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pH dependence of the reverse reaction catalyzed by
phosphofructokinase I from Escherichia coli:
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Abstract

The kinetics of the reverse reaction catalyzed by Escherichia coli phosphofructokinase, i.e., the synthesis of ATP
and fructose-6-phosphate from ADP and fructose-1,6-bisphosphate, have been studied at different pH values,
from pH 6 to pH 9.2. Hyperbolic saturations of the enzyme are observed for both substrates. The affinity for
fructose-1,6-bisphosphate decreases with pH following the ionization of a group with a pK of 6.6, whereas the
catalytic rate constant and perhaps the affinity for ADP are controlled by the ionization of a group with a pK
of 6. Several arguments show that the pK of 6.6 is probably that of the carboxyl group of Asp 127, whereas the
pK of 6 is tentatively attributed to the carboxyl group of Asp 103.

The pK of 6.6 is assigned to the carboxyl group of Asp 127 in the free enzyme, and a simple model suggests
that the same group would have an abnormally high pK, above 9.6, in the complex between phosphofructoki-
nase and fructose-1,6-bisphosphate. It is proposed that the large pK shift of more than 3 pH units upon bind-
ing of fructose-1,6-bisphosphate is due to an electrostatic repulsion that could exist between the 1-phosphate group
and the carboxyl group of Asp 127, which are close to each other in the crystal structure of phosphofructokinase
(Shirakihara, Y. & Evans, P.R., 1988, J. Mol. Biol. 204, 973-994). The same interpretation would also explain
the much higher affinity of the enzyme for fructose-1,6-bisphosphate when Asp 127 is protonated. Because of
its pK above 9.6, Asp 127 would be protonated in the complex between phosphofructokinase and fructose-1,6-
bisphosphate, and could act as a proton donor, in agreement with its catalytic role as a proton acceptor in the

forward reaction (Hellinga, H.W, & Evans, P.R., 1987, Nature 327, 437-439).
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Phosphofructokinase (PFK) catalyzes the transfer of the
v-phosphate from ATP to the 1-OH group of fructose-
6-phosphate (Fru-6-P):

Fru-6-P + ATP - Fru-1,6-P, + ADP.

The inversion of the configuration of the transferred
phosphate group (Jarvest et al., 1981) and the structure
of the complex between the enzyme, Fru-6-P, and ADP
(Kinemages 1, 2; Shirakihara & Evans, 1988) suggest that
this transfer is direct and occurs by an in-line nucleophilic
attack of the 1-OH group on the y-phosphate of ATP. It
has been proposed that the carboxylate group of Asp 127
enhances the reaction rate by acting as a base that re-
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moves the proton from the 1-OH group of Fru-6-P and
thus makes the oxygen a stronger nucleophile (Hellinga
& Evans, 1987). Replacement of Asp 127 by a serine de-
creases the catalytic efficiency of PFK by four orders of
magnitude, without markedly changing the affinity for
the substrates (Hellinga & Evans, 1987). The pH depen-
dence of the catalytic rate constant of PFK shows that
an ionizable group must be deprotonated for PFK to be
active: this group has a pK of 7.1 in the absence of allo-
steric effector and of 6.6 in the presence of the activator
GDP (Deville-Bonne et al., 1991). This crucial group
with a pK of 6.6-7.1 could be the carboxyl group of
Asp 127, in agreement with its role as a base in catalysis.

If indeed the side chain of Asp 127 acts as a base in the
forward reaction, microscopic reversibility dictates that
this residue acts as an acid in the reverse reaction:

Fru-1,6-P, + ADP — Fru-6-P + ATP.



pH dependence of phosphofructokinase

That Asp 127 is also crucial for the reverse reaction is
shown by the reduction by three to four orders of mag-
nitude of the catalytic rate constant in this direction of
the Asp — Ser 127 mutant of PFK (Hellinga & Evans,
1987). The participation of Asp 127 as an acid catalyst in
the reverse reaction requires its protonated form for PFK
to be active. In this case, raising the pH should deproton-
ate Asp 127 and thus inactivate PFK. In order to check
this possibility and assess the actual role of Asp 127 in the
catalytic mechanism of PFK, we have measured the pH
dependence of the kinetics of the reverse reaction.

