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ABSTRACT

Fully deuterated yeast phosphoglycerate kinase was
purified from yeast strain 20B-12, using plasmid pCGY219
to overproduce the enzyme. The yeast cells were grown in
D,0 with deuterated algal hydrolysate as a source of
amino acids and deuterated ethanol as a carbon source.
The enzyme was ascertained to be fully deuterated by
comparison of its one-dimensional !H NMR spectrum with
that of a matched sample of the normal enzyme. The
deuterated enzyme was then characterized by kinetic and
binding studies to determine that its properties were not
significantly different from those of the normal enzyme,
and that the deuterated enzyme would thus be suitable for
further structural studies. The deuterated enzyme was
found to have K, values of 162 uM for MgATP and 168 uM
for phosphoglycerate; these are in good agreement with
the Ky values of the normal enzyme. The V, value of the
deuterated enzyme, 373 umol/mg.min, is also in good
agreement with that of the normal enzyme. In binding
studies, all binding properties of the deuterated enzyme
with regard to the catalytically relevant ternary complex
are similar to those of the normal enzyme.

One- and two-dimensional NMR studies were done on
the complex formed by PGK and a substrate analogue, 2’/-

deoxy-ATP, using both the normal and deuterated enzymes.
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It was expected that the deuteration of the protein would

allow the substrate resonances to be more clearly visible
and less ambiguous than would be the case in studies of
Mg-2’-dATP bound to the normal enzyme, and this was seen
to be the case. It is hoped that further experiments of
a more quantitative nature aimed at deriving bound MgATP
conformation from NOE constraints will be possible using

the system worked out in this research.
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CHAPTER I

INTRODUCTION

Phosphoglycerate kinase (PGK) or ATP:3-phospho-D-
glycerate l-phosphotransferase (EC2.7.2.3) catalyzes the
reversible conversion of ADP + 1,3-bisphosphoglycerate to
ATP + 3-phosphoglycerate (1). As one of the two ATP-
generating enzymes of the glycolytic pathway, PGK is
crucial to the metabolism of all living organisms. It
is, as Mori et al. put it, "among the oldest housekeeping
enzymes in nature." (2)

PGK is a monomeric enzyme of molecular weight about
46,000. Study of the three-dimensional structure and
catalytic mechanism of PGK has been a complex process
because of the difficulty of crystallizing the enzyme in
any complexes with its substrates. Early
crystallographic studies of the yeast enzyme at 3.5 A
resolution (3) determined that the molecule is divided
into two domains of about equal size connected by a
central "hinge" or "waist" region. PGK crystals were
soaked in Mg- and Mn-ADP and phosphoglycerate (PGA), and
5 A resolution X-ray data were collected for these
crystals. Changes in x-ray diffraction intensity were
seen in the crystals soaked in nucleotide substrate, but
no such density change was observed for the PGA-soaked

crystals. A somewhat later study of the horse muscle




enzyme at 3.5 A resolution produced more information,

most of which is thought to be applicable to the yeast
enzyme as well (4). This study found that the two
domains of PGK correspond to the C-terminal and N-
terminal regions; that the two domains are almost exactly
the same size and that each is composed of a central (-
sheet of six parallel strands surrounded by helices. It
was also found that although there is a "waist" region
(residues 186-189) that connects the two domains, no
feature of secondary structure crosses from one domain to
the other. The probable binding site for ATP was located
in the C-terminal domain; however, no binding site for
PGA was found. In addition, the binding site for ATP was
in a location which would seem to be unsuitable for
possible PGA binding, the nearest functional groups which
could assist with PGA binding being around 10 A away.

The only probable site for PGA binding which could be
deduced from side-chain locations was on the face of the
N-terminal domain opposite the ATP binding site on the C-
terminal domain. This region makes up a cavity or
"binding cleft." If this were the correct binding site,
the y-phosphorus of ATP would be at least 10 A away from
the carboxyl group of PGA, making direct phosphoryl
transfer impossible. Banks et al. suggest a hinge-
bending conformational change upon substrate binding,

bringing the two domains and substrates into closer




proximity for the catalysis to occur. Other evidence of
a large conformational change during catalysis was also
obtained from NMR studies (5) and low-angle X-ray
scattering (6).

The amino acid sequence and three-dimensional
structure of yeast PGK were further elucidated by Watson
et al. (7). The effects of sulfate, used in the
enzyme crystallization process, were recognized as
interfering with the crystallization of substrate-bound
enzyme; since sulfate can act as a competitive inhibitor
of either substrate, it was thought that substrate
binding sites could be already occupied by sulfate. An
alternative suggestion was that PGA, the more difficult
of the two substrates to crystallize with the enzyne,
could already be present as a copurified contaminant,
accounting for the identical structure of enzyme
crystallized with and without PGA. The data obtained by
Watson et al. led them to agree with the idea of domain
movement at catalysis, and to assert that both MgATP and
PGA must be bound to the enzyme in order for this hinge-
bending conformational change to occur.

Mori et al. (2) studied the DNA sequence of six
different PGKs (mouse, human, horse, yeast, and two
trypanosomes) and found that the "binding cleft"
identified by previous crystallographic studies was

highly conserved. Although yeast and mammalian PGK is




only 65% homologous in primary sequence overall, the
homology of this inner loop region is 94%. The
structural feature of six (-sheets found in the ATP
binding site is a typical feature of nucleotide binding
sites in kinases and NAD- or NADH-dependent
dehydrogenases.

In 1990 Harlos, Vas, and Blake were successful in
crystallizing pig muscle PGK in the presence of PGA
(8). The PGA binding site for this enzyme was located
in the "basic patch" earlier identified as a putative PGA
binding site. This is a cluster of basic residues in the
N-terminal domain in the region opposite the ATP binding
site. Previous mutagenesis studies had shown that two
basic patch residues (His-62 and Arg-170) were involved
in PGA binding (9). Harlos et al. state that their
finding on the pig muscle enzyme-PGA complex are likely
to be applicable to the yeast enzyme as well, basing
their opinion upon the high degree of conservation found
among different PGKs and the fact that all residues known
to be involved in PGA binding in the pig muscle enzyme
are conserved in all known PGK sequences including that
of yeast (9). However, their placement of the PGA binding
site disagrees with earlier suggestions of its location;
thus, the PGA binding site for the yeast enzyme is not

conclusively known.




