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Recently we reported the phosphoenolpyruvate (PEP)-dependent phosphorylation of a 55-kilodalton protein
of Streptococcus faecalis catalyzed by enzyme I and histidine-containing protein (HPr) of the phosphotrans-
ferase system (J. Deutscher, FEMS Microbiol. Lett. 29:237-243, 1985). The purified 55-kilodalton protein was
found to exhibit dihydroxyacetone kinase activity. Glycerol was six times more slowly phosphorylated than
dihydroxyacetone. The Kms were found to be 0.7 mM for ATP, 0.45 mM for dihydroxyacetone, and 0.9 mM
for glycerol. PEP-dependent phosphorylation of dihydroxyacetone kinase stimulated phosphorylation of both
substrates about 10-fold. Fructose 1,6-diphosphate at concentrations higher than 2 mM inhibited the activity
of phosphorylated and unphosphorylated dihydroxyacetone kinase in a noncompetitive manner. The rate of
PEP-dependent phosphorylation of dihydroxyacetone kinase was about 200-fold slower than the phosphory-
lation rate of III proteins (also called enzyme Ill or factor III), which so far have been considered the only
phosphoryl acceptors of histidyl-phosphorylated HPr. P-Dihydroxyacetone kinase was found to be able to
transfer its phosphoryl group in a backward reaction to HPr. Following [32P]PEP-dependent phosphorylation
and tryptic digestion of dihydroxyacetone kinase, we isolated a labeled peptide composed of 37 amino acids, as
determined by amino acid analysis. The single histidyl residue of this peptide most likely carries the phosphoryl
group in phosphorylated dihydroxyacetone kinase.

The phosphotransferase system (PTS) catalyzes the up-
take and concomitant phosphorylation of carbohydrates in
anaerobic and facultatively anaerobic bacteria (14, 19, 28).
Usually, the PTS consists of four protein components form-
ing a phosphorylation chain. Histidine-containing protein
(HPr) becomes phosphorylated at the N-1 position of His-15
in a phosphoenolpyruvate (PEP)-dependent reaction
catalyzed by enzyme 1 (3, 13). Histidyl-phosphorylated HPr
(P-His-HPr) transfers the phosphoryl group to different III
proteins. P-III proteins carry the phosphoryl group bound to
the N-3 position of a single histidyl residue (7, 10, 16). Each
P-III protein interacts with a certain sugar-specific enzyme
II, the membrane-bound component of the PTS. Enzyme II
catalyzes the transfer of the phosphoryl group from P-III to
the sugar and its concomitant uptake.

Recently, the PEP-dependent phosphorylation of a 55-
kilodalton (kDa) protein of Streptococcus faecalis, catalyzed
by enzyme I and HPr of the PTS, has been reported (6). As
this protein was isolated from glucose-grown cells, it was
thought to be lllglc. However, no III activity could be
attributed to this protein. Here we report that the 55-kDa
protein is capable of catalyzing the ATP-dependent phos-
phorylation of dihydroxyacetone (DHA) and, at a lower rate,
of glycerol. PEP-dependent phosphorylation of DHA kinase
stimulates the rate of phosphorylation of both its substrates
about 10-fold.

MATERIALS AND METHODS
Purification of proteins. Enzyme I (1) and HPr (17) of S.

faecalis were purified as described previously. Serine-
phosphorylated HPr (P-Ser-HPr) was obtained as described
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by Deutscher et al. (9). Illac of Staphylococcus aureus was
obtained from strain S305A (7). DHA kinase was purified
from S. faecalis cells grown on either glucose, glycerol, or
mannitol as described previously (6). As the enzyme
contained one or two minor protein contaminants after
purification, 0.7-mg portions were further purified by
high-pressure liquid chromatography (HPLC) on a Bio-Sil
TSK DEAE-3SW column (7.5 by 75 mm; Bio-Rad
Laboratories, Richmond, Calif.). Proteins were eluted by
applying a linear gradient of 0 to 55% buffer B (1.5 M NaCl
in 10 mM for 55 min potassium phosphate, pH 6.7). Buffer A
was 10 mM potassium phosphate, pH 6.7. The flow rate was
0.8 ml/min and the temperature was 22°C. Dihydroxyacetone
kinase eluted at 0.62 M NaCl.
Assay systems. DHA kinase activity was measured by a

coupled photometric assay. The assay mixture contained 50
mM Tris hydrochloride (pH 7.5), 1.5 mM ATP, 3 mM MgCl2,
0.5 mM NADH, 1.5 mM DHA, 4 ,ug of glycerol 3-phosphate
dehydrogenase, and S to 50 ,ul of sample in 320 ,ul. Activity
of the enzyme was measured at 25°C by following the
decrease in absorption at 334 nm. Glycerol kinase activity
was measured in a similar way. The assay mixture contained
100 mM glycine-hydrazine, pH 8.8, 1.5 mM ATP, 3 mM
MgCl2, 0.5 mM NAD, 1.5 mM glycerol, 4 ,ug of glycerol
3-phosphate dehydrogenase, and 5 to 50 ,ul of sample in 320
,ul. Glycerol kinase activity was also measured with
[14C]glycerol. The assay mixture contained 30 mM
NH4HCO3 (pH 8.3), 5 mM MgCl2, 2.5 mM ATP, 0.1 mM
[14C]glycerol (2 ,XCi/p,mol), and 5 to 50 ,ul of sample in 100 ,lI.
After 15 min of incubation at 37°C, glycerol and glycerol
3-phosphate were separated on a Dowex AG 1-X2 column
(Bio-Rad Laboratories) as previously described (24). When
the activity of phosphorylated DHA kinase was measured,
the sample was first incubated for 30 min at 37°C in 25 mM
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NH4HCO3 (pH 8.3) together with 250 nmol of PEP, 1 ,umol
of MgCl2, 1 ,ug of enzyme I, and 1 ,ug of HPr.

