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ABSTRACT: We have analyzed the structural determinants of the allosteric activation of yeast pyruvate
kinase (YPK) by mutational and kinetic analysis and initiated a structure-based design project to identify
novel effectors that modulate its allosteric response by binding to the allosteric site for fructose-1,6-
bisphosphate (FBP). The wild-type enzyme is strongly activated by fructose-1,6-bisphosphate and weakly
activated by both fructose-1-phosphate and fructose-6-phosphate; the strength of the activation response
is proportional to the affinity of the allosteric effector. A point mutation within the 6′-phosphate binding
loop of the allosteric site (T403E) abolishes activation of the enzyme by fructose-1,6-bisphosphate. The
mutant enzyme is also not activated by F1P or F6P. The mutation alone (which incorporates a glutamic
acid that is strictly conserved in mammalian M1 isozymes) slightly reduces cooperativity of substrate
binding. Three novel compounds were identified that effect the allosteric regulation of YPK by FBP
and/or act as novel allosteric activators of the enzyme. One is a physiologically important diphospho
sugar, while the other two are hydrophobic compounds that are dissimilar to the natural effector. These
results demonstrate that novel allosteric effectors may be identified using structure-based screening and
are indicative of the potential of this strategy for drug discovery. Regulatory sites are generally more
divergent than catalytic sites and therefore offer excellent opportunities for discrimination and specificity
between different organisms or between different tissue types.

Pyruvate kinase (PK)1 catalyzes the final step in glycolysis,
converting PEP and ADP to pyruvate and ATP. This reaction
is a committed step leading to either anaerobic fermentation
or oxidative phosphorylation of pyruvate. In most cells, the
reaction is essentially irreversible (KEQ ) 2 × 103 at 30°C,
pH 8.0) and is one of the major control points of glycolysis.
The regulation of PK is important for controlling glycolytic
flux, which in turn directly effects the concentrations of
glycolytic intermediates, biosynthetic precursors, and nucleo-

side triphosphates in the cell. Pyruvate kinase also serves as
a switch between the glycolytic and the gluconeogenic
pathways in certain tissues. The most common form of
allosteric regulation for PK is its upregulation by fructose-
bisphosphate (FBP), which increases the affinity and reduces
the cooperativity of substrate binding. This effect is depend-
ent on bound divalent cations in the active site and is bi-
directional: the presence of bound substrate and metal ions
also increases the affinity of FBP for the allosteric site.

During fetal development in vertebrates, an allosterically
regulatable “M2” isozyme of PK is predominantly expressed.
During differentiation, this enzyme is replaced by an
unregulated M1 isozyme in most quiescent tissues, while
erythrocytes, liver, and cell populations that are not terminally
differentiated continue to express allosterically regulated PK
isozymes (R, L, and M2, respectively) (1, 2). These four PK
isozymes are produced by alternative splicing of mRNAs
from two separate PK genes. Allosteric regulation of pyruvate
kinase appears to be a critical feature of cell cycle progression
in rapidly proliferating cells and tissues because PK controls
the consumption of metabolic and biosynthetic carbon and
the formation of pyruvate for energy production (1, 2).
Transient upregulation and/or inhibition of glycolysis may
occur so that the cellular concentrations of specific metabo-
lites, biosynthetic precursors, and nucleoside triphosphates
are driven to appropriate levels at specific points in the cell
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cycle. This in turn might lead to increased energy production
or to increased synthesis of nucleosides and amino acids at
appropriate times during cell division.

An example that supports this hypothesis is the observation
that solid tumors (which are hyperproliferative, usually
hypoxic, and highly dependent on glycolysis) re-express the
fetal M2 isozyme of PK in addition to an increased expression
of all glycolytic enzymes and lactate dehydrogenase (3-6).
This phenomena has been particularly well-documented for
human neuroectodermal (brain) tumors (3) and breast tumors
(7). Similarly, a variety of microorganisms that exhibit
obligate or facultative anaerobic growth, including bacteria,
yeast, and trypanosomes, appear to express only allosterically
regulatable forms of pyruvate kinase.

In contrast to active sites, allosteric sites are widely
divergent among organisms and even among closely related
isozymes within the same organism. This is probably because
many forms of enzymatic regulation arose after the initial
establishment of catalytic activities in response to the highly
specialized biochemical requirements of newly evolved
organisms or to the unique metabolic requirements of
differentiated tissue types in increasingly complex multicel-
lular organisms. Pyruvate kinase is regarded as an ancient
enzyme since it is ubiquitous and highly conserved across
all biological groupings. Among all PK enzymes sequenced
to date, the residues directly involved in catalysis are almost
100% conserved for all enzyme species ranging from bacteria
to humans (8-10). In contrast, pyruvate kinase enzymes are
regulated by a wide variety of allosteric effectors including
fructose-1,6-bisphosphate, fructose-2,6-bisphosphate,L-ala-
nine, andL-phenylalanine or by covalent modification such
as phosphorylation (11-15). In addition, allosteric sites of
PK from different biological species that are regulated by
the same effector display a much lower degree of sequence
conservation than do their corresponding active sites (11).
This divergence appears to indicate that regulatory sites might
be attractive drug targets for organism-specific and tissue-
specific antagonists or deregulators.

The mammalian M1 and M2 protein sequences are both
encoded by an open reading frame composed of 12 exons
and differ by only the alternative splicing of exons 9 and 10
(16). These exon regions encode a stretch of 56 amino acids

and comprise approximately 10% of the total protein
sequence. Since the M1 isoform is not allosterically activated
by FBP, whereas the M2 is allosterically regulated by FBP,
it is probable this region that contributes residues to the FBP
binding site and is important for the different regulatory
properties of the enzyme. None of the human PK isozymes
has yet been studied crystallographically. The structures of
unregulated M1 isozymes from cat (17-19) and rabbit (20)
and allosterically regulated enzymes fromEscherichia coli
(21), Saccharomyces cereVisiae (YPK) (22), and the proto-
zoan Leishmania mexicana(11) have provided excellent
models of the enzyme structure, the organization of the active
site, the probable catalytic mechanism, and the binding of
1,6-FBP (Saccharomyces). The allosteric site identified by
this latter study correlates with the location of residues that
differ between the human M1 and M2 isozymes as a result
of alternative splicing (22).

