bacillus subtilis
(20, 22), as well as the discovery of HPr(Ser-P) and of the
HPr(Ser) kinase in heterofermentative lactobacilli devoid of
PTS activity (19), have suggested that the regulatory functions
of HPr(Ser-P) are not restricted (and perhaps not related) to
the modulation of PTS activity. By crystallographic studies of
HPr from B. subtilis, Herzberg et al. (11) have shown that
Ser-46 and His-15, the histidine residue phosphorylated by EI,
are located on either side of a hydrophobic patch formed by
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Ile-47, Met-48, and Met-51, three amino acids also found in the
HPr from other gram-positive bacteria (17), including Strepto-
coccus salivarius (5). Herzberg et al. (11) have proposed that
this hydrophobic pocket may be. the region of interaction of
HPr with Et and with the IIA domains of the PTS permeases
as well as with the HPr kinase. We report in this article the
isolation and characterization of a spontaneousptsH mutant of
S. salivarius in which Met-48 in the protein HPr has been
replaced by Val.
Mutant A66 was isolated as a spontaneous mutant resistant

to the toxic effect of 2-deoxyglucose (2DG), a nonmetaboliz-
able mannose analog, by plating 100 ,lI of a mid-log-phase
culture (optical density at 660 nm, 0.45) of S. salivarius ATCC
25975 grown in 0.2% glucose onto a Trypticase-yeast extract-
agar medium containing (per liter) 17 g of Trypticase (BBL
Microbiology Systems, Cockeysville, Md.), 3 g of yeast extract
(Difco Laboratories, Detroit, Mich.), S g of NaCl, 2.5 g of
disodium phosphate, 3.6 g of lactose, and 0.082 g of 2DG.
Strain A66 was unable to take up 2DG and was devoid of in
vitro mannose PTS activity (not shown). Determination of the
intracellular concentrations of the energy-coupling proteins
HPr and EI by rocket immunoelectrophoresis (7) also indi-
cated that the mutant contained almost threefold less HPr than
the parental strain, whereas the level of EI was slightly higher
(not shown). To determine whether this reduced level of HPr
was caused by a mutation in the ptsH gene, encoding HPr, we
amplified the ptsH gene from mutant A66 by PCR and
sequenced it. Two oligonucleotides, a 17-mer (5'-GATGCT
GCGAYTCCTTT-3') and a 22-mer (5'-ACCAGTAAAAT
GAGAGACAAGC-3'), were synthesized with an Applied
Biosystems model 392 DNA synthesizer (Applied Biosystems
Inc., Mississauga, Ontario, Canada). These primers annealed
downstream and upstream, respectively, from the ptsH gene,
allowing the amplification of a DNA fragment encompassing
the entire ptsH gene, the 5' end ofptsI, and the transcriptional
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regulatory elements (5, 6). PCR was performed with a DNA
Thermal Cycler 480 (Perkin Elmer) and genomic DNA puri-
fied as described previously (6). The amplicon was purified
with a Magic PCR Prep Kit (Promega). The DNA sequence
was determined by the dideoxy chain termination method (24)
with the Sequenase version 2.0 DNA sequencing kit (United
States Biochemical Corporation), [ot35S]dATP, and the above-
described oligonucleotides as primers. The Genetics Computer
Group software package was used to analyze the DNA and
amino acid sequences (4). By comparison with the wild-type
(5), it was found that the ptsH gene from mutant A66 had an
A-to-G base substitution at nucleotide position 142, causing a
missense mutation which resulted in a Met-to-Val conversion
at amino acid 48 of the HPr protein.
The Met-48 -- Val mutation in A66 HPr occurred in the

