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Modification of Escherichia coli phosphofructoki-
nase-2 (Pfk-2) with N-(1-pyrenil)maleimide results in an
nzyme form that is inactive. However, the rate of mod-
fication is drastically reduced in the presence of the
llosteric effector MgATP. The stoichiometry of the label
ncorporation was found to be 2.03 6 0.035 mol of the
eagent/mol of subunit, in agreement with the number of
itratable SH groups by 5,5*-dithiobis(2-nitrobenzoic
cid) in the labeled protein. HPLC gel filtration experi-
ents demonstrate that native Pfk-2 is a dimer in the

bsence of ligands, while in the presence of MgATP a
imer–tetramer transition is promoted. In contrast, the
odified enzyme eluted as a monomer and the presence

f MgATP was not able to induce aggregation. Although
he modified monomers are inactive, the dissociation
onstants for the substrates and the allosteric effector
gATP, measured by following the fluorescence of the

inding probe, are the same as for the native enzyme.
uenching of pyrene fluorescence emission of labeled
hosphofructokinase-2 monomers by acrylamide gave
ownward curved Stern–Volmer plots, with very similar
uenching efficiencies for the control and for the fruc-
ose-6-P and MgATP–enzyme complexes. These results
how the presence of SH groups in the interface of Pfk-2
ubunits, critical for subunit interactions, and that con-
ormational changes occurring through the dimers are
ssential for catalytic activity. © 2000 Academic Press

Key Words: phosphofructokinase; SH groups; N-(1-
pyrenil)maleimide; subunit dissociation.

Phosphofructokinase (Pfk, EC 2.7.11)1 catalyzes the
transfer of phosphate from ATP to the 1-OH group of

1 Abbreviations used: Pfk, phosphofructokinase; PM, pyrene N-(1-
pyrenyl)maleimide; DTNB, 5,59-dithiobis(2-nitrobenzoic acid); fruc-
tose-6-P, fructose 6-phosphate; fructose-1,6-bisP, fructose 1,6-
bisphosphate; DTT, dithiotreitol.
0003-9861/00 $35.00
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fructose-6-P to yield fructose-1,6-bisP and ADP. The
enzymatic activity of this enzyme is tightly regulated
in a wide variety of organisms. Two forms of this en-
zyme have been found in Escherichia coli. Pfk-1 exhib-
ts sigmoidal kinetics with respect to fructose-6-P, al-
osteric activation by ADP or GDP, and allosteric inhi-
ition by phosphoenolpyruvate (1, 2). Pfk-2, the minor
soenzyme in the wild type strain, presents hyperbolic
inetics with fructose-6-P and inhibition by MgATP
hen the assay is performed at low fructose-6-P con-

entrations (3). Also, Pfk-1 and Pfk-2 differ as to the
rder in which the substrates are bound to and the
roducts are release from the enzyme. Since Pfk-2 has
n ordered Bi–Bi mechanism with fructose-6-P being
he first substrate to bind and fructose-1,6-bisP the last
roduct to be released, one would not predict binding of
gATP in the absence of fructose-6-P (4). Recently we

ave demonstrated, through intrinsic fluorescence
tudies, the presence of an allosteric site for MgATP in
fk-2, responsible for the inhibition of the enzyme ac-
ivity by this ligand (5). Also, the binding of MgATP to
fk-2 has been linked to a dimer–tetramer association
rocess (6).
The primary structure of Pfk-2, as predicted from the

ucleotide sequence, shows no significant relationship
o the Pfk-1 family, but appears to be related to an-
ther group of kinases, which includes fructose-1-phos-
hate kinase (7). Since no structural information is
vailable for Pfk-2 and with a view to developing a
ore detailed understanding of its structure/function

elationship, we investigated the involvement of some
mino acid residues (SH groups) in the kinetic and
tructural properties of the enzyme.
Several amino acid residues have been reported to be

mportant for either E. coli Pfk-1 catalytic activity (8–
2) or allosteric interactions (13–15). For many other
hosphofructokinases the presence of thiol groups in
he active and allosteric sites has been shown (16–19).
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314 VICTORIA GUIXÉ
The amino-acid sequence of Pfk-2, deduced from the
DNA sequence (20, 21), reveals the presence of four
cysteine residues and since modification of the enzyme
with thiol modifying agents led to a rapid loss of enzy-
matic activity, we decided to study the involvement of
this kind of residues in the catalytic and allosteric
properties of the enzyme.

