
Effects of Protein-Ligand Associations on the Subunit Interactions of
Phosphofructokinase fromB. stearothermophilus†

R. Jason Quinlan‡ and Gregory D. Reinhart*

Department of Biochemistry and Biophysics, Texas A&M UniVersity and the Texas Agricultural Experiment Station,
College Station, Texas 77843-2128

ReceiVed May 4, 2006; ReVised Manuscript ReceiVed July 15, 2006

ABSTRACT: Differences between the crystal structures of inhibitor-bound and uninhibited forms of
phosphofructokinase (PFK) fromB. stearothermophilushave led to a structural model for allosteric
inhibition by phosphenolpyruvate (PEP) wherein a dimer-dimer interface within the tetrameric enzyme
undergoes a quaternary shift. We have developed a labeling and hybridization technique to generate a
tetramer with subunits simultaneously containing two different extrinsic fluorophores in known subunit
orientations. This construct has been utilized in the examination of the effects of allosteric ligand and
substrate binding on the subunit affinities of tetrameric PFK using several biophysical and spectroscopic
techniques including 2-photon, dual-channel fluorescence correlation spectroscopy (FCS). We demonstrate
that PEP-binding at the allosteric site is sufficient to reduce the affinity of the active site interface from
beyond the limits of experimental detection to nanomolar affinity, while conversely strengthening the
interface at which it is bound. The reduced interface affinity is specific to inhibitor binding because binding
the activator ADP at the same allosteric site causes no reduction in subunit affinity. With inhibitor bound,
the weakened subunit affinity has allowed the kinetics of dimer association to be elucidated.

Phosphofructokinase catalyzes the MgATP-dependent
phosphorylation of fructose 6-phosphate (F6P1), producing
fructose 1,6-bisphosphate and MgADP. This reaction rep-
resents the first committed step of glycolysis and, hence, is
judiciously regulated (1). Most prokaryotic PFK isoforms
are allosterically activated by ADP and are inhibited by
phosphoenolpyruvate (PEP). The K-type allosteric response
of the enzyme is characterized by the reduction of F6P
binding affinity with PEP bound in the allosteric site, and
increased F6P affinity when ADP is bound in the allosteric
site (2-9).

Phosphofructokinase from the moderate thermophileBa-
cillus stearothermophilus(BsPFK) is a homotetramer con-
sisting of four identical subunits, the orientation of which
provides four identical active sites and four allosteric sites
along respective dimer-dimer interfaces. Each binding site
is composed of residues from both subunits at the interface
such that each subunit contributes complementary halves of

two active sites and complementary halves of two allosteric
sites, and the complete tetramer is required for all eight sites
(10-13).

The chemical denaturant KSCN has been utilized to
examine the subunit associations ofE. coli PFK (EcPFK),
and on the basis of these denaturation data, the active site
interface is hypothesized to have lower affinity than that of
the allosteric site interface (14-16). The sensitivity of
enzyme activity to chemical perturbation is higher than that
of the intrinsic tryptophan fluorescence of the enzyme. The
differential sensitivities to denaturant are attributed to disrup-
tion of the active interface, leading to loss of activity and
disruption of the allosteric interface, which leads to solvent-
relaxation of tryptophan fluorescence (15). In the presence
of ligands, the active site interface is stabilized to KSCN
dissociation by F6P and is weakly stabilized by the bound
allosteric inhibitor PEP.

The crystal structures of BsPFK have been solved in both
an uninhibited form in the absence of regulatory ligands (12)
and in an inhibited form with phosphoglycolate, a PEP
analogue, bound in the allosteric site (13). The most striking
structural difference between the two structures is a 7°
rotation of the subunits relative to one another at the active
site interface. In this examination, we attribute a significant
loss of subunit affinity to this inhibitor-bound conformation.

Fluorescence correlation spectroscopy (FCS) is a technique
that interrogates fluctuations in fluorescence intensity to
determine diffusion and other temporally dependent char-
acteristics (17-20). Autocorrelation analysis of fluorescence
intensity fluctuations arising from changes in number density
of fluorescent particles diffusing through a small, precisely
defined laser focus yields the apparent diffusion coefficient

† This work was supported by National Institutes of Health Grant
GM33216 and Robert A. Welch Foundation Grant A1543.

* Corresponding author. Phone: (979) 862-2263. Fax: (979) 845-
4295. E-mail: gdr@tamu.edu.

‡ Current address: Department of Physics, University of Californias
Berkeley.

1 Abbreviations: EPPS,N-[2-hydroxyethyl]piperazine-N′-[3-pro-
panesulfonic acid]; Tris, Tris(hydroxymethyl)aminomethane; MgCl2,
magnesium chloride; NH4Cl, ammonium chloride; EDTA, ethylene-
diaminetetraacetic acid; BsPFK,Bacillus stearothermophilusphospho-
fructokinase; F6P, fructose-6-phosphate; PEP, phospho(enol)pyruvate;
ADP, adenosine-5′-diphosphate; FCS, fluorescence correlation spec-
troscopy; PCH, photon counting histogram; 2PE, two photon excitation;
Ti/Sapph, titanium/sapphire; Nb:YVO4, neobium/yttrium vanadate laser;
PAGE, polyacrylamide gel electrophoresis; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis.

