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A Ribokinase Family Conserved Monovalent Cation Binding Site Enhances
the MgATP-induced Inhibition in E. coli Phosphofructokinase-2
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ABSTRACT The presence of a regulatory site for monovalent cations that affects the conformation of the MgATP-binding
pocket leading to enzyme activation has been demonstrated for ribokinases. This site is selective toward the ionic radius of
the monovalent cation, accepting those larger than Na*. Phosphofructokinase-2 (Pfk-2) from Escherichia coli is homologous
to ribokinase, but unlike other ribokinase family members, presents an additional site for the nucleotide that negatively regulates
its enzymatic activity. In this work, we show the effect of monovalent cations on the kinetic parameters of Pfk-2 together with its
three-dimensional structure determined by x-ray diffraction in the presence of K* or Cs™. Kinetic characterization of the enzyme
shows that K* and Na™ alter neither the k.,; nor the Ky, values for fructose-6-P or MgATP. However, the presence of K* (but not
Na™) enhances the allosteric inhibition induced by MgATP. Moreover, binding experiments show that K (but not Na™) increases
the affinity of MgATP in a saturable fashion. In agreement with the biochemical data, the crystal structure of Pfk-2 obtained in the
presence of MgATP shows a cation-binding site at the conserved position predicted for the ribokinase family of proteins. This site
is adjacent to the MgATP allosteric binding site and is only observed in the presence of Cs* or K*. These results indicate that
binding of the monovalent metal ions indirectly influences the allosteric site of Pfk-2 by increasing its affinity for MgGATP with no

alteration in the conformation of residues present at the catalytic site.

INTRODUCTION

The characterization of ions as allosteric effectors of an en-
zyme’s activity addresses two fundamental aspects of enzy-
mology: mechanism and specificity (1,2). As the structural
databases grow and evolutionary relationships are clearly
established, it should be possible to extend our understand-
ing of ion sites from specific cases to the level of trends in
homologous enzymes.

For members of the ribokinase family, the divalent cation
Mg2+ is required for catalysis (3,4) and several x-ray struc-
tures of these kinases in the presence of ATP or its analogs
suggest its direct involvement in phosphoryl transfer (5,6).
However, monovalent cations such as K™ and Cs™ have
also been shown to play important roles in the activation
of ribokinases from different sources (7,8). In this case,
the mechanism of activation is allosteric because the mono-
valent cation-binding site is in the vicinity of the active site
(as demonstrated for Escherichia coli ribokinase) but plays
no direct role in catalysis. For this enzyme, the structural ef-
fects of monovalent cation binding have been inferred from
comparison with adenosine kinases from human and Toxo-
plasma gondii (7). It was proposed that the monovalent
cation-binding site helps to organize the formation of the
nucleotide-binding pocket of the active site. It seems that
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this site is able to bind K™ and Cs* (apparent K4 of 5
and 17 mM, respectively) but not Li* or Na® (at con-
centrations up to 140 mM). More recently, the Staphylo-
coccus aureus ribokinase (8) has been crystallized in the
absence of monovalent ions and shows a disorganized
monovalent cation site resulting in an occlusion of the
nucleotide-binding pocket when compared to E. coli riboki-
nase bound to Cs™.

Among the ribokinase family members, allosteric regula-
tion was first described for phosphofructokinase-2 (Pfk-2)
from E. coli (9,10). For this enzyme, substrate inhibition
by MgATP occurs at low concentrations of the cosubstrate
fructose-6-P. The saturation kinetics for the sugar-P changes
from hyperbolic to sigmoid when the concentration of
MgATP is increased over the milimolar inhibitory range
(11). Indeed, Pfk-2 was first crystallized in the presence of
MgATP (12) and showed two ATP molecules bound per
monomer: one at the nucleotide-binding pocket of the active
site, and a second (the allosteric ATP) whose binding re-
quires the presence of the first. Thus, the ribokinase mono-
valent cation-binding site and the allosteric ATP of Pfk-2 are
both closely associated with the nucleotide-binding pocket
of their respective structures. At this point, it is reasonable
to hypothesize that if Pfk-2 possesses a monovalent cation
site it could potentially affect either catalysis, substrate inhi-
bition, or both. Evaluating this question will help to estab-
lish a new, to our knowledge, family feature, shedding
light on the conservation of mechanism and selectivity of
the monovalent cation-binding site.
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In this work, we first observed the effect of different
monovalent cations on Pfk-2 kinetics. We show that Pfk-2
is sensitive to the presence of cations with ionic radii larger
than Na™. This effect does not occur at the level of the ki-
netic parameters for substrates per se but rather affects bind-
ing of the allosteric MgATP, leading to a strengthening of
substrate inhibition. To obtain structural evidence for the
location and properties of the monovalent cation-binding
site in Pfk-2, we crystallized the enzyme under conditions
compatible with the presence of the allosteric ATP (12)
but in the presence of Cs* or K instead of Na™. The result-
ing structures show that the monovalent cation-binding site
is homologous to that found in ribokinase, but differs with
respect to some features of the metal ion coordination.
The K*-bound structure was used for molecular simulation
under a free energy perturbation (FEP) protocol, where the
energetic difference was observed to favor K™ over Na™. We
conclude that although the monovalent cation-binding site
of ribokinase is conserved in Pfk-2, the binding of metals
to this site has the opposite effect with respect to enzyme ac-
tivity. Thus, we suggest that this site could be a widespread
feature of the ribokinase family with a common pattern of
ion specificity but different regulatory outcomes depending
on the specific features of each active site.