Here we report the specific modification, inactivation
and subunit dissociation of Pfk-2 by a fluorescent sulf-
hydryl reagent, pyrene N-(1-pyrenyl)maleimide. The
results presented demonstrate the presence of SH res-
idues in the interface of Pfk-2 subunits critical for
interactions between them and that conformational
changes occurring through dimers are essential for
catalytic activity.

MATERIALS AND METHODS

Pfk purification. The strain used for enzyme purification was DF
903, for which construction and growth has been described (22).
Essentially, Pfk-2 was purified as reported before (1).

Enzyme activity. Activity was measured spectrophotometrically
by coupling the fructose-1,6-bisP formation to the oxidation of NADH
with the use of aldolase, triose phosphate isomerase, and a-glycero-

hosphate dehydrogenase (3).
Reagent concentration. Fructose-6-P concentration was esti-
ated spectrophotometrically using the aldolase coupling assay. The

oncentration of NADH was calculated using a molar extinction
oefficient of 6.22 3 1023 M21 cm21. ATP concentrations were deter-

mined spectrophotometrically by the fructose-1,6-bisP formed in the
presence of Pfk, fructose-6-P, aldolase, triose phosphate isomerase,
a-glycerophosphate dehydrogenase, and NADH. Protein concentra-
tion was determined using the Bio Rad protein assay with the stan-
dard curve constructed with bovine serum albumin (23).

Chemical modification of Pfk-2 with PM and stoichiometry of la-
beling. Stock solutions of PM (Molecular Probes) were freshly pre-
pared in dimethylsulfoxide and the concentration was determined
spectrophotometrically using a molar extinction coefficient of 4 3 104

M21 cm21 at 344 nm (24). The added aliquot never exceeded 1% of the
nal volume. Under the standard conditions of modification, Pfk-2
0.8–1.0 mM) was incubated with a fourfold molar excess of PM at

0°C in the dark, in the presence of 20 mM Hepes, pH 8.0, 0.1 mM
EDTA, and with or without 5 mM MgCl2. At appropriate intervals,
aliquots were diluted four- to fivefold in the presence of 5 mM DTT
and then assayed for enzymatic activity. For determination of the
stoichiometry of labeling, Pfk-2 (4–8 mM) was incubated with a
fourfold molar excess of PM at 0°C during 15 or 30 min. The reaction
was stopped by adding 5 mM DTT and the nonreacted reagent was
eliminated by filtration through a Sephadex-G-25 column (NAP-5
Amersham Pharmacia Biotech AB) equilibrated in the buffer men-
tioned above. The extent of labeling was determined by measuring
the absorption of pyrene moiety and determining its concentration
assuming the molar extinction coefficient reported before. Protein
concentration was determined as described before.

Total thiol titration of the native and modified enzyme was deter-
mined using Ellman’s reagent (DTNB) (25). The absorbance at 412
nm of each sample was monitored with time, from which a blank that
contained all components of the reaction mixture, except the enzyme,
was subtracted. Calculations were done by using a molar extinction
coefficient of 13,600 M21 cm21. The number of sulfhydryl groups
reacted with PM was given by the difference between the total
number of sulfhydryl groups of unlabeled Pfk-2 and the number of
DTNB-titratable remaining sulfhydryl groups of PM-Pfk-2.