CHAPTER II
PURIFICATION OF FULLY DEUTERATED

YEAST PHOSPHOGLYCERATE KINASE
A. Introduction

Deuterium (’H), discovered in 1932 by Urey,
Brickwedde, and Murphy (10), is a heavy,
nonradioactive isotope of hydrogen. It has an atomic
mass of 2, and is found in nature as 0.015% of all
hydrogen. Because hydrogen is such a universal component
of all biological compounds, and because the 'H and %H
isotopes differ in chemical properties to such a great
extent, the incorporation of deuterium into biological
systems provides a means of studying many aspects of the
physical properties of these systems. However, these
same characteristics make the deuteration of living
organisms a rather complicated process. As Katz and
Crespi point out, a deuterated organism is an artifact,
and may differ from its normal counterpart in morphology,
cytochemistry, and biosynthetic capacity (11). The
deuterium isotope effect, related to differences in zero-
point vibrational energy between C-H and C-D bonds, may
cause large differences in the rates of many crucial
enzymatic reactions involving the breaking of these

bonds; in addition, the changes in the properties of




hydrogen bonding may affect conformation and helix-coil
transitions in many cell proteins. For many years, until
about 1960, biological experiments with deuterium
indicated that substantial levels of deuteration in an
organism were incompatible with life (11).

The first organisms to be successfully produced in
fully deuterated form were unicellular green algae
(12). In principle, their growth in a deuterated
medium was fairly straightforward, since algae are
autotrophic and require only water (in this case D,0),
inorganic salts, and CO, for growth. However, exposure
to D,0 had an adverse effect upon growth and reproduction
of the algal cells, and full adaptation to growth in D,0
required time periods of 10 days to a month.
Morphological changes were reported in adapting cells,
such as the appearance of "monster" cells of very large
size and abnormally high nucleic acid content (12). Once
the adaptation phase was completed, however, fully
deuterated algae could be cultured at a steady rate.
This algae was useful in two ways: first, studies could
be made of its own enzymes, proteins, and other cell
components (13); and second, extracts prepared from
it could be used as a nutrient medium for the cultivation
of heterotrophic organisms such as yeast and bacteria in
deuterated form. In addition to providing amino acids

and some sugars as nutrients, the extracts made from




deuterated algae were found to supply a variety of
vitamins and "nutritional factors" essential to the
growth of heterotrophs in deuterated media (14).

Mohan and coworkers found that S. cerevisiae could
be grown quite well in fully deuterated form using D,0,
inorganic salts, vitamin supplements, and deuterated
glucose (15). This being the case, it seems
reasonable to suppose that the glycolytic enzymes, such
as phosphoglycerate kinase, would be produced in active
form in the deuterated yeast. Thus, the purification of
fully deuterated phosphoglycerate kinase from yeast grown
in deuterated media would seem feasible. A fully
deuterated enzyme, in which all protons would be replaced
by deuterons, would be "invisible" in 'H NMR and would
enable one to carry out studies of enzyme-bound
substrates without interference from the protein

resonances.

B. Experimental Procedures

1. Materials

Saccharomyces cerevisiae strain 20B-12 and plasmid
pCGY219 were obtained from Ronald Hitzeman of Genentech.
Yeast nitrogen base and casein amino acids were obtained
from Difco; glucose, adenine sulfate, uracil, inositol,

pyridoxine, and thiamine were obtained from Sigma.




Deuterated algal hydrolysate, deuterated algal
lyophilized cells, ?HC1l, NaO’H, deuterated ethanol,’H,0,
and deuterated Tris were obtained from MSD Isotopes,
Cambridge Isotope Laboratories, and Isotech.

All reagents used in protein purification were of
the highest commercially available purity. Column
chromatography was carried out using Sephacryl HR-200S
resin; all column buffers were passed over Chelex 100
prior to use to remove any contaminating metals. A
Filtron Omegacell stirred cell was used to concentrate
column fractions containing protein. PGK activity was
assayed spectrophotometrically using a Beckman DU-70
spectrophotometer. Rabbit muscle glyceraldehyde
phosphate dehydrogenase used in PGK activity assays was
obtained from Boehringer as an ammonium sulfate
precipitate; ammonium sulfate was removed by dialysis
against 2 mM Tris at pH 7.5. ATP (sodium salt), D- 3-
phosphoglycerate (barium salt), and NADH were obtained

from Sigma.

2. Preparation of Deuterated Algal Hydrolysate

Several preparations of deuterated PGK have been
done in the course of this research. For some
preparations, deuterated algal hydrolysate was purchased
and required only neutralization and sterilization for

use. For other preparations, deuterated algal
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lyophilized cells were obtained. Cells were hydrolyzed
in 5N 2HC1 at approximately 110°C with refluxing. The
extract thus obtained was brought to pH 5.5 with 6N NaO’H
and filter sterilized. The optimal concentration of
algal hydrolysate for yeast growth was determined by test
cultures containing varying concentrations of algal
hydrolysate. Concentrations of 5-8% were usually found

to be optimal.

3. Yeast Growth in Deuterated Medium

S. cerevisiae strain 20B-12 was transformed with
plasmid pCGY219, a multicopy plasmid which overproduces
PGK to up to 30% of total cell protein. The yeast strain
is a trp 1 mutant, and the plasmid contains the trp 1
gene; thus growth in medium lacking tryptophan is used to
select for cells containing the plasmid. In both normal
and deuterated media, the use of acid hydrolyzed protein
assures the absence of tryptophan.