Results and discussion

At all pH values, the saturation of PFK by either sub-
strate, ADP or Fru-1,6-P,, was hyperbolic and followed
Michaelis-Menten kinetics. This kinetic behavior is prob-
ably due to the presence of ADP, which is needed as a
substrate but is also an allosteric activator of the direct
reaction of PFK (Blangy et al., 1968). In the presence of
10 mM Mg?* ions, the ionization of Fru-1,6-P, occurs
with a pK around 5 (unpubl.) and is outside the studied
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pH range of 6-9.2. In the case of a single-substrate en-
zyme obeying the Michaelis-Menten mechanism, the pH
dependences of 1/K,, or k., /K, reflect the ionization(s)
occurring within the free enzyme, whereas the pH depen-
dences of k., or K,, are related to the ionization(s) oc-
curring within the enzyme-substrate complex (Fersht,
1985). This simple analysis can be used here assuming
that the substrates bind to PFK rapidly and indepen-
dently and that the only monomolecular step is the slow
rate-limiting phosphate transfer step. Under these restric-
tive hypotheses, the Michaelis constant K,,, for one sub-
strate will be equal to the equilibrium constant of its
dissociation from the enzyme, and the kinetically deter-
mined pKs will directly reflect the ionization of specific
groups in particular species. This hypothesis of a sequen-
tial random mechanism operating at quasi-equilibrium
may not be strictly valid for PFK (Hellinga & Evans,
1987; Shirakihara & Evans, 1988; Deville-Bonne et al.,
1991), but it is the simplest that can be done.

The Michaelis constant for Fru-1,6,-P,, K, (Fru-1,6-
P,), determined at saturating ADP, increases with pH.
Figure 1 shows that 1/K,,(Fru-1,6-P,) decreases with pH
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Fig. 1. The variation of 1/K,,(Fru-1,6-P,) (FDP) with pH at a fixed concentration of ADP of 2 mM. The solid line cor-
responds to the titration curve of a single ionizable group with a pK of 6.6 and limiting values at low pH and high pH of
1.32 x 10* M~! and 0 for 1/K,,(Fru-1,6-P,), respectively, i.e., of 75 uM at low pH and c at high pH for K,,(Fru-1,6-P,).
Inset: The variation of log K,,,(Fru-1,6-P,) with pH. The straight line at high pH has a slope of 1, showing that K,,(Fru-1,6-P,)
increases by a factor of 10 for each pH unit, and thus that the decrease of 1/K,,(Fru-1,6-P,) is controlled by the unique titration

curve corresponding to the pK of 6.6.
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following the ionization of a single group with a pK of
6.6 + 0.2, indicating that an ionizable group of PFK has
a pK of 6.6 in the free enzyme and must be protonated
to allow binding of Fru-1,6-P,. A limiting value of 75 +
10 uM for K, (Fru-1,6-P,) at low pH is obtained by ex-
trapolation using the assumption that the pH dependence
of 1/K,,(Fru-1,6-P,) obeys a simple titration curve.
Above pH 7.5 and up to pH 9.2, K,,(Fru-1,6-P,) in-
creases by a factor of 10 for each pH unit (as seen from
the plot of log K,,,(Fru-1,6-P,) vs. pH given in the inset
of Fig. 1), confirming that Fru-1,6-P, is bound only by
the small fraction of protonated form of the group with
a pK of 6.6 and not by its deprotonated form, even at a
Fru-1,6-P, concentration of 60 mM. Therefore, the de-
protonation of the group with a pK of 6.6 decreases the
affinity of PFK for Fru-1,6-P, by three orders of magni-
tude or more.