The allosteric site of YPK (Figure 1) is located 40 Å from
the active site and is entirely located within the regulatory
C domain. FBP binds in a pocket bordered by two peptide
loops made by residues 402-407 (which forms a phosphate-
binding region that coordinates the 6′-phosphate of FBP) and
446-452 (which is disordered in the absence of effector but
becomes ordered upon binding of FBP). The binding loop
for the 6′-phosphate of FBP (residues 402-407) is comprised
of residues within the “allosteric exon” in mammalian M2

isozyme. One residue in this loop (Thr 403) that makes a
hydrogen bond to the 6′-phosphate is strictly conserved as a
glutamic acid in the unregulated M1 isozyme in mammals.
This observation prompted us to hypothesize that a point
mutation (T403E) in YPK might block binding of FBP
through steric and electrostatic clashes with the 6′-phosphate,
thereby preventing allosteric activation. We have performed
a kinetic analysis of activation of the wild-type and mutant
enzymes with fructose-1,6-bisphosphate (FBP), fructose-1-
phosphate (F1P), and fructose-6-phosphate (F6P). The results
of these experiments confirm the structural assignment of
the FBP binding site and help define the necessary interac-
tions in this site for allosteric activation. We also report the
identification and characterization of three separate com-
pounds that act as weak allosteric activators and also
antagonize full activation of enzyme activity by FBP. Two

FIGURE 1: FBP binding site in yeast pyruvate kinase. The positive allosteric effector FBP is observed to interact with residues in this
binding site through three primary binding determinants: an electrostatic bond between the 1′-phosphate and the side chain of Arg 459; a
series of hydrogen bonds between the 6′-phosphate and the serine and side chains of Ser 402, Thr 403, Ser 404, and Thr 407; a combination
of van der Waals and hydrogen bond contacts between the ribose sugar and surrounding protein atoms, including Trp 452. Thr 403 is found
to be a glutamic acid in all FBP-insensitive M1 PK isozymes sequenced to date.
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of these compounds are hydrophobic, aromatic compounds
and are unrelated to the natural effector. The third is a
diphosphoribosyl sugar that clearly acts in a manner similar
to FBP and may be a newly identified, physiological effector
of PK in certain organisms.

METHODS

Site-Directed Mutagenesis.A single site-directed mutant
of yeast pyruvate kinase where Thr403 was replaced with a
glutamic acid was created using the Stratagene QuickChange
mutagenesis kit. The following mutagenic primers were
synthesized and used to amplify the parent pPYK101
vector: 5′-C-ATT-GTC-TTG-TCC-GAA-TCC-GGT-ACC-
ACC-CC-3′ and 3′-AG-TAA-CAG-AAC-AGG-CTT-AGG-
CCA-TGG-TGG-GGT-T-5′. The italicized codon confers the
mutation. Parental vector was digested with methylation
sensitive restriction enzymeDpnI, while the unmethylated
PCR amplified vector remains intact. The vector was
transformed intoE. coli, and the plasmid was prepared from
selected colonies. The recovered plasmid was checked by
restriction digests, and the PK gene was sequenced to confirm
the presence of the mutation. The vector carrying the T403E
mutation as well as the wild-type parental vector were then
transformed into theS. cereVisiaestrain PYK1-5 (a pyk1-5
ade1 leu1 met14 ura3 ade,Berkeley Yeast Genetic Stock
Center), which harbors a mutation that prevents PK expres-
sion. This strain cannot grow on glucose as a sole carbon
source or on minimal media lacking uracil. Expression of
YPK from plasmid pPYK101 confers growth on glucose,
thus allowing selection for the plasmid. In addition, this
plasmid also has a URA marker so cells transformed with
the mutant YPK1 also grow on glucose and media lacking
uracil, although at a much slower rate.

Expression and Purification.Pyruvate kinase was purified
from S. cereVisiaePYK1-5 containing either pPYK101 or
the pPYK101 T403E mutant vector using the previously
described procedure (22, 23). This yeast strain overexpresses
both wild-type and T403E forms of pyruvate kinase when
grown in 2% glucose media. Purification of the enzyme
involved two chromatography steps, DEAE-cellulose (Sigma)
and phosphocellulose (Sigma) and ammonium sulfate pre-
cipitation followed by backwashes. Briefly, DEAE-cellulose
was equilibrated with 10 mM potassium phosphate, pH 7.0,
5 mM EDTA, and 5 mMâ-mercaptoethanol (BME), and
cell lysate prepared by osmotic rupture using lyticase was
applied. The resin was washed with the equilibration buffer
described above, and the effluent solution containing the
enzyme activity was then separated and adjusted to pH 6.0
using 1 M HCl. A phosphocellulose slurry in 10 mM
potassium phosphate, pH 6.0, 5 mM EDTA, and 5 mM BME
was added to the DEAE effluent solution. The phosphocel-
lulose slurry was washed with 10 mM potassium phosphate,
pH 6.0, 25% glycerol, 5 mM EDTA, and 5 mM BME.
Proteins were then eluted from the column with a linear
gradient from 0 to 0.6 M KCl in 10 mM potassium
phosphate, pH 6.0, 25% glycerol, 5 mM EDTA, and 5 mM
BME. Fractions containing PK were pooled and concentrated
to greater than 10 mg/mL. The concentrated protein was then
dialyzed overnight against 10 mM potassium phosphate, pH
6.2, 25% glycerol, 5 mM EDTA, and 5 mM BME saturated
with ammonium sulfate. The precipitated protein was stored
at 4 °C.

ActiVity Assays. PK activity was measured by a continuous
assay coupled to lactate dehydrogenase (LDH) as previously
described (23, 24). Activity was measured by the change in
absorbance at 340 due to oxidation of NADH by lactate
dehydrogenase. Spectrophotometric measurements were made
on either a Hewlett-Packard diode array spectrophotometer
or on a Cary 100 UV/VIS spectrophotometer with a cuvette
holder thermocoupled at 26°C. Assay conditions were 200
mM KCl, 15 mM MgCl2, 5% glycerol, 100 mM MES (pH
6.2), and 5 mM ADP. FBP and PEP concentrations were
varied in these assays. The reaction volume was 2 mL.
Reactions were initiated by addition of between 0.01 and
0.04µg of YPK. Steady-state kinetic rates were determined
by measuring the slope of the tangent to the reaction progress
curve. Stock substrate concentrations were verified and
adjusted using an end point YPK assay by adding an excess
of YPK (14 ng) and then measuring the total decrease in
absorbance at 340 nm after 5 min. Pyruvate contamination
in the PEP stock was measured by adding LDH to the assay
buffer and measuring the total decrease in absorbance at 340
nm. The extinction coefficient of NADH used was 6.22
mM-1 cm-1 . YPK concentrations were used by measuring
absorbance at 280 nm and an extinction coefficient of 0.51
(mg/mL)-1.