[32P]PEP synthesis. [32P]PEP was synthesized and pre-
pared by the method of Alpert et al. (1).

Native polyacrylamide gels. Native polyacrylamide gels
contained 0.4 M Tris-glycine, pH 9.3, 7.5% acrylamide, and
0.13% methylenebisacrylamide (7).

Separation of peptides from 32P-labeled DHA kinase. An
0.7-mg amount of DHA kinase was dissolved in 300 ,il of 50
mM NH4HCO3 (pH 8.3) and incubated together with 10 ,ug
of enzyme I, 20 jig of HPr, 0.1 ,uCi of [32P]PEP,and 5 mM
MgCl2. After 5 min of incubation at 37°C, unlabeled PEP was
added to give a final concentration of 50 ,uM. This allowed
almost complete phosphorylation of DHA kinase after a
further 30-min incubation period. Then, 30 ,ug of trypsin was
added. After 5 h of tryptic digestion at 37°C, the sample was
loaded on a Nucleosil C-8 reverse-phase column (250 by 4.6
mm; Bischoff, Leonberg, Federal Republic of Germany).
Peptides were eluted by applying a gradient of 0 to 40%
buffer B for 40 min, 40 to 50% buffer B for 20 min, and 50 to
60% buffer B for 10 min. Buffer A was 0.1% trifluoroacetic
acid, pH 2.0, and buffer B was 85% acetonitrile in 0.1%
trifluoroacetic acid, pH 2.0. The main labeled peptide was
collected and lyophilized before it was used for amino acid
analysis.

Alkaline hydrolysis of 32P-labeled proteins. For the phos-
phorylation of enzyme III specific for lactose (Illiac) from S.
aureus (100 jig) and DHA kinase (300 jig), immobilized HPr
of S. faecalis bound to Affi-Gel 15 (Bio-Rad) was used. The
binding of HPr to Affi-Gel 15 was carried out as described by
the manufacturer; 5 jig of enzyme I, 20 nmol of MgCl2, and
0.1 ,uCi of [32P]PEP (carrier-free) were dissolved in 20 jil of
50 mM NH4HCO3 (pH 8.3) and loaded onto a 200 Rl column
of Affi-Gel 15 carrying immobilized HPr. After 10 min of
incubation at ambient temperature, enzyme I and unreacted
[32P]PEP were washed from the column. Subsequently, lljlac
or DHA kinase, dissolved in 30 jil of NH4HCO3, was loaded
onto the column and incubated for 10 min at ambient
temperature. Phosphorylated Illiac and phosphorylated
DHA kinase were washed from the column with 50 mM
NH4HCO3 and collected in 60 jil fractions. To the fraction
with the highest amount of radioactivity, 30 jil of 9 M KOH
was added. For the phosphorylation of HPr, 100 jig was
dissolved in 40 ,ul of 50 mM NH4HCO3 and incubated for 10
min at 37°C together with 2 jig of enzyme I, 0.1 ,uCi of
[32P]PEP, and 0.1 mM MgCl2. Then 25 jil of 9 M KOH was
added directly to the reaction mixture.

Alkaline hydrolysis of the different 32P-labeled proteins
was performed at 105°C for 4 h. Under these conditions the
P-histidine (P-His) bond is fairly stable, whereas P-Ser,
P-threonine (P-Thr), and P-tyrosine (P-Tyr) are rapidly hy-
drolyzed (26). After cooling, the pH of the samples was
adjusted to between 9 and 10 with concentrated HCl04.
KCl04 precipitated out of solution and was removed by
centrifugation. Portions (2 to 10 jil) of the samples were
spotted on electrophoresis paper (Whatmann 3MM). High-
voltage paper electrophoresis was performed with 50 mM
ammonium acetate buffer (pH 8.4), which allows the sepa-
ration of 1- and 3-phosphohistidine (13).

Separation of P-DHA kinase from PEP, enzyme I, and HPr.
DHA kinase (0.7 mg) was dissolved in 300 jil of 50 mM
NH4HCO3 (pH 8.3) and incubated together with 20 jig of
enzyme I, 20 jig of HPr, 5 mM MgCl2, and 2.5 mM PEP for
30 min at 37°C. The sample was loaded on a Bio-Sil TSK
DEAE-3SW column and run under the same conditions as
described for unphosphorylated DHA kinase. PEP and HPr

eluted at 0.22 M NaCl, enzyme I at 0.46 M NaCl, and
P-DHA kinase at 0.62 M NaCl, at the same position as
unphosphorylated DHA kinase.

