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Summary

The bacterial phosphoenolpyruvate:sugar phospho-
transferase system (PTS) consists of two general
energy-coupling proteins [enzyme | and histidine
phosphocarrier protein (HPr)] and several sugar-
specific enzyme lIs. Although, in addition to the
phosphorylation-coupled transport of sugars, various
regulatory roles of PTS components have been iden-
tified in Escherichia coli, much less is known about the
PTS in the opportunistic human pathogen Vibrio vul-
nificus. In this study, we have identified pyruvate
kinase A (PykA) as a binding partner of HPr in V. vul-
nificus. The interaction between HPr and PykA was
strictly dependent on the presence of inorganic phos-
phate, and only dephosphorylated HPr interacted
with PykA. Experiments involving domain swapping
between the PykAs of V. vulnificus and E. coli
revealed the requirement for the C-terminal domain of
V. vulnificus PykA for a specific interaction with V. vul-
nificus HPr. Dephosphorylated HPr decreased the K
of PykA for phosphoenolpyruvate by approximately
fourfold without affecting Vi.x. Taken together, these
findings indicate that the V. vulnificus PTS catalyzing
the first step of glycolysis stimulates the final step
of glycolysis in the presence of glucose through
the direct interaction of dephospho-HPr with the
C-terminal domain of PykA.

Introduction

Vibrio vulnificus is a Gram-negative, curved rod-shaped
marine bacterium with a single flagellum. This bacterium is
an opportunistic human pathogen that causes serious and
often fatal infections. These include an invasive septicemia
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usually contracted through the consumption of raw or
undercooked shellfish, as well as wound infections
acquired through contact with shellfish or marine waters
where the organism is present (Strom and Paranjpye,
2000). Primary septicemia is the most lethal infection
caused by V. wulnificus, with an average mortality rate
exceeding 50%. The majority of septic patients die of
fulminant septicemia within 48 h after infection. Risk
factors for severe V. vulnificus infection include any chronic
disease, liver disease, alcoholism and diabetes (Bross
et al., 2007).

The bacterial phosphoenolpyruvate (PEP):sugar phos-
photransferase system (PTS) plays an important role in the
translocation of numerous sugars across the cytoplasmic
membrane. The PTS is composed of two general cytoplas-
mic proteins, enzyme | (El) and histidine phosphocarrier
protein (HPr), and a set of sugar-specific proteins collec-
tively known as enzyme lls (Ells) (Postma et al., 1993). For
example, glucose-specific Ell of Escherichia coli consists
of soluble EIIA%*® and membrane-bound EIICB®°. El and
HPr mediate phosphoryl transfer from PEP to Ell, which
ultimately phosphorylates PTS sugar substrates during
uptake. Therefore, the ratio of the phosphorylated forms of
PTS components increases in the absence and decreases
in the presence of a PTS sugar.

Components of the PTS also participate in numerous
physiological processes. The regulatory roles of the PTS
have been most extensively studied in E. coli, and these
roles include regulation of chemotaxis by El (Lux et al.,
1995), regulation of glycogen phosphorylase, the BglG
antiterminator and the anti-c° factor Rsd by HPr
(Amster-Choder and Wright, 1990; Seok et al., 1997;2001;
Rothe et al., 2012; Park et al., 2013), and regulation of the
global repressor Mic by the membrane-bound glucose
transporter EIICB®* (Lee et al., 2000; Tanaka et al., 2000;
Nam et al., 2001; 2008). In addition, EIIAS* regulates car-
bohydrate transport and metabolism (Hurley et al., 1993;
Postma et al., 1993; Seok et al., 1997), the metabolic flux
between fermentation and respiration (Koo et al., 2004),
and adenylyl cyclase activity (Park et al., 2006). These
regulatory functions of the PTS depend on the phosphor-
ylation state of the involved components.

Like the E. coli PTS, the two general components (El
and HPr) and EIIA®* are encoded by the ptsHIcrr operon,
and EIICBS"* is encoded separately by ptsG in V. vulnifi-
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Fig. 1. Specific interaction of PykA with HPr
in V. vulnificus. Ligand fishing experiments to
search for protein(s) interacting with H-vHPr
(A) and H-vPykA (B) were carried out as
described in the Experimental procedures.

Crude extract prepared from V. vulnificus
CMCP6 cells was mixed with TALON metal
affinity resin in the presence (lane +) or
absence (lane —) of purified His-tagged
protein bait and subjected to metal affinity
chromatography. After a brief wash, proteins
bound to the resin were eluted, and the
eluates were analyzed by SDS-PAGE using
4-20% gradient gels followed by staining with
Coomassie brilliant blue. The protein bands
that specifically bound to H-vHPr and
H-vPykA were excised from gels, and in-gel
digestion and peptide mapping of tryptic
digests were carried out as described
previously (Jeong et al., 2004). EzZWay
Protein Blue MW Marker (KOMA Biotech) was
used as the molecular mass marker (lane M).
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cus. However, much less is known about the regulatory
roles of the V. vulnificus PTS. In V. vulnificus, EIIA®*® is
known to regulate the activity of insulin degrading
enzymes (Kim etal, 2010) and the fermentation/
respiration switch protein FrsA, which has been proposed
as a cofactor-independent decarboxylase (Lee etal.,
2011).

To date, there has been no direct evidence for the
participation of El and HPr in the regulation of other meta-
bolic pathways in V. vulnificus. V. vulnificus HPr is a small
protein with an M, of 9094 predicted based on its amino
acid sequence. Given that HPr is known to be more abun-
dant than EIIAG*® in enteric bacteria (Rohwer et al., 2000),
we assumed that there might be some regulatory mecha-
nisms associated with HPr.