MATERIALS AND METHODS
Enzymatic measurements

Phosphofructokinase activity was determined spectrophotometrically
coupling the fructose-1,6-bisP production to the oxidation of NADH, ac-
cording to Babul (13). In assays performed in the presence of salts, the con-
centration of auxiliary enzymes was increased three times to avoid the
occurrence of lag phases in the time courses. Activity measurements
were performed in 25 mM Tris, pH 8.2, using a constant excess of 5 mM
MgCl, with respect to the total concentration of ATP. This procedure main-
tains free magnesium close to 5 mM for each concentration of MgATP used
(4,14). All of the measurements were carried out in 96-well plates and read
with a microplate reader (Biotek, Synergy 25) at room temperature (25°C).
Additionally, a discontinuous assay was implemented specifically to rule
out the effect of salts on the auxiliary enzymes. Pfk-2 was incubated in
the presence of substrates and aliquots were withdrawn and the reaction
stopped by adding 50 mM EDTA. Kinetic assays were performed with
ATP and fructose-6-P sodium salts purchased from Sigma. Fluorescence
titration binding curves were performed with ATP di(tris) salt purchased
from Sigma. The fructose-1,6-bisP concentration was determined by spec-
trophotometric titration using auxiliary enzymes (13).

Fluorescence measurements

Measurements were performed using a Shimadzu PC-5031 spectrofluorom-
eter. The intrinsic fluorescence of Pfk-2 was obtained at several MgATP or
fructose-6-P concentrations as described by Guixé et al. (15).

Crystallization and data collection, structure
solution, and refinement

The enzyme was purified according to the method described by Parducci
et al. (4). Crystals were grown by the vapor diffusion method in a hanging
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drop consisting of 2 uL of the protein stock solution (4 mg/ml of protein in
25 mM Tris-HCI pH 7.6 buffer, 10 mM MgCl,, 30 mM dithiotreitol, and
6 mM ATP) in the presence of 50 mM KCI or CsCl plus 2 uL of a reservoir
solution comprising 13% PEG 6000, 0.1 M sodium acetate pH 5.3, 5 mM
dithiotreitol. Crystals appeared after 3 days at 18°C. X-ray diffraction data
were collected at 100 K. Measurements were made on the ID29 beamline of
the European Synchrotron Radiation Facility (ESRF) (A =0.97627 A) us-
ing a Pilatus 6M detector in fine slicing mode and were collected up to 1.7 A
for the K™ complex (Protein Data Bank (PDB)id 3UMO) and 1.85 A for the
Cs* complex (PDBid 3UMP). The data were indexed, integrated, and
scaled using the program XDS (16).

The structures of E. coli Pfk-2 in complex with MgATP and one of the
two monovalent cations were both solved by molecular replacement using
the program Phaser (17) employing a monomer of the previously solved
Pfk-2 structure in complex with ATP as a search model (PDBid 3CQD).
Model refinement was carried out with Phenix (18) employing TLS param-
eters in the final stages of refinement. Model building was performed with
COOT (19), using g-weighted 2Fo - Fc and Fo - Fc electron density maps.
The cesium ion was readily located using an anomalous electron density
map calculated with Phenix. In all cases, the behavior of Rge. was used
as the principal criterion for validating the refinement protocol, and the ste-
reochemical quality of the model was evaluated with Procheck (20) and
Molprobity (21). Full statistics for data collection and refinement are sum-
marized in Table S1 in the Supporting Material.