Phosphoryl transfer reaction from P-DHA kinase to HPr.
DHA kinase (0.7 mg) was phosphorylated and separated
from PEP, enzyme I, and HPr as described above. The pH of
the 0.7-ml fractions was adjusted to 8.3 with 50 jil of 1 M
NH4HCO3. HPr (0.2 mg) was added to the fraction with the
highest DHA kinase activity. The sample was incubated at
21°C, and after different time intervals 75-jil portions were
taken and immediately frozen at - 18°C. Two 75-jil samples
were taken before HPr was added. One was incubated at
37°C for 40 min, and the other was kept frozen at -18°C.
Samples were loaded on native polyacrylamide gels. HPr
and P-His-HPr were separated by polyacrylamide gel elec-
trophoresis, and in this way phosphoryl group transfer from
P-DHA kinase to HPr could be demonstrated.
As the transfer reaction was too fast for measuring time

dependence with this method, different amounts ofHPr were
added to the assay mixtures (500 jil total volume) used to
measure DHA kinase activity and containing 15 jig of
isolated P-DHA kinase. The phosphoryl group transfer could
be followed by the decrease in DHA kinase activity. DHA
kinase had a 10-fold-lower activity than P-DHA kinase.

Photometric assay of PEP-dependent phosphorylation of
DHA kinase. The reaction mixture was placed in a
semimicrocuvette and contained 600 pmol of enzyme I, 20
nmol of DHA kinase, 400 pmol of lactate dehydrogenase
(rabbit muscle; Boehringer Mannheim), 2.5 mM MgCl2, 2.5
mM PEP, 0.4 mM NADH, and 50 mM Tris hydrochloride,
pH 7.5, in 200 jil. After a 5-min incubation at 20°C, the
reaction was started by adding 300 pmol of HPr or P-Ser-
HPr. The decrease in NADH was followed at 334 nm.
Amino acid analysis. Individual peptides were hydrolyzed

in 6 M HCl in vacuo at 110°C for 24 h. Amino acid analysis
was performed on a Bio Cal BC 200 amino acid analyzer
equipped with a Durrum DC 6A column (0.4 by 23 cm) with
a modified lithium citrate buffer system (2).

RESULTS
Glycerol and DHA kinase activity associated with a 55-kDa

protein. Recently we reported the purification and PEP-
dependent phosphorylation of a 55-kDa protein from S.
faecalis (6). This protein was believed to carry out regula-
tory functions similar to those demonstrated for III1gc from
Escherichia coli and Salmonella typhimurium (21, 22, 24,
25). When we tried to measure the influence of the 55-kDa
protein on glycerol kinase from S. faecalis, we found that the
purified 55-kDa protein contained glycerol kinase and DHA
kinase activity. We therefore measured glycerol kinase and
DHA kinase activity during isolation of the 55-kDa protein
following the purification procedure described previously
(6). We used photometric as well as radioactivity assays to
determine glycerol and DHA kinase activity. After each
column step, the kinase activity and the 55-kDa protein
eluted at exactly the same position. As the 55-kDa protein,
isolated by the above procedure, contained one minor pro-
tein contaminant, we purified 0.7-mg portions by HPLC on a
Bio-Sil TSK DEAE-3SW column. The 55-kDa protein and
DHA kinase activity comigrated again (Fig. 1). The 55-kDa
protein was now electrophoretically pure, suggesting that it
was DHA kinase.

Substrate specificity and physical properties of DHA kinase.
DHA kinase phosphorylated glycerol and DHA. However,
at pH 8.3 glycerol was found to be phosphorylated about six
times more slowly than DHA. The Kms were found to be

J. BACTERIOL.



PEP-DEPENDENT PHOSPHORYLATION OF DHA KINASE

0.45 mM for DHA and 0.9 mM for glycerol. Phosphorylation
of glucose, fructose, fructose 1-phosphate, fructose 6-
phosphate, gluconate, and glyceraldehyde was not catalyzed
by DHA kinase. Besides ATP, 3 mM CTP and UTP could
also function as phosphoryl donors, although at a five times
slower rate. GTP showed no activity. When ATP and DHA
were used as substrates, the highest molecular activity
(number of molecules transformed per minute by a single
enzyme molecule) of the enzyme we measured was 122 for
the enzyme in the unphosphorylated form and 1,180 for the
enzyme in the phosphorylated form. The Km for ATP was
0.7 mM.
As previously described (6), DHA kinase consists of a

single polypeptide chain with a molecular weight of 55,000,
as determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and by size exclusion chromatography on a
TSK G-2000 SW column. The enzyme was stored lyophi-
lized at 4°C. Under these conditions the enzyme lost its
activity very slowly. When it was kept in solution at -18°C,
total loss of activity occurred within 2 to 3 weeks. Addition
of dithiothreitol slowed the loss of activity. Phosphorylation
of DHA kinase was not impaired by loss of activity. Even
when the enzyme had totally lost its activity, it could still be
completely phosphorylated. However, phosphorylation of
inactive DHA kinase did not restore DHA kinase activity.