Such a pH-dependent affinity of PFK for the sugar
substrate is not observed for Fru-6-P in the direct reac-
tion (Deville-Bonne et al., 1991), which suggests that the
tonization of the group of pK 6.6 does not have the same
influence on the binding of the substrate Fru-6-P and of
the product Fru-1,6-P,. It is possible that the group with
the pK of 6.6 acquires a negative charge upon deproton-
ation, which repels the negative phosphate group at po-
sition 1 in Fru-1,6-P, but not the neutral OH group of
Fru-6-P. The three-dimensional structure of PFK indicates
that the group of pK 6.6 could be the carboxyl group of
Asp 127 (Kinemage 2; Shirakihara & Evans, 1988). In-
deed, electrostatic repulsion between deprotonated
Asp 127 and Fru-1,6-P, has been proposed as an aid in
the release of products (Hellinga & Evans, 1987). There-
fore PFK activity in the reverse reaction would require
the protonated state of the carboxyl group of Asp 127 for
both binding Fru-1,6-P, and acid-catalyzing the phos-
phate transfer to ADP.

Contrary to expectation, no pH-dependent decrease of
the catalytic rate constant k., corresponding to a possi-
ble deprotonation of Asp 127 is observed for the reverse
reaction of PFK. Instead, k., increases with pH follow-
ing the ionization of a single group with a pK of 6 + 0.2
and shows no decrease up to pH 9.2 (Fig. 2). There is an
ionizable group in PFK with a pK of 6, which must be
deprotonated for the enzyme to be active (Fig. 2), and
it is unlikely that this group of pK 6 belongs to Asp 127
because a carboxyl group cannot act as an acid catalyst
when deprotonated.

The pH-dependent decrease in k., expected upon de-
protonation of Asp 127 is not observed (Fig. 2). A first
explanation is that this expectation was unjustified be-
cause the role of Asp 127 in the reverse reaction is not
that of an acid catalyst, and thus the protonated form of
its carboxyl group is not required for PFK activity. An-
other possibility could be that Asp 127 acts indeed as an
acid catalyst but that its carboxyl group does not ionize
within the studied pH range, between pH 6 and pH 9.2.
Under the above assumption of rapid substrate binding
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Fig. 2. pH dependence of the catalytic rate constant k. Between pH
6 and pH 8.5, the values of k., are determined at saturating concen-
trations of both substrates Fru-1,6-P, and ADP. Because of the low
affinity of PFK for Fru-1,6-P, above pH 8.5, extrapolation to saturat-
ing Fru-1,6-P, is needed to determine the values of k., at high pH.
The solid line corresponds to the titration curve of a single ionizable
group with a pK of 6.0 and limiting values of k., at low and high pH
of 0 and 10.8 571,

followed by a slow chemical step, one simple model rep-
resenting the interaction between PFK, Fru-1,6-P,, and
one proton on Asp 127 could be as follows:

Kin
H* + PFK + Fru-1,6-P, = H* + PFK-Fru-1,6-P,

o] [

H-PFK + Fru-1,6-P, == H-PFK-Fru-1,6-P;

Km
lk('at

products

In this scheme (1) all forms of PFK are saturated by
ATP, (2) K,,, and K;,, the Michaelis constants for Fru-
1,6-P, of protonated and deprotonated PFK, respectively
(with K,, = 75 uM), can be treated as thermodynamic
dissociation constants, (3) K, and K, are the dissociation
constants of the proton from Asp 127 in free PFK and in
the PFK-Fru-1,6-P, complex, respectively (with K, =4 X
1077 M and pK, = 6.6), and (4) only protonated PFK is
catalytically active. The apparent affinity of PFK for
Fru-1,6-P, increases by at least 3 orders of magnitude
upon deprotonation of the group of pK 6.6 (see above),
so the ratio K},/K,, is larger than 10°. Because K,,,- K, =
K- K., the observation that K,,/K,, > 10° implies that
K./K. > 10%, that is (pK., — pK,) > 3 pH units, and thus
that pK,, > 9.6. In the complex between PFK and Fru-
1,6-P,, the pK of the proton of Asp 127 would have a
pK above 9.6, an unusually high pK value for a carboxyl
group, and would therefore not dissociate in the pH
range from 6 to 9.2 studied here.