Alchemical FEP calculations

The selectivity of the monovalent cation-binding site of Pfk-2 was studied us-
ing FEP-molecular dynamics (MD) simulations. Simulations were carried out
on the protein-cation complex described in this work by superimposing a Na™
ion onto each K™ ion bound per monomer in the dimer. K™ and Na* ions were
fixed during the simulations. This system was solvated in a 83 x 125 x 93 A
water box. The unbound state is modeled with both pairs of cations only, sol-
vated in a 48 x 67 x 41 A water box. Counter-ions were then added to obtain
neutralized systems and were fixed in space through all the simulation. Both
systems were prepared with Amber Tools 1.5 (22), using TIP3P waters and
the AMBER99SB-ildn force field (23). The parameters for ATP in AMBER
format were obtained from (24). Minimizations were carried out for 20,000
steps using the conjugated gradient algorithm, followed by a subsequent equil-
ibration of 70 ps for the uncomplexed system and 3 ns for the K*-bound sys-
tem. In the latter, a harmonic potential was applied over the backbone of Pfk-2
but gradually relaxed from 5 to O keal/mol/A? except for those atoms related to
the monovalent cation-binding site itself (residues 242 to 254 and 288 to 297).
For each FEP-MD system, the forward and backward free energy change
(K*«<Na™) was calculated by changing the coupling parameter A from
0 (initial state) to 1 (final state) by increments of 0.025, resulting in 40 windows
with a total time of 0.64 ns (uncomplexed system) and 3.2 ns (protein-cation
system). In these schemes, the change in free energy for each step was lower
than 2 kgT (data not shown) and reasonable convergence was ensured. During
all the FEP calculations, the electrostatic and van der Waals interactions were
taken into account and the data analysis was performed with the ParseFEP plu-
gin of VMD 1.9 (25). To validate our methodology, the FEP-MDs were
computed for three independent runs. All MD calculations were performed us-
ing NAMD 2.8 (26), employing an integration step of 2 fs, a 10 A cutoff for
computations of nonbonded interactions, and the isothermal-isobaric (NPT)
ensemble at 1 atm of pressure and a temperature of 300 K.

RESULTS

Monovalent cations with ionic radii larger than
Na* promote Pfk-2 inhibition

Fig. 1 shows the effect of several chloride salts on the initial
velocity of Pfk-2. The salts of K", Cs™, and Rb™, but not
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Na*t or Li*, decrease the activity of Pfk-2 in a saturable
fashion. The K 5 values calculated from the salt-induced in-
hibition curves ranged from 1.6 to 8.9 mM for CsCl and
RbCI, respectively. To discard a possible effect of the salts
on the auxiliary enzymes of the assay mixture, the fruc-
tose-1,6-bisP produced by the reaction, was assayed discon-
tinuously in the presence or absence of KCIl. Under these
conditions, potassium decreases the initial velocity of Pfk-
2 (Fig. 1 A, inset). These results indicate that Pfk-2 and
ribokinases have a common pattern of selectivity for the ef-
fect of monovalent cations on activity, but the actual conse-
quence differs greatly, from activation in the case of
ribokinase (7,8) to inhibition for Pfk-2.

Monovalent cations increase the affinity of the
allosteric site for MgATP

In addition to the site where it acts as the phosphoryl donor,
MgATP has a second site in Pfk-2 that negatively regulates
the enzymatic activity and has important consequences for
its in vivo behavior (27). Interestingly, it has been shown
for Pfk-2 that the variation of its intrinsic fluorescence is a
measure of the binding of MgATP to this allosteric site
(15). Thus, to address the mechanism behind the observed
inhibition by monovalent cations, we characterized the effect
of the presence of 50 mM of several salts on the isothermal
binding of MgATP (Fig. 1 B). It was observed that KCl
and CsCl, but not NaCl, decrease the K, s for MgATP from
70 uM to values between 10 and 20 uM. Furthermore, the
apparent Ky of Pfk-2 for potassium was determined to be
2.5 mM calculated from the saturable increment of the
apparent affinity of MgATP induced by KCI (see Fig. S1).
Therefore, the inhibition of Pfk-2 induced by monovalent
cations seems to occur indirectly, through a mechanism
involving the allosteric binding of MgATP. Further kinetic
characterizations supported this hypothesis (see below).
Fig. 2 A shows the enzymatic activity of Pfk-2 as a func-
tion of MgATP concentration obtained in the presence or