In this study, a ligand-fishing strategy was employed to
discover the high affinity binding of HPr to a protein from
V. wulnificus extracts. The protein was purified and deter-
mined to be an ortholog of E. coli pyruvate kinase A
(ePykA). Pyruvate kinase (PK) catalyzes the final step of
glycolysis, which is the transfer of a phosphoryl group from
PEP to ADP, generating the products ATP and pyruvate for
anaerobic and aerobic metabolism (Munoz and Ponce,
2003; Zoraghi et al., 2010). This reaction is essentially
irreversible in vivo and appears to be one of the major
control points for the regulation of glycolytic flux. In addi-
tion, both the substrates and products of this reaction feed
into a number of energetic and biosynthetic pathways,
placing PK at a crucial metabolic intersection. Here,

we demonstrate that HPr is a phosphorylation state-
dependent allosteric effector of the ePykA ortholog in
V. wulnificus.

Results

Specific interaction between HPr and pyruvate kinase A
in V. vulnificus

To search for a protein(s) that interacts with V. vulnificus
HPr (hereafter vHPr), we used a ligand fishing strategy
(Lee et al., 2007; Kim et al., 2010; 2011; Park et al., 2013).
V. vulnificus CMCP6 crude extract was mixed with an
N-terminally Hises-tagged form of vHPr (H-vHPr) and sub-
jected to a pull-down assay. In several repeated experi-
ments, we identified a protein band migrating with an
apparent molecular mass of approximately 52 kDa that
always co-eluted with H-vHPr (Fig. 1A). Peptide mapping
of this protein band employing MALDI-TOF mass spec-
trometry analysis following in-gel digestion with trypsin
indicated that the protein corresponded to a provisional PK
encoded by VV1_2992.

Because PK catalyzes the final step of glycolysis, it is
widespread in almost all types of organisms including
animals, plants, fungi and protists as well as bacteria.
BLAST searches revealed that V. wvulnificus strains
have three genes encoding PK isozymes (VV1_2992,
VV1_0644 and VV2_0206) like other vibrios. In contrast,
E. coli strains have two PK isozymes: PykA (ePykA) is
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known to be allosterically activated by AMP, whereas PykF
(ePykF) known to be allosterically activated by fructose
1,6-bisphosphate. The PK encoded by VV1_0644 shares
78% and 38% amino acid sequence identity with ePykF
and ePykA of the E. coliK-12 strain, respectively, whereas
the protein encoded by VV71_2992 demonstrates 37%
and 71% identity with ePykF and ePykA respectively
(Fig. S1A). Although the PK encoded by VV2_0206 shares
a slightly higher sequence identity with ePykA (52%) than
ePykF (40%), the presence of few mRNA transcripts of
VV2_0206 observed when the V. vulnificus CMCPG6 strain
was cultivated in different growth media suggests that
VV2_0206 expression may be cryptic (Fig. S1B). There-
fore, hereafter we refer to the PKs encoded by VV1_0644
and VV1_2992 as vPykF and vPykA respectively.

To confirm the interaction between vPykA and vHPr, we
purified Hisg-tagged vPykA. A pull-down assay was per-
formed using TALON metal affinity resin (Takara Bio,
Japan) charged with H-vPykA to identify vPykA-binding
proteins from V. vulnificus CMCP6 crude extract. After a
brief wash, proteins bound to the resin were eluted with
200 mM imidazole and analyzed by SDS-PAGE. As
shown in Fig. 1B, a protein band migrating slightly slower
than the 6.5 kDa polypeptide was detected only in the
eluate from the column loaded with crude extract in the
presence of H-vPykA. Peptide mass fingerprinting after
in-gel tryptic digestion of this protein band revealed four
peptides derived from vHPr with a sequence coverage of
65.9% (56/85 amino acids, data not shown). This result
supports a specific interaction between vHPr and vPykA.

Dependence of the interaction between vHPr and
VPyKkA on inorganic phosphate

To examine whether the interaction between vHPr and
vPykArequires any additional factor(s), purified vPykA was
mixed with purified H-vHPr and subjected to metal affinity
chromatography. Unlike vPykA in crude cell extracts, the
purified protein alone exhibited little binding to H-vHPr
unless crude cell extract was added (Fig. 2A, lanes 1-3),
implying that the interaction between vHPr and vPykA
depends on an additional factor(s). To test whether this
additional factor is a protein or a small metabolite, the
crude cell extract was filtered using a Microsep 3K mem-
brane (Pall/Gelman Laboratory), and the effect of the
filtrate on the interaction was measured. Because vPykA
exhibited binding to H-vHPr in the presence of the filtrate,
we assumed that the factor required for the vPykA—vHPr
interaction could be a small molecule (Fig. 2A, lane 4).
Therefore, we tested the effects of various cellular metabo-
lites on this interaction. Although potassium glutamate,
potassium acetate and acetyl phosphate had little effect on
vHPr-vPykA binding, potassium phosphate remarkably
increased the binding of vPykA to vHPr (Fig. 2A, lanes
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5-8), indicating that inorganic phosphate (P) is the media-
tor of the vHPr—vPyKA interaction. It should be noted that
50 mM sodium phosphate buffer was used in the initial
fishing experiment to search for a new binding partner of
vHPr (Fig. 1).

Intracellular concentrations of P; have been reported in
the range of 3-9 mM for E. coli grown under normal con-
ditions in the pioneering in vivo *'P-NMR studies (Ugurbil
et al., 1982), although internal P; can rise to higher levels
when glycerol-3-phosphate is added to the medium
(Xavier et al., 1995). Therefore, we tested the effect of P
concentration on the interaction between vHPr and vPykA.
Consistent with the data in Fig. 2A, vPykA showed little
specific binding to H-vHPr in the absence of P; (Fig. 2B,
lanes 1 and 2). However, as the concentration of P; in the
reaction mixtures was raised, the specific binding of vPykA
to H-vHPr increased as well (Fig. 2B and C). A double
reciprocal plot revealed that the P; concentration for half-
maximal stimulation of the vPykA—vHPr interaction was
approximately 3.95 mM (Fig. 2D). Considering this result
and the intracellular concentrations of P; reported in E. coli
(Ugurbil et al., 1982), P; was added to a final concentration
of 10 mM, resulting in approximately 70% maximum stimu-
lation, in all experiments hereafter unless otherwise spe-
cifically mentioned.