Ligand Binding.Fluorescence binding experiments were
performed on a Perkin-Elmer LS50 B luminescence spec-
trometer. The excitation wavelength was 295 nm with
bandwidths of 5 nm for excitation and 5 nm for emission,
and fluorescence was monitored from 310 to 400 nm. The
cuvette was thermostated at 25°C. Fluorescence titrations
were performed by sequentially adding 5-20 µL of a
concentrated ligand solution to 2000µL of the YPK solution
that contained 200 mM KCl, 5 mM PEP, 15 mM MgCl2,
100 mM MES (pH 6.2), 5% glycerol, and 0.082 mg/mL
enzyme. The fluorescence signal and ligand concentration
were adjusted for the effects of dilution. Fluorescence
quenching was calculated fromQ ) (F - Fo)/Fo whereF is
the intensity of the fluorescent signal corrected for dilution,
andFo is the signal in the absence of ligand. Dissociation
constants were calculated by fitting the quenching data to
either of the following two equations:

or

where Qmax is the maximal quenching in the absence of
ligand,KD is the apparent dissociation constant for the ligand
andnH is the Hill coefficient. Equation 1 describes a simple
binding isotherm with no homotropic cooperativity between
subunits, and eq 2 is a form of the Hill equation that describes
either positive cooperativity between subunits (nH > 1) or
negative cooperativity between subunits (nH < 1).

Computational Database Screening.The basic steps to
prepare a ligand screening experiment using DOCK are to
identify the target site, to prepare a 3-D model of that site
that can be readily compared to 3-D models of superimposed
compounds, and to calculate scoring grids that assess and
quantitate the potential interaction energy of those com-
pounds to the site. Several reviews and method papers

Q ) Qmax/(1 + KD/[ligand]) (1)

Q ) Qmax/(1 + (KD/[ligand])nH) (2)
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provide details on the DOCK suite of programs and the
general principles of this method (25-28). The YPK
structure complexed with the allosteric activator fructose-
1,6-bisphosphate (PDB code 1A3W) was used as a search
model (22). The model was generated by selecting all YPK
residues within 15 Å of the 5′ oxygen of FBP, which is near
the center of mass for this compound. Included in this model
were the side chains that contact the 1′-phosphate of FBP
(Arg 459), the 6′-phosphate (Ser 402, Thr 404, and Thr 407),
and the ribose sugar ring and its 3′- and 4′-hydroxyls (Trp
452 and the backbone amide groups of residues 483 and 491,
respectively). After removal of bound FBP, a molecular
surface representation of the binding site was generated using
MIDAS (29). Subsequently, a sphere set (which fills the
binding site and represents its “negative” 3-D image) was
generated using the DOCK SPHGEN routine. All molecular
surface points were used in the calculation of the sphere set.
A “dotlim” value (which defines how finely local invagi-
nations of the molecular surface are sampled) of-1 was
used. The maximum sphere radius was 4.0 Å, and the
minimum was 1.4 Å. Spheres output by SPHGEN that were
outside the known FBP binding pocket were rejected, leaving
a total of 39 spheres to define the allosteric binding site.
The maximum distance between intraligand and intrareceptor
points (which serves as a cutoff for scoring superimposed
ligand atoms and receptor spheres as “equivalent”) was set
to 0.25 Å. Six of the 39 spheres were designated “critical”
to force at least one atom in every docked ligand orientation
to be near the bound position of the 1′-phosphate in FBP.

Precalculated energy grids, which are used to calculate
the energy score for any ligand-receptor atom pair in the
docked solutions, were generated by the DOCK routine
GRID. Atomic partial charges were assigned to the receptor
site prior to calculating these grids using the MOPAC
semiempirical quantum mechanics package in QUANTA
(30). Hydrogen atoms were assigned to the receptor site for
assignment of grid partial charges and van der Waals radii.
Hydrogen atoms were built with the protein design applica-
tion in QUANTA; the pH of the receptor was assumed to
be 7.0. For the generation of grids, a united atom model in
which hydrogens attached to carbons are assigned a zero van
der Waals well-depth and the partial charge is transferred to
the carbon was used. Grid spacing was set at 0.2 Å, and the
nonbonded scoring cutoff distance was set to 10 Å. The
intermolecular interaction energies were modeled using a
combined van der Waals and electrostatic interaction poten-
tial. Electrostatic interactions were modeled using a distance-
dependent dielectric and an initial dielectric constant of 4.
The energy grid was superimposed on a bounding box 19.6
× 24.1× 17.0 Å. There were 1 062 864 points in the final
energy grid.

DOCK version 4.0.1 was used to screen against all the
molecules in the 1997 release of the Available Chemicals
Database (ACD) (31). The ACD contains 370 000 unique
compounds broken up into 23 individual files. Only com-
pounds with 10-35 heavy atoms were used in the screen.
The database was screened twice; once using both electro-
static and van der Waals terms and a second time using only
van der Waals interaction terms as a test for shape comple-
mentarity. Only rigid ligand models were used in the screen
due to computational time restraints. A maximum of 100
orientations was generated for each ligand. The potential

energy of each orientation was subsequently minimized using
the default SIMPLEX minimizer in DOCK. Initial transi-
tional and rotational step sizes were set to 1 Å and 18.0 deg,
respectively. The maximum number of iterations was set at
100. If the energy of minimized orientations varied less than
0.1 kcal/mol, then the minimization was terminated. One
cycle of minimization was performed for each compound.
The ligands and their associated orientations with the best
200 scores from each dock run were saved for visual
inspection. The DOCK runs were performed on a Silicon
Graphics R10000 Origin work station with 230 mByte
memory running IRIX 6.3; each run took approximately 8
h.

An initial list of top DOCK solutions was compiled by
combining top scoring compounds from both screens and
eliminating redundant listings. This resulted in a docked list
of 5,698 compounds. The large number of compounds from
the DOCK screen mandated that visual classification be
based upon simple rules that allowed for rapid screening.
Three rounds of visual inspection were performed to reduce
the total number of compounds for kinetic screening and
further analysis. Compounds were selected such that a
significant degree of chemical diversity would be represented.
After these rounds of manual assessment, the number of
candidate compounds was reduced to 42, and these com-
pounds were assayed for modulation, i.e., activation or
inhibition, of PK activity. The final list of compounds
assayed represented 11 distinct chemical classes that are
summarized in the Results.

Kinetic Screens of Selected Compounds.The compounds
selected for further kinetic analysis were purchased from a
variety of vendors. Compounds were prepared for the initial
multisample kinetic screen at a concentration of 3 mM by
dissolving in 100 mM MES, pH 6.2. Compounds that did
not readily dissolve under these conditions were centrifuged
to pellet the insoluble fraction, and the supernatant was used
at the apparent solubility limit in this buffer. Once prepared,
compounds were used immediately to minimize any solvent-
mediated breakdown. These compounds were then screened
in a multisample kinetic assay for modulation of PK activity.
The assays were performed both in the presence and in the
absence of the physiological FBP effector, as described
below.