MgATP, mM

0.6 0.8 10 (0), KCI (V¥), CsCl (W), and NH,C] (A). The

continuous lines correspond to fit the MgATP satu-
ration curves to the Hill equation.

absence of 50 mM KCI. It was clearly observed that the
inhibitory effect of high MgATP concentrations was
strengthened when KCl1 was present, because the apparent
constant for MgATP inhibition (K;) decreased from 1 to
0.1 mM (Table 1). This effect was quite specific, occurring
without affecting other kinetic parameters such as the k., or
Ky for MgATP (Table 1). The allosteric inhibition of Pfk-2
is also evident from the behavior of the fructose-6-P satura-
tion curves when performed at several and fixed concentra-
tions of MgATP (11). In this case, MgATP induces a linear
increase of the apparent K, s for the cosubstrate and de-
creases the apparent k., simultaneously promoting a tran-
sition from hyperbolic to sigmoidal saturation of the
initial velocity curves. Fig. 2 B shows the saturation curves
for fructose-6-P obtained at several fixed concentrations of
KClI. Interestingly, the KCIl concentration increases Kg s
and induced a sigmoidal behavior, along with a reduction
in the apparent k.,. According to our hypothesis, these
changes mimic the pattern of allosteric inhibition by
MgATP.

In the case of the kinetic assays, variable concentrations
of Na* come from the stock solutions of ATP and fruc-
tose-6-P but binding isotherms obtained with fluorescence
measurements were carried out in the absence of Na™ by
titration with ATP (di(tris) salt form). As can be observed,
the kinetics and binding experiments follow the same
pattern of specificity irrespective of the presence of sodium.

The increase in Ky 5 for fructose-6-P induced by K* was
not due to a decrease in the affinity for the sugar because the
Ky for fructose-6-P (Table 1), determined in the absence of
MgATP by fluorescence titrations, was unmodified by KCI.
Furthermore, the extrapolated value of K 5 at zero MgATP
was quite similar regardless of the absence or presence of
KCI (Table 1 and Fig. S2). Taken together, our biochemical
results support the hypothesis that monovalent cations
promote the allosteric binding of MgATP without causing
alterations in the enzyme’s catalytic properties toward its
substrates.

Biophysical Journal 105(1) 185-193
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FIGURE 2 Effect of KCl on the allosteric inhi-
bition of Pfk-2 induced by MgATP. (A) Initial ve-
locity of Pfk-2 measured as a function of MgATP
at 50 uM fructose-6-P in the presence (o) or
absence (o) of 50 mM KCI. Continuous lines repre-
sent the fit to a model of uncompetitive substrate
inhibition. Kinetic constants are shown in Table
1. (B) Initial velocities of Pfk-2 obtained with fruc-
tose-6-P as a variable substrate under inhibitory
MgATP conditions (5 mM) at different fixed KCl1
concentrations of 0 (e), 7.5 (0), 17 (¥), 50 (A),
75 (), and 150 mM (). Continuous lines repre-
sent the individual fit of each curve to the Hill
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Atomic detail of the monovalent cation-binding
site of Pfk-2

The presence and structural features of a monovalent cation-
binding site have been shown for ribokinases from the x-ray
structure of the E. coli enzyme in the presence of Cs™ (7). In
both ribokinase (28) and Pfk-2 (12), the active site is located
in a shallow groove formed between two domains. In ribo-
kinase, the major domain contains the monovalent cation-
binding site surrounded by two loops spanning residues
from 244 to 254 and residues from 288 to 296, adjacent to
the MgATP binding pocket (Fig. 3 A). Having determined
the effect of K™ and Cs™ on Pfk-2 activity, we decided to
obtain the x-ray structures of the ion-bound forms of the
enzyme, to enable a direct comparison with the correspond-
ing structure of E. coli ribokinase. Crystals were obtained
essentially under the same conditions as those previously
used to crystallize the inhibited, MgATP-bound, form of
the enzyme, except for the addition of K or Cs*. Despite
the presence of Na® in the crystallization conditions
(28 mM), the Pfk-2 structure bound to Cs™ shows one
monovalent cation-binding site per monomer (PDBid
3UMP), unambiguously occupied by the metal and corre-
sponding to a peak in the anomalous electron density map
of ~60 ¢ (Fig. 3 F). In the presence of potassium, electron

TABLE 1 Effect of KCl on the kinetic parameters of Pfk-2
Control 50 mM KCl

eats S 61 + 8 60 = 9

“Kyp ATP, uM 8§ £3 14 =4

“Ki, uM 1026 + 100 129 = 55

*Km fructose-6-P, uM 6-10 10

°K4 fructose-6-P, uM 6-8 8-10

“Values obtained by fitting to an uncompetitive model of substrate inhibi-
tion. The initial velocity obtained as a function of MgATP using a fixed con-
centration of 0.2 mM fructose-6-P.