Fluorescence measurements. The reaction of Pfk-2 with PM was
also monitored directly by following the increase in fluorescence
intensity of the pireno moiety at 395 nm with an excitation wave-
length of 343 nm, which arises upon reaction with the maleimide
group. Fluorescence measurements were performed with a Perkin
Elmer LS 50 fluorimeter. In order to evaluate the ligand properties
of the momomer, samples were filtrated through a Sephadex G-25
column after modification, to eliminate the unreacted reagent. The
excitation wavelength was set to 343 nm and fluorescence spectra
were collected from 350 to 550 nm and analyzed using a Spectra Calc
program (Galactica Corporation, USA). Fluorescent determinations
were made at room temperature and excitation and emission slits
were set to 5 nm. Backgrounds readings were subtracted, and the
wavelength and fluorescence maxima values were recorded. Exper-
iments were performed by adding small aliquots of stock solutions of
substrate or effector to the enzyme solution. Corrections were made
to compensate for volume changes and enzyme dilution.

The fractional saturation binding by either ligand was determined
from the intensity variation with free ligand concentration by calcu-
lating the quantity (F° 2 F)/(F° 2 F`) where F° represents the
mission intensity in the absence of ligand, F` the emission inten-
ity at saturating concentration of ligand, and F the intensity after
he addition of a given concentration of ligand.

Acrylamide quenching experiments were performed, with an acryl-
mide stock solution of 5 M in 20 mM Hepes, 0.1 mM EDTA, pH 8.0,
nd 5 mM MgCl2 when indicated. The quenching data were analyzed

using the Stern–Volmer equation, F°/F 5 1 1 K sv[Q], where F° and
F are the fluorescence intensities in the absence and in the presence
of the quenching agent, respectively. K sv is the Stern–Volmer
quenching constant and [Q] is the concentration of the quencher.

Size-exclusion chromatography of native and modified Pfk-2. Mo-
lecular weight determinations were performed in a TSK 2000 column
equilibrated in buffer 25 mM Tris, pH 7.5, 5 mM MgCl2, 200 KCl
mM, and the indicated MgATP concentration, at a flow rate of 1
ml/min. Protein elution ( A 280 nm or A 340 nm) was recorded in an on
line Beckman UV detector. The column was calibrated with the
following molecular weight markers: carbonic anhydrase (29,000),
alcohol dehydrogenase (150,000), b-amilase (200,000), and thyro-
globuline (669,000).

RESULTS

Inactivation and labeling of Pfk-2 with PM. Incu-
bation of E. coli Pfk-2 with PM at 0°C resulted in a very
rapid and almost complete loss of catalytic activity in
the presence and in the absence of Mg21 ions (control
urve of Figs. 1A and 1B). Under identical conditions,
he control without the reagent shows less than 5%
nactivation. The second-order rate constant for the
eaction was not determined because the rapidness of
he reaction precluded the generation of linear second-
rder plots of the data and because the ratio of inhib-
tor to enzyme was necessarily low. Other thiol modi-
ying agents were also able to inactivate Pfk-2 (not
hown).
To investigate further the interaction of PM with

fk-2, the effect of various ligands on the inactivation
eaction was studied. Addition of fructose-6-P, the first
ubstrate to bind to Pfk-2, provided only a minor pro-
ection against PM-induced inactivation, while the
resence of 1 mM MgATP in the incubation medium
ompletely protects the enzyme activity (Fig. 1A).
ince binding of MgATP to Pfk-2 in the absence of

ructose-6-P has been demonstrated to occur at an al-
osteric site of the enzyme (5), the complete protection
fforded by this ligand might suggest the presence of a
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reactive(s) SH group(s) at this site or that conforma-
tional changes, such as the tetramerization process
promoted by this ligand, modifies drastically the reac-
tivity of the SH groups. On the other hand, the little
protection effect provided by fructose-6-P shows that
conformational changes taking place at the active site
of the enzyme have a marginal effect on the reactivity
of these groups. Also, ATP42 in the inactivation me-
dium does not protect Pfk-2 from PM inactivation (Fig.
1A), in agreement with the kinetic and binding data
which show that this ligand does not bind to the en-
zyme in the absence of fructose-6-P (4, 5).

In order to assess if the MgATP protection effect was
achieved by binding of this ligand to the allosteric site
of Pfk-2, we determined the effect of different MgATP
concentrations on the inactivation rate of Pfk-2. Figure
1B shows that indeed the inactivation rate depends on

FIG. 2. Relationship between incorporation of PM and Pfk-2 inact
m) when 0.12 mM Pfk-2 was reacted with 0.48 mM pyrene maleimid

by PM. (B) The stoichiometry of labeling was calculated as described
relationship between these two parameters.