Stimulation of DHA kinase activity by PEP-dependent phos-
phorylation and inhibition by fructose 1,6-diphosphate. En-
zyme I and HPr have been shown to phosphorylate the
55-kDa protein in a PEP-dependent reaction (6). We now
found that phosphorylation of this protein led to a 10-fold
increase in DHA kinase activity. This increase was observed
when either DHA or glycerol was used as substrate. As with
the phosphorylation of DHA kinase, stimulation of its activ-
ity could only be observed when PEP, enzyme I, and HPr
were present together. To demonstrate that the activity of
P-DHA kinase is also elevated in the absence of P-enzyme I,
P-HPr, and PEP, we phosphorylated 0.7 mg of DHA kinase
and separated it from P-enzyme I, P-HPr, and PEP by HPLC
on a TSK DEAE-3SW column. P-DHA kinase eluted at the
same position as unphosphorylated DHA kinase (Fig. 1A
and 2A). Following the separation, phosphorylation of DHA
kinase was judged by native polyacrylamide gel electropho-
resis (Fig. 1B and 2B). Even though P-DHA kinase and DHA
kinase eluted at the same position from the DEAE column,
P-DHA kinase ran markedly faster on native polyacrylamide
gels than unphosphorylated DHA kinase (6). It is clear that
P-DHA kinase had about 10-fold-higher activity than
unphosphorylated DHA kinase (Fig. 1A and 2A). There was
almost no loss of the phosphoryl group from P-DHA kinase
during electrophoresis at pH 9.3 (Fig. 2B). Similarly, when
the pH of the P-DHA kinase-containing fractions was ad-
justed to 8.3 with 1 M NH4HCO3, P-DHA kinase could be
stored for 3 weeks at 4°C and lose only about 15% of the
phosphoryl group. However, after storage for 24 h at pH 6.7
at 4°C, about 80% of the phosphoryl bonds were hydrolyzed
in P-DHA kinase, and the enzyme activity was reduced
about ninefold.
When fructose 1,6-diphosphate was present in the assay

mixture, it was found to inhibit DHA kinase activity at
concentrations above 2 mM. The unphosphorylated as well
as the phosphorylated enzyme was inhibited in a noncom-
petitive manner. The Ki of fructose 1,6-diphosphate was
found to be 7 mM. The enzyme activity was reduced about
fourfold in the presence of 20 mM fructose 1,6-diphosphate,
a concentration which has been shown to occur in strepto-
coccal cells during growth on glucose (30).
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FIG. 1. HPLC of DHA kinase on a Bio-Sil TSK DEAE-3SW
column. DHA kinase (0.7 mg) was loaded on a DEAE column and
eluted with a linear gradient of NaCl as described in Materials and
Methods. Portions (100 ,ul) of the 0.7-ml fractions were used to
measure DHA kinase activity (A), and 50-,ul portions were run on
native polyacrylamide gels (B). The bars and fraction numbers in
panel A correspond, from left to right, to the lanes in panel B.

Rate of DHA kinase phosphorylation. To measure the rate
of PEP-dependent phosphorylation of DHA kinase, we used
a coupled photometric assay. The pyruvate, formed during
phosphorylation, was reduced by lactate dehydrogenase in
an NADH-dependent reaction. The rate of phosphorylation
of DHA kinase was measured in the presence of HPr or
P-Ser-HPr. Interestingly, phosphorylation of DHA kinase
was about four times faster in the presence of P-Ser-HPr
than in the presence of HPr (Fig. 3). During the PTS-
mediated sugar uptake reaction, enzyme I and HPr catalyze
the PEP-dependent phosphorylation of either III proteins or
enzyme II. We therefore compared the rate of phosphoryla-
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FIG. 2. HPLC of phosphorylated DHA kinase on a Bio-Sil TSK
DEAE-3SW column. DHA kinase (0.7 mg) was phosphorylated by
PEP, enzyme I, and HPr. The incubation mixture was separated on

a DEAE column under the conditions described in the legend to Fig.
1; 20-,u portions of the fractions were used to measure DHA kinase
activity (A), and 50-pl portions were run on native polyacrylamide
gels (B). The bars and fraction numbers in panel A correspond, from
left to right, to the lanes in panel B.

tion of DHA kinase with that of IIlac from S. aureus. Ililac
was phosphorylated in the presence of either 15 pmol of HPr
or 300 pmol of P-Ser-HPr. Phosphorylation of IIlac in the
presence ofHPr was about 200 times faster than that ofDHA
kinase, whereas the rate of phosphorylation of II1ac in the
presence of P-Ser-HPr was only two times faster than that of
DHA kinase in the presence of P-Ser-HPr (Fig. 3).

