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Abstract In a previous work, chemical modification of Cys-238
of Escherichia coli Pfk-2 raised concerns on the importance of
the dimeric state of Pfk-2 for enzyme activity, whereas modifica-
tion of Cys-295 impaired the enzymatic activity and the
MgATP-induced tetramerization of the enzyme. The results pre-
sented here demonstrate that the dimeric state of Pfk-2 is critical
for the stability and the activity of the enzyme. The replacement
of Cys-238 by either Ala or Phe shows no effect on the kinetic
parameters, allosteric inhibition, dimer stability and oligomeric
structure of Pfk-2. However, the mutation of Cys-295 by either
Ala or Phe provokes a decrease in the kcat value and an incre-
ment in the Km values for both substrates. We suggest that the
Cys-295 residue participates in intersubunit interactions in the
tetramer since the Cys-295-Phe mutant exhibits higher tetramer
stability, which in turn results in an increase in the fructose-6-P
concentration required for the reversal of the MgATP inhibition
relative to the wild type enzyme.
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1. Introduction

Subunit association in oligomeric proteins and its modula-

tion by ligand binding plays a central role in several biological

processes such as regulation of enzymatic activity and signal

transduction. For this reason, oligomeric interfaces are impor-

tant for protein stability, assembly and function. In Escherichia

coli (E. coli) two enzymes catalyze the key commitment step in

the glycolytic pathway, phosphofructokinase-1 (Pfk-1) and

phosphofructokinase-2 (Pfk-2), which are oligomeric proteins

that depend on their subunit interfaces for the regulation of

their activities. Pfk-1 is a homotetramer that presents sigmoi-

dal kinetics with respect to fructose-6-P and allosteric regula-

tion by the activators ADP or GDP and by the inhibitor

PEP [1–4]. Binding sites for these effectors are located at the
Abbreviations: PM, pyrene N-(1-pyrenyl) maleimide; EM, eosin
5-maleimide; GdnHCl, guanidine hydrochloride; Pfk, phosphofructo-
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subunit interface and are formed by amino acid residues com-

ing from different polypeptide chains [5]. Thus, the importance

of interfacial interactions for the regulation and stability of

Pfk-1 activity has been addressed in several studies [6,7].

On the other hand, homodimeric Pfk-2 exhibits hyperbolic

kinetics with respect to both substrates, fructose-6-P and

MgATP, and does not show sensitivity towards the allosteric

effectors that regulates Pfk-1 [4]. However, Pfk-2 activity is

regulated by binding of MgATP to an allosteric site that causes

inhibition of the enzyme activity at low concentrations of fruc-

tose-6-P [8,9]. Also, this inhibition is linked to a dimer–tetra-

mer association process [10,11]. Thus, the structural

properties of the dimer–dimer interface should contribute to

the molecular mechanism by which the allosteric binding of

MgATP is linked to enzyme inhibition. However, in the ab-

sence of an experimentally determined three-dimensional

structure of the enzyme, this contribution is difficult to assess.

For the same reason, little is known about the importance that

monomer interactions may play in the activity and stability of

native Pfk-2.

Nonetheless, some structural information has been obtained

from chemical modification experiments in studies of the role

of cysteine residues in the activity and oligomeric structure

of Pfk-2 [11,12]. Chemical modification of Cys-238 with pyrene

maleimide (PM) generates a monomeric, inactive enzyme,

which is converted to a fully active dimeric state in the pres-

ence of the substrates. As the native protein, the modified en-

zyme shows the ability of forming tetramers in the presence of

MgATP. On the other hand, specific labelling of Cys-295 with

eosine maleimide (EM) results in the impairment of MgATP-

induced tetramerization, absence of allosteric binding of

MgATP and inactivation of the enzyme [12]. These results sug-

gest that while Cys-238 is probably participating in subunit

interactions of dimeric Pfk-2, Cys-295 could be involved in

MgATP binding, tetramer formation, and enzymatic activity.

