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Abstract

The active site geometry of yeast phosphoglycerate kinase
(PGK) was investigated wusing various nuclear magnetic
resonance methods. f,y-bidentate CrATP, a stable, gxchange-
inert metal-nucleotide analog, was used as a probe of the
conformation of 3-phospho-D-glycerate (3PGA) at the active
site of PGK. The paramagnetic effects of Cr** on the
longitudinal relaxation rates (1/T,) of the 'H, P and ®c
nuclei of 3PGA were examined in order to determine the
distances between enzyme-bound CrATP and the nuclei of 3PGA in
the ternary PGK-'CrATP 3PGA complex. Kinetic studies indicated
that K™ was dependent on the concentration of 3PGA, and the
dependence was abolished in the presence of activator sulfate
ion. Similarly, NMR studies showed that the environment of
CrATP bound at the active site was altered by the presence of
sulfate ion.

The metal nucleus distances determined from paramagnetic
NMR studies show the close proximity of the substrates at the
active site of PGK, which is consistent with a hinge-bending
conformational change of the enzyme for bringing the two
substrates together. Additionally, the presence of an
activating concentration of sulfate was observed to cause
significant changes in both the relative Cr’*-3PGA distances
and the overall conformation of 3PGA when compared to the

findings in the absence of sulfate. This is consistent with
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the active site being in a "less closed" configuration when

sulfate is present. Under both conditions, models can be
constructed which allow for direct transfer of a phosphoryl
group between the bound substrates.

Two-dimensional studies of the nuclear Overhauser effect
(TRNOESY) between the protons of 2/deoxy-ATP (dATP) were used
to delineate the ribose conformation and the glycosidic angle
of the nucleotide bound in a ternary PGK-'MgdATP-glycerol-3-
phosphate complex. The resulting structure indicated an 04’-
endo conformation for the ribose ring and a glycosidic angle
of 59°. Additionally, the dependence of the observed NOE
intensities and the corresponding calculated distances was
analyzed as a function of the mixing time for NOE development
and of the [substrate]/[protein] ratio. It was observed that
no single mixing time was adequate for reliable estimation of
initial cross-relaxation rates for all interproton NOE's
observed, and that although spin diffusion can be effectively
circumvented for longer periods at higher
[substrate]/([protein] ratios, the lack of NOE constraints
under these conditions make distance calculations unreliable.
The results suggest that an in-depth analysis of this type
should be performed for NOE conformational studies in order to
obtain the best possible structure. The results suggest that
the use of a perdeuterated enzyme system as described in this
study is essential for accurate estimation of cross-relaxation

rates at low [substrate]/(protein] ratios.
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Chapter I

Introduction

Phosphoglycerate kinase (PGK; EC 2.7.2.3) catalyzes the

reversible phosphoryl transfer reaction (1):

Mg2 +
1,3-bisphospho-D-glycerate + ADP &=——

3-phospho-D-glycerate + ATP

This reaction is the first ATP-generating step of the
glycolytic pathway. As a result of its vital metabolic role,
PGK has been the subject of extensive study, and major
research efforts have focused on the enzyme's structure,
catalytic mechanism, and kinetic behavior.

In its catalytically active form, PGK exists as a monomer
of ﬁolecular weight approximately 47,000. The enzyme is
arranged in a "dumbell" shape, wherein two globular domains
(corresponding to the amino- and carboxy- terminal halves) of
approximately equal size are connected by a narrow waist
region (2). Previous structural studies of phosphoglycerate
kinase have been ambiguous regarding the 1locations and
relative orientation of the substrates bound at the active
site. Crystals of yeast PGK suitable for X-ray
crystallographic studies were grown iﬁ'éolutions containing

high concentrations of ammonium sulfate, but would not grow in



the presence of MgATP or MgADP (3). Attempts to locate the
metal -nucleotide and triose binding sites by soaking PGK
crystals in high concentrations of substrates yielded very low
occupancy with MgATP, but allowed for a tentative assignment
of the MgATP binding site location on the inner surface_of the
c-terminal domain, near the waist region (an assignment which
has'since been substantiated by affinity labelling experiments
(4), among others). No electron density attributable to 3PGA
was observed in these experiments; therefore, the location of
the binding site for 3PGA was deduced to be in an area of
positively charged amino acid side-chains near the waist
portion of the amino terminus, the so-called "basic patch"
region, which is located opposite the proposed MgATP binding
site. This region was. found to be highly conserved among PGK's
from different species (5). The results of the X-ray
crystallographic studies therefore suggested an orientation of
the bound substrates in which the y-phosphoryl group of MgATP
was.10—12 A away from 3PGA (6). The X-ray structure of a
binary pig muscle PGK-3PGA complex crystallized from
polyethylene glycol solution has been recently published (7).
The crystallographic data from this study confirmed that the
binding site for 3PGA is located in the basic-patch region as
earlier suggested. However, two residues (His-62 and Arg-170)
which were thought to interact with 3PGA based on site-
directed mutations in yeast PGK (8,9) were found not to be

involved in 3PGA binding in the pig muscle binary complex.



Therefore, the results of the study with the pig muscle enzyme
do not unequivocally support the proposed location of the 3PGA
binding site suggested from experiments with yeast PGK.

Previous mechanistic studies have shown that phosphoryl
transfer catalyzed by PGK occurs with inversion of
configuration at phosphorous, a result which implies a direct
transfer mechanism (10). Hinge bending was proposed'as a
mechanism for bringing the substrates of PGK together based on
structural similarities with hexokinase; small angle X-ray
scattering measurements of yeast hexokinase showed that the
radius of gyration of the enzyme in solution decreased by 0.95
+ 0.24 A upon binding glucose (11). This result fits well with
the observation from crystallographic studies of a 12°
rotation of one of the lobes of hexokinase relative to the
other upon glucose binding (12). In a similar manner, the
radius of gyration of PGK was observed to decrease by 1.09 #
0.34 A upon formation of the ternary complex in solution (13).
This change could be brought about by by an 8-14° rotation of
one lobe relative to the other. The structure of the closed
active site and the relative conformations of the bound
substrates are not known; indeed, it has yet to be
demonstrated that the bound substrates approach one another.
closely enough to allow for diréct phosphoryl transfer to take
place.