PK activity was measured in all kinetic experiments by a
continuous assay coupled to lactate dehydrogenase (LDH)
as described above, modified for screening multiple samples
simultaneously. Spectrophotometric measurements were
made on a 96-well Molecular Devices VersaMax microplate
reader at ambient temperature for the multicompound
screens. Assay conditions were 200 mM KCl, 15 mM MgCl2,
5% glycerol, 100 mM MES (pH 6.2), and 5 mM ADP. The
PEP concentrations were fixed at 750µM, because PK
activity is strongly dependent on the presence or absence of
bound effector at this concentration. FBP and DOCK
compound concentrations were varied in the assays. The
reaction volume was 100µL for the multiplate kinetic assays.
Reactions were initiated by addition of between 0.01 and
0.04 µg of YPK. Path lengths in the 96-well plate reader
were measured by using an internal standard concentration
of bromophenol. The absorbance of the 100-µL standard
concentrations were measured and then compared to the
absorbance of the same standard concentration measured in
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a 1-cm cuvette. Sets of seven compounds were assayed
simultaneously across the 96-well plate in the presence and
absence of FBP. For each compound, the assays were
performed in triplicate: three wells were assayed without
FBP, and three were assayed with FBP. A compound was
judged to be active in this assay in either of the two following
situations: PK activity decreasing in the presence of FBP
was interpreted as the compound interfering with FBP-
dependent activation; PK activity increasing in the absence
of FBP was interpreted as the compound acting as an
activator of the enzyme. For any such compound, controls
were performed to ensure that the compound was not
interacting directly with the assay’s coupling enzyme (lactate
dehydrogenase).

Three compounds were found to significantly modulate
PK activity and were thus characterized further. These
compounds were ribulose-1,5-bisphosphate; (Sigma Inc.
Catalog No. R0878), 2-(2-cyanoethenyl)-3-(1-pyrrolyl)-4,6-
dimethylthieno[2,3-b]pyridine (CPDP; Bionet Inc. Catalog
No. 4K-027), and 2-hydroxy-5-(pyrimidine-4-yl)-6-[4-tri-
fluoromethyl)phenyl]-3-pyridinecarbonitrile (HPTP; Peakdale
Inc. Catalog No. PFC-0591). 1-D NMR spectra were
collected on these compounds in order to confirm the identity
and purity of the samples. Spectra were taken on a DRX
499 spectrophotometer with an Oxford 11.7 T supercon-
ducting magnet and a 5-mm probe. RBP was dissolved in
D2O at 1 mM, CPDP and PFC were dissolved in deuterated
DMSO ((CD3)2SO) at 1mM. Spectra were taken at 25°C.
A scanwidth of 0-10 ppM was used.

Analysis of NoVel Effectors.For kinetic and binding assays,
ribulose-1,5-bisphosphate was prepared as a 100 mM stock
in water. The other two (CPDP and HPTP) exhibited limited
solubility in aqueous solution and were therefore prepared
as stock solutions in DMSO at 26.5 and 85.3 mM concentra-
tions, respectively. DMSO alone was assayed in the kinetic
protocol described below to ensure that it does not by itself
cause a change in the kinetic profile of the enzyme. For
CPDP and HPTP, cuvettes with 2-mm path lengths were used
to decrease the total absorbance signal because the effectors
absorb in the same range as NADH.

Dissociation and activation constants were determined for
the three lead compounds using a combination of three
methods: intrinsic YPK tryptophan fluorescence as described
above (for RBP, which does not possess a strong inherent
fluorescence signal), the response of YPK activity to ligand
concentration in the absence of FBP (for HPTP and CPDP),
and equilibrium dialysis (for HPTP). Activation constants
for CPDP were determined by measuring YPK activity as a
function of ligand concentration. PK activity versus the
concentration of ligand concentration was fit to (ν ) Vmax(1

+ (KA/[ligand])nH)), whereν ) (V - V0)/(Vmax - V0) andV0

is the enzyme velocity in the absence of effector. Activity
titrations were performed under the kinetic conditions
described above; PEP concentrations were fixed at 350µM.
All curves were fit using Table 2D (SPSS Scientific Inc.,
Chicago, IL). Equilibrium dialysis binding measurements
were performed by dialyzing 150µL of YPK buffer
containing 13µM YPK against 40 mL of reaction buffer
containing 25µM HPTP. Concentrations of HPTP were
measured by absorption at 345 nm. Compounds were allowed
to dialyze for 3 days. No difference was seen in control
experiments where enzyme was withheld from the binding
solution.

RESULTS

Effector Binding and Kinetic Effects.Binding and activa-
tion of wild-type and T403E mutant yPK were characterized
both by substrate velocity assays and by intrinsic tryptophan
fluorescence (Table 1, Figure 2). Tryptophan 452 is located
in the allosteric effector binding site, and it is the only
tryptophan residue in a single YPK subunit. Its fluorescent
signal is very sensitive to binding interactions at that site
(24). In the absence of the allosteric activator FBP, mutation
of threonine 403 to glutamic acid does not significantly alter
the affinity of YPK for the substrate PEP (theKM for PEP
substrate is 960( 80 µM for the mutant vs 1150µM for
wild-type), but the mutation does slightly reduce cooperat-
ivity of substrate binding (the Hill coefficient for T403E is
2.7 in the absence of effector as compared to a value of 3.7

Table 1: Steady-State Kinetic Parameters of Pyruvate Kinase Activation

wild-type T403E

Kd
a µMc Km (PEP) (µM) nH

b Kd (µM) Km (PEP) (µM) nH
b

no effector 1150 (( 7) 3.7 (( 0.06) 960 (( 80) 2.7 (( 0.2)
FBP 10 50 (( 0.5) 1 >5400 830 (( 60) 2.6 (( 0.04)
F1P 490 271 (( 21) 2.1 (( 0.2) >7500 834 (( 16) 2.8 (( 0.1)
F6P 1300 410 ((40) 3.2 (( 0.3) >7500 960 (( 80) 2.7 (( 0.2)

a Determined by tryptophan titrations of YPK in the presence of 200 mM KCl, 5 mM PEP, and 15 mM MgCl2, pH 6.2. Data were fit to either
eq 1 or eq 2 described in Methods. All data were best fit to eq 1 wherenH ) 1, indicating no homotropic cooperativity in binding.b The Hill
coefficientnH was determined from fits of the kinetic data to the Hill equation.c The dissociation constant for FBP was taken from a previous study
(15) and was measured with Mn as the divalent cation.