PKw values for fructose-6-P extrapolated to zero concentration MgATP.
“Values of Ky obtained from intrinsic fluorescence measurements (data not
shown). Measurements obtained from 2 or *3 independent experiments.
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density is observed occupying an equivalent position
(PDBid 3UMO). Overall, the Cs"-bound and K'-bound
structures were almost identical (0.10 A root mean-square
deviation (r.m.s.d.) for 617 Ca atoms in the dimer) and
also very similar to that bound to MgATP alone (3CQD,
0.55 A rm.s.d.). All of these structures exhibit two MgATP
molecules per subunit, one at the substrate site and the sec-
ond (allosteric) juxtaposed to the first.

In Pfk-2 the cation (either Cs™ or K™) is octahedrally co-
ordinated (Fig. 3). For both ions, the first shell contains
solely oxygen atoms coming from the backbone carbonyls
of Ser-250, Val-252, Ala-286, Asn-289, Gly-291, and Arg-
293 (Fig. 3 F). The mean bond distances are compatible
with those expected for the given metal and coordination
number (Table S3). For example, a typical K™ -oxygen dis-
tance in octahedral coordination is 2.79 A (according to
the MESPEUS database (29)) compared with a measured
mean distance of 2.93 A, observed in our structure. In the
case of Cst, whose ionic radius is 1.81 A (compared with
1.52 A for K, slightly longer coordinating bond distances
are observed (mean values of 3.04 /0%). In E. coli ribokinase
the coordination geometry observed for Cs' is best
described as a pentagonal bipyramid where the ion interacts
mainly with carbonyl oxygen atoms from the main chain,
but the side chains of Asp-249 and Ser-294 are also within
coordination distance (7).

Free energy perturbation proves the selectivity of
the metal binding site of Pfk-2

Although our enzyme kinetic assays show that K*, but not
Na', enhances the allosteric inhibition of MgATP on Pfk-
2 activity, this evidence is indirect and direct binding of
K* or Na™ to Pfk-2 has not been probed. Alchemical FEP
calculations have been used to determine differences in
the free energy of binding of ligands to proteins on the basis
of potentials of mean force (30). Specifically, FEP calcula-
tions have been successfully applied to calculate the cation



MgATP Inhibition in E. coli Phosphofructokinase-2

N
2N

VAL-252

189

FIGURE 3 The monovalent cation-binding site of Pfk-2 from Escherichia coli. (A) Location of the cation binding site in the major domains (blue ribbons).
The minor domain (orange ribbons) is shown packed against the partner subunit (cyan ribbons). The region around the Cs™ ion (green sphere) is formed by
two loops (yellow), involving residues 288 to 296 and 244 to 254. Adjacent to this site the nucleotide substrate (ATPc) and the allosteric ATP (ATPa) sites are
shown, highlighting the Y23 residue contributed from the partner subunit. The Mg>" cations coordinated by the phosphoryl groups of ATPc and ATPa are
represented as pink spheres. In panels (B to E), the side-chain residues around the cation-binding site are shown in licorice. (B) (PDBid 3UMP). The site is
occupied by Cs™ (green sphere). (C) (PDBid 3N1C; chain A). In the presence of Na™ the site is organized around a single atom previously assigned as a water
molecule (orange spheres). (D) (PDBid 3CQD, chain B). In the absence of cations the site is filled with four water molecules. (E) (PDBid 3N1C; chain D).
The site could also be desolvated. (F) The coordination geometry of Cs™ (green sphere) and the carbonyl oxygen of the main chain are indicated by dashed

lines.