11333Biochemistry2006,45, 11333-11341

10.1021/bi0608921 CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/01/2006



and particle number from which association data can be
derived (17-23). In complementary fashion, the deconvo-
lution of the photon count probability distribution yields two
parameters: the average particle number, N, and the mo-
lecular brightness,ε (24-26).

Placing multiple extrinsic fluorophores in known locations
within the PFK tetramer has afforded us experimental control
over both the identification and quantification of the subunit
affinities of the specific dimer interfaces within the PFK
tetramer. Two fluorophores, AlexaFluor488 and Texas Red,
are used to label the tetramer such that two subunits
associated at the allosteric site interface are modified with
identical fluorophores, and two subunits associated at the
active site interface are modified by distinct fluorophores.
The broad two-photon cross sections of these two fluoro-
phores permit their simultaneous excitation using a single
titanium/sapphire pulsed laser source (23, 27). Dissociation
at the active site interface is anticipated to separate a dimer
of AlexaFluor488-modified subunits from a dimer of Texas
Red-modified subunits resulting in loss of cross-correlation
but constant apparent particle number and molecular bright-
ness. Conversely, dissociation at the allosteric site interface
separates dimers that consist of an AlexaFluor488-labeled
subunit and a Texas Red-labeled subunit. In this case,
dissociation causes the loss of cross-correlation and molecular
brightness but an increase in apparent particle number.

We examine the impact of ligand and substrate-binding
on the thermodynamics and kinetics of the subunit interac-
tions of BsPFK and demonstrate that the inhibited conforma-
tion of the enzyme has significantly reduced affinity along
the active-site interface.

MATERIALS AND METHODS

Materials. Spectral grade EPPS was purchased from
Research Organics. MgCl2, NH4Cl, and EDTA were spectral
or reagent grade and were purchased from Sigma. AlexaFluor
488 C2-maleimide, Texas Red C2-maleimide, and Rhodamine-
6G were purchased from Molecular Probes (Eugene, Or-
egon). Absolute punctilious grade ethanol was purchased
from AAPER and stored in glass bottles.p-tertphenyl was
purchased from Kodak Chemicals, Rochester, NY.

Enzyme Purification and Labeling.Enzyme purification
was accomplished as described previously with several
modifications. The K90,91E mutant BsPFK has been gener-
ated by site-directed mutagenesis and its purification de-
scribed (5, 8). In this BsPFK variant, surface lysine residues
K90 and K91, which are located well removed from any
binding site or subunit interface, have been converted to
aspartate, conferring an altered electrostatic surface to the
enzyme. These modifications do not alter the catalytic or
regulatory properties of the enzyme (5). Following Mimetic
blue dye (Amicon) affinity chromatography and overnight
dialysis, peak fractions were applied to a 10 mL Pharmacia
MonoQ anion exchange column, and a linear gradient of
NaCl from 0-1 M was used in elution. Activity was assayed
as described (5). Peak fractions were extensively dialyzed
into buffer F (50 mM EPPS, 10 mM MgCl2, 10 mM NH4-
Cl, and 0.2 mM EDTA). Purity was confirmed by SDS-
PAGE, and enzyme was quantified as described (28). PFK
samples were thiol-labeled with AlexaFluor488 C2-maleimide
or Texas Red C2-maleimide as described (29). Labeling

reactions contained 20-50 µM PFK, 1 mM F6P, 10%
glycerol, and approximately 10-fold excess label in buffer
F or DMSO. Then, 2 mL-labeling reactions were incubated
for 2 h atroom temperature with slow stirring. The labeled
protein was isolated from free fluorophore by repeated size
exclusion chromatography using a 20 mL G-50 Sephadex
column. Elimination of free fluorophore was considered
complete when additional size exclusion chromatography
produced no change in fluorescence anisotropy. Greater than
90% of the subunits were labeled with a stoichiometry of
1:1 (fluorophore/subunit), and the extrinsic fluorophore
reduced the specific activity of the enzyme less than 30%.

Nondenaturing PAGE.Nondenaturing PAGE was per-
formed in 9% polyacrylamide gels in Tris/glycine at pH 8.3.
Samples were run at 120 V for 2 h on ice and were visualized
using UV excitation or were Coomassie-stained as described
(5). Kinetic time-points were obtained by incubation of the
labeled protein with the specified ligand for the indicated
time prior to the quenching of dimer exchange by the addition
of 1 mM F6P and gel-loading buffer. Densitometry was
performed on the UV-exposed gels using an Alphaimager
950 (Alpha Innotech Corporation, San Leandro, CA) and
NIH Image V1.62f software, (NIH, Maryland).