PGK has a number of interesting kinetic properties which

have been the subject of numerous studies. The enzyme exhibits




substrate activation as evidenced in the downward curvature

seen in double reciprocal (Michaelis-Menten) type plots (14).
Millimolar concentration of sulfate has been observed to
abolish these substrate activation effects (15). Sulfate anion
has also been found to be an effector of this enzyme, with
millimolar levels acting to increase V., as well as K, for
both substrates (15). Higher sulfate concentrations have an
inhibitory effect (16). The mechanisms responsible for
substrate activation and for the effects of sulfate are
unknown. PGK binds two moles of ATP per mole of enzyme (17),
one of which exhibits much higher affinity for divalent metal
ions, and is bound at the enzyme active site (18). The binding
sites and stoichiometries for other multivalent anions,
inciuding sulfate and 3PGA, have not been clearly established.
Furthermore, analysis of the effects of site specific
mutations of several residues has failed to confirm their
specific roles in sulfate activation or metal binding as
suggested by X-ray studies (3,9).

The proposed hinge bending mechanism of PGK has been
investigated by Dryden et al. (19). Earlier work by this group
(20) and others (21) had shown that the waist region of PGK
mediates cooperativity between the two globular domains; the
binding of ATP to the C-terminal domain of the molecule acts
to stabilize both domains, and is accompanied by a stiffening
of the waist region. Binding of 3PGA to this complex induces

destabilization of the waist region, a "loosening of the




hinge". This has been interpreted as evidence for a

"permissive" model for hinge bending, wherein binding of the
triose substrate leads to conformational changes which permit,
rather than direct, the hinge to bend.

The structural motif of two lobes separated by a deep
substrate-binding cleft is common not only to PGK and
hexokinase, but is a general feature of a number of kinases
whose structures are known. Adenylate kinase, in the absence
of substrates, has a deep cleft which closes somewhat when
substrates are diffused into the crystals (22) .
Phosphofructokinase, when crystallized in the presence of its
sugar substrate fructose 6-phosphate, is in a closed
conformation with the sugar buried in the interdomain region
(23) . Thus, hinge bending is suspected to be a general feature
of catalysis by kinases.

The §,y-bidentate complex of Cr’* with ATP (CrATP) is an
exchange-inert analog of MgATP which is stable at pH 5.9 (24).
Additionally, Cr’* is paramagnetic, a property which makes it
useful for a variety of binding and structural studies based
on magnetic resonance techniques. CrATP is not a substrate for
PGK (25), and has been shown to competitively inhibit
catalytic activity with respect to MgATP in a number of
enzymes which utilize metal ATP as a substrate, including
hexokinase, pyruvate kinase, and PGK (26). Metal ADP complexes
have been used with 3PGA and PGK in paramagnetic metal-to-

phosphorus distance measurements (27) and in EPR studies (28);




the findings suggested that the resulting dead-end complex
formation did not induce active site closure. Studies from our
laboratory have also shown that a fluorescent ATP analog,
adenosine diphosphate pyridoxal, specifically labeled Lys 385
instead of 1lysines 213 or 217 which were suggested by
crystallographic studies to interact with the polyphospho-
chain of ATP (29). Clearly, the description of the active site
geometry of PGK 1is far from complete, and structural
information about the closed, catalytically active form of the
enzyme is needed in order to gain further insight into its
catalytic mechanism.

The goal of the research outlined in this document is to
delineate the geometries of the substrates bound at the active
site of yeast phosphoglycerate kinase, and to investigate the
effect of sulfate on the active site structure. The research
described makes extensive use of kinetic analysis of PGK
activity; additionally, much of the binding work, and all of
the structural work utilizes nuclear magnetic resonance
spectroscopic techniques. It is hoped that the results of
these studies add some insight into the mechanism of action of
phoéphoglycerate kinase, and in some way add to the body of

knowledge describing catalysis by kinases in general.



Chapter II
Kinetic Characterization

of Yeast PGK at pH 5.9
A. Introduction

Despite a large body of data in the literature describing
the kinetic behavior of yeast phosphoglycerate kinase, many
questions remain unanswered, particularly regarding the
substrate activation and anion binding effects that have been
observed. Early work with this enzyme clearly showed substrate
activation effects, manifested as downward curvature in
douSle-reciprocal (Lineweaver-Burk) plots at high
concentration of either substrate (14). This effect has been
variously interpreted, but is generally taken as evidence of
two types of binding sites for each of the substrates; a "high
affinity" site, which has since been shown to correspond to
the catalytic or active site, and a "low affinity" site, which
is postulated to perform a regulatory function (30). 1In
experiments performed at near-physiological pH, Larsson-
Raznikiewicz determined the kinetic constants for PGK under
low and high substrate concentration conditions, corresponding
to the occupation of either the high-affinity site or both
sités, and reported that the K, values for either substrate at
either the low or high affinity site were independent of the

concentration of the other substrate, a finding that suggested



a random kinetic mechanism (14). Working in a substrate
concentration range that allowed characterization of the high
affinity site, Janson and Cleland reported K MATF = 140 uM,
K, 7% = 80 uM, and V,, = 200 units/mg from experiments
performed at pH 7 (31).

The inclusion of sulfate in the reaction medium has been
shown to activate PGK, increasing V_,, and K, for both
substrates; maximal activation is seen in the range of 5-40 mM
sulfate, depending on the concentration of substrates present
(15) . Increases in V,,, of up to five-fold have been reported
in the presence of sulfate (32). Sulfate also acts to
eliminate the substrate activation effects observed with this
enzyme. These sulfate activation experiments are complicated
by the fact that the ionic strength of the reaction mixtures
was not strictly controlled; thus, it is difficult to separate
out ‘sulfate-specific activation effects from general anionic
strength effects. Scopes has shown that release of 1,3-
bisphosphoglycerate is the rate limiting step in the catalytic
mechanism, and proposed that the release of 1,3-
bisphosphoglycerate is accelerated when sulfate is present
(15) . Interestingly, studies by M. Cohn and co-workers showed
that although sulfate activates catalysis by PGK, the actual
rate of transfer of phosphate from MgATP to 3PGA is reduced by
15% in the presence of sulfate (33).