preferences of the selectivity filter in several ion-channels
(31-35). Following this approach, we prepared two FEP
systems, according to the thermodynamic cycle shown in
Fig. 4 A (based on the K"-bound Pfk-2 x-ray structure).
The difference in free energy between K™ and Na™ can be
calculated as in (32,33), where AAG(KT—>Na") =
AGyk —Na) AG3k—Nagy = G(Na")ge — G(KNgie —
(G(Na")pu — G(K Npun) and is larger than zero when K*
is preferred over Na™. FEP calculations yielded variations
in free energies of <2 kgT for each step of change of the
coupling parameter A suggesting that our sampling scheme
was sufficiently converged (data not shown). Furthermore,
the difference between forward (K™ — Na™) and backward
(Na™ —K™) simulations for the relative free energy change
over all sampled windows did not exceed 1 kcal/mol (Fig. 4
B). The final values of free energy for AGsx —na and
AGyk —Na Were obtained by combining the forward and
backward calculations with the Bennett acceptance-ratio
estimator (36). For the cation exchange reaction in solution,
AG3 —Na) Was —34.3 £ 0.1 kcal/mol. This value is in

agreement with the experimental solvation free energy dif-
ference reported for Kt versus Na* (37), corrected for the
fact that two ions were present in our system. For the K*-
bound protein complex, the calculated free energy differ-
ence for the alchemical transformation AGyx —nay Was
—27.7 = 0.1 kcal/mol. Upon the application of the thermo-
dynamic cycle (AAG = AG4k — Na) - AG3x —nNa)) a free en-
ergy difference of 6.6 = 0.1 kcal/mol is obtained for the
alchemical transformation of two K™ ions into Na™. There-
fore, our thermodynamic calculations indicate that each
monovalent cation-binding site in Pfk-2 has a preference
for K relative to Nat of ~3 kcal/mol in the presence of
MgATP. These results are in agreement with the observed
selectivity for the effect of cations on the enzymatic activity
assays of Pfk-2.

DISCUSSION

In this work, we demonstrate the presence of a monovalent
cation-binding site in Pfk-2 by means of biochemical and
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FIGURE 4 Alchemical free energy perturbation calculations. (A) Ther-
modynamic cycle for Kt to Na™ transformation. The two ensembles calcu-
lated by FEP-MD are labeled as AG; and AGy. (B) The upper panel shows
the free energy differences between the forward and backward FEP-MD
simulations for each step of the K™ <> Na™ transformations in the absence
(white circles) or bound to Pfk-2 (black circles). The bottom figure
shows the values of AGsk-_na (wWhite circles) and AGux —Na
(black circles) as a function of the coupling parameter A. At A = 1 the
free energy difference between AGsx —na) and AGyk —na) gives a net
gain of 3.3 kcal/mol for K™ over Na™ binding to each site.

structural methodologies together with molecular simula-
tions. The x-ray structure of Pfk-2 in the presence of Cs*
unambiguously shows the presence of a monovalent
cation-binding site, with structural features conserved in re-
gard to that previously described for ribokinases. The bind-
ing of monovalent cations promotes enzymatic activation in
ribokinases (60-fold and fivefold, respectively, in the case of
the E. coli and S. aureus enzymes). This effect has been
associated with a conformational change in the ribokinase
active site that helps to shape the anion hole at the nucleo-
tide-binding pocket, favoring phosphoryl transfer (7,28).
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The cation free x-ray structure of S. aureus ribokinase shows
an unstructured cation-binding site that causes the occlusion
of the nucleotide-binding pocket. The anion hole is also pre-
sent in Pfk-2 at the N-terminal end of a-helix 8 and contains
the crucial catalytic residue, Asp-256 (38). In this case the
appropriate conformation of the nucleotide-binding pocket
seems to be preformed in the absence of monovalent cations
(PDBid 3CQD), which consistently had no effect on the ki-
netic parameters for substrates.