Phosphorylation state-dependent interaction between
VHPr and vPykA

The specificity of the interaction between vHPr and vPykA
was determined by employing surface plasmon resonance
(SPR) biosensor technology with the BIAcore 3000 system
(GE Healthcare) (Seok et al., 1997). vHPrwas immobilized
on a CM5 sensor chip, and vPykA or vPykF was allowed to
flow over the surface. When purified vPykF was exposed to
immobilized vHPr, no interaction was detected (Fig. 3A,
sensorgram a). In contrast, purified vPykA resulted in a
significant increase in the SPR response (Fig. 3A, sensor-
gram b). Specificity of the interaction between vPykA and
VHPr was also confirmed by pull-down assays using
TALON metal affinity resin charged with purified H-vPykA
or purified H-vPykF in the absence and presence of 10 mM
P; (Fig. S2A). When a fixed amount of purified vHPr was
mixed with H-vPykA, the amount of vHPr pulled down by
H-vPykA increased only in the presence of 10 mM P
However, H-vPykF adsorbed to TALON metal affinity resin
did not pull down vHPr regardless of the presence of P;,
indicating that the inorganic phosphate-dependent interac-
tion of vHPr is specific for vPykA and does not occur with
vPykF.

To determine kinetic parameters for the binding of vHPr
to vPykA, different concentrations (31.25-500 uM) of puri-
fied vPykA were applied to the vHPr surface of the sensor
chip. The signal increased as a function of vPykA concen-
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Fig. 2. The interaction between vPykA and vHPr depends on inorganic phosphate.

A. The effect of various compounds on the interaction of vPykA with vHPr. Purified vPykA (100 pg) was mixed with purified H-vHPr (60 pug) in
20 mM HEPES-NaOH (pH 7.6) containing 150 mM NaCl in the presence or absence of various compounds and subjected to TALON metal
affinity chromatography. The results were analyzed by 4-20% gradient SDS-PAGE and staining with Coomassie brilliant blue. Lane M,
molecular mass markers (KOMA Biotech); lane 1, vPykA was added alone as control; lane 2, vPykA and H-vHPr; lane 3, vPykA, H-vHPr and
50 ul of V. vulnificus crude extract used in Fig. 1; lane 4, vPykA, H-vHPr, 50 ul of 3-kDa filtrate of V. vulnificus crude extract; lane 5, vPykA,
H-vHPr and potassium glutamate (to 10 mM); lane 6, vPykA, H-vHPr, potassium acetate (to 10 mM); lane 7, vPykA, H-vHPr, potassium
phosphate (to 10 mM); lane 8, vPykA, H-vHPr and acetyl phosphate (to 10 mM).

B. Effect of varying concentrations of sodium phosphate (Pi) on the interaction of vPykA with vHPr. vPykA (100 pg) and H-vHPr (60 ug) in

20 mM HEPES-NaOH (pH 7.6) containing 150 mM NaCl were incubated with increasing amounts of P; (0, 0.5, 1, 2, 5, 10 and 50 mM; lanes
2-8) and subjected to pull-down assays. In lanes 1 and 9, vPykA alone was incubated with 0 and 50 mM P, respectively, and subjected to
pull-down assays as a loading control.

C. Plot of the P; concentration-dependent binding of vPykA to H-vHPr. The Coomassie blue-stained gel in (B) was scanned, and the band
intensities of vPykA were measured with the Multi Gauge program. The relative amounts of vPykA bound to H-vHPr were calculated based on
the specific binding by subtracting the amount of vPykA bound to H-vHPr in 0 mM P; from that bound to H-vHPr in each concentration of P; as

indicated.

D. Double reciprocal plot of 1/[Bound vPykA] versus 1/[Pj] using the data in (C).

tration (Fig. 3B). The dissociation constant (Kp) for the
VHPr-vPykA interaction was determined using BlAevalu-
ation software to be approximately 4.5 x 107 M, assum-
ing a 1:1 interaction.

Generally, the regulatory functions of the PTS depend on
the phosphorylation state of the involved protein
(Deutscher et al., 2006). Accordingly, the effect of phos-
phorylation of vHPr on its interaction with vPykA was
assessed by SPR. The phosphorylated and dephosphor-
ylated vHPr surfaces were generated by reversible phos-
phoryl transfer reactions between El, vHPr and EIIAG®
(Nam et al., 2001). When purified vPykA was applied to
immobilized vHPr, a high affinity interaction was detected
(Fig. 3C, sensorgram a). In contrast, after immobilized
vHPrwas phosphorylated by allowing the mixture of El and
PEP to flow over the surface and was subsequently
washed with running buffer, an interaction with vPykA was

barely detectable (Fig. 3C, sensorgram b). Furthermore,
the same VHPr surface demonstrated recovered vPykA
binding activity after dephosphorylation by flowing dephos-
phorylated EIIA®° through the flow cell and flushing with
running buffer (Fig. 3C, sensorgram c). These results indi-
cate that only dephospho-vHPr, but not its phospho-form,
can interact with vPykA.

Specificity and dependence on phosphorylation state for
the interaction between vHPr and vPykA was also exam-
ined via pull-down assays with H-vHPr adsorbed to TALON
metal affinity resin. The phosphorylated form of vHPr was
generated by adding El and PEP to the reaction mixtures
(Fig. S3). As expected for enzymes requiring divalent
cations as cofactors (Muirhead, 1990), some nonspecific
binding of both vPykA and vPykF to TALON metal affinity
resin was observed. When a fixed amount of purified
vPykA was mixed with different concentrations of dephos-

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 293—-305
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Fig. 3. Analysis of the interaction between vHPr and vPykA by surface plasmon resonance (SPR).

A. vVPykF (sensorgram a) or VPykA (sensorgram b) was allowed to flow over the vHPr surface.

B. Measurement of the dissociation constant (Kp) between vPykA and vHPr. The indicated amounts of vPykA were allowed to flow over the
VvHPr surface. The Kp value for the interaction between vHPr and vPykA was determined to be ~4.484 x 107 M.