In the crystal structure of PFK, the carboxyl group of
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Asp 127 is close to the 1-phosphate group of Fru-1,6-P,
(Shirakihara & Evans, 1988). A reasonable interpretation
is that binding Fru-1,6-P, by the deprotonated form of
Asp 127 would be difficult because an electrostatic repul-
sion could exist between these negative groups. If so, the
same electrostatic repulsion would make the dissociation
of the proton from Asp 127 more difficult and shift its
pK by more than 3 pH units, from 6.6 to above 9.6.

Between pH 7.5 and pH 8.5, Asp 127 would be depro-
tonated in free PFK (pK, = 6.6) and inactive as a proton
donor. One possibility for PFK to protonate and become
catalytically active for the reverse reaction would then be
that a large increase in the pK of Asp 127 (pK, > 9.6)
occurs upon Fru-1,6-P, binding. The binding of Fru-6-P
to PFK is not accompanied by such a large pK shift of
Asp 127, which has a pK of 6.6-7.1 in the complex be-
tween PFK and Fru-6-P (Deville-Bonne et al., 1991).
Above pH 7.3, its carboxyl group is deprotonated and
can act as a base (Hellinga & Evans, 1987), so that PFK
is catalytically active for the forward reaction.

The second group that has a pK of 6 and controls the
pH dependence of k., (Fig. 2) is unknown. The value of
6 for its pK indicates that it could be a carboxyl group,
and the three-dimensional structure of PFK suggests that
the deprotonated forms of the carboxyl groups of
Asp 103, Asp 129, and Glu 222 are required for PFK to
be active (Shirakihara & Evans, 1988). A possible candi-
date could be the carboxyl group of Asp 103, which
binds the Mg?* ion (Kinemage 3; Shirakihara & Evans,
1988). In the reaction between ADP and Fru-1,6-P,, the
Mg?* ion participates first in the binding of ADP, and
then bridges the 3-phosphate of ADP and the 1-phos-
phate of Fru-1,6-P, in order to facilitate phosphate
transfer (Shirakihara & Evans, 1988). Therefore if the
group of pK 6 is Asp 103, its ionization should not only
affect k., but also KX,,(ADP), as both depend upon the
proper interaction of the negative charge with the Mg?*
ion. The Michaelis constant for ADP, K,,,(ADP), deter-
mined at saturating Fru-1,6-P,, does not depend on pH
above 6.8, with a value around 50 uM, and increases at
acidic pH, being 3-4 times higher at pH 6 than at neutral
pH (Fig. 3). Although the experimental accuracy is lim-
ited, the changes of K,,(ADP) around pH 6 are com-
patible with the ionization of a group with a pK of 6.1
(Fig. 3).

Conclusions

The present results show that two ionizable groups are
important for the activity of PFK. The first group is
probably the carboxyl group of Asp 127, which has a pK
of 6.6 in free PFK and of 6.6-7.1 in the complex between
PFK and Fru-6-P (Deville-Bonne et al., 1991). A simple
model suggests that the pK of Asp 127 in the Fru-1,6-P,
complex could be higher than 9.6. A value above 9.6
would be one of the highest reported for the pK of a car-
boxyl group in proteins and would be consistent with an
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Fig. 3. The variation of log X,,,(ADP) with pH. The concentration of
Fru-1,6-P;, ranges from 1 mM at pH 6 to 40 mM at pH 8.5, so that it
is saturating. The solid line corresponds to the titration of a single ion-
ization group with a pK of 6.1 and limiting values for K,,(ADP) of o
and S5 uM at low and high pH.