The theories which have been proposed to explain the

mechanism of activation of PGK by substrates and by sulfate



adhere to two basic models (15,30). In the model described by
Fairbrother et al. (30), two anion binding sites are proposed:
1) a primary general anion binding site, which shares at least
two residues involved in 3PGA binding, and is believed to
mediate activation effects, and 2) a secondary general anion
binding site, whose occupation at very high anion
concentration leads to inhibition. Scopes presents a different
model (15), in which he suggests a two-step dissociation for
the.product 1,3-bisphosphoglycerate, with both substrates and
sulfate activating catalysis by accelerating the dissociation
of 1,3-bisphosphoglycerate. Both of these models will be
analyzed in greater detail in the General Discussion section
(Chapter V), regarding both how well they explain previously
observed properties of PGK, and how well they fit with the
results of the present studies.

The inhibition of PGK by the MgATP analog CrATP was found
to be linear competitive versus both MgATP and 3PGA in
experiments performed at pH 7 (26). From that data, KT
versus MgATP was found to be 700 uM, and K™ versus 3PGA was
fouﬁd to be 370 uM. However, several technical points render
this data suspect, including the presence of a large excess of
free Mg?>* (which has been shown to have an inhibitory effect
on this enzyme) and the fact that the experiments were carried
out at a pH where the stability of CrATP is significantly
reduced (since the exchange of Cr’* ligands is both acid-énd

base catalyzed (34)).



" One of the stated goals of this research was to use §,vy-
bidentate CrATP as an NMR probe of the active site geometry of
PGK. To allow for this, a complete kinetic chracterization of
the enzyme at pH 5.9 was necessary. This is a pH at which
CrATP is stable for 1long periods, and since the NMR
experiments proposed would sometimes cover periods of up to 60
hours, it first had to be shown that the kinetic behavior of
PGK was unchanged at this pH as compared to observations at pH
7.5-8. This would demonstrate that no drastic structural
changes were induced at the pH of the NMR studies, therefore
showing that structural information obtained in this way
applied to the physiologically relevant form of the enzyme,

not an artifactual conformation induced by pH.

B. Experimental Procedures

1. Materials

Yeast phosphoglycerate kinase and rabbit muscle
glyceraldehyde phosphate dehydrogenase (GAPDH) used in these
studies were obtained as ammonium sulfate precipitates from
Boehringer-Mannheim. PGK was further purified by gel
filtration using a Sephacryl HR-200S column equilibrated with
5 mM MES-NaOH pH 5.9 and was stored at -80°C as a lyophilized
poﬁder. The enzyme was homogeneous as determined by SDS-

polyacrylamide gel electrophoresis, with a specific activity
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of 250 umoles/min/mg protein at pH 5.90. GAPDH was separated
from ammonium sulfate either by dialysis or by gel filtration
using a Sephadex G-25 column equilibrated with 10 mM Tris-HCl
PH 1.5, and was stored frozen at -20°C. 3-Phosphoglycerate was
obtained as a barium salt from Sigma, and was converted to the
sodium form using the following procedure: the barium salt was
dissolved in HCl, treated with a near-stoichiometric amount of
H,S0, to precipitate the barium, neutralized with NaOH, and
passed through a column of Chelex 100 resin to remove
remaining trace metals. The concentration of the resulting
3PGA solution was determined enzymatically. Vanadate-free ATP
was obtained from Sigma as a disodium salt; CrCl, was from
Morton Thiokol. All other reagents were of the highest purity
commercially available. Buffers and ATP solutions were passed
over Chelex 100 resin to remove trace metals prior to use; the
conéentration of ATP solutions was determined
spectrophotometrically at 260 nm, using an extinction

coefficient of g,, = 15,400 M! cml.

2. Preparation of CrATP

B,y-bidentate CraATP(H,0), was prepared basically as
described by Dunaway-Mariano and Cleland (24). On ice, 10 ml
of a 20 mM aqueous solution of CrCl; was added to 10 ml of 20
mM ATP at pH 3.0; the resulting solution was heated to 80°C
and maintained at that temperature for ten minutes. The

solution was then cooled to 4°C and loaded (at 4°C) onto a 0.5
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X 10 cm column of Dowex-50W cation exchange resin (2% cross-
link; Sigma Biochemicals) which had been pre-washed with 0.1
N HCl followed by sufficient de-ionized water to return the
effluent to pH 6. After sample application the column was
washed with sufficient de-ionized water to elute any unreacted
ATP and to resolve the CrATP from unreacted Cr’*(H,0),, which
remained at the top of the resin. The Cr“'(Hzo)6 layer was
carefully removed with a pasteur pipette and discarded; the
intense green CrATP band was then removed with a clean pasteur
pipette and loaded onto the tép of a small (1 cm x 1 cm)
Dowex-50W (2% cross-link) column which had been freshly
treated by washing with 6 N HC1l followed by enough de-ionized
water to return the effluent to aqueous pH. CrATP was eluted
from this column with a solution of 0.3 M aniline, and was
collected in 0.5 ml fractions. The final fractions were
discarded to reduce the presence of excess aniline in the
CrATP. The CrATP solution was then immediately extracted four
times with diethyl ether to remove any contaminating aniline,
and residual ether was removed by passing a stream of nitrogen
through the solution. Finally, the pH of the CrATP solution
was set in the range of 4-5, and the solution was diluted to
a final concentration of 8-15 mM. The concentration of the
CrATP was spectrophotometrically determined as previously
described (24). Solutions were stored at 4°C and used within

5 days of preparation.
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3. Assay Method