FIG. 1. Effect of ligands on the inactivation of Pfk-2 by PM. (A) Th
°C in the dark, in the absence of ligands and Mg21 ions (F) and in th
}). Aliquots were removed at the indicated times (0–15 min) and a
B) The experimental conditions were those described in A, except for
F), 25 mM (Œ), 50 mM (■), 650 mM (}).
the MgATP concentration and that 0.65 mM MgATP in
the incubation medium almost completely protects the
enzyme from inactivation. The MgATP concentration
curve obtained for the protection of Pfk-2 against PM
inactivation is well correlated with the one obtained for
binding this ligand to the allosteric site of the enzyme
(5). The initial rapid inactivation of Pfk-2 by PM, how-
ever, is not merely due to tight noncovalent binding of
the probe, because incubation of the enzyme with a
PM–mercaptoethanol conjugate had no effect on cata-
lytic activity. Also, even after denaturation the label
still remains in the protein (data not shown).

To determine the degree of labeling, samples were
incubated with PM for 30 min at 0°C as described
under Materials and Methods. Under these conditions
labeling stoichiometry was found to be 2.03 6 0.035
mol of SH/mol of subunit. This was confirmed by titra-

ion. (A) Increase in fluorescence intensity (lex 5 343 nm, lem 5 395
(Inset) The fluorescence emission spectra of Pfk-2 after modification
he text and residual activity was determined as in Fig. 1; (inset) the

zyme (0.8 mM) was incubated with a fourfold molar excess of PM at
resence of 1 mM fructose-6-P (Œ), 1 mM ATP42 (■), or 1 mM MgATP
ed for residual activity as described under Materials and Methods.
addition of 5 mM MgCl2 and the following ATP concentrations: none
ivat
e.
in t
e en
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316 VICTORIA GUIXÉ
tion of the SH groups in the native and modified en-
zyme (Table I).

The native enzyme reacted with 4 mol of DTNB,
indicating the existence of four free SH groups per
subunit, in agreement with the number of cysteine
residues deduced from the DNA sequence. In contrast,
in the modified enzyme there are only two DTNB-
titratable SH groups, confirming the modification of
these types of residues. This was further confirmed,
taking advantage of the fact that PM is essentially
nonfluorescent in aqueous solutions but forms intense
fluorescent adducts with a long lifetime, upon reaction
with protein thiol groups (25). This property allows us
to monitor the time-dependent labeling of Pfk-2 with
PM by following the increase in fluorescence after the
addition of PM to an aqueous solution of Pfk-2 (Fig.
2A). The relationship between the extent of labeling
and the extent of inactivation was obtained from the
fluorescence response of Pfk-2 upon reaction with PM,
assuming a limiting value of 2 mol of reagent/mol of
subunit, and from the enzymatic activity remaining,
measured under similar conditions (Fig. 2B). A linear
correlation was obtained between the amount of PM
bound to Pfk-2 and its residual enzymatic activity (Fig.
2B, inset).

Size-exclusion chromatography of native and PM-
modified Pfk-2. HPLC gel filtration studies on a TSK
2000 column of native Pfk-2, along with molecular
weight standards, show an elution volume correspond-
ing to a dimeric form of the enzyme (Fig. 3A), while in
the presence of 1 mM MgATP the formation of a tet-
ramer was observed (Fig. 3B). These results suggest
that the binding of MgATP to the allosteric site of
Pfk-2, responsible for the inhibition of the enzyme ac-
tivity, also promotes a dimer–tetramer transition. On
the other hand, molecular filtration studies of PM-
modified Pfk-2 show that the enzyme elutes as a mono-
mer (either following the absorbance at 280 nm or 340
nm) and that the presence of MgATP was not able to
induce any change in its aggregation state (Figs. 3C
and 3D).