Selectivity of the monovalent cation-binding site
of Pfk-2

Although the catalytic parameters of Pfk-2 are not depen-
dent on the binding of monovalent cations, the allosteric in-
hibition was indeed enhanced. This effect was selective for
monovalent cation of ionic radii larger than Na™, following
the trend observed for ribokinases (7,8). Prior x-ray struc-
tures of Pfk-2 have been obtained in the presence of Na™
with either MgATP (PDBid 3CQD) or fructose-6-P (PDBid
3N1C). Together with those described previously, the struc-
tures reported here enable comparisons to be made with a
view to discerning the pattern of change in the binding
pocket, upon Cs™, K™ or Na* binding. In the A subunit of
Pfk-2 bound to fructose-6-P (3N1C) electron density is
observed at the location where now we observe K and
Cs™. In this case the density was modeled as a water mole-
cule, but it could have been equally well described by a Na™
ion (Fig. 3 C). In particular, the protein structure around the
suspected water molecule is effectively identical to that seen
with K™ or Cs™ (Fig. 3, B and F), and the octahedral coor-
dination is in fact more compatible with a Na™* ion than a
water molecule, for which a tetrahedral arrangement of
hydrogen bonds would be expected. Therefore, it seems
possible that in some cases Na™ could have been observed
bound to the monovalent cation site. However, it would be
expected to be of much lower affinity due to the observed
bond distances, which are barely compatible with those ex-
pected for octahedral Na™ coordination by oxygen. Typical
coordination distances for Na™ are 2.49 A (Mespeus server
(29)) compared with the observed mean experimental dis-
tances of 3.02 A. It would seem that the structure is con-
strained and unable to collapse around the Na' to produce
a more compact (and desirable) coordination sphere.

In the remaining subunits of the structures bound to either
MgATP or fructose-6-P, clearly no metal ion is present.
For example, in the case of the MgATP-Pfk-2 (3CQD) com-
plex, despite being obtained in the presence of Na*, the
binding site is either disordered (electron density missing
for residues 289 to 293 in the A subunit) or structured in a
way that is incompatible with monovalent cation binding
(subunit B). In the latter case, the monovalent cation-bind-
ing site shows an altered conformation and is filled with
four water molecules (Fig. 3 D). A similar phenomenon is
repeated when the monovalent cation site is completely
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empty as in the D subunit of the fructose-6-P complex
(Fig. 3 E). Overall, the evidence suggests that Na™ is gener-
ally absent from the cation-binding site (which tends to
be somewhat disordered) or at best only weakly bound.
Taken together, these observations give structural support
to the selectivity of the cation-binding site of Pfk-2, accord-
ing to our biochemical studies and the results of molecular
simulation that suggest a significantly greater affinity for
K* than Na™.

Mechanism of monovalent cation-induced
inhibition of Pfk-2

A unique characteristic of Pfk-2, as compared with the rest
of the ribokinase family members, is its inhibition by the
substrate MgATP. This is a regulatory feature also shown
by the evolutionary unrelated phosphofructokinase-1 from
E. coli (Ptk-1 (11,13)) that is physiologically relevant under
gluconeogenic conditions: loss of this regulation causes sub-
strate cycling of fructose-6-P and futile consumption of ATP,
delaying growth in E. coli (27). As pointed out by Di Cera
(2), the concentration of Na* and K™ is tightly controlled
in vivo, thus monovalent cations are not expected to function
as regulators of enzyme activity. In E. coli the intracellular
concentration of potassium is over 100 mM (39), which is
enough to exert the maximum effect on Pfk-2. Kinetics
(Fig. 1 A) and binding assay measurements (Fig. S1 B)
show that the apparent K, for K* obtained under inhibitory
concentrations of MgATP was between 2 and 5 mM suggest-
ing that the monovalent cation-binding site exerts its func-
tion in vivo favoring the inhibited state of Pfk-2.

In Pfk-2 and ribokinase, the mechanism of action of the
monovalent cation-binding site is indirect or allosteric.
Furthermore, binding (Fig. 1 B and Fig. S1 A) and kinetic
(Fig. 2) characterizations in Pfk-2 show that potassium ex-
erts its effect by increasing the affinity of the allosteric bind-
ing site for MgATP. The comparison between the Pfk-2
MgATP-complex obtained in the presence K™ or Na™ gives
some clues about the molecular mechanism affecting the
MgATP allosteric site. Overall, the presence of K¥ does
not induce a large conformational change, but there are sub-
tle but noticeable differences. The original complex of
MgATP (obtained with Na™) shows some evidence for
two alternative conformations for the adenosine moiety of
the allosteric ATP in which interaction with the adenine of
the catalytic ATP is clearly favored over a second conforma-
tion in which it lies over the side chain of Tyr-23 from the
neighboring subunit (Fig. 3 A (12)). However, in the pres-
ence of either K™ or Cs™ this second conformation becomes
favored (refined occupancies of 0.60 and 0.57 for the K™
and Cs™ complexes, respectively), prompting the idea that
the presence of monovalent cations alters the equilibrium
between conformational states of the allosteric ATP.