Kinetic assays were performed by measuring
spectrophotometrically the decrease in absorbance at 340 nm
associated with the oxidation of NADH in a coupled-enzyme
assay system using GAPDH as the coupling enzyme. Although the
equilibrium of the PGK reaction 1lies in favor of ATP
formation, the enzyme activity is usually assayed in the
direction of gluconeogenesis (due to the instability of 1,3-
bisPGA under the assay conditions), so that reaction progress
can be monitored through the coupling enzymatic activity, as

shown below:

- PGK
3-Phosphoglycerate + MgATP —S20
1,3-Bisphosphoglycerate + MgADP
and
1,3-Bisphoglycerate + NADH + H* —GAPDH o,
P—
Glyceraldehyde 3-phosphate + NAD* + P,

Assay mixtures contained 0.052-3.44 mM ATP, 0.076-1.58 mM
3PGA, 120 mM NaCl, 50 mM MES-NaOH pH 5.90, and MgCl, in 1 mM
excess of total nucleotide concentration. MgATP concentrations
were calculated based on a K, for MgATP of 80 uM (35). In all
assays, the NADH concentration was sufficient to give 1-1.3
absorbance at 340 nm, and at least 150 ug coupling enzyme was
used, which was found to be not rate limiting at double the

PGK concentration with the highest substrate concentration

13




used. The effect of varying both substrates was examined, both
in the presence or the absence of 40 mM sulfate ion. In order
to maintain a constant ionic strength, NaCl was omitted when
sulfate ion was used. Measurements were taken using 1 cm
quartz cuvettes thermostatted to 25°C in a Beckman DU-70
spectrophotometer, with a 1 ml reaction volume. 0.25 ug of PGK

was added to start the reaction.

C. Results

1. Kinetics of PGK at pH 5.9

Lineweaver-Burk plots of PGK activity exhibited downward
curvature at high substrate concentrations when either
substrate was varied (Figure II-1; data shown only for MgATP
as varied substrate). This is similar to previous observations
at pH 7.5-7.8 (32,36). When extrapolated back to infinite
velocity, the regions corresponding to high substrate
concentration (greater than 600 uM 3PGA or MgATP) yielded the

v,

and K, values for the low affinity site for each substrate
(Table II-1). The high affinity regions were examined more
closely in separate experiments (Figure II-2), which yielded
the substrate K, values listed in Table II-1. These values
were similar to those reported in the literature for the pH
range 7.5-7.8. The results also showed that the K, for each

substrate was independent of the concentration of the other
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substrate, a result which is consistent with the random bi-bi
kinetic scheme that has been proposed for this enzyme (14).
Substrate activation effects were absent when 40 mM
sulfate anion was included in the reaction mixture (Figure II-
3) . The presence of sulfate raised the K, 3.5 fold and 15 fold
for MgATP and 3PGA, respectively, and V,, increased 2 fold
(Table II-1). As was the case seen in the absence of sulfate,
K, for each substrate was independent of the concentration of
the other substrate. When compared with the kinetic data in
the literature, these findings clearly show that the kinetic
behavior of PGK at pH 5.90 is unchanged when compared to that

observed at pH 7.5-7.8 (32,36).

2. Inhibition by CrATP

Kinetic analysis of the inhibition of PGK by CrATP was
performed at several different (constant) concentrations of
the second substrate 3PGA, and showed that CrATP is a linear
competitive inhibitor with respect to MgATP at pH 5.90 (Figure
II-4 and inset). Interestingly, however, extrapolation of
plots of slope vs. [CrATP] to determine Ki.,p for each of the
experiments revealed that the apparent KCSAT? jncreased as the
concentration of the fixed substrate (3PGA) was increased
between 70-700 uM 3PGA (Figure II-5). Linear extrapolation of
the apparent K™ values observed in the presence of various
concentrations of 3PGA yielded a K®™ of 70 + 14 uM in the

absence of 3PGA (Figure II-5). In the presence of 40 nmM
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sulfate, CrATP was still a linear competitive inhibitor of the
enzyme with respect to MgATP (Figure II-6 and inset) with a K
value of 725 + 178 uM. However, the observed K, for CrATP was
found to be independent of the concentration of 3PGA over the
concentration range used (Figure II-5). It was not possible to
extend this work to higher 3PGA concentration due to the fact
that the high concentration of CrATP needed for inhibition
under these conditions was found to have adverse effects on
the activity of the coupling enzyme (GAPDH) used in these
assays. The implications of the differential inhibition of PGK
by CrATP in the absence and presence of sulfate, as they
pertain to active site geometry, will be discussed later.
The inhibition of CrATP versus 3PGA was analyzed at three
different concentrations of MgATP, in the absence and presence
of sulfate. Figure II-7 shows the mixed-inhibition pattern
that was observed at all MgATP concentrations when 3PGA was
the variable substrate in the absence of sulfate (data shown
for only one concentration of MgATP). Replots of K,(slope) vs.
[MgATP] and K(intercept) (=fK;) vs. [MgATP] yielded K;(slope)
= 40 * 20 uM and K;(intercept) = 600 + 150 uM (Table II-1). In
the presence of 40 mM sulfate, the inhibition was non-
competitive (Figure II-8; data shown for only one
concentration of MgATP), with K/(slope) = 570 % 130 uM and
K;(intercept) = 450 + 100 uM (Table II-1l). Previous studies of
this type, conducted by Dunaway-Mariano and Cleland (26), had

suggested that CrATP was a competitive inhibitor of PGK with
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respect to both substrates; however, detailed analysis of the
type described here was not performed by that group.
Considering the relation K (intercept) = PK,(slope), and
knowing that f§ represents the factor by which the dissociation
constant for 3PGA is changed by the binding of CrATP, it is
clear that in the absence of sulfate K;(slope) # K;(intercept),
that is, B8 # 1. B wvalues which deviate from unity are
indicative of mixed-type inhibition, wherein saturating
amounts of the non-varied substrate are not sufficient to
overcome inhibition. In the presence of sulfate, K;(slope) =
K,(intercept) (within experimental error), that is, 8 = 1,

indicating purely non-competitive inhibition.