Label Hybrid Formation.Multilabeled enzyme was created
by allowing dimer exchange between Texas Red-labeled
wild-type BsPFK and AlexaFluor488-labeled BsPFK-K90,-
91E. Wild-type-Texas Red and K90,91E-AlexaFluor488
were incubated for 30 min in 0.4 M KSCN and 1 mM PEP
and dialyzed into buffer A (25 mM EPPS, 5 mM MgCl2, 5
mM NH4Cl, and 0.2 mM EDTA) overnight. Creation of the
mixed tetramer was confirmed by the presence of three bands
on a nondenaturing PAGE gel corresponding to each parent
enzyme and a single hybrid tetramer. Complete randomiza-
tion of the tetramer is characterized by five distinct electro-
phoretic bands, which was not observed under dimer
exchange conditions (5, 8). The solution of mixed tetramers
was applied to a Pharmacia MonoQ column, and a linear
salt gradient from 15 mM to 50 mM NaCl in 200 mL total
volume was used to elute each species. Peak fractions were
identified by UV-vis spectroscopy, assayed for activity and
concentrated using Amicon centrifuge concentrators (Mil-
lipore, Billerica, MA). In later experiments, dimer exchange
was induced by incubation with 4 mM PEP for 4 h atroom
temperature.

Steady-State Fluorescence.Steady-state fluorescence spec-
tra, intensity, and anisotropy were performed in L-format
using either an SLM-8000 with an ISS Phoenix upgrade or
an ISS Koala spectrofluorometer. Excitation wavelengths
were 495 nm for AlexaFluor488 or 592 nm for the Texas
Red-labeled enzyme. Intensity was determined by integration
of the blank-subtracted emission spectra. Spectra were taken
with 1 s integration time over 1 nm wavelength intervals.
Experiments using the ISS Koala used excitation slit widths
of 0.5 mm and emission slit widths of 1 mm, corresponding
to bandwidths of 4 and 8 nm, respectively. The SLM
modifications included a xenon lamp and power supply
upgrade to ISS components, ISS X-1 photon counting
detection, and ISS Vinci acquisition and analysis software.
Excitation slit widths of 2-4 nm as appropriate and emission
slit widths of 8 nm were used. Anisotropy was determined
using an appropriate cut-on filter: a Schott OG-530 for
experiments using AlexaFluor488-labeled enzyme or a
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Corning 5-71 colored glass filter for experiments using Texas
Red-labeled enzyme. Intensity was attenuated using partially
silvered neutral density filters in the excitation path in all
anisotropy titrations. The anisotropy of unlabeled protein was
determined using an SLM 8000 modified as described above
with excitation wavelength of 300 nm, and emission was
measured through a Schott 345 nm long-pass filter. In each
case, data were collected until the absolute error in anisotropy
wase0.002.

Frequency-Domain Fluorescence Lifetime Measurements.
Frequency domain lifetime measurements were performed
using an ISS Koala spectrofluorometer in L-format. A mode-
locked Spectra Physics Tsunami Titanium-Sapphire (Ti/
Sapph) pulsed-laser with<100 fs pulse-width, and 80 MHz
pulse frequency was used as the excitation source at 900
nm for intrinsic and 810 nm for visible fluorophores,
respectively. The Ti/Sapph was optically pumped using a
10 W Spectra Physics Millenia-X 532 nm Nb:YVO4 CW
laser. The pulse frequency was reduced to 4 MHz using a
Spectra Physics Model 3980 pulse selector. A Spectra
Physics flexible harmonic generator was used to generate
the second harmonic (405 nm) for visible fluorophore
excitation and the third harmonic (300 nm) for intrinsic
tryptophan excitation. Parasitic fundamental wavelength
excitation was eliminated using a Corion FR-400-S bandpass
filter. A Spectra Physics model 3930 lok-to-clock electronics
module was used to provide phased-lock loop stabilization
to the Ti/Sapph emission. The lok-to-clock module was
coupled to a Marconi Instruments model 2022D frequency
synthesizer and an ISS linear broadband RF amplifier
allowing synchronization of the Hamamatzu R928 PMT
detectors with the laser emission. The cuvette temperature
was maintained at 25°C using a circulating water bath. Data
were collected at frequencies from 4 to 320 MHz, and were
fit using Globals software (University of Illinois, Champaign,
IL). At each frequency, data were collected until the standard
error was less than 0.1 in phase and 0.002 in modulation.
The reference standard for each measurement was Rhodamine-
6G in absolute ethanol. Data collected on the extrinsically
labeled proteins were fit to a 1 Gaussian distribution and
1-discrete lifetime model, with the discrete species represent-
ing a zero-lifetime scatter component. Intrinsic tryptophan
fluorescence data were fit to a 2-discrete lifetime model, as
described previously (28) using p-tertphenyl (Eastman
Kodak, Rochester, NY) as a reference standard.