In this work, we present evidence about the importance of

intersubunit interactions for the activity and stability of di-

meric Pfk-2, and about the contribution of the Cys-238 residue

to this interaction. In addition, the involvement of Cys-295 in

dimer–dimer interactions and in the allosteric regulation by

MgATP was evaluated. The results reported here show that

the activity of Pfk-2 is associated to its dimeric state and that

Cys-238 is not critical for the maintenance of the oligomeric

state or to the stability of the Pfk-2 dimer. However, the intro-

duction of phenylalanine in the 295 position increases the sta-

bility of the tetrameric state of the enzyme and the fructose-6-P
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concentration required to reverse the MgATP inhibition of en-

zyme activity and of tetramer formation.
Table 1
Kinetic parameters of wild type Pfk-2 and Cys-238 and Cys-295
mutants

Wild type Cys-238
substituted
by

Cys-295
substituted
by

Ala Phe Ala Phe

kcat, s
�1 90 70 70 39 13

Km fructose-6-P, lM 31 31 47 88 81
Km MgATP, lM 17 17 21 61 107
2. Materials and methods

2.1. Site-directed mutagenesis
Site directed mutagenesis was carried out using the QuickChange

(Stratagene) system using pET21d plasmid (Novagen) containing the
pfk-2 gene as template. Two oligonucleotides were used to construct
each mutant, both complementary to opposite strands of the template.
Bold letters indicate the substituted bases, underlined bases indicate
the triplet codon for the newly introduced amino acid (only �sense� oli-
gonucleotides are shown): Cys-238-Ala, 5 0-GTT GAT AGT GAA
AAC GCT ATT CAG GTG GTG CCA-30; Cys-238-Phe, 5 0-GGT
GTT GAT AGT GAA AAC TTT ATT CAG GTG GTG CCA CC-
3 0; Cys-295-Ala, 5 0-CAG GGA ACA CGT CTG GCC TCC CAT
GAC GAT ACG-3 0; Cys-295-Phe, 5 0-CAG GGA ACA CGT CTG
TTC TCC CAT GAC GAT ACG-3 0.

2.2. Enzyme expression and purification
Mutant Pfk-2 enzymes were produced in E. coli DF1020 since this

strain does not express wild type phosphofructokinases [13]. DF1020
strain was previously transformed with plasmid pGP1-2 [14] that al-
lows the expression of the T7 RNA polymerase after heat induction.
Cultures were grown at 30 �C in Luria Broth media supplemented with
ampicillin and kanamycin to a final concentration of 100 and 75 lg/ml,
respectively. Protein expression was induced at a A600 = 0.5 by heat
treatment at 42 �C for 20 min; thereafter the culture was incubated
at 37 �C for 4 h before collecting the cells by centrifugation. Wild type
and mutant enzymes were purified essentially as described in [4]. The
transformed E. coli strains produced an average of 10–15 mg of protein
(wild type and mutant Pfk-2) per l of culture.

2.3. Enzyme kinetics
Pfk activity was determined spectrophotometrically by coupling the

fructose-1,6-bisP production to the oxidation of NADH as described
previously [8]. In the guanidine hydrochloride (GdnHCl)-induced
unfolding experiments of wild type Pfk-2, Cys-238 and Cys-295 mu-
tants, enzymatic activity was measured by diluting 700 fold, in the as-
say medium, the enzyme samples that had been previously incubated at
different GdnHCl concentrations. Under these conditions, the maxi-
mum denaturant agent concentration achieved in the assay was below
4 mM and therefore can be neglected. In addition, enzyme activity was
measured during the first 5 min where the renaturation process is neg-
ligible (M. Baez, unpublished observations).

2.4. Size exclusion chromatography
Size exclusion chromatography experiments were performed with a

Waters 1525 HPLC binary pump system, with a Bio-Sil SEC-250
(7.8 mm · 30 cm) column (BioRad, Hercules, CA, USA) equilibrated
in a buffer containing 40 mM Tris–HCl, pH 7.6, 5 mM MgCl2,
200 mM KCl, 2 mM DTT in the absence or in the presence of
0.5 mM MgATP, at a flow rate of 0.8 ml/min. The column was cali-
brated with the following molecular-mass markers: carbonic anhydrase
(29 kDa), alcohol dehydrogenase (150 kDa), b-amilase (200 kDa) and
thyroglobulin (669 kDa). Protein elution was recorded with the use
of an online Waters 2487 UV dual detector measuring the absorbance
at 280 nm.