FIGURE 2: Substrate velocity profile for wild-type and T403E
mutant PK in the presence and absence of 1 mM FBP. Values
shown are averages (n ) 3): ([) wild-type + 0 mM FBP; (9)
wild-type + 1 mM FBP; (×) T403E+ 0 mM FBP; (+) T403E+
1 mM FBP. Data were fit to the Michaelis-Menten or Hill
equations, and the resulting kinetic parameters are summarized in
Table 1.
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for wild-type). As predicted on the basis of previous
crystallographic studies, the mutation strongly interferes with
both binding and activation of the enzyme by fructose-1,6-
bisphosphate. TheKd of the wild-type enzyme for FBP is
10 µM whereas the same value for the T403E enzyme is
greater than 5400µM. Addition of saturating levels of FBP
to wild-type YPK reduces theKm value of PEP from 1150
to 50µM and its Hill coefficient from 3.7 to 1.0. In contrast,
the mutant is not significantly activated by FBP even at
millimolar concentrations. TheKm (PEP) exhibited by T403E
in the absence of FBP is 960( 80 µM; addition of 1 mM
FBP gives aKm value of 830( 60 µM. We attribute the
small decrease in substrate affinity of T403E, when assayed
in the presence of high levels of FBP, to a weak interaction
of the effector with the allosteric site that results from an
altered conformation that precludes its interaction with the
mutated 6′-phosphate binding loop of the enzyme.

The wild-type enzyme is weakly activated by both F1P
and F6P (Table 1, Figure 3). Tryptophan fluorescence
titrations of the enzyme indicate that F1P and F6P bind with
modest affinity to the FBP site, and their affinity is increased
by the presence of divalent cations as is also observed for
FBP (data not shown) (23). The dissociation constant of the
wild-type enzyme for F1P is 490µM and for F6P is 1300
µM. In the presence of 2 mM F1P,KM (PEP) is reduced to
271 µM, and the Hill coefficient is reduced to 2.1. In the
presence of 5 mM F6P, theKM value for PEP is reduced to
410µM, and the Hill coefficient is reduced to 3.2. Therefore,
the strength of allosteric response of YPK to these com-
pounds is observed to be FBP. F1P> F6P, matching their
relative affinities for the allosteric binding site. The T403E
enzyme mutant displays greatly increased dissociation con-
stants for all three effectors as compared to wild-type enzyme
(>5400 µM for FBP, >7500 µM for F1P and F6P). The
kinetic profile of the enzyme mutant T403E resembles the
low-affinity, unactivated wild-type enzyme; it is not signifi-
cantly activated by any of these compounds (Table 1). Of
these three compounds, F6P is the poorest activator of the
T403E mutant.

Initial DOCK Screens. In each DOCK screen, the top 200
scoring ligands from each ACD section were selected.
Fructose-1,6-bisphosphate is present in the ACD and served
as a positive control for the DOCK screens. Both screens,
using van der Waals contact scoring only or contact plus

electrostatic terms, identified FBP as a possible ligand. FBP
was present in the top 200 scoring ligands relative to the
∼15,000 other compounds in its section of the ACD.

The final list of compounds that appeared reasonable as
docked ligands to the PK allosteric site was composed of
42 compounds from 11 distinct chemical classes. Overall,
most of the compounds contained one or two polar moieties,
but few had an overall net charge other than zero. The
protein-ligand contacts for various docked compound
orientations were distributed fairly evenly throughout the
target cleft. Compounds were selected that filled at least the
two or more pockets defined by the 1′- and 6′-phosphates
and the ribose sugar ring of bound FBP and an additional
cleft near Arg 425 that is not occupied by FBP. The largest
class of compounds identified in the searches were benzene
derivatives. The compounds selected from this class included
those with 1-5 substituents, many of which were branched.
The principle docked location of the benzene ring was in
the large pocket filled by the 6′-phosphate, which is slightly
removed from the cavity occupied by the sugar ring of FBP.
Only one derivative made significant contacts with Trp 459.
Other compounds in the library included esters, heteroal-
kenes, small peptidomimetics, several small phosphate-
containing compounds, complex amines, substituted sugars,
and sulfones.

Of the 42 compounds tested for modulation of PK activity,
14 appeared to measurably affect the activity of YPK under
the conditions used for the assay. Four compounds antago-
nized the effect of FBP, reducing the activity of YPK in the
presence of 1 mM FBP. Nine reduced the activity of YPK
in the absence of FBP, and one acted as an FBP mimic
(increasing the reaction velocity in the absence of FBP). Of
these compounds, three were selected for further character-
ization (Figure 4). One was a diphospho sugar similar to
FBP (ribulose-1,5-bisphosphate), and two (CPDP and HPTP)
were complex amines that were relatively hydrophobic and
had little similarity to the natural allosteric activator. The
identity and purity of each compound was verified by 1-D
NMR.

ActiVe Compounds.A summary of the binding affinities
and kinetic parameters for the compound described below
are provided in Table 2. One of the compounds identified
by DOCK and shown to act as an allosteric activator was a
5-carbon, open-chain sugar with two terminal phosphate
groups, ribulose-1,5-bisphosphate (RBP). This compound is
chemically similar to the physiological activator fructose-
1,6-bisphosphate, although it is modeled in an open chain
conformation in the ACD and appears to exist primarily in
that form in solution as shown by NMR spectra (data not
shown). The highest scoring binding mode for RBP is similar
to that determined crystallographically for FBP, with the 1′-
and 5′-phosphates interacting with Arg 459 and the phosphate
binding loop formed by residues 402-407 (Figure 4b). The
dock score for both van der Waals and electrostatic interac-
tions is-56.6 kcal/mol for RBP as compared to-63.0 for
FBP; both are well above the mean score for that section of
the ACD. RBP activates YPK by shifting the low-affinity,
cooperative kinetic profile for PEP to a higher affinity, less
cooperative state, albeit to a lesser extent than FBP (Table
2, Figure 5). RBP binds with aKD of 570µM as compared
to a KD of 10 µM for FBP. The enzyme’sKM for PEP is
reduced from 1150 to 450µM upon addition of 3 mM RBP

FIGURE 3: Substrate velocity profile for wild-type enzyme. ([)
No effector present; (9) 1 mM FBP; (×) 2 mM F1P; (+) 5 mM
F6P. Data were fit to the Michaelis-Menten or Hill equations, and
the resulting kinetic parameters are summarized in Table 1.
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whereas 1 mM FDP reduced theKM for PEP to 50µM. The
Hill coefficient of PEP is also reduced by RBP to an
intermediate value of 1.62 as compared to a value of 1.0
produced by FBP. The values for the Hill coefficients
indicate that the cooperativity of PEP binding is reduced but
not eliminated by RBP.