Fluorescence Correlation Spectroscopy.Correlation spec-
troscopy was performed using a first-generation ISS ALBA
FCS instrument including a Nikon Eclipse TE300 inverted
microscope with a 60 X, 0.7 NA Nikon air-gap objective
lens. A mode-locked Spectra Physics Tsunami Ti/Sapph
pulsed-laser with<100 fs pulse-length at 800 nm was used
as the two-photon excitation source. The Ti/Sapph was
optically pumped using a 10 W Spectra Physics Millenia-X
532 nm Nb:YVO4 CW laser operating at 7.6 W, resulting in
average output power of 1.1 W. The excitation beam was
reduced to 10% intensity using a 90/10 broadband dielectric
beam splitter (Newport) and was collimated using a Newport
HB-4XAR.16 beam expander. The excitation power was
approximately 20 mW at the sample. The excitation and
emission paths were separated using a Chroma Technologies
E700SP-2P dichroic mirror. In multichannel experiments,
emission wavelengths were separated using a Chroma

Technologies Q570LP dichroic onto parallel APD detectors
and filtered using Chroma Technologies 545/30 or 610/75
bandpass filters in each channel, respectively. Then, 400µL
samples were examined in Labtech 8-well borosilicate culture
cuvettes. Data were collected at 50 kHz for 30-60 s, and
each acquisition was repeated 5 times. Data were analyzed
using ISS-ALBA correlation software and were plotted using
Kaleidagraph (Synergy Software, Reading, PA).

RESULTS

Formation of Mixed Tetramers.To address the issue of
symmetry inherent to homotetrameric PFK, we have intro-
duced multiple fluorophores in known positions within the
tetramer. In this manner, the subunit interfaces are uniquely
identified by their orientation with respect to the various
fluorophores, and a specific interface undergoing dissociation
can be identified and its affinity quantified.

Incubation of BsPFK-Texas Red with K90,91E-Alex-
aFluor488 in 0.4 M KSCN and 1 mM PEP induces dimer
exchange between these two enzymes, and following dialysis,
produces a mixed population of tetramers (Figure 1). The
additional surface charges on K90,91E subunits impart higher
electrophoretic mobility, with the increased mobility corre-
sponding to the relative number of K90,91E subunits in each
tetramer. Nondenaturing PAGE confirms the formation of
mixed tetramers (Figure 2). The heterogeneous mixture
following dialysis is shown in lane 8 of the UV-visualized
gel. Three bands are observed: tetramers containing four
K90,91E-AlexaFluor488 subunits appear green, tetramers
containing four wild-type-Texas Red subunits appear red,
and those tetramers consisting of two of each type of subunit
appear orange and, as expected, migrate at an intermediate
rate. Following dialysis, the mixed solution of PFK tetramers
was resolved by anion exchange chromatography. A linear
salt gradient is used to elute each species, and increasing
stoichiometry of the K90,91E subunits yields a higher elution
volume as is evident from the native PAGE analysis

FIGURE 1: Labeling and hybridization strategy. Blocks, PFK
subunits; red ovals, Texas Red; green ovals, AlexaFluor488; interior
red ovals, active sites; interior yellow ovals, allosteric sites.
Incubation of wild-type-Texas Red and K90,91E-AlexaFluor488
with 4mM PEP and KSCN, followed by dialysis to remove the
KSCN, yields a mixed population of tetramers, which are then
separated by anion exchange chromatography.
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(Figure 2). Correspondingly, low elution volume fractions
contain wild-type-Texas Red tetramers (lane 2), intermediate
elution volume fractions contain the mixed tetramer and
appear orange (lanes 3-4), and higher elution volume
fractions contain the K90,91E-AlexaFluor488 tetramers and
appear green (lanes 5-6). Chromatography fractions con-
taining the mixed tetramer yield a single band of intermediate
electrophoretic mobility in native PAGE analysis, confirming
that these fractions represent a mixed tetramer containing
Texas Red- and AlexaFluor488-labeled subunits rather than
a heterogeneous mixture of tetramers (Figure 2, lanes 2-6).
UV-vis spectroscopy confirms that these fractions contain
absorbance corresponding to both Texas Red and Alexa488,
whereas those fractions with either red or green emission
show absorbance corresponding to those respective fluoro-
phores alone. Multichannel fluorescence correlation spec-
troscopy was used to further confirm the homogeneity of
the mixed tetramers (Figure 3). Cross-correlation analysis
can be used to determine the concentration of the double-
labeled species, specifically the mixed tetramer in this case,
and its diffusion coefficient. The wild-type-Texas Red
tetramer shows minimal cross-correlation amplitude relative
to background (Figure 3A), whereas the mixed tetramer has
a high relative cross-correlation as expected (Figure 3B).

Subunit Dissociation by Fluorescence Correlation Spec-
troscopy.FCS was used to examine subunit dissociation in
the mixed tetramer. Within the accessible range of concen-
trations with our experimental arrangement, no dissociation
at either interface is observed. Both the particle number and
the G(0) values for autocorrelation and cross-correlation scale
linearly with concentration between∼500 pM and 100 nM,
suggesting that the two interfaces have subnanomolar af-
finities under these conditions (data not shown).