Initial yeast cultures were grown in medium
containing 0.67% yeast nitrogen base without amino
acids, 0.5% casein amino acids, 2% glucose, and 0.01
mg/ml adenine and uracil. This yeast was grown
overnight, centrifuged, washed in sterile water,
centrifuged again, and resuspended in sterile ’H,0. A
quantity of this yeast culture adequate to give about 4 x

10° cells/ml was diluted into 25 ml of medium containing
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’H,0, 0.67% yeast nitrogen base without amino acids, 5--8%
deuterated algal hydrolysate, 2% deuterated ethanol,
0.0lmg/ml adenine and uracil, and 0.5 mg/ml thiamine,
pyrodoxine, and inositol. This culture was allowed to
grow to about 7 x 10’ cells/ml and was then diluted into
a further 475 ml of deuterated medium. The growth of
this culture was closely monitored to allow the cells to
attain their maximum density while still being harvested
in the exponential growth phase. Cells were harvested by
centrifugation, washed in sterile water, recentrifuged,

and frozen at -80°C.

4, Purification of Fully Deuterated PGK
The procedure used for the purification of
deuterated PGK was essentially that described by Scopes,
with modifications based upon recent work using a PGK
overexpression vector by Minard et al. (16),
(17). Other adaptations of these procedures were
made to accommodate our conditions of the small-scale
preparation necessitated by the use of deuterated medium.
Frozen deuterated yeast cells were thawed and then
refrozen with dry ice and thawed twice more. The thawed
cells were placed in a lysis solution of volume equal to
that of the cells, containing 0.5M ammonia, 1 mg/ml EDTA,
and 1mM PMSF. The cells were stirred in this solution at

room temperature for several hours and then allowed to

10
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sit overnight at room temperature without stirring.
Stirring was restarted and sufficient 0.5M lactic acid
was added to bring the pH to approximately 7.5. This
solution was centrifuged at 30,000 x g for one hour and
the pellet discarded. 1 mg solid protamine sulfate per
ml of supernatant was added to precipitate contaminating
nucleic acids. This solution was stirred for 30 minutes
and then centrifuged at 20,000 x g for one hour. The
resulting pellet was again discarded. 15 ug DNAse and 20
u4g RNAse per ml of supernatant was added and allowed to
incubate for 15 minutes at room temperature. At the end
of the incubation period, 30 g ammonium sulfate per 100
ml supernatant was added over 15 minutes, the solution
was stirred for a further 30 minutes and centrifuged at
20,000 x g for 15 minutes, and the pellet was discarded.
A second addition of ammonium sulfate (13 g/100 ml
supernatant) was made as above and the solution
centrifuged. The supernatant from this step was treated
with 5M ammonium lactate, pH 3.5, to bring the pH of the
supernatant to 4.3, resulting in the precipitation of the
PGK. The solution was centrifuged as above and the
pellet was dissolved in 1 ml of either 10 mM Tris-HCl, pH
7.5, or 2 mM deuterated Tris-’HCl, pH 7.5. This solution
was loaded onto a Sephacryl HR-200S column (0.9 cm X 95
cm). The column was equilibrated and run in either 10 mM

Tris-HCl, pH 7.5, or 2 mM deuterated Tris-’HC1, pH 7.5.
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Fractions of 1.5 ml were collected and assayed for
protein content and PGK activity.

The protein content of the column fractions was
determined spectrophotometrically using an extinction
coefficient Ay, = 0.5 mg'.ml.cm? (18). PGK
activity was assayed using a coupled-enzyme system with
glyceraldehyde phosphate dehydrogenase as the coupling
enzyme (18). Decrease in A,, was measured as NADH was
oxidized in the assay reaction. The assay solution
contained 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.2 mM
NADH, 4 mM ATP, 5 mM MgCl,, and 7 mM 3-Phosphoglycerate.
At least 150 ug dehydrogenase was used per assay. BAyieo
of fractions containing PGK activity was also determined;
ratios > 1.5 indicate an acceptably low level of
contaminating nucleotides. Purity of the enzyme was
ascertained by SDS-PAGE. Fractions containing the enzyme
were pooled, concentrated, and stored at -80 °C for
further use in kinetic or NMR studies. The enzyme was
found to be fully deuterated by comparison of its 'H NMR

spectrum with that of normal PGK.

12




C. Results and Discussion

Figure 1° shows a denaturing SDS-polyacrylamide gel
of cell lysates prepared from four sources. Lane A is
pure PGK obtained from Boehringer. Lane B is lysate from
the untransformed yeast strain 20B-12 grown in normal
YEPD medium. Lane C is lysate from yeast strain 20B-12
transformed with plasmid pCGY219 and grown in the casein
amino acid/glucose medium described above. Lane D is
lysate from the same transformed yeast strain grown in
normal (undeuterated) algal hydrolysate/ethanol medium.
Lane E is lysate from the same transformed yeast strain
grown in deuterated algal hydrolysate/deuterated ethanol
medium. This gel demonstrates that the plasmid does
cause the yeast strain to overproduce PGK, since the |
heavy protein band which migrates to the same position as
the PGK standard in the lanes containing transformed
yeast lysates is absent in the untransformed yeast
lysate. The gel also shows that PGK is still
overproduced in the cells grown in deuterated medium. The

cultures used to prepare these lysates were grown for

All tables and figures may be found in the

Appendix.
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the same amount of time; since the yeast grows more
slowly in deuterated medium (vide infra), less protein
was produced, but PGK still appears as a proportionately
heavy band in this lane.

Figure 2 shows a typical plot of test cultures grown
to ascertain the optimal concentration of deuterated
algal hydrolysate prepared from lyophilized algal cells.
The -fold increase in cell concentration after 50 hours
growth is plotted against the percentage of hydrolysate
in the medium; in this case optimal growth was obtained
at about 4.5%. The sharp decline in cell growth at
higher concentrations of hydrolysate may indicate the
presence of some unknown toxic compounds. This would
seem likely since the hydrolysate is a crude mixture of
all algal cell components. At any rate, the plot
demonstrates that more nutrient solution is not
necessarily better, and that each preparation of
hydrolysate must be individually tested.