Characterization of the Pfk-2 PM-modified monomer.
Since the data presented so far suggested that inacti-
vation of Pfk-2 by PM results in a loss of enzymatic

TABLE I

DTNB Titration of Thiol Residues in Native
and Modified Pfk-2

Condition Moles SH/subunit

Native Pfk-2 (control) 3.91 6 0.08
Pkf-2 labeled with PM 2.02 6 0.16
Predicteda 4.0

a Based on the DNA sequence of E. coli Pfk-2 (20, 21). Results are
iven as the means 6 SE of three to four individual observations.
activity with a concomitant dissociation of enzyme sub-
units, it was of interest to examine whether these
monomers also present a loss of sensitivity to the sub-
strates and to the allosteric effector MgATP. First, the
integrity of the active site of the Pfk-2 modified mono-
mer was evaluated by measuring the fluorescence
changes induced by the substrate fructose-6-P. Figure
4A shows that the fluorescence response of PM labeled
Pfk-2 increases with a hyperbolic dependence on the
concentration of fructose-6-P with a Kd value of 13 mM,

hich is very similar to the one obtained through in-
rinsic fluorescence measurements (5). This result sug-
ests that the modified monomer binds fructose-6-P
ith properties similar to those of the native enzyme
nd that from this point of view, the active site has not
een altered upon modification.

FIG. 3. Effect of MgATP on the aggregation state of native and
PM-modified Pfk-2. (A) HPLC elution in a TSK 2000 column of native
Pfk-2 in the absence of ligands. (B) HPLC elution of native Pfk-2 in
the presence of 1 mM MgATP. The column was equilibrated at the
indicated MgATP concentration and the enzyme was preincubated
under the same conditions. (C) Pfk-2 modified with PM in the ab-
sence of Mg21 ions. Absorbance at 280 nm (. . .) and at 340 nm (—),
corresponding to the attached probe, was followed. (D) The column
was equilibrated in 1 mM MgATP and the PM-modified Pfk-2 was
incubated with the same MgATP concentration. The arrows indicate
the elution times of the tetramer (6.1 min), dimer (7.0 min), and
monomer (8.1 min) of Pfk-2 derived from a calibration of the column
using the following molecular weight standards: carbonic anhydrase
(29,000), alcohol dehydrogenase (150,000), b-amilase (200,000), and
thyroglobuline (669,000).
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On the other hand, if the MgATP allosteric site of
Pfk-2 has been altered by the modification, one would
expect no binding of this ligand to the modified mono-
mer. This is not the case and, as shown in Fig. 4B, the
fluorescence response of PM-labeled Pfk-2 to different
MgATP concentrations is hyperbolic with a Kd of 20
mM. This value is somewhat lower than the value of 70
mM obtained using intrinsic fluorescence measure-
ments. Also, the saturation curve is hyperbolic, in con-
trast with the cooperative behavior observed in the
intrinsic fluorescence experiments (5).

Since Pfk-2 PM-modified monomers are inactive but
able to bind the substrate fructose-6-P and the alloste-
ric effector MgATP, one can ask if the observed loss of
catalytic activity is due to impairment in the binding of
the second substrate. To test this idea we analyzed the
effect of ATP42, a compound known to bind only to the
active site, on the fluorescence response of the mono-
mer–fructose-6-P complex. Figure 5 shows the effect of
increasing ATP42 concentrations upon the fluorescence

FIG. 4. Effect of ligands on the fluorescence properties of the Pfk-2
PM-modified monomer. (A) Binding of fructose-6-P to PM-modified
Pfk-2 as followed by the decrease in fluorescence intensity. (B) Bind-
ing of MgATP to PM-modified Pfk-2 as followed by the concomitant
change in fluorescence intensity. Saturation fraction in A and B were
calculated as described under Materials and Methods. Lines repre-
sent the fit of the experimental points to a hyperbola equation.
of PM-labeled monomer of Pfk-2 in the presence of 200
mM fructose-6-P. The nucleotide produces a hyperbolic
response with a Kd of 37 mM in good agreement with
he value of 56 mM obtained for the ATP42 binding to

the Pfk-2–fructose-6-P complex through intrinsic fluo-
rescence measurement (5). These results suggest that
binding of substrates to the monomeric species of Pfk-2
is possible, but that conformational changes occurring
through the dimers are essential for catalytic activity.