2.5. GdnHCl induced unfolding of wild type and mutant enzymes
Denaturation of wild type and mutant forms of Pfk-2 was performed

by incubating protein solutions (90 lg/ml) at 20 �C for 48 h in 25 mM
HEPES buffer, pH 8.0, 5 mM MgCl2, 5 mM DTT, containing various
concentration of GdnHCl, in the absence or in the presence of 1 mM
ATP, so that equilibrium was achieved.

2.6. Dynamic light scattering measurements
Experiments were done at 18 ± 0.1 �C using a DLS DynaPro

MSTC014 (Protein Solutions Inc. – Bucks, England). Samples for dy-
namic light scattering measurements contained 0.5 mg/ml protein in
25 mM Tris–HCl buffer, pH 8.2, 5 mM MgCl2, and 5 mM DTT and
were incubated for 36 h at the indicated GdnHCl concentrations. Data
were collected for 15 ll samples after centrifugation at 10 000 rpm for
10 min in an Eppendorf microfuge to eliminate particulate matter. The
intensity scattered by the protein was determined from the regulariza-
tion histogram used to find the contribution of individual species to the
total scattering (by inverse Laplace transformation) using the program
DYNAMICS supplied with the instrument.

2.7. Fluorescence measurements
Fluorescence emission spectra were recorded at room temperature in

a Perkin Elmer LS 50 fluorimeter. The excitation wavelength was
295 nm and the emission was recorded from 305 to 500 nm. Excitation
and emission slits were set at 5 nm. The experiments were performed
with 200 lg/ml of protein in 25 mM Tris–HCl buffer, pH 8.2, 5 mM
MgCl2, and 2 mM DTT. Titration experiments were done by adding
small aliquots of stock solutions of ligand to the enzyme solution.
Background readings were subtracted and corrections were made to
compensate for protein dilution. Data analysis was carried out with
the Grams/386 (Galactic Industries Corp, Main Street Salem, NH,
USA). The fractional saturation binding was determined from the
intensity change with ligand concentration by using the formula:
(F0 � F)/(F0 � F1), where F0 and F1 represent the emission intensity
in the absence and in the presence of saturating concentrations of li-
gand, respectively, and F is the intensity after addition of a given con-
centration of ligand.
3. Results and discussion

3.1. Structural and kinetic characterization of Cys-238 and

Cys-295 mutant enzymes

As previously reported, chemical modification of Pfk-2 with

PM and EM suggests that Cys-238 is important for the main-

tenance of the dimeric state of Pfk-2, and that Cys-295 is in-

volved in the catalytic activity of the enzyme [12]. In order

to have a more detailed information about the role of these res-

idues in the oligomeric structure and catalytic activity of Pfk-2,

site-directed mutagenesis was used to replace them for either

Ala or Phe. Cys-Ala substitution was intended to evaluate

the importance of the presence of a thiol group in the side

chain while the Cys-Phe substitution was carried out to mimic

the size and hydrophobic characteristics of the PM and EM

chemical probes. In agreement with chemical modification

experiments the kinetic parameters of the Cys-238 mutant

enzymes are similar to those exhibited by the wild type Pfk-2

(Table 1). However, the kcat values of the Cys-295-Ala and

Cys-295-Phe mutants are 2 and 7-fold lower than that of the

wild type enzyme, respectively, while the Km values for

MgATP and fructose-6-P are approximately between 3 and

6-fold higher than those found for the wild type enzyme. These

results show that, although Cys 295 is not required for enzy-

matic activity, as suggested previously, its substitution affects

the active site properties. The location of Cys-295 near to the

active site in the major domain of the molecular model of



Fig. 2. GdnHCl-induced unfolding of wild type Pfk-2, Cys-238-Phe
and Cys-295-Phe mutant enzymes. (A) Relative changes of the
enzymatic activity of Pfk-2 (d) and associated changes in light
scattering (s) as a function of GdnHCl concentration. (B) Effect of
mutations on Cys-238-Phe (s) and Cys-295-Phe ( ) on the loss of
activity induced by GdnHCl. Wild type (d). The samples (90 lg/ml)
were incubated for 48 h at 20 �C at different GdnHCl concentrations.
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dimeric Pfk-2 [15] supports this observation. Size exclusion