RBP quenches the intrinsic tryptophan fluorescence of
YPK as does FBP (data not shown). Only one tryptophan
residue (Trp 452) exists in the YPK sequence, and it is
located in the allosteric effector binding site. The effective
quenching of Trp 452 by RBP strongly suggests that this

compound also binds in the FBP binding site. Trp 452 makes
a direct contact with FBP and this interaction is most likely
the mechanism for the quenching and spectral shift in the
emission spectum (34). Furthermore, RBP mediated quench-
ing is strongly dependent upon the presence of Mg2+, as is
also observed for FBP (34). In the presence of 15 mM Mg2+,
RBP binds with aKD of 500 µM; in the absence of Mg2+,
the KD is on the order of 10 mM.

A second compound (2-(2-cyanoethenyl)-3-(1-pyrrolyl)-
4,6-dimethylthieno[2,3-b]pyridine or CPDP) was also shown
to allosterically activate YPK. CPDP is a 15-carbon complex

FIGURE 4: Chemical structures and bound orientations of (a) fructose-1,6-bisphosphate; (b) ribulose-1,5-bisphosphate; (c) CPDP; and (d)
HPTP. The molecular surface of the binding site is shown as a semi-transparent gray surface covering the protein atoms that comprise the
site; the four panels are shown in the same orientation. The bound position of FBP was crystallographically determined; the positions of
the latter three compounds are those predicted by DOCK. Stereoview of the molecular surface of the allosteric binding site in YPK. Note
that FBP does not completely fill the available space within the allosteric binding site. Note also the similarity in positions of the terminal
phosphates of RBP to those in the crystal structure of bound FBP.
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amine, molecular weight of 279. CPDP is quite hydrophobic
as the cyano moiety is the only polar group on the compound.
As a result, solubility of this compound is limited in water
to approximately 30µM. The docked and minimized model
of bound CPDP is shown in Figure 4c. The 4-methyl group
of the pyridine ring is located in the pocket formed by
residues 402-407, which bind the 6′-phosphate of FBP. The
cyanoethenyl tail of the molecule is buried underneath Trp
452, and the pyrroyl ring is largely solvent exposed and
contacts the outer face of Trp 452. The dissociation constant
of CPDP from YPK is 15µM, as determined by activity
titrations and equilibrium dialysis. CPDP binding is consid-
erably tighter than RBP, and itsKD value is near theKD value
of FBP (10µM). The KM for PEP shifts from 1150µM in
the absence of effector to 820µM in the presence of 27µM
CPDP, and the Hill coefficient decreases from 3.7 to 2.7
(Table 2). Although CPDP binds∼40-fold more tightly than
RBP and with a similar affinity as FBP, it is a weaker
allosteric activator of PEP binding than RBP. This compound
does not measurably activate the allosteric site mutant of
YPK (T403E).

A third compound (2-hydroxy-5-(pyrimidin-4-yl)-6-[4-
(trifluoromethyl)phenyl]-3-pyridinecarbonitrile, HPTP) also
acts as an effector that weakly activates the enzyme. Like
CPDP, HPTP is a complex hydrophobic amine with a
molecular weight of 342. The docked and minimized model

of bound HPTP is shown in Figure 4d. The hydroxyl group
fits into the pocket defined by residues 402-407 that
normally bind the 6′-phosphate of FBP, while two of the
three aromatic rings fill the central sugar pocket. The
trifluorophenyl group packs on top of Trp 452 and is partially
solvent-exposed. HPTP is slightly more soluble that CPDP,
and it exhibits a solubility limit in water of∼850µM. HPTP
binds to YPK with a dissociation constant of 77µM, as
determined by activity titration and by equilibrium dialysis.
Like CPDP, HPTP binds with a similar affinity as the
physiological FBP effector and effects both the affinity and
cooperativity of PEP binding (Table 2). TheKM of PEP is
reduced from 1150 to 450µM by the addition of 500µM
HPTP, and the Hill coefficient is reduced from 3.7 to 1.6.
Unlike CPDP and FBP, HPTP activates T403E reducing its
KM from 960 to 650µM and shifting the enzyme toward a
less cooperative state.

DISCUSSION

In this study, we report the effect of a point mutation
(T403E) in yeast PK to block binding of FBP and hence
activation of the enzyme. We also describe the effect of
removing the 1′- or 6′-phosphate from the allosteric effector
on its binding and enzyme activation. These experiments
allow us to verify the location of the FBP binding site
previously visualized by crystallographic analysis, to char-
acterize and quantitate the relative contribution of the
individual phosphate groups of FBP to binding, and to
measure the relationship between effector affinity and the
strength of allosteric activation. Using this same enzyme,
we also demonstrate that structure-based, computational
screening methods, previously shown to be powerful tools
for the discovery of active-site inhibitors, can also be used
to select novel ligands for allosteric regulatory sites. Such
sites may present novel targets for drug design because of
their inherent structural divergence among various organisms
and tissue types. In the case of pyruvate kinase, a variety of
regulated forms of the enzyme has evolved to meet the
specific metabolic requirements of the source organism or
tissue. While deregulation of enzymatic function might
produce more subtle effects on enzyme kinetics than
complete inhibition, such an effect might cause profound
metabolic and cellular responses in vivo.

Effector Binding and Kinetic Effects.FBP binds to the
allosteric site of YPK with a dissociation constant of 10µM,
appropriate for a metabolic intermediate that also acts as an
enzyme regulator. The allosteric site of yeast pyruvate kinase
is located 40 Å from the active site and is entirely located
within the regulatory C domain (22). FBP binds in a pocket
formed by two loops composed of residues 402-407 and
446-452. This second loop is disordered in the absence of
effector but becomes ordered upon binding of FBP. The FBP
binding pocket is largely polar and basic, complementing
the net negative charge of FBP. The strongest interactions
stabilizing the effector complex appear to be direct polar
interactions between the enzyme and the 1′- and 6′-phosphate
groups of FBP. These contacts include a 2.8-Å salt bridge
between the 1′-phosphate and the Arg 452 side chain; the
6′-phosphate of FBP forms a series of polar interactions with
side chains Ser 402 (2.6 Å), Ser 404 (3.3 Å), and Thr 407
(2.5 Å). In addition, the 3′- and 4′-hydroxyls of the fructose
ring contact the backbone carbonyl oxygen of residue 483

Table 2: Binding Constants and Kinetic Parameters for PK
Allosteric Effectorsa

Kd (µM) Km (PEP) (µM) nH (Hill coeff)

no effector 1150 (( 70) 3.7 (( 0.6)
FBP 10 (( 1) 50 (( 0.5) 1.0
RBP 570 (( 4) 450 (( 10) 1.6 (( 0.12)
CPDP 7.6 (( 4) 820 (( 37) 2.7 (( 0.5)
HPTP 77 (( 2) 620 (( 12) 1.3 (( 0.16)

a Steady-state kinetic parametersKM and nH determined in the
presence of the following concentrations of effector: 1 mM FBP, 3
mM RBP, 100µM CPDP, and 400µM HPTP. Binding constants
determined as describe in Results.