D. Discussion

As shown in Table II-1, the kinetic constants for the
formation of 1,3-bisphosphoglycerate and MgADP from 3-
phosphoglycerate and MgATP by PGK indicate no significant
changes in the kinetics of PGK at pH 5.9, a pH at which the
metal-nucleotide analog CrATP is stable for extended periods
of time. The effects of sulfate on enzyme kinetics which have
been previously observed at pH 7.5-7.8 (32,36), namely enzyme
activation and 1loss of substrate activation, were also
obsgrved under the conditions of the present study.

When 3PGA was the variable substrate, the inhibitory .
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behavior of CrATP was found to be dependent on the presence or
absence of sulfate. When sulfate was excluded, mixed-type
inhibition was observed; detailed analysis of this phenomenon
showed that the dissociation <constant of 3PGA was
significantly affected by the binding of CraATP under these
conditions. We have interpreted this in terms of a physical
interaction of CrATP and 3PGA at the active site mediated by
exchange-inert water ligands in the coordination sphere of
cr’* upon formation of the ternary PGK-3PGA'CrATP complex.
Although enzyme active site closure may bring 3PGA and CrATP
into close proximity under these conditions, the presence of
exchange~-inert water ligands in the Cr’* coordination sphere
may prevent the approach of 3PGA to CrATP, thereby creating an
"overlap" interaction between the substrates. On the other
hand, when sulfate is present, CrATP was purely non-
competitive with respect to 3PGA; under these conditions, the
active site may adopt a conformation that does not necessitate
such a close approach of CrATP and 3PGA. The bound sulfate may
physically prevent complete active site closure, or may induce
active site conformational changes that create a more open
arrangement. The observed inhibitory patterns may simply
reflect this difference in active site geometry when sulfate
is present. An alternative explanation is that binding of 3PGA
occurs at a second site and creates the observed effects
through propagated conformational changes. A model to explain

the observed effects is shown in Figure II-9. These effects
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would be unobservable with metals such as Mg?’* and Mn’*, which
have much higher ligand exchange rates than cr’*.

CrATP is a linear competitive inhibitor of PGK with
respect to MgATP under the conditions of the present study,
indicating that CrATP binds to the MgATP binding site., Further
insight is gained by examining the effect of sulfate on the K,
of both substrates as well as its effect on CrATP inhibition.
Table II-1 shows that the K, for both substrates is increased
when sulfate is present in the reaction mixture. The affinity
of the enzyme for CrATP is also greatly reduced in the
presence of sulfate; furthermore, the dependence of K™ on
the concentration of 3PGA is abolished. It has been suggested
that binding of sulfate to PGK causes conformational changes
which result in lowered affinity for both substrates (15,16).
This idea is supported by the present study, and a further
effect of sulfate binding is also suggested, namely that the
substrate binding sites change orientation relative to one
another such that the closed form of the enzyme no longer has
the 3PGA and metal-ATP binding sites in a relative geometry
that necessitates close approach of 3PGA to the metal ion, as
also suggested from previous studies in this laboratory (37).
Similarly, the activation effect of sulfate could be explained
on the basis of this model, wherein a less closed form of the
enzyme allows more rapid release of 1,3-bisPGA product, which
is the rate limiting step in the catalytic mechanism; the

studies by Scopes cited earlier suggested that this may indeed
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be the case (15). Additionally, the observation of Cohn and
co-workers that the actual rate of transfer of phosphoryl from
MgATP to 3PGA was reduced in the presence of activating
concentration of sulfate (33) is consistent with a
conformationally-altered active site under those conditions.
These findings are in excellent agreement with the sulfate
effect found in this study.

The kinetic data described here show no significant
deviation from previous observations in other laboratories
obtained under conditions that were more closely
physiological. Therefore, the conclusion that structural
studies performed at this pH will directly apply to the native
form of PGK appears justified. In preparation for the NMR
measurements, the next step in the project was to characterize
the binding affinity and stoichiometry of the various ligands
to PGK under the current pH conditions. This will allow for
the quantitation of the amounts of the various complexes

present in the NMR samples, making analysis of paramagnetic

relaxation data useful for distance determinations.




Chapter III

Analysis of Ligand Binding to PGK at pH 5.9

A. Introduction

" Investigation of the stoichiometry and dissociation
constants of binary and ternary complexes of enzymes with
paramagnetic metal ions, paramagnetic substrate analogs, and
diamagnetic substrates is a field of study in which magnetic
resonance techniques have proven extremely useful. 1In
particular, the measurement of the longitudinal relaxation
rates (1/T,) of water protons in the coordination sphere of
paramagnetic metal ions has provided much structural, kinetic,
and thermodynamic information on such complexes (38,39).
Additionally, metal coordination schemes (40) and the exchange
rates of substrates into and out of paramagnetic environments
on enzymes (41) have been determined. Estimation of ligand
stoichiometries and dissociation constants has also been
accomplished through the use of various other techniques,
including equilibrium dialysis with radiolabelled ligands (42)
and non-equilibrium binding methods such as Penefsky's
centrifuged-column procedure (43).

Understanding how stoichiometries and dissociation
constants can be obtained from water proton relaxation data

requires some familiarity with the principles of NMR. The
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theory describing the physical basis of the nuclear magnetic
resonance phenomenon has been comprehensively reviewed (44,45)
and will only be briefly described here. Spin 1/2 nuclei
(among which 'H, Bc, and %P are of chief biological interest)
possess net magnetic moments which, when placed in an external
magnetic field, will equilibrate by aligning themselves with
respect to the direction of the applied field. The magnetic
vectors also experience a torque that will cause them to
precess about the axis of the applied field at a frequency
called the Larmor frequency, which is characteristic for a
given nucleus. This system can be perturbed away from
equilibrium by the application of a radio frequency (RF)
pulse, resulting in an excited state wherein the direction of
the net magnetic vector has been tilted away from its
equilibrium alignment in the external field (by an amount
determined by the power and duration of the RF pulse), and
where the nuclear magnetic vectors have aligned to precess in
phase with each other. The mechanisms that modulate the return
of this system to the ground state are collectively termed
relaxation. Specifically, longitudinal relaxation, with its
associated first-order rate constant 1/T,, governs the return
of ﬁhe net magnetic vector to alignment with the external
magnetic field; loss of RF-induced phase coherence occurs via

a process known as transverse relaxation, with a first order

rate constant 1/T,.