chromatography experiments demonstrate that both Cys-295

and Cys-238 mutant enzymes elute as dimers in the absence

of ligands, whereas in the presence of MgATP the tetramer

is the dominant species for both mutants, showing the same

behaviour of the wild type enzyme under the same conditions

(Fig. 1). Also, circular dichroism spectra of the mutants were

identical to that of the wild type enzyme, indicating no signif-

icant alterations in the secondary structure of the enzyme due

to residue replacement (not shown).

3.2. The dimeric state of Pfk-2 is critical for stability and

enzymatic activity

We have previously shown that modification of Cys-238

with PM produces an active enzyme with an elution volume

similar to that expected for the globular monomeric form of

Pfk-2, indicating that the chemical probe is somehow affecting

monomer interactions. However, the PM-modified enzyme

elutes as the native dimer in the presence of fructose-6-P and

ATP�4, indicating that disrupting monomer–monomer inter-

actions does not prevent dimerization and cannot be used

for the assessment of monomer�s catalytic activity. The ob-

served monomerization upon chemical modification suggests

that the PM probe can induce a conformational change that

affects the dimer interface. An analogous situation has been

described for the luciferase enzyme from Vibrio harveyi, where

mutations at the subunit interface of the dimer alter the stabil-

ity of a region in one of the subunits that is distant from the

interface [16]. Insights about the relationship between the di-

meric form and catalytic activity can be drawn from the

homology model of dimeric Pfk-2. In each monomer, the small

b-sheet domain is involved in the formation of both, the sub-

unit interface and the cleft that contains the active site [15].

Therefore, disrupting the monomer–monomer interface should

affect the active site structure, and hence, the catalytic activity.

In order to explore the relevance of subunit interactions for the

stability and catalytic activity of Pfk-2, and to assess the con-

tribution of Cys-238 and Cys-295 to these interactions, we used

GdnHCl and protein dilution experiments to induce protein

unfolding and subunit dissociation. For each condition used,

the resulting changes in the catalytic activity and oligomeric

structure were evaluated.
Fig. 1. Effect of MgATP on the aggregation state of wild type Pfk-2, Cys-238
was performed in a Bio Rad Bio Sil SEC-250 column in the absence of ligands
Protein samples were preincubated under the same conditions. A, B and C
respectively. T and D denote tetramer and dimer, respectively.
The activity of Pfk-2 samples incubated at different GdnHCl

concentrations is shown in Fig. 2A. The inactivation profile

shows a single transition in a GndHCl concentration range

of 0.2–0.5 M, above which no enzyme activity was detected.

Since loss of activity could be due to subunit dissociation along

with unfolding, we measured the light scattering intensity as a

function of GdnHCl concentration to observe the dissociation

of the Pfk-2 dimer (Fig. 2A). Since scattering intensity (I) is

proportional to both, molecular weight (m) and particle con-

centration (C), a decrease in the scattered intensity (I � mC)

could be associated to dimer dissociation provided that the
-Phe and Cys-295-Phe mutant enzymes. Size exclusion chromatography
(continuous line) and in the presence of 0.5 mMMgATP (dashed line).
panels represents wild type, Cys-238-Phe and Cys-295-Phe mutants,
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protein concentration has been held constant. The scattered

intensity correlated well with the loss of enzymatic activity,

dropping to less than half of the initial value at the same

GdnHCl concentration range where loss of activity was ob-

served. Since unfolding proceeds from the native dimeric state,

a less stable interface induced by mutation of Cys-238 or Cys-

295 residues should require lower GdnHCl concentrations to

provoke the unfolding of the mutant enzymes. Equilibrium

unfolding experiments show that there are no significant differ-

ences between the wild type and the Cys-238-Phe mutant (or

Cys-238-Ala, data not shown) (Fig. 2B). However, in the case

of the Cys-295-Phe mutant the loss of activity occurs at slightly

lower GdnHCl concentrations compared with wild type Pfk-2

(Fig. 2B).