C. Phosphorylation state-dependent interaction between vPykA and vHPr. Sensorgram a shows vPykA binding to the immobilized vHPr
surface. In sensorgram b, vPykA was injected after the immobilized vHPr surface had been phosphorylated by exposing it to a mixture of El
and phosphoenolpyruvate (PEP), then flushing with running buffer to remove PEP and El. In sensorgram c, dephosphorylated EIIA%°® was
allowed to flow over the phosphorylated vHPr surface generated in sensorgram b to dephosphorylate the surface before vPykA was injected.

phorylated H-vHPr, the amount of vPykA pulled down by
H-vHPr increased as the concentration of H-vHPr
increased (Fig. S2B). In contrast, when H-vHPr was phos-
phorylated by incubating with EI and PEP, the amount of
vPykA bound to the resin was not affected by the concen-
tration of vHPr added to the reaction mixture. As expected
from the data in Fig. 3A, H-vHPr adsorbed to TALON metal
affinity resin did not pull down vPykF regardless of the
phosphorylation state of vHPr (Fig. S2C). These results
support the specificity and dependence on the phosphor-
ylation state of the vHPr—vPykA interaction.

The C-terminal domain of vPykA determines the binding
specificity of the vHPr—vPykA complex

In a recent screen of proteins interacting with HPr employ-
ing a ligand fishing strategy in E. coli, we identified the

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 293—-305

anti-c’° factor Rsd as a new target regulated by HPr (Park
et al.,, 2013). Whereas Rsd and glycogen phosphorylase,
which has already been found to interact with HPr, were
pulled down by HPr, we could not detect any interaction
between HPrand PKs in E. coli. However, because BLAST
searches revealed that vPykA and vHPr share 71% and
76% amino acid sequence identity with ePykA and E. coli
HPr (hereafter eHPr), respectively, we assumed that the
interaction of PykA with HPr might also occur in E. coli. To
test whether the interaction between HPr and PykA is
specific in V. vulnificus or whether cross-interactions are
possible between proteins from other species, we pre-
pared the HPr and PK proteins from E. coli and V. vulnifi-
cus and measured the cross-interactivities of these
proteins. Notably, neither vHPr nor eHPr interacted with
vPykF and ePykA, whereas vPykA did interact with eHPr,
albeit with lower affinity than with vHPr (Fig. 4A). These
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Fig. 4. Test for the interaction and allosteric effect between PKs and HPr proteins.

A. Purified vPykF, vPykA and ePykA (60 ug each) were mixed with buffer control (lane C), 100 ug of H-eHPr (lane E) or H-vHPr (lane V) in
the presence of 50 ul of TALON resin. After metal affinity chromatography, proteins bound to each column were analyzed by 4-20% gradient
SDS-PAGE and staining with Coomassie brilliant blue. Numbers above the PK bands represent the levels of PKs bound to HPr proteins
relative to the level in lane C for each PK measured with Multi Gauge software. Lane M, molecular mass markers (KOMA Biotech).

B. After partial purification, vPykA (lanes 1 and 2), vePykA (lanes 3 and 4), evPykA (lanes 5 and 6) and ePykA (lanes 7 and 8) were subjected
TALON affinity chromatography in the absence (odd-numbered lanes) and presence (even-numbered lanes) of H-vHPr. Lane M, molecular

mass markers (KOMA Biotech).

C and D. The rates of PEP (1 mM) conversion to pyruvate catalyzed by four different PKs (native forms of ePykA and vPykA in (C) and two
domain-swapped PKs in (D), 20 nM each) were measured by a lactate dehydrogenase (LDH)-coupled assay in the presence of 20 uM of

eHPr or vHPr as indicated.

data indicate that the interaction between the HPr and
PykA proteins is species-specific and dependent on the
surface structure of PykA.

PKs are highly conserved in all organisms from prokary-
otes to eukaryotes. The generation of crystal structures for
several PKs from various species of bacteria, yeast and
mammals has revealed a generally conserved architecture
(Mattevi et al.,, 1995; Rigden et al., 1999; Valentini et al.,

2002; Zoraghi et al., 2011). PKs exist as homo-tetramers,
and each subunit consists of three or four domains: the N,
A, B and C domains. The N domain is not present in
prokaryotic PKs, and the A and B domains at N-termini of
these bacterial enzymes comprise 70%, where binding
sites for ADP, PEP and divalent cations are located. The
remaining 30% corresponds to the C domain, where the
binding site for the allosteric regulator is located. Alignment

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 293—-305
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of the amino acid sequences of ePykA and vPykA revealed
that the 333 N-terminal amino acids are highly conserved
with 78% identity, whereas the C-terminal domains are less
conserved (Fig. S4A). Therefore, we assumed that the
C-terminal domain of vPykA might determine binding
specificity for vHPr. To explore the determinant of the
species-specific interaction between PykA and HPr and
verify our assumption, two chimeric PKs were constructed
via a domain-swapping approach. The vePykA protein was
made by fusing the N-terminal domain (amino acids
1-333) of vPykA to the C-terminal domain (amino acids
334-480) of ePykA, whereas the evPykA protein consisted
of the N-terminal domain (amino acids 1-318) of ePykA
and the C-terminal domain (amino acids 319-482) of
vPykA. The sequences of all the constructs were confirmed
by DNA sequencing. After partial purification, each chi-
meric PK was mixed with a fixed amount of H-vHPr and
subjected to pull-down assays using TALON metal affinity
resin. When vePykA and ePykA were mixed with H-vHPr,
no interaction was detected (Fig. 4B, lanes 3, 4, 7 and 8).
In contrast, when vPykA and evPykA were incubated with
H-vHPr, they were pulled down by TALON resin (Fig. 4B,
lanes 1, 2, 5 and 6). These results led us to conclude that
the C-terminal domain of vPykA determines the binding
specificity of the vHPr—vPykA complex.