Influence of Ligands on Subunit Dissociation and Enzyme
Stability. The effects of ligand binding on the subunit
affinities of BsPFK were examined using nondenaturing
PAGE analysis. If dynamic dissociation/reassociation occurs
between wild-type-Texas Red and K90,91E-Alexa488
subunits, then the mixed tetramer will be observed, providing
a rigorous assay for exchange. Therefore, 1µM of each of
the two parent proteins was incubated with various substrates
and ligands for varying lengths of time. Native PAGE was
then used to analyze samples from each time point. In the
absence of ligands or in the presence of saturating F6P, no
mixed tetramer is observed (Figure 4A). In the presence of
saturating PEP concentrations, an orange band is observed
at intermediate electrophoretic mobility, and the intensity of
this band increases with time (Figure 4B), indicating subunit
exchange. Interestingly, both allosteric effectors bind the

same allosteric sites on the tetramer, yet binding of the
activator, ADP, does not stimulate exchange (Figure 4C).

Although rehybridization was observed using the native
PAGE analysis, an independently stable dimer could not be
detected with this technique. Native PAGE with saturating
PEP in both the gel and the running buffer resulted in band
smearing, indicating that dissociation had occurred within
the gel matrix over the course of electrophoresis (data not
shown). Under these conditions, however, a stable population
of dimer was not observed even after preincubation with PEP,
suggesting that during the observed subunit exchange, the
lifetime of the dimer is short relative to the experimental
electrophoresis time.

To further confirm these ligand-binding effects, urea
denaturation was utilized to determine the relative stability
of the enzyme in various ligand-bound states (Figure 5). In
the presence of saturating PEP, approximately 0.8 M urea
is sufficient to reduce enzyme activity by 50%. In contrast,
approximately 8 M urea is required to achieve 50% of the
urea-induced change in intrinsic tryptophan fluorescence. In
the absence of ligands, however, 4 M urea is required to
produce a 50% change in both activity and intrinsic
fluorescence intensity.

Kinetics of Dimer Exchange.To quantify the rates of dimer
exchange, densitometry was performed on the mixed tetramer
band on the native PAGE gels shown in Figure 4. The
concentration of BsPFK loaded onto each lane was 1µM.
In the absence of ligands, no mixed tetramer is observed;
hence, the intensity of the band is negligible and constant
with time (Figure 6). In the presence of PEP, this band
appears within minutes and saturates in approximately 4 h.
The band intensity versus time data are fit best by a double
exponential, with apparent rate constants for exchange equal
to kapp1) 1.7( 0.3× 10-4 s-1 andkapp2)1.0( 0.7× 10-2

s-1.
On the basis of the kinetic data obtained from native gel

electrophoresis, dissociation was further examined in solu-
tion. If addition of PEP to the mixed tetramer induces
dissociation of the active site interface, then loss of cross-
correlation is expected. Alternatively, if the disruption occurs
at the allosteric site, then cross-correlation is retained on
dissociation. Following the addition of PEP, the cross-
correlation amplitude of the mixed tetramer decreases relative
to its initial amplitude (Figure 3C), confirming the veracity
of the electrophoretic mobility data and firmly establishing
the active site interface as the site of PEP-induced dissocia-
tion. This phenomenon is observed in the absence of
chemical chaotrope, confirming that PEP-binding is sufficient
to induce dissociation.

Within a mixed tetramer, two Texas Red-labeled and two
AlexaFluor488-labeled subunits are in close proximity, with
cysteine residues separated by 30 Å to 70 Å; hence, Fo¨rster
resonance energy transfer (FRET) is predicted (30, 31). The
fluorescence emission of the hybrid tetramer from Texas Red
is higher, and the AlexaFluor488 emission is lower than that
of an equivalent concentration of an equimolar mixture of
donor- or acceptor-labeled PFK (Figure 7A) or free dye. The
dynamic fluorescence properties of the donor in the mixed
tetramer are perturbed as well. The frequency domain data
obtained for the donor in the mixed tetramer were fit best
by a continuous Gaussian distribution of lifetimes with a
center of 4.1 ns and a width of 1.2 ns (ø2 ) 1.23), whereas

FIGURE 2: Formation of mixed tetramers. A 9-12% gradient
nondenaturing polyacrylamide gel of the mixed tetramer is used to
visualize the fluorescent-labeled proteins under UV excitation.
Lanes 2-6 result from anion exchange chromatography as described
in the text. Lane 1, wild-type BsPFK-Texas Red; lane 2, fraction
5; lane 3, fraction 19; lane 4, fraction 25; lane 5, fraction 33; lane
6, fraction 42; lane 7, K90,91E-AlexaFluor488; lane 8, dimer
exchange mixture following dialysis.
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K90,91E-AlexaFluor488 is described by a distribution
centered at 4.30 ns and a width of 0.8 ns (ø2 ) 1.86). On
the basis of these observations, we conclude that intersubunit

FRET is occurring and can be exploited to confirm the
kinetics of PEP-induced subunit exchange. The addition of
PEP to a solution of the mixed tetramer results in an increase
in donor emission and a decrease in acceptor emission with
time (Figure 7B). The mixed tetramer is expected to
segregate 1:2:1, resulting in an∼50% loss of FRET as
outlined in Scheme 1.