The correlation between the aggregation state of Pfk-2 and

enzymatic activity suggests that the dimer is the only active

specie (Fig. 2A). If this is correct, subunit dissociation induced

by protein dilution should cause a decrease of enzyme activity.

To evaluate this hypothesis, wild type and mutant enzymes

were incubated at different protein concentrations (from

30 lM to 30 nM) and the specific activity was determined

using a constant amount of 3 pmol of protein in the reaction

mixture. Fig. 3 shows that wild type Pfk-2 specific activity

tends toward zero as the protein concentration decreases. This

means that the fraction of active enzyme diminishes with pro-

tein dilution probably because the dissociated protein is not ac-

tive. The same behaviour was observed for the mutant

enzymes, whether Cys-238 was replaced either by Phe (Fig.

3) or Ala (data not shown) indicating that this residue is not

involved in monomer–monomer interactions. Since the activity

of the Cys-295-Phe mutant is more sensitive to dilution and

less stable to GdnHCl induced-unfolding than the wild type

enzyme (Fig. 2), we suggest that this residue may contribute

to monomer interactions in the Pfk-2 dimer. When considering

the location of Cys-295 in the molecular model of dimeric Pfk-
Fig. 3. Relative changes in specific activity as a function of protein
concentration. Samples of wild type Pfk-2 (d), Cys-238-Phe (s) and
Cys-295-Phe ( ) mutants were incubated at different protein concen-
trations, between 0.0003 and 1.0 lg/ll, corresponding to 30 nM and
30 lM respectively, for 3 h at 20 �C in 25 mM Tris–HCl buffer pH 8.2,
5 mM MgCl2 and 10 mM DTT. Then, enzyme activity was measured
using 3 pmol of each sample.
2 [15] these results are not easy to explain, unless long range

structural effects caused by the mutation should be claimed.

On the other hand, results from kinetic and structural studies

obtained with the Cys-238 mutants are compatible with the

molecular model of Pfk-2, which predicts a location for this

residue far from the active site and from the monomer–mono-

mer interface.

3.3. MgATP-induced inhibition of the enzyme activity is

modulated by the stability of dimer–dimer interactions

The inhibition of Pfk-2 activity by binding of MgATP to an

allosteric site has been demonstrated to be an important regu-

latory feature for the in vivo carbohydrate metabolism of E.

coli under gluconeogenic conditions [17]. Chemical modifica-

tion of Cys-295 suggests a role of this residue in the binding

of MgATP to the allosteric site and also in the MgATP-in-

duced tetramer formation. However, its importance for the

MgATP-induced inhibition of the enzyme activity could not

be evaluated because the chemically modified enzyme was

inactive.

In order to determine the effect of mutations of this residue

by Ala or Phe on the regulation of Pfk-2 activity, we studied

the MgATP-induced inhibition of enzymatic activity at low

(0.1 mM) and high (1 mM) fructose-6-P concentrations. Fig.