Phosphorylation ofHPr by P-DHA kinase. DHA kinase (0.7
mg) was phosphorylated with PEP, enzyme I, and HPr, and
P-DHA kinase was isolated by HPLC on a DEAE column as

OD334
FIG. 3. Rate of PEP-dependent phosphorylation of DHA kinase

and III'ac in the presence of either HPr or P-Ser-HPr. The formation
of pyruvate from PEP was measured at 334 nm by a coupled
photometric assay with lactate dehydrogenase and NADH as de-
scribed in Materials and Methods. Phosphorylation of DHA kinase
was determined in the presence of (a) 300 pmol of HPr or (b) 300
pmol of P-Ser-HPr, and phosphorylation of IIlac of S. aureus was
determined in the presence of (c) 300 pmol of P-Ser-HPr or (d) 15
pmol of HPr.

described in Materials and Methods. HPr (0.2 mg) was added
to the 0.7-ml fraction containing the highest amount ofDHA
kinase activity. Phosphorylation of HPr was demonstrated
by electrophoresis of 75-,ul portions on native polyacryl-
amide gels. P-DHA kinase was dephosphorylated and a
small amount of P-His-HPr was formed (Fig. 4, lane c).
However, the reaction was too fast to allow determination of
the rate of the phosphoryl group transfer reaction with this
method. The phosphoryl group transfer could also be dem-
onstrated when different amounts of HPr (50 to 200 ,ug) were
added to the assay mixture used to measure DHA kinase
activity, which contained P-DHA kinase isolated as de-
scribed above. At 30 s after the reaction had been started and
had reached a constant rate, HPr was added. The reaction
rate slowed down immediately and reached a new constant
level, corresponding to the activity of unphosphorylated
DHA kinase (Fig. 5). In the presence of 40 ,uM HPr,
dephosphorylation of P-DHA kinase was complete within 1
min.

Isolation of a 32P-labeled tryptic peptide from [32P]DHA
kinase. DHA kinase (0.7 mg) was phosphorylated with
[32P]PEP, enzyme I, and HPr as described in Materials and
Methods. Subsequently, trypsin was added to digest
phosphorylated DHA kinase. Peptides were separated by
HPLC on a Nucleosil C-8 reverse-phase column. Radioac-
tivity and UV absorbance (230 nm) of the effluent were
monitored by a radioactivity detector (Berthold LB 504)
connected to an Apple Ile computer and by a UV monitor
(Jasco Uvidec 100 III). Peaks of radioactivity were inte-
grated for quantitative evaluation. Besides the PEP-
phosphate peak eluting at 4 min, there were two minor peaks
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FIG. 4. Phosphoryl transfer from P-DHA kinase (P-Kin) to HPr

demonstrated by polyacrylamide gel electrophoresis. The following
samples were loaded onto the gels: (a) 4 ,ug of P-DHA kinase kept at
-18°C for 5 min; (b) 4 ,ug of P-DHA kinase kept at 37°C for 40 min;
(c) 10 ,g of P-DHA kinase incubated with 20 ,ug of HPr for 1 min at
21°C; (d) 20 ,ug of HPr; (e) 20 ,ug of P-His-HPr (HPr incubated with
2 ,ug of enzyme I, 10 mM PEP, and 5 mM MgCl2 for 10 min at 37°C);
and (f) 3 ,g of DHA kinase (Kin).

of radioactivity and one major peak (Fig. 6). The major
labeled peptide revealed the following amino acid composi-
tion: 3 Asx, 1 Thr, 2 Ser, 5 Glx, 3 Pro, 5 Gly, 5 Ala, 2 Val,
2 Met, 1 Ile, 2 Leu, 2 Tyr, 2 Phe, 1 Lys, and 1 His. The single

1.5

10 20

3 min

histidyl residue most likely carried the phosphoryl group in
phosphorylated DHA kinase.
Nature of the phosphoryl bond in [32P]DHA kinase.

[32P]DHA kinase, [32P]III1ac from S. aureus, and [32P]His-
HPr from S. faecalis were prepared and subjected to alkaline
hydrolysis as described in Materials and Methods. The two
latter phosphoproteins were run as standards in subsequent
high-voltage paper electrophoresis. P_111Iac has been shown
by nuclear magnetic resonance to contain N-3-phospho-
histidine (16), whereas P-His-HPr was found to contain
N-1-phosphohistidine (13). After autoradiography, the major
radioactive spot of hydrolyzed [32P]DHA kinase comigrated
with 3-phosphohistidine, whereas a second radioactive spot
ran between 1- and 3-phosphohistidine, possibly caused by
phosphoryl transfer during hydrolysis. Only a minute
amount of Pi was present in the hydrolysate (Fig. 7).

DISCUSSION
There is genetic and biochemical evidence that the PEP-

dependent phosphorylation of the components of the PTS is
used not only for the sugar uptake reaction, but also for the
regulation and control of carbohydrate uptake systems. E.
coli and S. typhimurium crr mutants (catabolite repression
resistant) were found to have low levels of cyclic AMP (4,
11). Recently, lllg1c of the PTS has been shown to be
encoded by the crr gene (20), suggesting that P-IILlC is
involved in stimulation of adenylate cyclase activity. IIIg1c
was also found to bind to the lactose permease of E. coli and
to glycerol kinase of S. typhimurium, inhibiting both en-
zymes, whereas P-Illglc had no effect on these two enzymes
(21, 22, 24, 25). Here we report for the first time that
PEP-dependent phosphorylation of a non-PTS protein,
catalyzed by enzyme I and HPr, is used to regulate the
enzymatic activity of this protein. The previously described
PEP-dependent phosphorylation of DHA kinase (6) was
found to stimulate the ATP-dependent phosphorylation of
DHA and glycerol about 10-fold. In bacterial cells, glycerol