The measurement of water proton 1/T, values as a tool for
investigating binding to macromolecules depends on mechanisms
by which water proton relaxation rates are enhanced. In order
for longitudinal relaxation to occur, the excited nuclei must
lose magnetic energy to their surroundings (the "lattice").
For this to happen, the lattice must be capable of absorbing
magnetic energy at the Larmor frequency of the excited
nucleus. The magnetic interaction between a nucleus and the
lattice is governed by molecular tumbling in solution. For
protons of small molecules like water, transfer of magnetic
energy to the lattice is inefficient due to the fast rate of
tumbling of the water molecule as compared to the proton
Larmor frequency (10" sec!, versus 6.3 x 10%® sec! at a field
strength of 2.35 Tesla, respectively). The association of a
water molecule with a macromolecule or a
macromolecule-paramagnet complex can enhance 1/T, by two
mechanisms. First, upon immobilization of a water molecule on
a macromolecule, the spin-lattice interaction of the water
protons is modulated by the slower tumbling time of the
macromolecular complex (~10® sec!), increasing its efficiency.
Second, paramagnetic species contain unpaired electrons which
give them much stronger magnetic moments than protons, making
them more efficient acceptors of magnetic energy; exchange of
water molecules into and out of the coordination sphere of a
paramagnetic ion can therefore increase the 1/T,'s of water

protons through increased interaction with the paramagnet.
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As will be seen in the next chapter, the measurement of
paramagnetic-metal to nucleus distances using NMR methods
relies on accurate characterization of all complexes present
in the NMR samples. Since the experiments proposed for this
system involved NMR analysis of the ternary PGK-3PGA'CrATP
complex, it was vital that the stoichiometries and
dissociation constants of the ligands to all possible binary
and ternary complexes be determined. This was accomplished
through a combination of techniques, utilizing NMR examination
of binary and ternary complex formation, as well as the
binding of radiolabelled substrate analogs to the enzyme. The
results of the experiments presented in this section allow for
precise quantitative treatment of the paramagnetic distance

measurement data.

B. Experimental Procedures

1. Materials

Yeast phosphoglycerate kinase used in these studies was
obtained as an ammonium sulfate precipitate from Boehringer-
Mannheim, and was further purified as described in the
"Experimental Procedures" section of Chapter II. The enzyme
was homogeneous as determined by SDS-polyacrylamide gel
electrophoresis, with a specific activity of 250 umoles/min/mg

protein at pH 5.9. f,y-bidentate CrATP was synthesized as
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previously described (Experimental Procedures, Chapter II),
and was used as a diastereomeric mixture. ATP was obtained
from Sigma; [y-*P] ATP was obtained from Amersham. All other
reagents were of the highest purity commercially available.
All buffers and nucleotide solutions were passed over Chelex

100 resin to remove trace metals prior to use.

2. Preparation of [y-32P] craTP

[y-P]-labelled CrATP(H,0), was prepared in the same way
as was the unlabelled compound (24), with the following
modifications (46). The reaction was scaled down by a factor
of ten, such that 1 ml of 20 mM CrCl; and 1 ml of 20 mM ATP
(unlabelled) were mixed on ice to give 2 ml reaction volume.
To this was added 10 xl of 25 uCi/ul [y-¥?P] ATP (not more than
0.08 pmoles total [y-*P] ATP). The yield of the reaction was
1 ml of 14 mM [y-?P] CrATP (14 pumoles), with a specific
activity of 12.6 cpm/pmole as determined by scintillation

counting.

3. Analysis of CrATP Binding via Circular Dichroism (CD)
Spectroscopy

Analysis of the preferential binding of either the A or
A isomer of CrATP to PGK was performed through inactivation of
PGK with racemic CrATP, followed by removal of PGK-bound CrATP
by filtration and analysis of the unbound fraction by €D

spectroscopy. The inactivation mixture consisted of 3.24 mM
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CrATP, 0.146 mM PGK, 100 mM NaCl, and 50 mM MES-NaOH pH 5.9 in
a total volume of 9 ml. Progress of inactivation was monitored
by taking 1 ul aliquots from the inactivation mixture,
diluting it into 50 ul of 50 mM MES-NaOH 100 mM NaCl mixture,
and then analyzing a 5 ul aliquot of the diluted enzyme in a
PGK activity assay as described in Chapter II, "Experimental
Procedures". The enzyme was found to be 90% inactivated after
90 minutes of incubation at 25°C. The inactivated PGK,
together with the bound CrATP, was separated from the unbound
CrATP by filtration through a collodion membrane (MW cutoff
25,000, Schleicher & Schuell) using a vacuum collodion
filtration apparatus at 4°C. The composition of the filtrate
was.analyzed between 450 nm and 700 nm using a Jasco J40A
spectropolarimeter, with a 10 cm path length quartz cuvette.
A sample consisting of 3.24 mM racemic CrATP in 100 mM NacCl

and 50 mM MES-NaOH pH 5.9 was used to calibrate the baseline.

4. Binding Studies with [y-2P] craATP

Binding experiments were carried out using a centrifuged-
column procedure (47). Pre-incubation mixtures containing 50
mM MES-NaOH pH 5.90, 120 mM NaCl, and 145 uM PGK were
incubated for 1 minute at room temperature. Varying amounts of
[y-?P] CrATP, along with de-ionized H,0 sufficient to give a
final volume of 100 ul, were added to the pre-incubation
mixfure, and the samples were incubated for 3 minutes at room

temperature. 90 pul aliquots were then loaded onto freshly spun
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Sephadex G-50 (fine) columns (60 seconds pre-spin at 900 rpm
in a Clay-Adams Dynac II centrifuge) and centrifuged for 90
seconds at 900 rpm (180 x g). Column effluent was taken up in
8 ml aqueous counting scintillant (Amersham) for scintillation
counting. The experiment was repeated including 4.43 mM 3PGA

and/or 40 mM sulfate ion in the pre-incubation mixture.