4B shows that the Cys-295-Ala mutant enzyme displayed the

same behaviour as the wild type enzyme (Fig. 4A) and the

Cys-238 mutants (not shown), that is, inhibition of enzyme

activity at low fructose-6-P and the reversal of this inhibition

at higher fructose-6-P concentrations. However, although the

Cys-295-Phe mutant is inhibited at 0.1 mM fructose-6-P, the

reversal of the inhibition requires higher fructose-6-P concen-

trations (>5 mM) as compared to the wild type enzyme. Since

the allosteric inhibition of Pfk-2 by MgATP has been related

to the association of dimers to form tetramers [10,11] the rever-

sal of this inhibition by high fructose-6-P concentrations could

be explained by the dissociation of tetramers into active dimers

due to binding of the sugar-phosphate to the active site. The

observed result with Cys-295-Phe could arise from differences

in the affinity of this enzyme for fructose-6-P as compared to
Fig. 4. MgATP inhibition of wild type Pfk-2 and Cys-295-Ala and Cys-
295-Phe mutants at different fructose-6-P concentrations. (A) Effect of
MgATP concentration on the activity of wild type Pfk-2 at 0.1 mM
fructose-6-P (d) and at 1 mM fructose-6-P (n). (B) Effect of MgATP
concentration on the activity ofCys-295-Ala at 0.1 mMfructose-6-P (s)
and 1 mM fructose-6-P (h) and effect of MgATP concentration on the
activity of Cys-295-Phe at 0.1 mM fructose-6-P ( ), 1 mM fructose-6-P
( ) and 5 mM fructose-6-P ( ).



Fig. 6. GdnHCl-induced unfolding of wild type Pfk-2 and Cys-295
mutant enzymes in the presence of MgATP. Protein samples (90 lg/ml)
equilibrated in 1 mM MgATP were diluted into buffer containing the
indicated GdnHCl concentrations and the same concentration of
MgATP. Samples were incubated for 48 h at 20 �C before enzyme
activity measurements. Wild type Pfk-2 (d), Cys-295-Ala (s) and Cys-
295-Phe ( ).
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the wild type enzyme. To test this hypothesis we measured the

binding of fructose-6-P to the wild type and to the Cys-295-

Phe mutant enzymes using intrinsic fluorescence measurements

(Fig. 5). In each case, the fitted curves correspond to a hyper-

bolic function with an average Kd value of 20 lM for both,

Cys-295-Ala and Cys-295-Phe mutants. These values, although

higher than that obtained for the wild type enzyme [9], cannot

explain why only the Cys-295-Phe mutant requires higher fruc-

tose-6-P concentrations for the reversal of the MgATP inhibi-

tion of the enzyme activity.

A second possibility is that replacement of Cys by Phe could

affect the strength of dimer–dimer interactions in the tetramer.

This alternative was tested by comparing the stability of wild

type and Cys-295-Phe tetramers to GdnHCl-induced unfolding

in the presence of MgATP. Fig. 6 shows that the Cys-295-Phe

mutant requires a higher concentration of the denaturant

agent (Cm1/2 0.63 M) to unfold the protein, as compared to

the wild type and Cys-295-Ala enzymes (Cm1/2 0.42 and

0.40 M, respectively). Thus, there is a correlation between

the degree of MgATP inhibition of enzyme activity and the

stability of the interactions between dimers in the tetramer. Be-

cause the Cys-295-Phe dimer is less stable than the wild type

dimer, the higher stability of the mutant tetrameric form could

be associated to an effect over the dimer–dimer interface.

If the Cys-295 residue is directly involved in dimer–dimer

interface, its replacement by a bulky hydrophobic residue such

as Phe could increase the stability of the tetramer by decreas-

ing the desolvation energy around the interface, in the absence

of other long range structural effects. However, factors deter-

mining the role of specific amino acid residues at the subunit

interface are not easy to establish. Inlow and Baldwin studied

the role of the subunit interface in the conformational stability

of a bacterial luciferase collecting data from equilibrium

unfolding experiments for different mutants [16]. Although cer-

tainly, the extensive hydrophobic surface at the interface

would be expected to confer significant stability, neither of
Fig. 5. Binding of fructose-6-P to wild type Pfk-2 and Cys-295
mutants. The binding of fructose-6-P to wild type Pfk-2 (d), Cys-295-
Ala (s) and Cys-295-Phe ( ) enzymes was followed by the increase in
the intrinsic fluorescence as a function of the sugar-phosphate
concentration. The excitation wavelength was 295 nm. Lines represent
the fit of the experimental points to a hyperbola equation. Fructose-6-
P concentrations are shown in a logarithmic scale for a clear
presentation of the data.
the interface mutants affects the dissociation of the dimeric

luciferase under non-denaturating conditions. Moreover, when

a loop deletion mutant that does not affect the hydrophobic

portions of the interface was studied, it was found that there

is a large effect on subunit equilibrium, thus demonstrating

that intersubunit affinity is not due only to subunit interac-

tions. Also, when a Phe-Tyr replacement at the subunit inter-

face of glutathione S-transferase was made, the weight average

molecular mass was found to be characteristic of a dimer.