40 ,uM HPr

t
FIG. 5. Phosphoryl transfer from P-DHA kinase to HPr followed by a decrease in enzyme activity. DHA kinase activity was measured

as described in Materials and Methods. At 30 s after the reaction had been started, different amounts of HPr (0, 50, 100, and 200 ,ug) were
added to assay mixtures containing 10 ,ug of P-DHA kinase. After addition of HPr, the reaction slowed, indicating dephosphorylation of
P-DHA kinase in the presence of HPr. The unphosphorylated enzyme had a 10-fold lower activity than the phosphorylated enzyme.
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FIG. 6. Separation of peptides by HPLC on a C-8 reverse-phase column after tryptic digestion of 0.7 mg of 32P-labeled DHA kinase.
Following phosphorylation of DHA kinase with [32P]PEP and tryptic digestion, peptides were separated by HPLC as described in Materials
and Methods. The figure shows the distribution of radioactivity in the effluent.

dissimilation can be achieved by two chemical modes:
following uptake via the glycerol facilitator, glycerol is either
first phosphorylated by glycerol kinase and subsequently
oxidized to DHA phosphate by glycerol 3-phosphate dehy-
drogenase, or it is first oxidized by glycerol dehydrogenase
to DHA and subsequently phosphorylated to DHA phos-
phate by an ATP-dependent DHA kinase (18). In E. coli,
DHA was found to be phosphorylated in a PEP-dependent
reaction. The uptake and concomitant phosphorylation of
DHA in E. coli are catalyzed by the PTS (15). In E. coli and
most of the other bacteria investigated, the pathway involv-
ing ATP-dependent glycerol phosphorylation as the first step
was found to be the main route of glycerol dissimilation (5).
However, some bacteria such as Bacillus subtilis and Kleb-
siella aerogenes were found to possess the enzymes for both
modes of glycerol dissimilation (12, 18). In K. aerogenes,
glycerol kinase was found to phosphorylate glycerol at a
higher rate than DHA, whereas DHA kinase phosphorylated
DHA faster than glycerol (29). However, besides the DHA
kinase described here, no other kinase phosphorylating
glycerol or DHA could be detected in S. faecalis cells grown
on glycerol. Similar to the results obtained with ptsl and
ptsH mutants of S. typhimurium (4), B. subtilis mutants with
a defective PTS seemed to be impaired in the inducibility of
their glycerol facilitator and glycerol kinase (23, 27). In
gram-negative bacteria glycerol kinase was found to be
allosterically regulated by interaction with 111g1c of the PTS,
a regulatory event termed inducer exclusion (22, 25). Despite
an intensive search, the existence of 111g1c in gram-positive
bacteria has not been proven. According to the results
presented here, it is possible that glycerol uptake and
metabolism in streptococci is regulated by PEP-dependent
protein phosphorylation catalyzed by enzyme I and HPr.
DHA kinase competes with III proteins for the common
phosphoryl donor P-His-HPr. However, phosphorylation of
DHA kinase was found to be slower than that of III proteins.
Thus, P-DHA kinase will only be formed when no PTS sugar
is taken up by the cell. In the absence of a PTS sugar,
glycerol will be 10 times more rapidly metabolized by
streptococcal cells due to the formation ofP-DHA kinase. In

the presence of a PTS sugar only the less active,
unphosphorylated form ofDHA kinase will be present in the
cell. Dephosphorylation of P-DHA kinase most likely does
not require a phosphoprotein phosphatase. P-DHA kinase
was found to be able to transfer its phosphoryl group at a
high rate to HPr. The uptake of a PTS sugar which leads to
dephosphorylation of P-His-HPr will also lead to
dephosphorylation ofP-DHA kinase and thus slow down the
metabolism of glycerol. This model is in agreement with the
observation that glycerol uptake in B. subtilis mutants with
low enzyme I activity is more severely repressed by PTS
sugars than in cells with normal enzyme I activity (27). The
lower enzyme I activity leads to stronger competition for
P-His-HPr. However, a possible involvement of IIIP'1 in the
regulation of glycerol uptake in B. subtilis is also in agree-
ment with the above observation. In vitro, DHA kinase was
found to be phosphorylated four times faster in the presence
of P-Ser-HPr than in the presence of HPr. However, the
physiological importance of this observation is questionable.
Fructose 1,6-diphosphate, which stimulates the formation of
P-Ser-HPr (8, 26), was found to inhibit the activity of
phosphorylated and unphosphorylated DHA kinase. Pro-
teins involved in glycerol uptake and metabolism were
always found to be inducible, and growth on glucose se-
verely repressed the synthesis of these proteins (18). The
DHA kinase described here was isolated in similar amounts
from cells grown on either glucose, mannitol, or glycerol.
This enzyme therefore seems to be expressed constitutively.
Growth on glucose did not affect its expression.
As in phosphorylated III proteins (7, 10, 16), the