electrostatic repulsion between two negatively charged
groups, deprotonated Asp 127 and 1-phosphate of Fru-
1,6-P, within the active site of PFK (Shirakihara &
Evans, 1988). The same electrostatic interpretation would
also explain the higher affinity for Fru-1,6-P, of the
neutral form of Asp 127 (Fig. 1). At pH values between
7.5 and 8.5, the pK shift of more than 3 pH units that
might occur upon Fru-1,6-P, binding would induce pro-
ton uptake by Asp 127, so that its protonated carboxyl
group could acid catalyze the phosphate transfer from
Fru-1,6-P, to ADP. The same pK shift does not take
place upon binding of Fru-6-P (Deville-Bonne et al.,
1991), so that Asp 127 remains deprotonated and can
base catalyze the phosphate transfer from ATP to Fru-
6-P (Hellinga & Evans, 1987). It would be because the
pKs of Asp 127 are different in the complexes of PFK
with Fru-1,6-P, and Fru-6-P that the same carboxyl
group could be both a proton acceptor in the forward re-
action and a proton donor in the reverse reaction, and
that the enzyme could satisfy the requirement of micro-
scopic reversibility.

The second ionizable group has a pK of 6 in the PFK-
substrates complex and has been tentatively attributed to
the carboxyl group of Asp 103. This group must be de-
protonated for an efficient catalysis of phosphate trans-
fer (Fig. 2) and a higher affinity for ADP (Fig. 3). It is
likely that the forward reaction between ATP and Fru-
6-P also requires that Asp 103 be ionized (Shirakihara &
Evans, 1988). If the pK of Asp 103 is around 6 and lower
than that of 6.6-7.1 of Asp 127 (Deville-Bonne et al.,
1991), this group will not appear in the pH dependence
of the forward reaction as it requires both residues to be
deprotonated. This role for Asp 103 is still hypothetical
but could be tested by a combination of site-directed mu-
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tagenesis and studies of the pH dependences of the mu-
tant PFKs.

Materials and methods

Materials

PFK was prepared as described previously (Deville-
Bonne et al., 1989), and its activity in the synthesis of
Fru-1,6-P, was measured using the coupled assay of
Kotlarz and Buc (1982). The concentration of PFK was
determined according to Bradford (1976) using immuno-
globulins as a standard. The auxiliary enzymes and sub-
strates used in this assay and in that of the reverse
reaction were obtained from Boehringer,

Methods

The synthesis of Fru-6-P in the reverse reaction of PFK
was coupled to the formation of NADPH using the
auxiliary enzymes phosphoglucose isomerase and glu-
cose-6-phosphate dehydrogenase. The ATP produced
was regenerated into ADP using glycerol kinase and glyc-
erol. The activity was determined from the increase in ab-
sorbance at 340 nm upon formation of NADPH in the
following conditions: 0.5-3 ug/mL PFK, 18 ug/mL
phosphoglucose isomerase, 18 pg/mL glucose-6-phos-
phate dehydrogenase, 30 ug/mL glycerol kinase, 0.8 mM
NADP*, 3 mM glycerol, 10 mM MgCl,, 100 mM 2-[NV-
morpholino]ethanesulfonic acid (MES), 51 mM N-ethyl-
morpholine, 51 mM diethanolamine. The tribuffer
composed of N-ethylmorpholine, MES, and diethanol-
amine has the advantage of maintaining an almost con-
stant ionic strength over a wide range of pH values (Ellis
& Morrison, 1982). Under these assay conditions, the ab-
sorbance at 340 nm corresponds to the initial velocity of
the PFK-catalyzed reaction as judged from (1) the linear
increase with time of Az 4 during several minutes at
any concentration of substrates Fru-1,6-P, and ADP, (2)
the strict proportionality between the rate of increase in
A340 nm and the concentration of PFK, and (3) the fact
that this rate is independent of a twofold change in the
amount of any auxiliary enzyme. The coupled assay is
valid in the whole pH range studied, from 6 to 9.2. Be-
low pH 6, the low activity of the auxiliary enzymes re-
sults in a marked lag phase before a steady state is
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reached. Above pH 9, the coupled assay becomes dubi-
ous because of the instability of one or several auxiliary
reagents. Analysis of the kinetic data using the Enzfitter
program (Leatherbarrow, 1987) showed that the satura-
tion of PFK by either Fru-1,6-P, or ADP was hyper-
bolic, and that the pH dependences of the catalytic rate
constant k., and of the Michaelis constants for ADP
and Fru-1,6-P; could be fitted to the titration curve of a
single ionizable group.
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