Figure 3 shows growth curves of yeast strain 20B-12
transformed with plasmid pCGY219, grown under three
different conditions: in casein amino acid/glucose
medium, in normal algal hydrolysate/ethanol medium, and
in deuterated algal hydrolysate/deuterated ethanol
medium. In each of the three media, the yeast attains a
maximal concentration of about 2 x 10® cells/ml, but the

rate of growth is markedly slower in the deuterated
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medium. Each culture was started at approximately the
same cell concentration (about 5.5 x 10° cells/ml); the
culture grown in glucose medium attained its maximal
concentration in about 15 hours, the culture grown in
normal algal hydrolysate in about 30 hours, and the
culture grown in deuterated algal hydrolysate in about 80
hours. The somewhat slower growth rate of the culture in
normal algal hydrolysate may be attributed to the use of
ethanol rather than glucose as a carbon source; however,
in some cultures grown in this medium the growth rate was
much closer to that of the cells grown in glucose. The
slow growth rate in deuterated medium is unsurprising
when one considers the many changes in cell chemistry and
biosynthetic capabilities that may be brought about by
the incorporation of deuterium into the organisms. The
deuterated cells, however, when viewed under a phase-
contrast microscope, appeared similar to normal cells in
size and visible morphology; thus it is reasonable to
suppose that despite the slow rate of growth, the
deuterated cells were capable of carrying on the
processes necessary for life and health.

Figure 4 shows several typical growth curves of
deuterated yeast cultures grown for PGK preparations.
Although the time required for maximal growth is similar
from one culture to another, each culture was watched

carefully in order to obtain the largest possible
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quantity of healthy cells. It was sometimes found that
if cell growth were slowing down while concentration was
still fairly low, the addition of further deuterated
ethanol to the culture medium would allow growth to
continue at a good rate.

Figure 5 shows a denaturing SDS-polyacrylamide gel
of samples taken from each step of the PGK purification
procedure. Lane A is normal PGK purified in our
laboratory; this purification included a further step of
affinity chromatography which was omitted from the
deuterated purification procedure because it entailed a
large loss of active enzyme. Lane B shows a sample of
the original cell extract after the addition of protamine
sulfate. Lanes C and D show the supernatant and pellet,
respectively, of the first ammonium sulfate
precipitation. One may see that almost no PGK
precipitated at this concentration of ammonium sulfate
but that many other proteins were removed. Lanes E and F
show the supernatant and pellet of the second ammonium
sulfate precipitation. A larger quantity of PGK is
precipitated along with other proteins in this step;
active enzyme from this fraction could be further
purified by ion-exchange chromatography and gel
filtration, and this fraction of each purification has
been saved frozen at -80°C. Lane G shows the pellet

which resulted from lowering the pH of the previous
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supernatant to 4.3. Virtually all the PGK was
precipitated at this step. Lane H shows a sample of the
fraction applied to the Sephacryl HR200-S column; Lanes
I, J, and K show column fractions containing deuterated
PGK. These fractions were later pooled and concentrated
for further use.

Table 1 shows the purification data from the PGK
preparation for which the gel was shown in Figure 5.
Each protein purification is, of course, slightly
different both in the quantity of enzyme produced and in
the relative loss of enzyme activity at the various steps
of the process; however, this example may be considered
typical. The apparent increase in total activity after
the first ammonium sulfate precipitation may be
attributed to reasonable experimental errqor in the assay
procedure since the assay requires large dilutions of the
enzyme solution. There is a much larger discrepancy
between the apparently small quantity of activity
recovered after the pH of the ammonium sulfate
supernatant was dropped and the much larger activity
found in the fractions taken from the Sephacryl column.
It is possible that some of the PGK may have become
partially unfolded as the pH was decreased, and have
refolded to an active conformation when it was placed in

buffer at pH 7.5 prior to being loaded onto the column.
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Figure 6 shows the elution profile of deuterated PGK
from the Sephacryl HR-200S column. It may be seen that
the large protein peak and the enzyme activity coincide,
and that there is a smaller peak, fairly well separated
from the active enzyme. Samples from these fractions
were analyzed by denaturing SDS-PAGE and were found to
contain little or no protein; they are thought to contain
contaminating nucleic acids.

Table 2 shows a detailed analysis of the Sephacryl
fractions. A total of 30.18 mg deuterated PGK was
obtained, with an average specific activity of 430.
Different specific activities for the enzyme have been
reported in the literature (16), (19), based upon
different assay conditions. The specific activity of
deuterated PGK represents 95% and 80% with respect to
commerical (450 units/mg) and laboratory prepared enzyme
(550 units/mg).

Figure 7 shows the 'H NMR spectra of normal PGK (A)
and deuterated PGK (B). These spectra were obtained from
samples of identical concentration, and the same number
of scans was accumulated for each spectrum. The only
difference in acquisition parameters between the two
spectra is that it was possible to set the receiver gain
10-fold higher for the deuterated sample, which, of
course, amplifies the residual proton signals of the

deuterated enzyme. In spite of this amplification,
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examination of the spectra shown in Figure 7 indicates

that a very high level of deuteration has been achieved.