phosphoryl group in P-DHA kinase is most likely bound to
the N-3 position of a histidyl residue. After alkaline hydro-
lysis of [32P]DHA kinase and subsequent paper electropho-
resis, the major radioactive spot comigrated with 3-
phosphohistidine. As III proteins and DHA kinase are
phosphorylated by P-His-HPr, a similarity in phosphoryla-
tion sites could be expected. The amino acid sequence
around the site of phosphorylation in lllgct, IlImt1, and DHA
kinase of S. faecalis is under investigation. PEP-dependent
phosphorylation of a protein with unknown function,
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FIG. 7. High-voltage paper electrophoresis of hydrolyzed
[32P]DHA kinase. Phosphorylation and subsequent hydrolysis of
1111ac, HPr, and DHA kinase was carried out as described in
Materials and Methods. In a subsequent paper electrophoresis,
hydrolyzed [32P]IIIlac and [32P]His-HPr were run as standards for
3-phosphohistidine (3-P-His) (right-hand lane) and 1-
phosphohistidine (1-P-His) (middle lane), respectively. [32P]His-HPr
was not separated from [32P]PEP after phosphorylation, and the
hydrolysate therefore contained large amounts of Pi, which was
almost absent from hydrolyzed [32P]IIIlac and [32P]DHA kinase. The
main radioactive spot in hydrolyzed [32P]DHA kinase comigrated
with 3-phosphohistidine.

catalyzed by enzyme I and HPr, has been reported (31). The
protein had a molecular weight of 40,000 and was observed
in S. typhimurium and E. coli. The arnount of this protein in
the cells was dependent on the growth conditions, mainly the
carbohydrate source. The gene locus of this protein is not
within the pts operon, as the protein was also found in an S.
typhimurium strain with an extensive deletion in the pts
operon.

ACKNOWLEDGMENTS

We thank W. Hengstenberg for supplying us with cells of S.
faecalis and immobilized HPr and H.-H. Kiltz for performing the
amino acid analysis.

LITERATURE CITED

1. Alpert, C. A., R. Frank, K. Stuber, J. Deutscher, and W.
Hengstenberg. 1985. Phosphoenolpyruvate-dependent protein
kinase enzyme I of Streptococcus faecalis: purification and
properties of the enzyme and characterization of its active
center. Biochemistry 24:959-964.

2. Benson, J. V., Jr., H. J. Gordon, and J. A. Patterson. 1967.
Accelerated chromatographic analysis of amino acids in physi-
ological fluids containing glutamine and asparagine. Anal.
Biochem. 18:228-240.

3. Beyreuther, K., K. H. Raufuss, 0. Schrecker, and W. Heng-

stenberg. 1977. The phosphoenolpyruvate-dependent phospho-
transferase system of Staphylococcus aureus: amino acid se-
quence of the phosphocarrier protein HPr. Eur. J. Biochem.
75:275-286.

4. Castro, L., B. U. Feucht, M. L. Morse, and M. H. Saier, Jr.
1976. Regulation of carbohydrate permeases and adenylate
cyclase in Escherichia coli. J. Biol. Chem. 251:5522-5527.

5. Cozzarelli, N. R., W. B. Freedberg, and E.'.C. C. Lin. 1968.
Genetic control of the L-a-glycerophosphate system in Esche-
richia coli. J. Mol. Biol. 31:371-387.

6. Deutscher, J. 1985. Phosphoenolpyruvate-dependent phosphor-
ylation of a 55 kDa protein of Streptococcus faecalis catalyzed
by the phosphotransferase system. FEMS Microbiol. Lett.
29:237-243.

7. Deutscher, J., K. Beyreuther, H. M. Sobek, K. Stuber, and W.
Hengstenberg. 1982. Phosphoenolpyruvate-dependent
phosphotransfer system of Staphylococcus aureus: factor Ii1ac,
a trimeric phospho-carrier protein that also acts as a phase
transfer catalyst. Biochemistry 21:4867-4873

8. Deutscher, J., and R. Engelmann. 1984. Purification and char-
acterization of an ATP-dependent protein kinase from Strepto-
coccusfaecalis. FEMS Microbiol. Lett. 23:157-162.

9. Deutscher, J., U. Kessler, and W. Hengstenberg. 1985. Strepto-
coccal PEP:sugar phosphotransferase system: purification and
characterization of a phosphoprotein phosphatase which hydro-
lyzes the phosphoryl bond in seryl-phosphorylated HPr. J.
Bacteriol. 163:1203-1209.

10. Dorschug, M., R. Frank, H. R. Kalbitzer, W. Hengstenberg, and
J. Deutscher. 1984. Phosphoenolpyruvate-dependent phosphor-
ylation site in enzyme III1' of the Escherichia coli phospho-
transferase system. Eur. J. Biochem. 144:113-119.

11. Feucht, B. U., and M. H. Saier, Jr. 1980. Fine control of
adenylate cyclase by the phosphoenolpyruvate:sugar phospho-
transferase system in Escherichia coli and Salmonella
typhimurium. J. Bacteriol. 141:603-610.

12. Forage, R. G., and E. C. C. Lin. 1982. dha system mediating
aerobic and anaerobic dissimilation of glycerol in Klebsiella
pneumoniae NCIB 418. J. Bacteriol. 151:591-599.

13. Gassner, M., D. Stehlik, 0. Schrecker, W. Hengstenberg, W.
Maurer, and H. Ruterjans. 1977. The phosphoenolpyruvate-
dependent phosphotransferase system of Staphylococcus au-
reus. 2. 'H and 31P nuclear magnetic resonance studies on the
phosphocarrier protein HPr, phosphohistidines and phosphoryl-
ated HPr. Eur. J. Biochem. 75:287-296.