The most interesting (although still subtle) structural dif-
ference on metal binding is the position of the side chain of

191

Thr-251, which is on the inside of the cation-binding region.
As this loop becomes ordered in the presence of cations, the
threonine side chain suffers a minor alteration in conforma-
tion, which is related to a change in the local water structure
(Fig. 5). There are two waters bound in the case of the metal-
free structure and three when metal is bound (Fig. 5).
Furthermore, as the threonine shifts by slightly over 1 A,
it draws with it Glu-25 with which it forms two hydrogen
bonds (one to its side-chain Oy and the other to the main-
chain amine). In addition, in our current work using MD
simulations along with analysis of protein structure net-
works (40), we have observed that these residues (Thr-251
and Glu-25) contribute to the stabilization of the allosteric
site of Pfk-2 in the presence of K* by increasing the number
of interactions with residues of the monovalent cation-bind-
ing site (work in progress). As a consequence, a further two
hydrogen bonds, normally formed by backbone groups from
Pro-24 and Gly-26 to the O3’ oxygen of the ribose of the
allosteric ATP, are severely weakened in the subunit A
(increasing in length from 3.05 A to 3.4 A). In subunit B
a similar trend is observed, although in this case all of the
equivalent distances are longer and effectively no hydrogen
bonds exist in either case. These hydrogen bonds are only
present when the ATP is in the conformation in which its
adenine group basepairs with the catalytic ATP. In other
words, the release of these restraints on the ribose group
may well facilitate the structural rearrangement that allows
the allosteric ATP to occupy the second conformation in
which it stacks over Tyr-23. In fact, there are several reports

FIGURE 5 Structural superposition of the monovalent cation site in
the presence and absence of Cs™. The backbone of the monovalent cation
site is represented in green (Pfk-2-MgATP complex; PDBid 3CQD, chain
B) and magenta sticks (Pfk-2-MgATP-Cs complex PDBid 3UMP). The
green sphere corresponds to Mg®" coordinated by the phosphates of
the ATPc and ATPa. Upon binding of Cs* (blue sphere), Thr-251 drawn
the side chain of Glu-25 resulting in increments of the hydrogen bonds dis-
tances between the backbone groups of Pro-24 and Gly-26 and the O3’
oxygen of the ribose of the allosteric ATP from 3.1 to 3.4 A on average.
This change is also accompanied by rearrangements of the water network
observed in the presence (magenta asterisks) and absence of Cst (green
asterisks).
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using ab initio quantum mechanics, indicating that the
hydrogen-bonded nucleobases and the adenine-tyrosine
stacking must be somehow isoenergetic on both the gas
phase and when solvated by water (41-45). Therefore, a
destabilization of the interaction between the adenine
groups from the allosteric and catalytic ATP such as
observed in the binding site of Pfk-2 bound to Cs, would
inevitably lead to a preference for the stacking interaction
between Tyr-23 and ATP.

This sequence of structural changes is apparently trig-
gered by cation binding to a series of backbone carbonyl
groups. As suggested by Page and Di Cera (1), the backbone
atoms possess useful features for allosteric regulation
through cation complexation. Peptide bonds are planar
and extremely stable due to resonance. Furthermore, the
high dipole moment of the carbonyl moiety provides a
strong electrostatic interaction with the ion. In this way,
upon interaction via the carbonyl O atoms, binding of potas-
sium leads to a long-range effect that is propagated to the
allosteric site of Pfk-2 through a series of subtle knock-on
effects. However, it remains to be fully understood how fa-
voring the Tyr-Ade conformation could lead to the observed
strengthening of the inhibitory effect.

Finally, considering that the cation-binding site described
here is conserved among ribokinases and Pfk-2, we exhaus-
tively searched the PDB for other ribokinase family mem-
bers that could be potentially regulated by cations, based
on the presence of a similar cation binding pocket in the
crystal structure. We identified six other structures showing
a cation in a structurally equivalent site (Fig. 6). Surpris-
ingly, in addition to the monovalent cations Cs™, Na™, and
K", an Mg>" ion has been assigned to this position for
two members of the family. Unfortunately, to the best of
our knowledge, no studies about the effect of cation binding
on these activities have been reported. The sequence align-
ment derived from structural superposition of the loops that
form the cation site shows no strong conservation pattern
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except for Ala and Gly residues (marked with asterisk
symbols in Fig. 6), probably because in most cases the metal
coordination does not involve contributions from side
chains.

These results suggest that the presence of a cation-bind-
ing site is a conserved feature in the ribokinase family that
provides different regulatory responses considering the
structural characteristics of each active site.
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