The phosphorylation state of HPr is important for the
regulation of vPykA activity

Because the binding site for the allosteric effector is
located at the C-terminal domain of PKs (Larsen et al.,
1994; Jurica etal, 1998) and the C-terminal domain
determines the specificity of the HPr—PykA interaction, we
tested whether HPr can act as an allosteric regulator of
PykA. PK activity was determined by a lactate dehydro-
genase (LDH)-coupled assay that measures the decrease
in absorbance at 340 nm resulting from the oxidation of
NADH to NAD*. This assay is based on the conversion of
PEP to pyruvate by PK, coupled to the conversion of
pyruvate to lactate by LDH at the expense of NADH
(Zoraghi et al., 2010). To investigate whether the specific
interaction of HPr and PykA is directly related to the spe-
cific regulation of PK activity, four different PKs (VPykA,
evPykA, vePykA and ePykA) were purified (Fig. S4B),
and their activities were compared in the presence and
absence of eHPr or vHPr (Fig. 4C and D). vPykA demon-
strated approximately the same specific activity as ePykA.
However, the chimeric protein vePykA comprising an
N-terminal two-thirds from vPykA linked to a C-terminal
one-third from ePykA exhibited a significantly lower spe-
cific activity, whereas evPykA consisting of an N-terminal
two-thirds from ePykA and a C-terminal one-third from
vPykA showed a considerably higher specific activity than
that of vPykA and ePykA. As expected from the binding
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assays (Fig. 4A), ePykA activity was little affected by
either eHPr or vHPr, whereas vPykA activity was signifi-
cantly stimulated by vHPr. eHPr also stimulated vPykA
activity, albeit to a much lesser degree than vHPr
(Fig. 4C). Notably, the enzyme activity of vePykA was not
stimulated by either eHPr or vHPr, whereas evPykA
behaved in a manner similar to vPykA in terms of activity
regulation by vHPr and eHPr (Fig. 4D). These results are
in accordance with the data from the binding assays
(Fig. 4A and B) and indicate that HPr stimulates enzyme
activity by binding to the allosteric site in the C-terminal
domain of vPykA.

vPykA activity was determined in the presence of varying
concentrations of AMP, fructose 1,6-bisphosphate (FBP)
and dephosphorylated vHPr (Fig. 5). As expected given its
high sequence identity with ePykA (71%) and low
sequence identity with ePykF (37%), vPykA activity was
not significantly influenced by FBP. Interestingly, however,
vPykA was activated by 8 mM AMP by only approximately
twofold, whereas ePykA was activated more than 10-fold
(Fig. 5A). Dephospho-vHPr increased vPykA activity in a
concentration-dependent manner up to approximately
sevenfold compared with the level in control assays
(Fig. 5B). From these data, it can be assumed that the in
vivo allosteric effector of vPykA might be dephospho-vHPr
rather than AMP. The stimulation of vPykA activity by
dephospho-vHPr was saturable, with maximal activation at
16 uM of vHPr and half-maximal activation at approxi-
mately 4 uM.

We also investigated the effect of the phosphorylation
state of vHPr on the regulation of vPykA activity. To deter-
mine if phosphorylation of vHPr would affect its stimulatory
activity, PEP (1 mM), El (4 ug ml-") and variable concen-
trations of vHPr were added to a coupled enzyme assay.
This reaction mixture was preincubated for 5 min before
the assay was initiated by the addition of vPykA, as we
confirmed that vHPr could be completely phosphorylated
under this condition (Fig. S3, last lane). Notably, the addi-
tion of phospho-vHPr resulted in no stimulation of vPykA
activity regardless of the amount of vHPr, indicating that
only dephospho-vHPr can interact with and thus stimulate
the activity of vPykA.

To evaluate the effect of vHPr on the catalytic function
of vPykA, steady-state kinetics of vPykA were deter-
mined with respect to PEP in the absence and presence
of 20 uM dephospho-vHPr (Fig. 5C). Parameters derived
from these kinetics are summarized in Table 1. Although
VHPr showed little, if any, effect on the Vi, Hill coeffi-
cient (h) and catalytic activity (k) of VPYkA, the pres-
ence of VvHPr led to an approximately 3.7-fold decrease
in the Sp5 of PEP under nonsaturation conditions. These
data imply that the phosphorylation state of vHPr regu-
lates VPykA activity by influencing the affinity of vPykA
for PEP.
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Fig. 5. The allosteric regulation of vPykA.

A. Effects of varying concentrations of AMP (0—-8 mM) on ePykA
(squares) and vPykA (circles) activity. The effects of various
concentrations of fructose 1,6-bisphosphate (0-8 mM) on vPykA
(triangles) were also measured.

B. The effects of varying amounts of dephospho-vHPr (circles) and
phospho-vHPr (triangles) on vPykA activity. The results are
presented as the mean * standard deviations (n = 3).

C. Steady-state kinetics of vPykA were determined with respect to
PEP (0-16 mM) in the absence (triangles) and presence (circles) of
20 uM dephospho-vHPr. vPykA and ePykA were added to 20 nM.
The results are presented as the mean * standard deviations
(n=3). The resultant kinetic parameters are presented in Table 1.

The in vivo phosphorylation state of vHPr and its
effect on vPykA activity are dependent on the
presence of glucose

It is generally accepted that the phosphorylation states of
the PTS components vary according to the availability of
PTS substrates and the metabolic state of the cell
(Deutscher et al.,, 2014). Indeed, it has recently been
revealed that eHPr is almost completely dephosphorylated
in Luria-Bertani (LB) medium supplemented with the PTS
sugar glucose, whereas it exists mainly in the phosphor-
ylated form in LB medium supplemented with a non-PTS
sugar in E. coli (Park et al., 2013). To determine whether
the phosphorylation state of vHPr also depends on the
availability of a PTS sugar, we measured the phosphoryla-
tion level of vHPr in cells grown in LB medium containing
2.5% NaCl (LBS) supplemented with either glucose or
galactose. As shown in Fig. S5, vHPr was mostly dephos-
phorylated in LBS medium supplemented with glucose,
whereas it was predominantly in the phosphorylated state
in LBS medium and LBS medium supplemented with
galactose (a non-PTS sugar in V. vulnificus). Therefore, it
could be assumed that vHPr regulates vPykA activity in
response to the availability of a preferred PTS sugar, which
determines the phosphorylation state of vHPr.