In this Scheme, A-B and A-B′ represent the mixed and
single-colored tetramer, respectively. The loss of FRET can
be fit to a single-exponential decay. This was repeated at
multiple enzyme concentrations, and the association and
dissociation rate constants were derived from a linear fit to
the rate-concentration replot (Figure 7B inset), using the
simplifying assumption that labeling is quantitative. The
resulting rate constants are equal toka ) 4.7 ( 0.6 × 10-7

nM-1 s-1 andkd ) 5.3( 0.9× 10-5 s-1, which predict aKd

of 110 ( 20 nM (PFK concentration expressed as subunit
concentration). It is noteworthy that the apparent association
rate constant is lower than that typically observed for
bimolecular protein-protein associations. The low rate
constant may reflect a relatively rapid conformational adjust-

FIGURE 3: Correlation curves for mixed tetramers. Panel A: autocorrelation and cross-correlation curves for BsPFK-Texas Red. Panel B:
autocorrelation and cross-correlation curves for the mixed tetramer. Panel C: PEP-induced loss of cross-correlation in the mixed tetramer.
Mixed tetramer (15 nM) is incubated with 4 mM PEP, resulting in a significant reduction of the cross-correlation amplitude; (O) red
channel autocorrelation; (0) green channel autocorrelation; ()) cross-correlation.

FIGURE 4: Ligand-induced subunit exchange of 1µM BsPFK. Panel
A: incubation time points from 0-4 h with no ligands. Panel B:
incubation time points with 4 mM PEP. Panel C: incubation time
points with 2 mM ADP.

FIGURE 5: Ligand-binding effects on the structural stability of PFK.
A titration of urea with 330 nM PFK is shown; (O, b) no ligands;
(0, 9) 4 mM PEP; (O, 0) intrinsic tryptophan fluorescence
intensity; (b, 9) enzyme activity.

FIGURE 6: Quantitative native-PAGE kinetic analysis of subunit
exchange. Intensity of the fluorescence of the orange band
corresponding to the mixed tetramer obtained from densitometry
of the UV-exposed gel is plotted as a function of time; (O) 4 mM
PEP; (b) no ligands. Data from the PEP-treated sample are fit to
a double-exponential model.
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ment of the PEP-bound dissociated form that interferes with
the ability of the subunits to reassociate.

Subunit Dissociation Using Fluorescence Anisotropy.
Fluorescence anisotropy has been used to examine the
subunit affinities in a direct titration of the Texas Red-
modified wild-type tetramer (Figure 8). At high protein
concentrations, the anisotropy of all of the ligand-bound
states of PFK-Texas Red is approximately 0.14. Incubation
of BsPFK-Texas Red with an excess of unlabeled PFK
under conditions of dimer exchange increases the observed

anisotropy from 0.14 to 0.21, and exchange to the level of
monomers further increases the anisotropy to 0.23. To induce
dimer exchange, KSCN and PEP were added as described.
Monomer exchange was induced by the addition of KSCN
to a final concentration of 2 M. In both cases, exchange was
followed by extensive dialysis prior to fluorescence measure-
ments. The fluorescence lifetime of wild-type-Texas Red
is described by a Gaussian distribution with a center of 3.9
ns and width of 2.0 ns (ø2 ) 11.6), which is low relative to
the 4.21( 0.01 ns lifetime of the dye (32). These data
suggest that the low anisotropy values are the result of
homotransfer (homo-FRET) between fluorophores on adja-
cent subunits. No change in anisotropy is observed at any
concentration of PFK examined in the absence of ligands or
in the presence of F6P. In the presence of saturating PEP,
an increase in anisotropy is observed, yielding an apparent
affinity of 110 ( 20 nM. This value closely matches the
apparentKd calculated from kinetic exchange rates. The
increase in anisotropy is attributed to dissociation at the active
site interface with concomitant loss of homotransfer. A
similar increase in anisotropy is observed for PFK in the
presence of saturating PEP and F6P, with an apparentKd of
0.81 ( 0.12 nM. F6P-binding to the free enzyme, thus,
stabilizes the active site interface to PEP-induced dissociation
by 130-fold or approximately 2.9 kcal/mol.

DISCUSSION

Homotetrameric PFK is symmetrically arranged as a dimer
of dimers. The interfacial nature of the ligand and substrate-
binding sites permits the careful examination of the effects
of ligand binding on the relative subunit affinities. The
incorporation of multiple fluorophores in known positions
within the tetramer provides a different fluorescence response
for each of the theoretically possible dimer dissociation
events. This asymmetry of fluorophores affords, therefore,
the possibility of quantitative assessment of the different
dimer associations within the tetramer and the effect of
ligand-binding and allosteric interactions thereon.