FIGURE 5: PEP-dependent kinetic profile of wild-type yeast
pyruvate kinase in the presence of FBP vs RBP. Velocities were
measured in the presence of 1 mM FBP (2), 3 mM RBP (×), and
in the absence of effector ([). PK activity in the presence of FBP
was fit to the Michaelis-Menten equation. Activity of the enzyme
alone or in the presence of RBP were fit to the Hill equation to
allow calculation of cooperativity. Similar analyses were performed
for CPDP and HPTP; the resulting values for effector binding
constants, substrateKm, and cooperativity are summarized in Table
2.
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and the backbone nitrogen of residue 491, respectively. The
single tryptophan per enzyme subunit (Trp 452) is solvent-
exposed in the absence of effector and is largely buried by
the fructose ring of bound FBP (average distance∼4 Å).
Binding of FBP attenuates the fluorescent profile of YPK
through its interactions with Trp 452.

Removal of the 1′- and 6′-phosphate groups of FBP,
generating F6P and F1P, respectively, leads to significant
increases in the dissociation constants of the effectors to
YPK. TheKD for F1P (490µM) is 49-fold higher than for
FBP, while the correspondingKD for F6P (1300µM) is 130-
fold times higher. On the basis of these observations, it
appears that the salt bridge from Arg 452 to the 1′-phosphate
of FBP contributes between 2- and 3-fold greater binding
energy than the interactions between the 6′-phosphate and
residues Ser 402, Ser 404, and Thr 407. Kinetic analyses of
enzyme activation, conducted at saturating concentrations of
F1P and F6P, indicate that both effectors weakly activate
the enzyme. Under these conditions, theKM for PEP substrate
is decreased from 1150 to 271µM, with F1P as an activator,
and to 410µM with F6P as an activator. The cooperative
binding of substrate is also diminished, although not as
dramatically as by FBP. Overall, the strength of the allosteric
response decreases as the affinity of the effector decreases.
Our interpretation of this result is that strong allosteric
activation of YPK requires the formation of fully ordered
interactions with both phosphate groups of the effector in
order to induce the full conformational change that results
in an increase in PEP affinity at the active site.

The nature and magnitude of the allosteric conformational
transition in pyruvate kinase is somewhat unclear. Structural
studies of the unactivated and uncomplexedE. coli enzyme
have led to a hypothesis that binding of FBP induces rotations
of the catalytic and C-terminal domains by 17 and 15°,
respectively, relative to the principle symmetry axes of the
enzyme tetramer (12, 21). This proposed motion is thought
to involve shearing and rotational motions of several
R-helices at the tetramer interfaces between the allosteric
and active sites. It was further proposed that residues at the
subunit interfaces participate in allosteric communication by
facilitating these motions and coupling conformational
changes in the allosteric site to corresponding conformational
changes in the active site. The structure of yeast PK
complexed with the allosteric activator FBP indicated that
binding of the effector might induce movement of the CR2
helices (residues 378-393) in the tetramer interface, pri-
marily through the association of the 6′-phosphate with
residues 402-407 and bending of aâ-strand that connects
those residues to the CR2 helix (22). A subsequent crystal-
lographic study fromL. mexicana, however, indicated that
the magnitude of conformational domain motions induced
by effector binding might be considerably smaller because
the structure of that enzyme in the absence of a bound
substrate and allosteric effector closely resembled the yeast
enzyme-FBP complex and the nonallosteric muscle enzymes
(11). A definitive resolution of these models awaits the
structure determination of an unactivated and fully activated
enzyme from the same biological source.

The kinetic profile of the enzyme mutant T403E resembles
the low-affinity, unactivated wild-type enzyme, although with
a slightly lower Michaelis constant for PEP (T403E, 960(
80 µM, vs wild-type, 1150( 7 µM) and a slightly lower

degree of substrate binding cooperativity (T403E Hill coef-
ficient, 2.7( 0.2, vs wild-type, 3.7( 0.06). The substitution
made by this mutation places a negatively charged glutamate
side chain directly within the 6′-phosphate binding pocket
of YPK. This residue is a glutamate in all of the unregulated
(FBP-insensitive) M1 isozymes sequenced to date. The
T403E mutant enzyme is not strongly bound or activated
by any of the effectors discussed above (FBP, F1P, or F6P),
and of these compounds, F6P appears to be the least capable
of inducing any shift in the kinetic profile of the enzyme.

On the basis of these observations, we draw several
conclusions: (i) The presence of the glutamate carboxylate
group in the allosteric site of YPK may by itself slightly
nudge the conformational equilibrium of the enzyme tetramer
toward an “activated” state. (ii) The presence of glutamate
403 prevents binding of effectors through a combination of
steric clash and electrostatic repulsion. F6P appears to be
completely inhibited from binding the mutant enzyme, while
FBP and F1P may act as very weak activators, presumably
by interacting with the allosteric site in a manner that
precludes contacts with the pocket formed by residues 402-
407. The observation that F1P (which lacks a 6′-phosphate)
binds and activates the mutant as poorly as FBP may imply
that the reduction in the overall positive charge of the
allosteric pocket by the T403E mutation is sufficient to
inhibit binding, even in the absence of direct steric clash.
(iii) Full activation requires binding of allosteric effector
rather than the simple presence of a negative charge in this
pocket (such as the carboxylate of Glu 403). Past studies
have shown that the effector must be in the correct stereo-
chemical conformation (theâ-anomer in the case of FBP)
in order to promote binding and activation (32-34). (iv) The
presence of a glutamate at this position in unregulated M1
isozymes cannot by itself account for the high-affinity,
noncooperative kinetic response of those species. For those
PK isozymes that differ only by an alternatively spliced exon
(such as mammalian M1 and M2 isozymes), multiple
residues from that region probably act in concert to impart
novel regulatory properties to each enzyme species.