14. Hengstenberg, W. 1977. Enzymology of carbohydrate transport
in bacteria. Curr. Top. Microbiol. Immunol. 77:97-126.

15. Jin, R. Z., and E. C. C. Lin. 1984. An inducible phospho-
enolpyruvate:dihydroxyacetone phosphotransferase system in
Escherichia coli. J. Gen. Microbiol. 130:83-88.

16. Kalbitzer, H. R., J. Deutscher, W. Hengstenberg, and P. Rosch.
1981. Phosphoenolpyruvate-dependent phosphotransferase sys-
tem of Staphylococcus aureus: 'H nuclear magnetic resonance
studies on phosphorylated and unphosphorylated factor IllIac
and its interaction with the phosphocarrier protein HPr. Bio-
chemistry 20:6178-6185.

17. Kalbitzer, H. R., W. Hengstenberg, P. R6sch, P. Muss, P.
Bernsmann, R. Engelmann, M. I)orschug, and J. Deutscher.
1982. HPr proteins of different microorganisms studied by
hydrogen-1 high-resolution nuclear magnetic resonance: simi-
larities of structures and mechanisms. Biochemistry 21:
2879-2885.

18. Lin, E. C. C. 1976. Glycerol dissimilation and its regulation in
bacteria. Annu. Rev. Microbiol. 30:535-578.

19. Meadow, N. D., M. A. Kukuruzinska, and S. Roseman. 1984.
The bacterial phosphoenolpyruvate:sugar phosphotransferase
system, p. 523-559. In A. Martonosi (ed.), The enzymes of
biological membranes. vol. 3, 2d ed. Plenum Publishing Corp.,
New York.

20. Nelson, S. O., A. R. J. Schuitema, R. Benne, L. H. T. van der
Ploeg, J. S. Plijter, F. Aan, and P. W. Postma. 1984. Molecular
cloning, sequencing and expression of the crr gene: the struc-
tural gene for lllglc of the bacterial PEP:glucose phosphotrans-
ferase system. EMBO J. 3:1587-1593.

VOL. 166, 1986 835



836 DEUTSCHER AND SAUERWALD

21. Nelson, S. O., J. K. Wright, and P. W. Postma. 1983. The
mechanism of inducer exclusion. Direct interaction between
purified IIIgc of the phosphoenolpyruvate:sugar phosphotrans-
ferase system and the lactose carrier of Escherichia coli. EMBO
J. 2:715-720.

22. Novotny, M. J., W. L. Fredericksen, E. B. Waygood, and M. H.
Saier, Jr. 1985. Allosteric regulation of glycerol kinase by
enzyme lllglc of the phosphotransferase system in Escherichia
coli and Salmonella typhimurium. J. Bacteriol. 162:810-816.

23. Oh, Y. K., E. B. Freese, and E. Freese. 1973. Abnormal
septation and inhibition of sporulation by accumulation of
L-a-glycerophosphate in Bacillus subtilis mutants. J. Bacteriol.
113:1034-1045.

24. Osumi, T., and M. H. Saier, Jr. 1982. Regulation of lactose
permease activity by the phosphoenolpyruvate:sugar phospho-
transferase system: evidence for direct binding of the glucose-
specific enzyme III to the lactose permease. Proc. Natl. Acad.
Sci. USA 79:1457-1461.

25. Postma, P. W., W. Epstein, A. R. J. Schuitema, and S. 0.

Nelson. 1984. Interaction between IIIglc of the phospho-
enolpyruvate: sugar phosphotransferase system and glycerol
kinase of Salmonella typhimurium. J. Bacteriol. 158:351-
353.

26. Reizer, J., M. J. Novotny, W. Hengstenberg, and M. H. Saier,
Jr. 1984. Properties of ATP-dependent protein kinase from
Streptococcus pyogenes that phosphorylates a seryl residue in
HPr, a phosphocarrier protein of the phosphotransferase sys-
tem. J. Bacteriol. 160:333-340.

27. Reizer, J., M. J. Novotny, I. Stuiver, and M. H. Saier, Jr. 1984.
Regulation of glycerol uptake by the phosphoenolpyruvate-
sugar phosphotransferase systeM in Bacillus subtilis. J. Bacte-
riol. 159:243-250.

28. Robillard, G. T. 1982. The enzymology of the bacterial
phosphoenolpyruvate-dependent sugar transport systems. Mol.
Cell. Biochem. 46:3-24.

29. Ruch, F. E., J. Lengeler, and E. C. C. Lin. 1974. Regulation of
glycerol catabolism in Klebsiella aerogenes. J. Bacteriol.
119:50-56.

30. Thompson, J., and D. A. Torchia. 1984. Use of 31P nuclear
magnetic resonance spectroscopy and 14C fluorography in stud-
ies of glycolysis and regulation of pyruvate kinase in Strepto-
coccus lactis. J. Bacteriol. 158:791-800.

31. Waygood, E. B., and R. L. Mattoo. 1983. A novel phosphopro-
tein dependent on the bacterial phosphoenolpyruvate-sugar
phosphotransferase system. Can. J. Biochem. Cell. Biol.
61:150-153.

J. BACTERIOL.