However, when Phe was changed to a small residue such as

Ala, the weight average molecular mass was reduced and the

equilibrium shifted toward the monomer [18]. The three-

dimensional model of the tetramer form of Pfk-2, constructed

by using homology modelling combined with solution

X-ray scattering in the presence of MgATP [15], shows that

although Cys-295 is not located at the dimer–dimer interface,

it occupies a nearby location so it could modulate dimer–dimer

interactions.
4. Conclusion

The results presented here show that the dimeric state of

Pfk-2 is critical for the stability and the activity of the enzyme,

as demonstrated by the correlation between enzyme dissocia-

tion and enzymatic activity in GdnHCl-induced unfolding

and protein dilution experiments. Cys-238 has no apparent

role in monomer–monomer interactions, as shown by enzyme

activity, allosteric inhibition, dimer stability and oligomeric

structure experiments using the Ala and Phe mutants. On the

other hand, the mutation of the Cys-295 residue produced

a decrease in the kcat value and an increment in the Km

values for both substrates, more markedly in the case of

the Phe substitution. This probably occurs through a confor-

mational change that affects the active site instead of a direct
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participation of this amino acid in the catalytic mechanism.

The involvement of Cys-295 in dimer–dimer interactions was

supported by the fact that higher fructose-6-P concentrations

are required for the reversal of the MgATP allosteric inhibition

of enzyme activity and also by an increase in tetramer stability

relative to the wild type tetrameric form of Pfk-2. Studies are

in progress in order to gain further insights on the role of sub-

unit interactions in the conformational stability of the Pfk-2

protein.

The following scheme summarizes the role of the oligomeric

states on the activity and allosteric behavior of Pfk-2.

D-fructose-6-P 
Ternary
complex DT-MgATP

fructose-6-P
(active site)

MgATP
(allosteric site)

Inhibition and 
tetramer formation (K1)    Catalytic process (K2)

MgATP
(active site)

T = tetramer
D = dimer

The left side of the scheme shows tetramer formation (allo-

steric MgATP binding and dimer association) controlled by

K1. The right side shows the catalytic process (binding of fruc-

tose-6-P and ternary complex formation upon MgATP bind-

ing) controlled by K2. Therefore, the balance between K1 and

K2 will determine the modulation of Pfk-2 inhibition. We here

postulate that Cys-295-Phe mutation produces structural

changes that favour the allosteric inhibition by increasing tet-

ramer stability.
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[17] Torres, J.C., Guixé, V. and Babul, J. (1997) A mutant phospho-
fructokinase produces a futile cycle during gluconeogenesis in
Escherichia coli. Biochem. J. 327, 675–684.

[18] Vargo, M.A., Nguyen, L. and Colman, R. (2004) Subunit
interface residues of glutathione S-transferase A1-1 that are
important in the monomer–dimer equilibrium. Biochemistry 43,
3327–3335.


	Role of Cys-295 on subunit interactions and allosteric regulation  of phosphofructokinase-2 from Escherichia coli
	Introduction
	Materials and methods
	Site-directed mutagenesis
	Enzyme expression and purification
	Enzyme kinetics
	Size exclusion chromatography
	GdnHCl induced unfolding of wild type and mutant enzymes
	Dynamic light scattering measurements
	Fluorescence measurements

	Results and discussion
	Structural and kinetic characterization of Cys-238 and 	Cys-295 mutant enzymes
	The dimeric state of Pfk-2 is critical for stability and enzymatic activity
	MgATP-induced inhibition of the enzyme activity is modulated by the stability of dimer ndash dimer interactions

	Conclusion
	Acknowledgments
	References