Structure-Based Screening Methodologies against Allo-
steric Sites.Our approach to searching for novel allosteric
ligands was to screen the ACD using a computational search
and then to perform a low throughput, kinetic screen of the
candidate compounds after they were reduced to a tractable
number. The YPK system represents an interesting challenge
for a number of reasons. First, the natural effector (FBP) is
highly charged, and it binds to a relatively basic binding cleft
via interactions that are highly polarized between the effector
and protein side chains. Since compounds under consider-
ation as drug candidates should usually be capable of
diffusion across lipid bilayers, it was our goal to identify
compounds that could modulate PK activity but display no
net charge or readily ionizable groups. Thus, the desired
compounds should possess significantly different chemical
features and solution behavior than the natural effector while
still displaying structural complementarity against its binding
site. Second, the dissociation constant for 1,6-FBP from the
allosteric site of YPK is 10µM, which is reasonable for a
glycolytic intermediate that also acts as a metabolic regulator.
It therefore seemed possible that an initial screen of
compounds would identify one or more lead compounds that
would have affinities approaching that of FBP. With affinities
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in the mid-micromolar range for CPDP and HPTP, this
hypothesis was correct. Finally, a kinetic assay and screen
designed to identify compounds that modulate enzymatic
activity through allosteric interactions is designed in a slightly
different manner than an assay designed to identify competi-
tive inhibitors. It is necessary for such screens to exploit
conditions that place the enzyme in the most sensitive region
of its kinetic response to substrate and effector concentra-
tions. This led us to design a multicompound, multisample
screening protocol that allows comparison of large numbers
of experiments in a single run to minimize systematic sources
of error such as changes in enzyme specific activity over
time. Ultimately, we decided upon a kinetic screen in which
YPK activity was monitored in the presence of compound
( 1 mM FBP using a 96-well plate reader. This screen had
the advantage that the activity of each compound was directly
assessed and had the added advantage that reaction volumes
were 100µL. The small path length of 100µL effectively
reduced the overall absorbance, which was an advantage
since some of the compounds absorb strongly at 340 nm.

NoVel Allosteric Effectors of YPK.Approximately one-
third of the compounds tested in the initial kinetic screens
displayed some kinetic effect under the assay conditions used
but were not pursued due to cost and instrumentation
constraints. The three compounds studied in detail were
chosen on the basis of their particularly strong effect in initial
kinetic screens and nonpolar structures (CPDP and HPTP)
or its similarity to FBP and known role as an important
metabolic intermediate in plants (ribulose-1,5-bisphosphate).
This latter compound is the rate-limiting intermediate in the
carbon fixation (Calvin) cycle and the substrate for Rubisco
(ribulose-1,5-bisphosphate carboxylase).

Ribulose-1,5-bisphosphate (RBP) clearly binds to the same
site as FBP, as demonstrated by tryptophan fluorescence
binding assays and its dependence on bound divalent cation
and substrate for maximum affinity. In the ACD model of
RBP, the distance between its phosphates is very near the
structurally determined distance between the 1′- and 6′-
phosphates of bound FBP, permitting a reasonable and low-
energy DOCK solution that places both phosphates in proper
binding environments. This result clearly illustrates the rather
serendipitous nature of DOCK screens using nonflexible
ligand models; relatively small changes in torsion angles
along the sugar backbone would have prevented identification
of this molecule as an enzyme effector. RBP probably acts
as a very weak activator of YPK because of its chemical
similarity to FBP. RBP is known to inhibit green algal
chloroplast PK (35). However, this work was unknown to
us at the time RBP was selected in the DOCK screen.

The remaining two compounds described in this paper
(CPDP and HPTP) are similar to one another in terms of
their chemistry and mechanism of action. First, their
DOCKED orientations include contacts to the same general
groups in the target allosteric site; second, they are both
hydrophobic and have limited solubility in aqueous solution;
and third, they display micromolar dissociation constants to
YPK and have weak yet measurable activity as allosteric
activators. In contrast to the allosteric activator FBP, which
achieves its full binding affinity primarily through polar
interactions to its terminal phosphate groups, these two
compounds appear to bind their receptor site through
complementary van der Waals interactions. Whereas RBP

clearly interacts with the FBP site, via polar and electrostatic
interactions, the precise location of the CPDP and HPTP
binding site or their precise orientation within that site is
less well characterized. Since they are acting as weak
activators of enzyme activity rather than as inhibitors, it
seems likely that we can exclude their direct interaction with
the substrate binding site. The fact that CPDP fails to activate
the T403E YPK mutant described above implies that this
compound does bind to the FBP site.

In contrast, HPTP activates T403E PK. Two interpretations
seem equally likely to explain this result: first, the compound
may bind to an undetermined site on the enzyme and produce
an allosteric effect similar to FBP; or second, HPTP may
bind to the FBP site in a manner not precluded by the
glutamic acid at position 403. Since the compound is
uncharged, electrostatic repulsion terms that contribute to
preventing activation by phosphate-containing compounds
should not be as strong for HPTP.

In conclusion, structure-based computational methods,
using the DOCK suite of programs to screen a large database
of small molecular structures, were shown to be a powerful
tool in identifying previously unknown or uncharacterized
allosteric effectors of a metabolic enzyme. We have shown
that it is possible to identify compounds with affinities to
the target site that are comparable to those displayed by the
natural effector. In addition, while the natural effector and
its binding site are significantly polar, it is possible to identify
compounds that are uncharged, moderately hydrophobic, and
capable of interacting with the binding site. A structural
analysis of the enzyme complex with these compounds will
be necessary to precisely describe the interactions formed
in the allosteric site and their similarity or departure from
those modeled in DOCK.

For regulatory sites, the potential kinetic effects of a bound
ligand are perhaps more varied than those of a substrate
analogue bound to an active site. While the latter type of
compounds would generally be expected to act as competitive
inhibitors, novel ligands that bind a regulatory site might
act either as a mimic or an antagonist of a physiological
effector. In addition, the possible effect of such compounds
on substrate affinity, on maximal velocity, and on enzyme
cooperativity might be separable and distinct. The three
compounds described in this paper all seem to act as very
weak activators of PK that bind with low to moderate affinity
to the FBP site. Such results could be caused by our use of
the high-affinity, activated structure of YPK as a target for
docking. This could have led us to preferentially select
ligands that stabilize the activated enzyme conformation.
Because the allosteric site undergoes a disordered to ordered
structural transition upon FBP binding, it would be very
difficult to test this possibility by screening for ligands
specific to the unactivated conformation of the enzyme. A
more detailed analysis of this result may require a similar
study using a different enzyme with well-ordered structures
in the presence and absence of bound effector.
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