To confirm the phosphorylation state-dependent effect
of vHPr on vPykA activity in vivo, we measured the intra-
cellular concentrations of PEP and pyruvate in wild-type
CMCP6 and pykA mutant cells grown on glucose or
galactose after the addition of respective carbon sources.
In the wild-type strain, the pyruvate concentration drasti-
cally increased with a concomitant decrease in the PEP
concentration within 5 min after the addition of 10 mM
glucose (Fig. 6A and B). Notably, the pyruvate concentra-
tion also increased in pykA deletion mutant cells after the
addition of glucose, but to a considerably lesser extent
than in wild-type cells, with a slight decrease in the PEP
concentration. In the pykA mutant strain transformed with
the plasmid pRK-PKA in which vPykA expression is under
the control of its own promoter, the pyruvate concentration
increased to a level similar to (or slightly higher than) that
of the wild-type strain, with only a slight decrease in the
PEP level after the addition of 10 mM glucose. However,
the addition of the non-PTS sugar galactose did not cause

Table 1. Kinetic parameters of vPykA with respect to PEP in the
presence and absence of vHPr.

—VHPr +vHPr
Vimax (Lmol min~' mg™) 5.04 +0.14 4.66+0.14
2.16£0.18 1.86 £0.23
Sos (MM) 2.74+0.14 0.74 + 0.06
Keat (SEC™) 431+0.12 3.98+0.12
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Fig. 6. Changes in the intracellular concentrations of PEP and pyruvate after the addition of glucose or galactose.

A-D. The intracellular concentrations of pyruvate (A and C) and PEP (B and D) were measured as described in the Experimental procedures.
Samples were prepared from wild-type CMCP6 (gray bars), the pykA deletion mutant (white bars) and the pykA deletion mutant harboring a
vPykA expression vector (black bars) at the indicated time points after the addition of 10 mM glucose (A and B) or galactose (C and D). The

results are presented as the mean + standard deviations (n = 3).

any remarkable changes in the intracellular concentra-
tions of pyruvate and PEP in all three strains (Fig. 6C and
D). It should be noted that the significant difference in the
pyruvate concentrations depending on the carbon source
was not due to the differential effects of the two sugars on
pykA expression in V. vulnificus (Fig. S1C). Therefore, our
data suggest that vPykA plays, at least in part, a role in the
regulation of the cellular levels of pyruvate by interacting
with dephospho-vHPr, which increases in the presence of
PTS substrates.

Discussion

Because dephosphorylated forms of the PTS components
increase during transport of a preferred PTS substrate

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 293—-305

such as glucose, the PTS also functions as a sensory
system for monitoring environmental changes such as
nutrient availability. In this study, we provide evidence that
the general PTS component HPr stimulates activity of the
pyruvate kinase PykA in response to the availability of
glucose in the opportunistic human pathogen V. vulnifi-
cus. Regulation of the glycolytic flux by an HPr homolog
through direct protein—protein interaction is also known in
Bacillus subtilis. 1t was previously shown that only the
dephosphorylated form of Crh, the paralog of HPr, inter-
acted with methylglyoxal synthase MgsA in B. subtilis
(Landmann et al., 2011). This interaction inhibited the
enzyme activity of MgsA and thus decreased the conver-
sion of dihydroxyacetone-phosphate to highly cytotoxic
methylglyoxal. Methylglyoxal can be further metabolized
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to lactate and pyruvate, representing an energetically
unfavorable bypass of glycolysis. Therefore, the regula-
tion of the glycolytic flux by HPr or its homologous pro-
teins through phosphorylation state-dependent protein—
protein interaction is likely to be widespread among
bacteria.

The PTS catalyzes the first step of glycolysis, which is
the coupled transport and phosphorylation of sugars,
whereas PK catalyzes the final step of glycolysis, specifi-
cally the irreversible conversion of PEP to pyruvate with
concomitant phosphorylation of ADP to ATP. The maximal
stimulation of vPykA activity by dephospho-vHPr could be
obtained at approximately 16 uM of vHPr up to sevenfold
compared with the level in control assays without the
addition of vHPr (Fig. 5B). The intracellular concentration
of HPrwas previously calculated to be 20-100 uMin E. coli
and Salmonella typhimurium (Mattoo and Waygood, 1983;
Rohwer et al., 2000). Similar to eHPr in E. coli cells (Park
et al., 2013), vHPr exists mainly in the phosphorylated form
in LBS medium and LBS medium supplemented with
galactose, which is a non-PTS sugar, whereas it is pre-
dominantly found in the dephosphorylated state in medium
supplemented with glucose, whichis a PTS sugarin V. vul-
nificus cells (Fig. S5). These data suggest that the concen-
tration of dephosphorylated HPr can vary from 0 to 100 puM,
and the total activity of vPykA can change up to sevenfold
in cells depending on the carbon source. Because this
regulation does not occur in E. coli, it thus seems likely that
the regulatory roles of the PTS reflect species-specific
metabolic needs.

It is quite interesting that the regulatory interactions of
HPr with its target proteins are species-specific. Despite
the fact that both E. coli and V. vulnificus belong to
y-proteobacteria, and thus orthologous proteins in the two
species share high amino acid sequence identity (33% for
Rsd, 47% for glycogen phosphorylase, 71% for PykA and
76% for HPr), we could not detect either Rsd or glycogen
phosphorylase from V. vulnificus extracts in repeated
ligand fishing experiments using vHPr as bait. Although
ePykA cannot bind to either eHPr or vHPr, eHPr binds to
vPykA and stimulates its activity, albeit to a much lesser
degree than does vHPr. Because phosphorylation at His
15 of vHPr abolishes its interaction with vPykA, it could be
assumed that the binding surface on vHPr would include
amino acid residues near His 15. Comparison of the amino
acid sequence of eHPr with that of vHPr indicates that
amino acid residues located near His 15 on the three-
dimensional structure of eHPr are quite well conserved,
except for Pro11 and Glu85 (Glu 11 and His85 in vHPr
respectively) (Fig. S6). Therefore, the difference in these
two residues might, at least in part, explain the lower affinity
of eHPr to vPykA. Structural studies on the vHPr-vPykA
complex will help to understand the species-specific nature
of this regulatory interaction between vHPr and vPykA.