5. Magnetic Resonance Measurements.

NMR studies of water proton relaxation rates were carried
out using a Seimco pulsed NMR spectrometer as previously
described (48,49). Titrations were performed at 24.3 MHz at a
probe temperature of 21°C. Longitudinal relaxation rates were
measured using the 180°-7-90° pulse sequence of Carr and
Purcell (50), with a delay of 5T, to allow for complete

relaxation. T, values were calculated from

T, = t(null)/1ln 2 (Equation III-1)
where 7(null) is the delay between the 180° and 90° pulses.
The paramagnetic contribution to the relaxation rate (1/T,,)

was taken as the difference between the observed relaxation

rate in the presence (1/Twy) and absence (1/T,,) of CrATP:
1/Tlp = 1/T1(ob.) = 1/T1(o) (Equation III-Z)

The observed enhancement (&°) of the relaxation rate is
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defined as the ratio of the paramagnetic contribution in the
presence of the enzyme (denoted by *) to that in the absence

of the enzyme:

= — (Equation III-3)

C. Results

1. Stereoselectivity of Phosphoglycerate Kinase

When the <y-phosphate of ATP becomes coordinated to
chromium, the phosphorous becomes prochiral but not
asymmetric. However, asymmetry is introduced at the -
phosphorous upon coordination of the fB-phosphate. The
remaining two oxygen ligands of the f@-phosphorous present two
different possible points of attachment for the AMP moiety,
one ‘leading to right hand screw sense (the A isomer) and the
other leading to 1left hand screw sense (the A isomer).
Inactivation of PGK with a racemic mixture of CrATP, followed
by removal of PGK and bound nucleotide by filtration, resulted
in enrichment of the A isomer of CrATP in the remaining

éolution as determined by CD spectroscopy (data not shown).
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This result indicates preferential binding of the A

diastereomer by the enzyme.

2. Binding of [y-32P] CrATP to PGK

The binding of ([y-P] CrATP to PGK was investigated in
the presence or absence of 3PGA and/or sulfate (Figure III-1).
Formation of the binary enzyme'CrATP complex in the presence
and absence of sulfate could not be detected with the
centrifuge column method used in these studies. This is
probably due to fast off rates of CrATP from the enzyme, which
is presumably in the "open" conformation when 3PGA is absent.
As the figure shows, in the presence of 4.43 mM 3PGA, 1:1
mol/mol binding of CrATP to PGK was observed, with a
dissociation constant of 550 + 120 uM. This value agrees well
with the K; values in the kinetic studies in the presence of
70-700 uM 3PGA. The presence of both 3PGA and sulfate in the
pre-incubation mixture resulted in biphasic binding of CrATP
to PGK under these conditions. The data is shown with a fitted
curve which assumes two types of non-interacting binding sites
for CrATP. The observed stoichiometries of 0.85 *+ 0.06 and 3.0
t+ 0.38, with dissociation constants of 900 + 70 uM and 6000 *
450 uM respectively, suggest that the affinity of CrATP to the
enzyme is lowered when sulfate is present. The high affinity
site for CrATP probably represents the active site; the low
affinity sites may represent non-specific binding of CraATP to

the enzyme-3PGA complex, since very high concentrations of
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CrATP were required in order to achieve high occupancy of the
high affinity site. These findings are consistent with the
kinetic data and with the hypothesis that the active site may
not be tightly closed when sulfate is present. The resulting
binding constants from all Scatchard analyses are summarized

in Table III-1.

3. Water Proton Relaxation Enhancement Studies

Binding of CrATP to the enzyme increased the observed
relaxation rates of water protons. Experiments were performed
with different PGK/CrATP ratios which allowed extrapolation to
infinite enzyme concentration in order to determine the binary
enhancement factor (¢&,) in the binary PGK'CrATP complex (Table
III-1). The results of such experiments are shown in Figure
III-2, which yielded ¢, of 1.46 * 0.12. Since the observed
enhancement (&°) includes the contributions of relaxation
rates due to free and bound CrATP, the determined ¢g,, together
with the observed enhancements, were then used to calculate
the concentration of free and bound CrATP in the solutions of

enzyme and CrATP according to the equation (51):

[P]; (Plo

&€ = —8 + — g (Equation III-4)

(Plr (Plr

where (P]l;,, [(P],, and (P]; are free, bound, and total
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concentrations of paramagnetic species, respectively. & is the
enhancement due to free paramagnet, which equals one by
definition. Scatchard analysis of this data is shown in Figure
III-3, which yielded a dissociation constant of 60 + 19 uM for
the enzyme CrATP complex, with a stoichiometry of 1.2 * 0.4
mole CrATP per mole enzyme (Table III-1). The determined
values are in agreement with the kinetic data, despite the
fact that the data in Figure III-3 has considerable noise
because of low enhancement values.

The formation of ternary PGK'CrATP'3PGA complex was
monitored by titrating PGK'CrATP complex with 3PGA. Figure
III-4 shows the results of such titrations starting from
various CrATP/PGK ratios (from 1/3 to 4/3). The enhancement of
the observed relaxation rates (&°) increased at low 3PGA
concentration, and began to decrease at higher 3PGA
concentration. Similar titrations performed in the presence of
sulfate yielded curves which are almost mirror image of those
observed in the absence of sulfate (Figure III-5), where an
initial de-enhancement at low 3PGA concentration was followed
by enhancement as 3PGA concentration increased. These results
clearly show the formation of the ternary PGK'CrATP:3PGA
complex in both cases. The results further suggest that the
environment of metal at the active site is different in the
presence and absence of sulfate. Attempts were made to obtain
an enhancement factor for the ternary complex (¢,) by curve

fitting as described earlier (48,52). The data could not be
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explained by a single ¢ value, suggesting multiple
conformational changes during the formation of the ternary

complex or multiple binding of 3PGA to the PGK'CrATP complex.