vicinity of Ser-46, the phosphorylation target of the ATP-
dependent HPr kinase in gram-positive bacteria (18). Met-48 is
conserved in the known sequences of HPrs from gram-positive
bacteria (17), and it has been proposed that replacement of
this residue may impede the phosphorylation of HPr on Ser-46
(11). To test this hypothesis, we measured the in vitro ATP-
dependent phosphorylation of HPr by using membrane frag-
ments of the mutant and the wild-type strains as sources of
kinase and purified HPr as well as membrane-free cellular
extracts of the wild-type strain and mutant A66 as sources of
HPr. Membrane fragments were prepared in 10 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer
(pH 7.0) as described previously (1). Samples containing 50 ,ug
of protein were incubated at 37°C for 10 min with 2.5 to 5 ,ug
of either purified HPr or membrane-free cellular extract
containing 20 jig of protein, 0.1 mM [-y-32P]ATP (1.0 ,uCi/
nmol), 5 mM fructose-1,6-diphosphate (FDP), 5 mM MgCl2,
and 12.5 mM NaF in 10 mM HEPES buffer (pH 7.0), in a total
volume of 30 ,ul. After incubation, the samples were mixed with
30 [lI of a solution containing 125 mM Tris-HCl (pH 8.0), 2%
sodium dodecyl sulfate (SDS), 2% 2-mercaptoethanol, 10%
glycerol, and 0.005% bromophenol blue. Samples were boiled
for 3 min (HPr-Ser-P is resistant to heat) and analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE) by the
method of Laemmli (12), with resolving gels containing 10%
acrylamide. The gels were then analyzed by autoradiography.
The results (Fig. 1) indicated that membranes of the wild-type
and mutant strains could catalyze the ATP-dependent phos-
phorylation of purified wild-type HPr and of HPr present in
the membrane-free cellular extract of the wild-type strain (Fig.
1, lanes 1 and 4 to 8), indicating that the HPr(Ser) kinase of the
mutant strain was active. Membrane fragments of both strains
were, however, unable to phosphorylate either the HPr present
in a membrane-free cellular extract of mutant A66 (Fig. 1,
lanes 2 and 3) or purified A66 HPr (not shown), indicating that
the Met-48 to Val mutation impeded the phosphorylation of
HPr on Ser-46.

In order to determine whether the conversion of Met-48 to
Val altered the interaction of HPr with El or the interaction of
HPr(His-P) with ElI proteins, we used an in vitro PTS assay
(10) to measure the rate of phosphorylation of fructose under
conditions of HPr limitation. Fructose was chosen because its
PEP-dependent phosphorylation does not require the pres-
ence of a specific soluble IIA protein (2). We found that
replacing the wild-type HPr with the A66 HPr in the reaction
mixture resulted in a twofold decrease in the rate of phos-
phorylation of fructose (Fig. 2).
Our results suggested that Met-48 is essential for the

interaction of HPr with the HPr kinase. It has been proposed
previously that the HPr kinase recognizes the three-dimen-
sional structure of HPr rather than a restricted amino-acyl
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FIG. 1. In vitro phosphorylation of HPr by the ATP-dependent
HPr kinase. After growing cells of the wild-type (WT) strain and
mutant A66 in the presence of 0.5% glucose, cytoplasmic proteins
(source of HPr) were separated from membranes (source of HPr
kinase) and incubated in the presence of [_y-32P]ATP as described in
the text. Electrophoresis and autoradiography were carried out as
described by Waygood et al. (25). Lanes 5 to 8 contained purified
wild-type HPr. The components of the reaction mixes are indicated
below the autoradiogram.

sequence within the protein (22). We therefore propose that
the conversion of Met-48 to Val results in a serious perturba-
tion in the structure of the HPr protein. Moreover, since Met
and Val cannot substitute for each other, even though both
amino acids have nonpolar side chains, it appears that the
identity of the side chain at position 48 is a critical determinant
of the protein structure. This modification of the tertiary
structure of the protein did not prevent the phosphorylation of
HPr by EI or the phosphorylation of ElI complexes by
HPr(His-P). Our results, however, indicated that replacement
of Met-48 by Val decreased the affinity of El for HPr or the
affinity of II proteins for HPr(His-P) or both.