Acrylamide fluorescence quenching. Solvent acces-
sibility to the probe covalently attached to the Pfk-2

FIG. 6. Stern–Volmer plots for acrylamide for different Pfk-2 PM-
monomer–ligand complexes. Free enzyme (F), Pfk-2 PM-monomer in
the presence of 0.5 mM MgATP (E), Pfk-2 PM-monomer in the
presence of 0.5 mM fructose-6-P (■).

FIG. 5. Effect of ATP42 concentration on the fluorescence of the
fructose-6-P PM-labeled monomer complex. Pfk-2 labeled-monomer
was incubated with 200 mM fructose-6-P and then binding of ATP42

to the complex was followed by the decrease in fluorescence intensity
of the attached probe. The curve is fitted to the hyperbola equation.
The fluorescence change was calculated considering as the control,
the fluorescence in the presence of 200 mM fructose-6-P and in the
absence of ATP42.
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318 VICTORIA GUIXÉ
monomer was studied by quenching the pyrene Pfk-2
fluorescence emission in different enzyme–ligand com-
plexes. The emission quenching of the steady state
fluorescence gave downward curved Stern–Volmer
plots, while the quenching efficiency for the control and
for the fructose-6-P and MgATP complexes, were very
similar (Fig. 6). The downward curvature of Stern–
Volmer plots can be explained in terms of the hetero-
geneous population of the fluorophores, which differ
significantly in their individual susceptibility to the
quencher. These results suggest that although binding
of ligands to the Pfk-2 labeled monomer can be de-
tected through the emission quenching fluorescence of
the probe, these conformational changes do not result
in significant changes in the solvent accessibility of the
pyrene probe in the different enzyme–ligand com-
plexes.

DISCUSSION

Pyrene maleimide has been used in a number of
systems to investigate protein–ligand interactions (26).
The reagent is essentially nonfluorescent until it has
reacted with thiol groups (27). Upon reaction there is a
large increase in quantum yield from this group when
excited at 343 nm, as occurs when it reacts with Pfk-2.
The emission maxima observed of 377 and 395 nm
(lex 5 343 nm) for the pyrene–maleimide-modified

fk-2 (Fig. 2A, inset) are similar to those for pyrene
aleimide adducts of other proteins (27). The stoichi-

metry of incorporation of the label into Pfk-2 was
ound to be 2 mol/mol subunit, suggesting that two
hiol groups are being modified, observation that was
onfirmed by titration of the SH groups present in the
ative and modified enzyme (Table I). These residues,
owever, seem not be in close proximity in modified
fk-2 since no formation of excimers was observed.
yrene moieties form excimers, characterized by a flu-
rescence emission maximun at about 470 nm, when
djacent to each other. Excimer formation has been
sed to test the proximity of SH groups in other pro-
eins (28–30).

The reaction of Pfk-2 with this thiol-modifying agent
roduces a rapidly inactivation of the enzyme, while
omplete protection against inactivation is afforded by
gATP. The concentration curve for the protection

ffect of MgATP against PM inactivation is well corre-
ated with the one obtained for the binding of this
igand to the allosteric site of Pfk-2. Also, as shown in
ig. 3 (A–D), binding of MgATP to the allosteric site of

he enzyme promotes a dimer to tetramer transition.
hen, it is possible that MgATP protection of thiol
roups against PM modification might be a conse-
uence of the tetramerization process. The binary com-
lex formation between Pfk-2 and fructose-6-P pro-
ides only a minor protection against inactivation.
onsidering that data from the kinetic mechanism of
fk-2 indicates that fructose-6-P is able to bind to the
ree enzyme, these results suggest that conformational
hanges, taking place at the active site have only little
ffect on the reactivity of the sulfhydryl groups of the
nzyme. On the other hand, binding of fructose-6-P to
he active site of the modified enzyme can be monitored
hrough fluorescence changes associated with the in-
orporated label. Since this substrate is able to bind to
he active site of the modified enzyme, one must con-
lude that the modified SH groups of Pfk-2 are not in
his site, in agreement with the effect of the sugar
ubstrate in the enzyme activity protection experi-
ents and therefore supporting the localization of