The introduction of the multiple fluorophores is facilitated
via the use of the K90,91E variant in which two positively
charged surface residues have been changed to negatively
charged residues via site-directed mutagenesis. These modi-

FIGURE 7: Förster resonance energy transfer in the mixed tetramer.
Panel A: FRET within the mixed tetramer. Spectra represent the
K90,91E-AlexaFluor488 (green), wild-type-Texas Red (red),
K90,91E-AlexaFluor488+ wild-type-Texas Red (black), and the
mixed tetramer (orange). Spectra are normalized to concentration.
Panel B: The kinetics of dimer exchange following the addition
of PEP to equimolar concentrations of K90,91E-AlexaFluor488
+ wild-type-Texas Red. The ratio of donor-to-acceptor emission
(λ ) 520 nm/605 nm) is plotted vs time, and the solid lines represent
single-exponential fits. The curves correspond to total protein
concentrations of 100, 200, 400, and 800 nM from top to bottom.
Inset: Replot of the dependence of the apparent rate constants on
BsPFK concentration, emphasizing low concentration values.

Scheme 1

FIGURE 8: Anisotropy vs protein concentration. Anisotropy of the
wild type labeled with Texas Red is plotted vs enzyme concentration
for the various ligand-bound states of BsPFK; (O) free enzyme;
(0) PFK + 1 mM F6P; (4) PFK + 4 mM PEP; ()) PFK + 4 mM
F6P+ 20 mM PEP.
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fications impart a charge difference of-4 with respect to
the wild-type enzyme, which conveys additional electro-
phoretic mobility and unique ion exchange chromatographic
characteristics. The two enzyme species have been differ-
entially labeled wild-type with Texas Red and K90,91E with
AlexaFluor488 such that the catalytic and regulatory proper-
ties of the labeled enzymes are minimally affected. The two
labeled enzymes were then hybridized utilizing a procedure
that results in a dimer containing two Texas Red-labeled,
wild-type subunits separated by the active site interface from
a dimer containing two K90,91E-AlexaFluor488 subunits.
These hybrids contain two wild-type and two K90,91E
subunits and, hence, have electrophoretic and chromato-
graphic mobility that is intermediate between tetramers
containing either four wild-type or four mutant subunits.
Following hybridization, a mixture of the three tetrameric
species is present, and native PAGE analysis of this mixture
reveals three bands, red (wild type), green (K90,91E), and
orange (mixed tetramer). Anion exchange chromatography
was used to separate the population of mixed tetramer, and
native PAGE was used to confirm its purity. The presence
of a single orange band on the PAGE gel indicates that the
orange fractions contain a single, mixed-label species rather
than a mixed population of Texas Red- and AlexaFluor488-
labeled enzymes. The three bands on the gel indicate that
randomization has occurred between dimers but no farther.
Exchange at the monomer level is characterized by the
presence of five bands on this gel (5).

The identities of the labeled species are further confirmed
by UV-vis spectroscopy. The absorbance spectrum of each
fraction is consistent with the categorization of each species.
For the intermediate fractions consisting of the mixed
tetramer, the ratio of absorbances of Texas Red and Alex-
aFluor488 confirm a stoichiometry of 1:1, as expected. FCS
was then utilized to demonstrate the linkage between the
fluorophores: a wild-type-Texas Red tetramer has minimal
cross-correlation, whereas the mixed tetramer shows a high
degree of cross-correlation. This cross-correlation can be used
to monitor the dissociation of the tetramer.

The development of the hybridization technique also
provides a unique tool in the analysis of subunit exchange
phenomena of PFK. The occurrence of the orange mixed
tetramer band on the native PAGE gel is characteristic for
dynamic association/dissociation in a mixed solution of
labeled wild type and K90,91E; hence, this technique was
exploited to examine the effects of ligation state on the
stability of the enzyme. The two parent enzymes were
incubated in the presence of the various allosteric effectors
and substrates for various times up to several hours and then
subjected to native PAGE analysis. In the absence of ligand,
an intermediate mobility orange band is not observed at any
length of time. In the presence of saturating PEP, rehybrid-
ization occurs, as is evident from the time-dependent
development of an orange band of intermediate electro-
phoretic mobility. The presence of the mixed tetramer is
observed after a few minutes, and its concentration saturates
in ∼4 h. These data are evidence that PEP-binding is
sufficient to induce dimer exchange and suggest that the
allosteric inhibitor weakens the active site interface, permit-
ting this exchange. Although it is conceivable that dissocia-
tion occurs at the allosteric site interface, it is unlikely given
that this disruption of the allosteric site interface would

abrogate PEP binding. ADP, an allosteric activator that
associates with the same enzyme regulatory ligand-binding
site, causes no such effect. Attempts to isolate an indepen-
dently stable dimer in the native gel using PEP in both the
gel and buffer were unsuccessful, resulting in a broad
distribution of fluorescence throughout the gel lane, sug-
gesting that dissociation of the tetramer had occurred during
electrophoresis. PEP binding is, thus, insufficient to stabilize
the dimer independently of the tetramer, suggesting that the
dimer is a short-lived species under these conditions.
Interestingly, PEP has been shown to modestly stabilizeE.
coli PFK to KSCN-induced dissociation (15).