Chapter III

KINETIC STUDIES

A. Introduction

The kinetic behavior of phosphoglycerate kinase has
been extensively analyzed, but the mechanistic picture
which emerges is a complex and confusing one. In 1964,
Larsson-Raznikiewicz presented evidence that the
activating metal ion (Mg?*) forms a complex with ATP*
which is the true substrate of the enzyme according to
the following scheme:

Mg?* + ATP* = MgATP*

MgATP> + PGK <~ PGK-MgATP
She also observed that high concentrations of either free
Mg?* or ATP* inhibit enzyme activity (20). Metal-ion
specificity of the enzyme has been examined, and it was
found that MgATP?> can be replaced with MnATP*, which is
90% as good a substrate; by CaATP*, ZnATP*, and CoATP?,
which are 70% as good substrates, and by NiATP%*, which is
15% as good a substrate (21). Further work
demonstrated that neither MgATP?> nor 3-phosphoglycerate
affects the binding of the other substrate to the enzyme;
studies of varied concentration of each substrate at
fixed concentrations of the other gave plots which showed

identical Ky values for each fixed concentration. 1In
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addition, at high Mg?' concentrations, double-reciprocal
plots for both substrates were found to become nonlinear,
exhibiting downward curvature at high substrate
concentrations. It was suggested that this behavior
could be explained by the presence of more than one
binding site for each substrate (22). Larsson-
Raznikiewicz originally proposed that there could be two
catalytically active sites on the enzyme molecule, and
that the second site’s conformation is changed
sufficiently at high Mg?* concentrations to give the
nonlinear plots that were seen; alternatively, she
suggested that there could be one catalytic site and
another regulatory binding site. 1In further work
concerning product inhibition studies (23), (24),
it was found that there are two binding sites for each
substrate but only one catalytic center per enzyme
molecule. The active site corresponds to the "high-
affinity" site for each substrate, while the "low-
affinity" site serves a regulatory function. Reaction
products, 1,3-bisphosphoglycerate and adenosine
diphosphate, were found to bind preferentially to this
regulatory site.

Further perplexities are introduced into the study
of PGK kinetics by the presence of both activation and
inhibition by a variety of monovalent and divalent ions.

It was found that salts of monovalent cations activate
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the enzyme at low concentrations (up to about 100 mM) and
inhibit activity at higher concentrations (25).

These effects were also observed for divalent anions,
sulfate being the most extensively studied. Sulfate was
found to activate the enzyme at low concentrations;
optimal sulfate concentration for activation was
dependent upon substrate concentration but ranged from 5-
40 mM. At higher sulfate concentrations, the anion acted
as a competitive inhibitor of both substrates. These
results led to the proposal that there is a specific
sulfate binding site on the enzyme outside the catalytic
center, and that there may be separate anion binding
sites for the activating and inhibiting sulfates

(26).

An exhaustive re-examination of yeast PGK kinetics,
covering 1000-fold range in substrate concentrations,
using ten different assay systems employing a variety of
coupling enzymes, and utilizing fluorimetric and stopped-
flow assay procedures, was carried out by Scopes
(27) . Further work was done specifically to
investigate ligand binding to the enzyme (28).

Scopes’ studies confirmed the anomalous nonlinear plots
for each substrate and the effects of sulfate at low and
high concentrations. Evidence was found for two binding
sites for each nucleotide substrate (i.e. MgATP and

MgADP), but for only one binding site for the
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phosphoglycerate substrates (i.e. 3-phosphoglycerate and
1,3-bisphosphoglycerate). Scopes interprets the kinetic
data as supporting a rapid-equilibrium random mechanism
in which the binding of either substrate does not affect
the other. He accounts for the observed substrate
activation by 3-phosphoglycerate despite there being only
one binding site for that substrate by proposing a two-
step dissociation process for the 1,3-bisphosphoglycerate

product as the rate-limiting step of the PGK reaction.

B. Experimental Procedures

1. Materials

Rabbit muscle glyceraldehyde phosphate dehydrogenase
was obtained from Boehringer as an ammonium sulfate
precipitate. Ammonium sulfate was removed by dialysis
against 2 mM Tris-HCl, pH 7.5. At least 100 ug of
dehydrogenase was used per assay, and the concentration
used was ascertained to be non-limiting for each
experiment. 5’-adenosine triphosphate and 2’-
deoxyadenosine 5’-triphosphate were obtained from Sigma
as the disodium salts. Before use they were put over
Chelex-100 to remove any contaminating metal ions; their
concentration was determined spectrophotometrically using
a molar extinction coefficient for the adenine ring of

€50 = 15,400 M! em!. D-3-phosphoglycerate and D,L-
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glycerol-3-phosphate were obtained from Sigma. D-3-
phosphoglycerate was obtained as the barium salt; before
use it was dissolved in HC1, treated with Na,SO, to
precipitate the barium, and put over a Chelex-100 column
to remove trace metals. All other reagents used in the

assays were of the highest commercially available purity.

2. Assay Method

Kinetic measurements were made using a coupled
enzyme system with glyceraldehyde phosphate dehydrogenase
as the coupling enzyme. The enzymatic reactions are

measured in the direction of gluconeogenesis:

3-Phosphoglycerate + ATP _F9
—_

1,3-Bisphosphoglycerate + ADP

1,3-Bisphosphoglycerate + NADH + HY __ OAPDH

Glyceraldehyde 3-phosphate + NAD* + P,

Since one molecule of NADH is reduced for each molecule
of substrate utilized, the rate of the reaction is
measured as the rate of disappearance of NADH, using a
molar extinction coefficient for NADH of €;, = 6220 M' cm
!. The measurements were carried out in a 1-cm quartz

cuvette using a Beckman DU-70 spectrophotometer.
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All reactions were done in a volume of one milliliter.
Each reagent was mixed separately in the cuvette for each
assay. All assays used 150 mM NaCl, 50 mM Tris-HCl, pH
7.5, and 0.2 mM NADH. The concentration of MgATP was
calculated using a K, of 80 uM; free ATP and MgCl, were
included in the reaction mixtures with MgCl, at a 1 mM
excess of ATP. Concentrations of substrates were varied
according to the individual experiments, as explained
below. Approximately 0.25 pug of normal PGK or 0.69 ug of
deuterated PGK was used for each assay. All reactions
were carried out at 25°C. 1Initial rates were calculated
based upon the linear portion of the AA,, vs time curve.
The data obtained were fit to the Michaelis-Menten

equation by use of the Enzfitter computer program.