hese groups at the subunit interface and its relation-
hip to the tetramerization process.
In order to understand what causes enzyme inacti-

ation, we analyzed the ligand binding properties of
he monomer. The PM-modified monomer of Pfk-2
inds the substrate fructose-6-P and the allosteric ef-
ector MgATP with affinities similar to the ones de-
cribed for the native dimer through intrinsic fluores-
ent measurements (5), which establish that the mod-
fication has not occur at the active or allosteric site of
he enzyme. However, for the case of MgATP, the bind-
ng curve of this ligand to the monomer does not
resent the cooperative behavior observed for the
imer. Since, binding of MgATP to the allosteric site of
fk-2 promotes the formation of a tetramer, the coop-
rative response observed probably represents the
hange in the aggregation state of the enzyme. These
esults pointed out the importance of the SH groups in
he establishment of the interface interactions respon-
ible for the maintenance of the dimeric structure and
lso in the formation of new subunits interactions, as
n the case of the MgATP induced tetramerization pro-
ess.
The integrity of the catalytic site of the PM-monomer

f Pfk-2 was further studied analyzing the binding of
TP42, an analog of the second substrate, to the en-
yme–fructose-6-P complex. In this case, as for the
ative enzyme (4), the nucleotide binds to the fructose-
-P complex in a hyperbolic fashion with a Kd value of

37 mM, indicating that, although the substrates can
ind to the monomer, conformational changes along
he dimeric structure are essential for catalytic activ-
ty.

The modification of thiol groups at the active and
llosteric sites of several phosphofructokinases has
een reported, including the enzyme from Ascaris
uum, rabbit muscle, yeast, and E. coli (16–19, 29). In
he case of E. coli Pfk-1, reaction of the enzyme with
everal thiol modifying agents led to a loss of activity
ssociated with the modification of a cysteine residue
n position 119 in the protein sequence and whose
eaction was protected by the substrate fructose-6-P
31). For A. suum Pfk, modification of the ATP inhibi-
ory site with 29,39-dialdehyde ATP results in an inac-
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319SH GROUPS AND SUBUNIT STRUCTURE OF E. coli Pfk-2
tive form of the enzyme, with no changes in the con-
formational integrity of the active site, suggesting that
the modification locks the enzyme in an inactive T
state that cannot be activated. Gel filtration HPLC
studies show that the modified enzyme retains its tet-
rameric form and that the enzyme is insensitive to the
allosteric effector fructose-2,6-bisphosphate, as shown
by tryptophan fluorescent measurements and circular
dichroic spectra. Also, modification of the enzyme with
the thiol reagent 4-49-dithiodipyridine indicates the

resence of one of these residues in the ATP portion of
he active site (16).

Recently, participation of SH groups in subunits in-
eractions of several proteins, have been reported. In
he case of the F1-ATPase of E. coli, the enzyme con-
ains two cysteine residues (positions 64 and 140 of the
mino-acid sequence). Labeling of Cys64 with or with-

out concomitant labeling of Cys140 resulted in a recon-
stitutively inactive enzyme. However, labeling of Cys64

was accompanied by dissociation of the d subunit from
the enzyme, suggesting a role for the microenviron-
ment of this residue in the interactions of the d subunit

ith other subunits in the enzyme (28). On the other
and, Bochkareva et al. (32) have found that modifica-
ion of Cys458 of GroEL with 4,49-dithiodipyridine re-
ults in disassembly of the protein. This residue be-
ongs to the equatorial domain of GroEL, located at the
ntersubunit interface within the rings and close to the
ing–ring contact area, in a location that a priori seems
terically inaccessible to the external probe. Also, cal-
ium-sensing receptors are present in membranes as
imers that can be reduced to monomers with sulfhy-
ryl reagents (33).
The results presented in this paper, together with

he examples mentioned above, point out the growing
vidence for participation of SH groups in subunit in-
eractions in proteins.
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