To further examine the PEP-induced destabilization of the
BsPFK tetramer, the enzyme’s sensitivity to urea denaturation
under various ligation conditions was established. In the
absence of PEP, 4 M urea is sufficient to decrease both
intrinsic tryptophan fluorescence and catalytic activity by
50%. These data suggest that in the absence of ligands, the
transition from tetramer to monomer occurs in an apparently
concerted dissociation because the changes in activity and
intrinsic fluorescence each result from the dissociation of a
different interface (15). We attribute this result to comparable
relative affinities between the allosteric site interface of the
dimer and active site interface of the tetramer. In the presence
of saturating PEP, the activity was reduced, as expected in
the presence of inhibitor, and was 50% disrupted by
approximately 0.8 M urea. However, 50% of the perturbation
in the intrinsic tryptophan fluorescence required 8 M urea.
These data suggest that PEP is strongly weakening the active
site interface while increasing the stability of the allosteric
site interface.

The time-dependent emergence of the mixed tetramer from
the mixture of the two parent enzymes in the presence of
PEP provides a structure for the kinetic analysis of dimer
exchange. Densitometry was performed on the fluorescence
arising from the orange, mixed tetramer band on the gels.
In the absence of PEP, no band is observed. In the presence
of PEP, the emergence of the band is evident as an increase
in fluorescence intensity. This intensity can be fit to a double
exponential, suggesting the possibility of a slow conforma-
tional adjustment following association.

Under conditions of dynamic association, the mixed
tetramer would be expected to rehybridize to form the two
original single-labeled tetramers over time. Specifically, the
mixed tetramer is expected to form Texas Red-labeled wild-
type, mixed tetramer and K90,91E-AlexaFluor488 in a ratio
of 1:2:1. Consequently, if the dissociation occurs at the active
interface separating the two different fluorophores, cross-
correlation will decrease. Alternatively, if the dissociation
occurs at the allosteric site interface separating a K90,91E-
wild-type dimer from a similar K90,91E-wild-type dimer,
then cross-correlation will persist during dissociation. Fol-
lowing the relative cross-correlation as a function of time
after the addition of PEP yields a time-dependent loss of
cross-correlation, confirming that the PEP-induced rehybrid-
ization is due to dissociation at the active site interface.
Furthermore, this solution measurement is a true equilibrium
measurement, eliminating the product separation that occurs
during an electrophoretic separation.

Within the mixed tetramer, fluorescently labeled subunits
are in close proximity, leading to intersubunit energy transfer
between fluorophores. This FRET has been exploited to
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obtain kinetic data. Starting with the mixed tetramer, the
addition of PEP induces rehybridization, and at equilibrium,
the population of mixed tetramer is expected to represent
approximately 50% of the total enzyme. Monitoring the ratio
of donor-to-acceptor emission after PEP addition yields a
time-dependent decay in the FRET signal as the mixed
tetramer rehybridizes to a mixed population of tetramers.
When the decay is fit to a single exponential, its concentra-
tion dependence yields an apparent dissociation constant of
110 nM.

The steady-state anisotropy of the Texas Red-labeled
enzyme has been used to determine the subunit affinities of
the various ligand-bound states of the enzyme. The anisot-
ropy of all these enzyme forms is low at high concentration
and increases following hybridization to an excess of
unlabeled enzyme. These data suggest that Texas Red is
undergoing homotransfer between subunits. In the absence
of ligands or in the presence of F6P, and no change in
anisotropy is observed at any protein concentration examined.
Conversely, PEP-bound PFK undergoes dissociation withKd

) 110 nM, and F6P/PEP-bound PFK undergoes dissociation
with Kd ) 0.81 nM. The enzyme consequently undergoes a
∼130-fold or ∼3 kcal/mol stabilization to PEP-induced
dissociation by the simultaneous binding of F6P. It is relevant
that the BsPFK with the inhibitor phosphoglycolate bound
exhibits an altered structure of the allosteric site interface
as determined by X-ray crystallography (13). To the extent
that these altered structural features are also present when
PEP is bound, they are likely to be involved in the weakened
dimer-dimer affinity. Unfortunately no data are available
that might suggest how both F6P and PEP together influence
the structure of the enzyme.

Protein-ligand interactions that mediate or regulate protein-
protein associations are ubiquitous in nature. We have
demonstrated conclusively that the binding of the allosteric
inhibitor PEP causes a significant reduction of protein-
protein affinity at a site distant from the binding site in
BsPFK, across the active-site dimer-dimer interface. The
ligand-mediated loss of protein affinity of this type is
common and is observed in such generic biochemical
phenomena as transcription factor association with nucleic
acids. Ligand binding has been shown to cause eukaryotic
PFK aggregation to high order oligomers (33), and inhibitor-
induced dissociation has been demonstrated for bothThermus
thermophilusPFK (34) and for site mutants ofB. stearo-
thermophilusPFK (35). These data represent the first direct
correlation between ligand binding and protein association
for wild-type B. stearothermophilusPFK. Because F6P
promotes the stability of the tetramer and PEP weakens both
the active site dimer-dimer interface and the binding of F6P
to the active site, thermodynamic linkage requires that all
of these equilibria be involved in establishing the overall
magnitude of the apparent influence of PEP on F6P binding.
However, the precise molecular role that the subunit interac-
tions play in the coupling between PEP and F6P remains to
be elucidated.
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