3. Kinetics of Deuterated Phosphoglycerate Kinase
Kinetic studies were carried out with the deuterated

enzyme to determine the V,, and the K, for each of the

x
two substrates. In each experiment, one substrate was
varied at four subsaturating concentrations of the other
to give four curves. K, of the enzyme for the varied
substrate may be determined from the x-intercept of

Lineweaver-Burk plots of these curves; V_, may be

max
obtained by plotting 1/Voux sppree £Or each curve vs the
inverse of the concentration of the constant substrate

for that curve.
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With 3-phosphoglycerate as the variable substrate,
PGA concentration was varied between 0.10 mM and 5.15 mM
at MgATP concentrations of 0.089 mM, 0.18 mM, 0.42 mM,
and 1.21 mM. A second experiment was done with PGA as
the variable substrate in the presence of 10 mM Na,SO,;
PGA was varied between 0.10 mM and 5.15 mM at MgATP
concentrations of 0.087 mM, 0.21 mM, and 0.44 mM. With
MgATP as the variable substrate, MgATP concentration was
varied between 0.047 mM and 1.21 mM at PGA concentrations

of 0.31 mM, 0.52 mM, 1.0 mM, and 5.15 mM.

4. Kinetics of Normal Phosphoglycerate Kinase

A control experiment was done using normal PGK to
determine its VvV, and its Ky for each substrate at our
conditions. Each substrate was varied at saturating
concentration of the other. Using MgATP as the variable
substrate, MgATP concentration was varied between 0.048
mM and 2.41 mM at PGA concentration of 6.87 mM. With PGA
as the variable substrate, PGA concentration was varied
between 0.098 mM and 4.91 mM at MgATP concentration of

4.11 nM.

5. Kinetics of Normal PGK With Substrate Analogues
Experiments were done using normal PGK and the
substrate analogues glycerol-3-phosphate (G3P) and 2’-

deoxyadenosine 5’-triphosphate (2/-dATP). Inhibition
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kinetics were done with glycerol-3-phosphate; PGA
concentration was varied at a constant subsaturating
concentration of MgATP in the presence of three different
concentrations of glycerol-3-phosphate. PGA
concentration was varied between 0.12 mM and 1.08 mM at
MgATP concentration of 0.25 mM and glycerol-3-phosphate
concentrations of 0.42 mM, 1.56 mM, and 3.64 mM. The
slope of each of these curves was plotted against the
glycerol-3-phosphate concentration to give the K,. Mg-
2’/-dATP is a substrate of PGK which gives slower rates |
than Mg-ATP; its concentration was varied at saturating
PGA concentration to give Vv, and K,, of the enzyme for
this substrate. Mg-2’-dATP was varied between 0.029 mM

and 1.17 at PGA concentration of 7.37 mM.

C. Results and Discussion

The results of these experiments are summarized in
Table 3.

Figure 8 shows Lineweaver-Burk plots of deuterated
PGK kinetics with MgATP as the variable substrate. The

y-intercept of each curve is 1/V for that curve;

max apparent

the inset plots are secondary plots of 1/V,, vs

apparent
1/[(S] for each curve. Just as the‘y-intercept of each
curve in the primary plot represents the extrapolation of

velocity to infinite concentration of the variable
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substrate at a given concentration of the fixed

substrate, so the y-intercept of the secondary plot is a
further extrapolation to infinite concentration of the
fixed substrate. This y-intercept gives the inverse of
the true V,,. Ky may be determined directly from the
primary plot; -1/K, is the x-intercept of each curve, and
the value for Ky given in Table 3 is the average of the
four values found in the plot.

Figure 9 is a Lineweaver-Burk plot of normal PGK
kinetics at pH 7.5 with MgATP as the variable substrate.
Extensive work on normal PGK kinetics at pH 5.9 has been
done by others in this laboratory (29), and data have
been reported in the literature on normal PGK Kkinetics at
PH 7.5-7.8 (20-23, 27). The purpose of experiments with
normal PGK at pH 7.5 is only to ascertain whether the
kinetic values obtained for the deuterated enzyme are in
reasonable agreement with those obtained for the normal
enzyme. It thus did not seem necessary to undertake as
detailed a study of the normal enzyme kinetics as that
done for the deuterated enzyme. It is rather difficult
to compare one’s kinetic values with those found in the
literature, because virtually all PGK kinetics have been
done in the presence of 20-50 mM sulfate, which is known
to affect activity. However, results obtained from these
experiments are in good agreement with those reported in

two papers which examined normal PGK kinetics in the
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absence of sulfate (26), (30). KM is reported by
Mas et al. as 0.16 mM (30), and by Larsson-Raznikiewicz
as 0.425 mM (26). In these experiments, K,M“™ for the
normal enzyme was found to be 0.409 mM, and for the
deuterated enzyme to be 0.162 mM. Thus the agreement
between the K, values of the deuterated and normal enzyme
is reasonable.

Figure 10 shows Lineweaver-Burk plots of deuterated
PGK kinetics using PGA as the variable substrate. These
plots show downward curvature at high substrate levels,
as observed in the kinetic studies of normal PGK, which
is indicative of a second, "low-affinity" binding site
for the substrate (22, 27). The curves shown in the
primary plot were fitted by the Enzfitter program to the
linear portion of each set of data, representing the high
affinity site. The top inset plot shows curves fit by
the Enzfitter program to the low affinity portion of each
set of data. V_,,, values from these curves were plotted
against 1/[MgATP] in the lower inset plot to give Vv, , as
explained for Figure 8. The V_,, value calculated from
the data using PGA as the variable substrate (371 * 59
pmol/min.mg) is nearly identical to that calculated using
MgATP as the variable substrate (373 t 60 umol/min.mg).

Figure 11 is a Lineweaver-Burk plot of normal PGK
kinetics at pH 7.5 using PGA as the variable substrate at

saturating MgATP concentration. As was the case with the
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deuterated enzyme, the plot shows downward curvature at
high PGA levels. The low affinity region was used to
calculate V,,, and Ky values for both high- and low-
affinity sites were calculated. V_,  for normal PGK using
PGA as the variable substrate (588 + 29 umol/min.mg) is
in good agreement with the value obtained using MgATP as
the variable substrate (623 * 16 umol/min.mg). K,/ at
PH 7.5-7.8 is reported by Larsson-Raznikiewicz as 0.188
mM (26), and by Mas et al. as 0.19 mM (30). These
experiments found the high-affinity K,’® to be 0.152 mM
for normal PGK and 0.168 mM for deuterated PGK.