D. Discussion

Inactivation experiments showed preferential binding of
the A isomer of CrATP to PGK as measured by CD spectroscopy of
the inactivation supernatant. This observation agrees with the
results of earlier studies using MgATP analogs which had
sulfur substituted for the B-phosphorous (MgATPBS) (25); these
studies showed specific binding of the S, isomer, which
corresponds to the A screw sense isomer of CrATP (53).
However, this is in contrast to observations with hexokinase,
which exclusively binds the A isomer of CrATP (54).

Binding experiments showed that the presence of 3PGA was
necessary to bring about tight binding of CrATP to the enzyme.
Since the dissociation constant of CrATP from the binary
complex is much lower compared to the ternary complex (Table
IITI-1), this observation suggests that binding of 3PGA is
necessary for active site closure, which may trap the
substrates at the "closed" active site, thereby reducing the
off rate of CrATP significantly. Similarly, Williams and co-
workers found that binding of 3PGA to PGK caused structural
changes in the enzyme even in the absence of nucleotide (30).

Inclusion of sulfate in the pre-incubation mixture resulted in
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an increase in the dissociation constant for CrATP. Fitting of
the data by assuming two types of independent sites yielded a
K, "™ of 900 t+ 70 uM for the high affinity site, which is in
good agreement with the kinetic findings, and 0.85
stoichiometry of CrATP to PGK. Additional CrATP binding sites
observed under these conditions are probably the result of
non-specific interactions between CrATP and the enzyme, since
much higher y-"P-CrATP concentrations were necessary due to
the presence of sulfate.

The binding of CrATP to PGK in the absence of 3PGA was
studied by measuring the 1/T, of water protons. The results
showed a 1.46 fold enhancement of the paramagnetic effect of
CrATP on the observed relaxation rates of water protons when
compared to free CrATP, clearly indicating the formation of a
binary PGK'CrATP complex. Titration of the binary PGK:CrATP
comblex with 3PGA yielded multiphasic curves (Figures III-4
and III-5). Net enhancement or de-enhancement of observed
relaxation rates results from changes in the correlation time
for the electron-nuclear dipolar interaction (t.) and/or
altered solvent accessibility of bound paramagnet (48) . Given
this, the ternary titration data can be explained in terms of
a model which involves two binding sites for 3PGA, a high
affinity site (presumably the catalytic site) and a 1low
affinity "anion binding site". In the absence of sulfate, an
initial enhancement upon binding 3PGA to the active site could

reflect a conformation in which an increase in 1, overcomes a
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loss of solvent accessibility to Cr’* due to closure of the

active site. At higher 3PGA concentration, the anion site
becomes populated, and a new interplay of 7, and solvent
accessibility is observed, which represents a different
conformation around the metal ion at the active site. However,
this experiment is complicated by the fact that the affinity
of CrATP to the enzyme is decreased in the presence of 3PGA.
Therefore, the observed decrease in &  may be due in part to
the increased dissociation of CrATP from the enzyme.

In the presence of sulfate the initial complex presumably
has the anion site occupied by a sulfate molecule. Low 3PGA
concentration would therefore populate the active site, and
the observed net de-enhancement reflects an altered
environment for bound CrATP under these conditions. Higher
3PGA concentration induces further changes at the active site
which are evident from the observed enhancements. Since the K;
of CrATP is independent of 3PGA concentration when sulfate is
present (as shown in the kinetic studies), these observations
suggest the binding of a second 3PGA molecule to the
PGK'CrATP 3PGA complex. Whether 3PGA displaces sulfate at the
anion site or binds to another site cannot be distinguished
with our data.

The results of the ternary titrations indicate that the
initial ternary complex is conformationally different in the
absence or presence of sulfate, which is shown by the changes

in &' in opposite directions. &' reaches a maximum or minimum
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in fhe presence or absence of sulfate, respectively (Figures
III-4 and III-5), thus indicating two different ternary
complexes in which the metal is exposed to different
environments. The effect of sulfate observed in the present
studies cannot be attributed to a salt effect since the ionic
strength was kept identical in both systems by the inclusion
or omission of NaCl. Furthermore, although two nucleotide
binding sites are present, the above observations can not be
attributed to redistribution of ATP between enzyme sites and

metal, since CrATP is an exchange-inert complex.
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Chapter IV
Determination of the Geometry of Substrates

Bound at the Active 8ite of PGK

A. Introduction

Understanding enzymatic catalysis in terms of the
undérlying principles of organic reaction mechanisms requires
precise structural knowledge of the reacting species. X-ray
crystallography of various enzyme-'substrate complexes has
yielded a wealth of information that in many cases has led to
the elucidation of catalytic mechanisms (55,56). Such an
approach has thus far proven to be of only limited usefulness
in the case of phosphoglycerate kinase, due to the
difficulties encountered in attempts to crystallize binary and
ternary complexes of the enzyme with its substrates or with
substrate analogs. In addition, large conformational changes
observed in PGK in solution studies upon the binding of
substrates have led many to question the applicability of X-
ray structures to understanding catalysis by PGK. Certainly,
the X-ray structure of the apoenzyme, obtained in the presence
of a high concentration of sulfate, cannot automatically be
assumed to represent the catalytically competent form of PGK.

Of the techniques available to study molecular structure
in solution, only NMR has proven to have the resolution

necessary for characterization of active site geometry. During
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the 1970's, NMR measurement of the distances of substrate
nuclei to a proximal paramagnetic reference point emerged as
a prominent field of structural study. The technique has been
successfully applied to the elucidation of the conformation of
substrates and substrate analogs bound at the active site of
adenylate kinase (57), pyruvate kinase (58), staphylococcal
nuclease (59), and yeast metalloaldolase (60), to name but a
few. In addition, nuclear Overhauser effect (NOE) studies have
been used to delineate active site geometry of enzymes such as
creatine kinase (61) and the Klenow fragment of DNA
polymerase I (62), among others.

Determination of distances between paramagnetic metal
centers and substrate nuclei relies on evaluation of 1/T,,, the
effect of the paramagnet on 1/T, values of those nuclei; the
magnitude of this effect exhibits a 1/r® dependence on the
distance betw