Characterization of mutant A66 demonstrated that it pos-
sessed pleiotropic properties. We have observed that the
growth of this mutant was reduced on PTS (glucose, fructose,
and mannose) as well as on non-PTS (lactose, galactose, and
melibiose) sugars (Table 1) and that the control of sugar
utilization by glucose and fructose was impaired (not shown).
Moreover, rocket immunoelectrophoresis and two-dimen-
sional gel electrophoresis analyses indicated that the HPr level
was decreased threefold and that five glucose-repressible genes
encoding cytoplasmic proteins were derepressed in glucose-
grown cells of mutant A66 (not shown). Finally, we have shown
by Western blot (immunoblot) experiments that the mutant
lacked IIIM,an, a specific component of the mannose PTS (Fig.
3). This last observation explained the inability of mutant A66
to take up 2DG and to grow on mannose and raised the
question of whether the absence of Illman was a consequence
of the mutation in the ptsH gene or resulted from a second
distinct mutation.

It was reasoned that if the synthesis of IMllan was actually a
consequence of the mutation which prevented the phos-
phorylation of HPr on Ser-46, isolation of revertants of strain
A66 that have recovered the ability to grow on mannose should
allow the isolation of clones producing normal levels of IIJIman
and of HPr(Ser-P). We have not, however, been able to isolate
revertants able to grow on mannose, perhaps because only one
nucleotide substitution (G to A) can convert the mutant allele
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FIG. 2. Rates of PTS-catalyzed phosphorylation of fructose. The
reaction mixture (800 jil) was incubated at 37°C and contained 50mM
sodium phosphate (pH 7.0), 4 mM MgCl2, 2 mM PEP, 5 mM
2-mercaptoethanol, 10 mM NaF, 1 mM [U-14C]fructose (0.1 jCi/
jimol), excess El (5.6 jig), membranes (66.7 ,ug of protein) from S.
salivarius grown on 0.5% fructose, and 20 jig (0) or 40 jig (A) of
wild-type HPr or 20 jig (0) or 40 jig (A) of A66 HPr. At the indicated
times, 180-,il samples were withdrawn, and the phosphorylated prod-
uct (fructose-P) was separated by precipitation with 10 volumes of
BaBr2 in 90% ethanol (1).

to the wild-type allele, as there is only one codon for Met.
Thus, the likelihood of isolating a true spontaneous or chem-
ically induced revertant would be very low. We cannot, how-
ever, exclude the possibility that A66 is a double spontaneous
mutant, with a mutation in theptsH gene and another mutation
in a second gene preventing the synthesis of IIIltan. Recent data
have indeed suggested that bacteria possess a mechanism that in-
creases the rate of multiple spontaneous mutations when these are
required for survival (8). Consequently, the pleiotropic properties of

TABLE 1. Generation times of wild-type strain and mutant A66

Doubling time (min) at 37°C
Sugar (0.2%)

Wild type A66

PTS
Glucose 30 95
Mannose 40 >300
Fructose 30 60

Non-PTS
Lactose 30 40
Galactose 33 60
Melibiose 30 45

Man
m"H
mm

_ ~~~~~~~L
- . '0 - Ma

FIG. 3. Western analysis with anti-IIIman antibody. Samples con-
taining 35 jLg of protein were electrophoresed in 10% acrylamide gels
by the method of Laemmli (12) and electrophoretically transferred to
a nitrocellulose sheet as described previously (1). Sizes are shown in
kilodaltons. Lane 1, prestained molecular size standards from Bio-
Rad; lane 2, membrane-free cellular extract from S. salivarius ATCC
25975; lane 3, membrane-free cellular extract from mutant A66. The
sample in lane 3 was incubated for a longer period in the presence of
the anti-rabbit immunoglobulin conjugate to test for very small
amounts of IIIlan in mutant A66.

mutant A66 could have resulted from the inability of the cell to
produce HPr(Ser-P) or could be caused by a second mutation prevent-
ing the synthesis of III"an.
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