Vmx Values for the deuterated enzyme (av. 372
pmol/min.mg) are somewhat lower than those for the normal
enzyme (av. 606 umol/min.mg); it has also been observed
that specific activities of deuterated PGK prepared in
this laboratory are somewhat lower than those of normal
PGK likewise prepared in this laboratory. This lower
velocity cannot be attributed to the kinetic isotope
effect, as no C-H (or C-D) bond is broken by the reaction
catalyzed by PGK. It is possible that changes in the
hydrogen bonding properties of the deuterated enzyme may
account for the decrease in activity.

Figure 12 shows kinetics of deuterated PGK with PGA
as the variable substrate in the presence of 10 mM Na,Sso,.
The effects of sulfate upon PGK are very complex: it

activates at low concentrations and inhibits at higher
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concentrations, and the activating/inhibiting
concentrations vary with substrate concentration. 1In
addition, sulfate eliminates the downward curvature of
kinetic plots at high substrate concentrations (27). The
present experiment is not detailed enough to elucidate
the effect of sulfate upon the deuterated enzyme; it is
intended as a qualitative demonstration that, like the
normal enzyme, deuterated PGK is affected by the presence
of sulfate. Ky is much higher in the presence of
sulfate (385 uM) than in its absence (168 uM), and V_, is
reduced (199 pumol/min.mg from 372 umol/min.mg without
sulfate). In addition, the downward curvature indicating
activation at high PGA concentration has been eliminated
in these plots.

In addition to these experiments intended to
demonstrate the relationship between deuterated PGK and
its normal counterpart, two kinetic experiments were done
with the normal enzyme to verify the usefulness for
future NMR experiments of two substrate analogues, 2'-
deoxyadenosine 5’-triphosphate (2/-dATP) and glycerol-3-
phosphate (G3P).

Glycerol-3-phosphate is reported in the literature
to be a competitive inhibitor of pig muscle
phosphoglycerate kinase against 3-phosphoglycerate
(31). Figure 13 shows the results of inhibition

kinetics of normal yeast PGK in the presence of G3P. The
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slope of each curve is plotted against the G3P
concentration to give a K; for D-G3P of 249 uM. This
agrees well with the K, value of 350 uM reported by Vas
et al. for D-G3P with the pig muscle enzyme. Since G3P is
not a substrate of PGK, it can be used with MgATP to form
ternary enzyme-substrate complexes for NMR studies.
2’deoxyadenosine 5’triphosphate will be used in both
binary and ternary complexes with PGK and G3P for NMR
studies because the 2’ and 2" protons of its ribose ring
resonate at approximately 2.5 and 2.8 ppm respectively;
in contrast, the 2’ proton of the ribose ring of ATP is
obscured by the ?HO'H signal. Since 2’/-dATP is a
substrate of PGK, it was necessary to ascertain its
kinetic values. Figure 14 shows a Lineweaver-Burk plot
of normal PGK using 2’-dATP as the variable substrate at
saturating PGA concentration. Kinetic values obtained

are as reported in Table 3.
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CHAPTER IV

WATER PROTON RELAXATION RATE STUDIES

A. Introduction

The measurement of the longitudinal relaxation rates
(1/T,) of water protons in the coordination sphere of
paramagnetic metal ions in enzyme-metal-substrate
complexes can provide a great deal of thermodynamic and
structural information about the environment of the metal
in these complexes (32). Stoichiometry and
dissociation constants for binary and ternary enzyme-
substrate complexes may be determined by this method.

Proton relaxation rate studies are based upon the
effects of enhancement observed when a water proton is
immobilized upon a macromolecule (in this case, an enzyme
molecule), or co-ordinated in the inner sphere of a
paramagnetic ion, or both. Protons undergo longitudinal
relaxation as they exchange magnetic energy with the
lattice. 1In order for this exchange of energy to occur,
the lattice or magnetic environment must be capable of
absorbing energy at the Larmor frequency of the proton,
that is, the frequency at which the magnetic moments of
the nuclei precess about the applied magnetic field. 1In
the case of water protons, exchange of magnetic energy

leading to relaxation occurs at a slow rate because of
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the molecular tumbling (rotation) of the water molecules.
Tumbling is a very rapid process for small molecules such
as water (about 10' sec'); the Larmor frequency of
protons at the magnetic field strength used in these
experiments is 2.43 x 10’ sec!. Because of the large
difference in frequency between these two processes,
energy exchange is inefficient and relaxation is slow for
water protons in an environment of aqueous diamagnetic
salts and buffers. However, when a water molecule is
bound to a macromolecule, it interacts with the lattice
at the slower tumbling frequency of the macromolecule
(about 10°® sec!), which is much closer to the Larmor
frequency of the proton; thus transfer of energy becomes
efficient and relaxation can occur at a faster rate. The
relaxation rate of a water proton in a molecule co-
ordinated to a paramagnetic ion is further enhanced by
the much stronger magnetic character of the ion.

The experimentally measured value of observed
enhancement in proton relaxation rates is called €' and
is defined as the enhancement of the paramagnetic
relaxation rate in the presence of a macromolecule. ¢°
is determined as a ratio of the paramagnetic effect on
the relaxation rates of water protons in the presence and
absence of the macromolecule:

* indicates the presence of the macromolecule (in this

case, the enzyme phosphoglycerate kinase).
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. _ YT _ 1/Tiops = 1/Tig
l/Tl 1/Tlobs - l/Tld
P

1/T,, is the contribution of the paramagnetic ion (in

this case, Mn**) to the relaxation rate.

1/T,y is the diamagnetic relaxation rate, or the

relaxation rate in the absence of a paramagnetic ion.