It is also interesting that the specific PK activities of the
two PykA proteins from E. coli and V. vulnificus change
reciprocally after swapping the C-domain, where the
binding site for the allosteric effector is located. It was
previously shown that the allosteric transition between the
inactive T-state and the active R-state involved a symmetri-
cal 6° rigid-body rocking motion of the A- and C-domain
cores in each of the four subunits to alter tetramer rigidity
(Morgan et al., 2010). Therefore, the reciprocal changes in
the specific PK activities of the two PykA proteins after the
C-domain swap might be attributable to changes in
tetramer rigidity. Structural studies of these hybrid proteins
are required to fully understand the mechanisms underly-
ing of this reciprocal activity swap.

Although no direct interaction has yet been demon-
strated between PKs and the PTS, the possibility for inter-
action between them has previously been raised in
firmicutes. Analysis of the numerous available genome
sequences has revealed that firmicutes possess a PK
with a C-terminal extension that strongly resembles the
phosphorylation domain of El (Nguyen and Saier, 1995).
Even though the phosphorylatable histidine is conserved,
attempts to phosphorylate the ElI domain of the PK with
PEP or PEP plus EI and HPr have not been successful
(Deutscher et al., 2006). Nevertheless, the presence of
this El-like sequence suggests that PKs might interact
with HPr in firmicutes.

Experimental procedures
Bacterial strains, plasmids and culture conditions

The bacterial strains and plasmids used in this study are
listed in Table S1. V. vulnificus strains were cultured in Luria-
Bertani medium containing 2.5% NaCl (LBS) or M9 minimal
medium containing 0.2% casamino acids and 2.5% NaCl
(M9S). All E. coli strains were grown in LB medium.

To construct a pykA deletion mutant of the V. vulnificus
CMCP6 strain, a 1079 bp DNA containing the pykA upstream
region was amplified from the genomic DNA of V. vulnificus
CMCP6 using two primers; 5-GACCGTCTCGAGGCAC
CCTCTGTTGCCACAG-3" (synthetic Xhol site underlined)
and 5-TGGCTGTCTAGAAGCTTCTCCTGCGATAGAC-3’
(synthetic Xbal site underlined). The polymerase chain reac-
tion (PCR) product was then cloned into the pDM4 vector
(Milton et al., 1996) to produce pDM-PKAup. An 881 bp DNA
fragment containing the downstream region of the pykA gene
was amplified using the primers 5-GTTTTTTCTAGACTC
GCTTCATTAGTGATAG-3" (synthetic Xbal site underlined)
and 5-AAAATTAGATCTTATCCCTATAAGTTGGATC-3’ (syn-
thetic Bglll site underlined) and cloned into the corresponding
sites of pDM-PKAup to result in pDM-APKA. The E. coli
SM10 Apir strain carrying pDM-APKA was conjugated with
V. vulnificus CMCP8, and the transconjugants were selected,
and integration was confirmed by PCR. To generate a pykA
deletion mutant, the exoconjugants were then selected in
LBS containing 8% sucrose (Lee et al., 2011). Deletion of
pykA in the selected colonies was confirmed by PCR.
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To construct pRK-PKA, an 1,879-bp DNA fragment con-
taining the V. vulnificus pykA gene and its own promoter was
amplified using two primers, 5-CATCTTGGATCCCAACA
TTCTATAACGGAGC-3’ (engineered BamHI site underlined)
and 5-CCAGTTCTGCAGTCAGCGGCCGAGACGAATTG-3’
(engineered Pstl site underlined). The PCR product was
cloned into the broad-host-range plasmid pRK415. The
resultant plasmid, pRK-PKA, was transformed into E. coli
SM10 Apir, and then transferred to the pykA mutant of V. vul-
nificus by conjugation.

All plasmids were constructed using standard PCR-based
cloning techniques and verified by sequencing (see
Table S1).

Construction of chimeric PykA proteins

To construct pET-vePykA, a 998-bp DNA fragment containing
the V. vulnificus pykA gene was amplified from the genomic
DNA of V. wulnificus CMCP6 using two primers, 5-AG
GAGAACATATGACTCAGCCATTAAGAAG-3"  (engineered
Ndel site underlined) and 5-ACTTCTGCCATGGAGCGC
ACCGTTTCGACTGG-3’ (engineered Ncol site underlined).
The PCR product was then cloned into the pET3a vector to
produce pET-vPykAup. A 445-bp DNA fragment containing
the E. coli pykA gene was amplified from the genomic DNA of
E. coliMG1655 using the primers 5-TTGCAGCCATGGCGC
GCGTTTGCCTGGGTGC-3" (engineered Ncol site under-
lined) and 5-CCGGCAGGATCCTTACTCTACCGTTAAAAT
ACG-3’ (engineered BamHI site underlined) and cloned into
the corresponding sites of pET-vPykAup to result in pET-
vePykA.

To construct pET-evPykA, an 840-bp DNA fragment con-
taining the E. coli pykA gene was amplified from the genomic
DNA of E. coli MG1655 using two primers, 5-AGTATTCCAT
GGGCTCCAGAAGGCTTCGCAGAAC-3" (primer A, engi-
neered Ncol site underlined) and 5-GTGTTGCCGTGATTAC
CGCTCGGTTTAGCTGAC-3". A 609-bp DNA fragment con-
taining the V. vulnificus pykA gene was amplified from the
genomic DNA of V. vulnificus CMCP6 using the primers 5'-
CTAAACCGAGCGGTAATCACGGCAACACAAATG-3 and
5’-TAATGAGGATCCTTAGTCAAAAACAGGCAGG-3’ (primer
B, engineered BamHlI site underlined). The two PCR products
were fused in a second round PCR using primers Aand B, and
the obtained fragment was cloned into the Ncol and BamHI
sites of pETDuet-1 to produce pET-evPykA.

Protein purification

Proteins with N-terminal His tags used in this study were
overexpressed in the E. coli BL21 (DES3) strain, and purified
using TALON metal affinity resin (Takara Bio) according to the
manufacturer’s instructions. The proteins were eluted with
200 mM imidazole and further purified by gel filtration chro-
matography using a HiLoad 16/60 Superdex 75 prep grade
column (GE Healthcare) in 20 mM HEPES-NaOH (pH 7.6)
containing 150 mM NaCl. Untagged proteins were overex-
pressed in E.coli BL21 (DE3) (vPykA, VvPykF, ePykA,
evPykA, vePykA and vHPr) or the E. coli GI698Apts strain
(Nosworthy et al., 1998) (eEl and eHPr). BL21 (DE3) cells
were harvested 4 h after induction with 1 mM IPTG, and
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G1698Apts cells were harvested 20 h after induction with
100 pg ml™" tryptophan. Cells were then disrupted by passing
twice through a French pressure cell at 10 000 psi and were
centrifuged at 100 000 g for 30 min at 4°C. The proteins in
the supernatants were then purified using Mono Q 10/100
and HiLoad 16/60 Superdex 75 prep grade (GE Healthcare)
column chromatography. Protein concentrations were deter-
mined with a bicinchoninic acid protein assay (Pierce) or
Bradford assay (Bio-Rad).

Ligand fishing to search for proteins interacting
with vHPr

V. vulnificus CMCP6 cells grown at 30°C overnight in LBS
(100 ml) were harvested, washed and resuspended in 3 ml of
buffer A (50 mM sodium phosphate, pH 7.0, containing
150 mM NaCl). Cells were disrupted by passing twice through
a French pressure cell at 10 000 psi and then centrifuged at
100 000 g for 30 min at 4°C. The supernatant (1 ml) was
mixed with 0.5 mg of His-tagged protein bait, and this mixture
was incubated with 100 ul of TALON metal affinity resin at 4°C
for 30 min. After incubation, the resin was harvested and
washed with 1 ml of buffer A three times, and the proteins
bound to the resin were eluted with 100 pl of 2 x SDS sample
buffer. Aliquots of the eluted protein samples were analyzed by
SDS-PAGE and staining with Coomassie brilliant blue.

RNA isolation and quantitative reverse transcription
PCR (qRT-PCR)

Total RNA was prepared using an RNeasy Mini kit (Qiagen)
from V. vulnificus CMCP6 cells grown to logarithmic phase in
LBS and M9S medium containing 0.2% glucose or galactose,
and qRT-PCR was performed as described previously (Park
et al., 2013). DNA was removed using an RNase-free DNase
(Promega).

Surface plasmon resonance spectroscopy

The real-time interaction of vHPr with vPykA or vPykF was
monitored by SPR detection using a BlAcore 3000 (BlAcore
AB) as described previously (Lee et al.,, 2007; Park et al.,
2013). Purified vHPr was immobilized on the carboxymethyl-
ated dextran surface of a CM5 sensor chip using a NHS/EDC
reaction. The standard running buffer was 10 mM potassium
phosphate (pH 7.5), 150 mM NaCl, 10 mM KCI, 1 mM MgCl,
and 1 mM dithiothreitol (DTT), and all reagents were intro-
duced at a flow rate of 10 ul min™. The Kp value was deter-
mined using BlAevaluation 2.1 software.

Measurement of PK activity

Pyruvate kinase activity was determined by a continuous
assay coupled to LDH, in which the change in absorbance at
340 nm due to oxidation of NADH was measured using a
spectrophotometer. The reaction contained 100 mM HEPES-
NAOH (pH 7.5), 200 mM KCI, 10 mM MgCl,, 10 mM sodium
phosphate, 1 mM DTT, 0.2 mM NADH, and 6 units of LDH
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(Sigma-Aldrich) in a total volume of 1 ml. Two millimolar ADP
and 0-16 mM PEP were added as substrates to determine
Sos of VPYkA for PEP in the presence or absence of 20 uM
dephospho-vHPr. Reactions were initiated by the addition of
VPykA to a total concentration of 20 nM and continued at
30°C for 5 min. PK activity was expressed as specific activity
(umol min~" mg™), which is defined as the amount of PK that
catalyzes the formation of 1 umol of pyruvate per min. The
apparent Sys, Hill coefficient (h), and Viax Or ket Values were
determined by allosteric sigmoidal nonlinear regression
analysis of data using the Prism software package (Graph
Pad Inc., San Diego, CA, USA).

Determination of the intracellular PEP and
pyruvate concentrations

To determine the intracellular concentrations of PEP and
pyruvate, 800 ml of cells were grown to Aso = 1, harvested by
centrifugation and washed with ice-cold M9S without a
carbon source. Cells were diluted to a final volume of 2.6 ml
with M9S, adjusted to room temperature for 5 min and
aerated for 2 min before the indicated carbon source was
added. Aeration was continued throughout the experiment.
Samples (500 pl) were taken at the indicated times, mixed
immediately with 250 pl of 5 M HCIO,, vortexed for 5 s and
centrifuged at 5000 g for 20 min at 4°C. Supernatants
(500 pl) were neutralized with 170 pl of 5 M K,COs. Precipi-
tated KCIO, was removed by centrifugation for 5 min in a
chilled Eppendorf centrifuge. PEP and pyruvate were ana-
lyzed using spectrophotometry (Hogema et al., 1998). The
reaction mixture (total 1 ml) contained 200 pl of each sample
plus 500 ul of reaction buffer containing 200 mM HEPES-
NaOH (pH 7.5), 20 mM MgCl,, 400 mM KCI, 2 mM DTT and
10 wl of freshly prepared 20 mM NADH. To measure pyru-
vate, the reaction was started by the addition of 1.5 units of
LDH (Sigma-Aldrich). The Az was observed after incubating
at 30°C for 20 min. Subsequently, for the determination of
PEP, a PK (1 unit)/LDH (1.4 units) mixture (Sigma-Aldrich)
was added with ADP (to 2 mM), and the As4 was observed
after incubating at 30°C for 20 min.
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