1/Tis 1S the observed relaxation rate in the presence of

the paramagnet. |

B. Experimental Procedures

1. Materials

Normal and deuterated phosphoglycerate kinase were
purified from S. cerevisiae in this laboratory as
described in Chapter II. Enzyme activity was assayed (as
described in Chapter II) at the beginning and end of each
experiment. All experiments were done in 50-75 mM Tris-
HCl, pH 7.5, with 100 mM NaCl. Nucleotide substrate
solutions were prepared as described in Chapter III.
MnCl, solutions were prepared from ultrapure MncCl,
obtained from Johnson-Matthew. Titrations were carried
out at 24.3 MHz with a Seimco pulsed NMR instrument using

the 180°-7-90° pulse sequence of Carr and Purcell
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(33). Null points (N.P.) obtained by this method

were used to calculate observed relaxation rates (1/T,

obl) :

1ln2
l/Tlobs = N.P.

Titration volumes were from 40-75 ul and were contained

in acetate Beckman Airfuge tubes.

2. Binary Complex Studies
In any solution, €' is a weighted average of the |
enhancements due to each species of manganese complex,
and there is a characteristic enhancement value (¢)
associated with each manganese species (34). 1In the
binary enzyme-metal complex PGK-Mn?}*, €’ may be expressed

as:

o o (1Mm) o lam) L)
(Mn) ) f (Mn] ) ®

€; is the enhancement due to free manganese, and is 1 by

definition.

€, is the enhancement due to manganese bound in the

binary complex with the enzyme.

€, can be obtained graphically. One titrates manganese

solutions at various concentrations with the enzyme.

36




Double-reciprocal plots of 1/€¢" vs 1/[PGK] are made, and
the y-intercepts, which are the extrapolations of
enhancement to infinite enzyme concentration at each
manganese concentration used, give ¢€,. Once €, has been
determined, bound and free Mn?* concentrations can be

calculated by a re-arrangement of the above equation:

[Mn] , = [n] T(el_":b)
b

Free and bound manganese concentrations can be used to
obtain a Scatchard plot showing (Mn],/[PGK][Mn], vs
[Mn],/[PGK], which will indicate the number of Mn?*
binding sites per enzyme molecule and the K, of the PGK-
Mn’* complex.

For binding studies with normal PGK, Mn?*
concentrations of 50.3 uM, 75.3 uM, 150.5 uM, and 224.7
uM were used. PGK was titrated into these solutions up
to a concentration of 513 puM. Additional points using
[(Mn**] of 0.301 mM-3.5 mM at a PGK concentration of
272.5 uM were obtained to complete data required for the
Scatchard plot. For binding studies with deuterated PGK,
Mn’* concentration of 150.5 uM was used, titrated with
deuterated PGK up to a concentration of 311 uM.
Additional points with a deuterated PGK concentration of

249 uM and Mn?* concentrations from 1.3 mM-3.1 mM were
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obtained to complete data required for the Scatchard plot

(See Figures 15-16).

3. Ternary Complex Studies

The analysis of the ternary enzyme-metal-substrate
complex (in this case, PGK-ATP-Mn?') is similar to that
of the binary complex, but the additional component
increases the complexity of the calculations which must
be done. ¢’ is again presented as the weighted average
of the enhancements due to all Mn?* species present in

the complex:

. - (Mn] £ [ PGK-Mn] [ATP-Mn] [ PGK-ATP-Mn]
€ —( (0] T)ef+(———[Mn]T )eb+(——[Mn]T €, + o) €r

€, is the enhancement due to manganese bound in a binary

complex with ATP.

\
€r is the enhancement due to manganese bound in the
ternary complex with PGK and ATP. ‘
€, is available from the literature (35) or it can

easily be determined by binary titrations; it is

necessary to obtain e€; graphically. One first titrates

ATP into PGK-Mn?* at a fixed Mn?* concentration for

several PGK concentrations. Double-reciprocal plots of

1/€" vs 1/[ATP] are done, extrapolating enhancement to

infinite substrate concentration for each enzyme

concentration. Each extrapolated enhancement is called
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.
c *

A secondary plot is made of 1/€, vs 1/[PGK]; this

€
extrapolates enhancement at infinite substrate
concentration to infinite enzyme concentration and thus
gives e€y.

One may also obtain e€; and additional information
from a titration of substrate (ATP) into PGK-Mn?* at
different Mn?’* concentrations. One plots €' vs [ATP) and
fits the data obtained to an equation based upon the
equilibria which define the ternary system: (36),

(37)

_ [ PGK] [Mn]
[ PGK-Mn]
[ATP] [Mn]
[ATP-Mn)
[ PGK] [ATP-Mn]
[ PGK-ATP-Mn]
[PGK-Mn) [ATP)]
PGK-ATP-Mn]
[ PGK-ATP] [Mn]
[ PGK-ATP-Mn)
x. = _LPGK] [ATP]
o [ PGK-ATP)

N
|

From these equilibrium relationships it may be seen that:
K K, = KK, = KyK,

By inserting equilibrium constants into the equation

defining e* above, one may obtain the following

relationship:

Fitting the data to this equation is an iterative process

using the computer program EPS7A (32) ,(37),(38). One




KDKB + KZ e + K3 €
[PGK] [ATP] [PGK] 2 [aTP] *
Ky K, I
[PGK] [ATP] [ PGK] [ATP]

+€T

e* =

inserts dissociation constants together with ¢, and €,
values and obtains fitted values for the other constants
and €;. Based on the given dissociation constants, the
computer program determines the remaining constants and
fits the values into the equation given above by
incrementing the K value. The fit involves the
determination of the contribution of each species to the
observed €' based on its concentration and known €, and ¢,
values for the binary complexes. Thus one obtains €r for
each titration curve. Such fittings of multiple
experiments with different enzyme-substrate ratios allow
one to compare the resulting e; values, since €. should
be constant for a given ternary complex.

€r titrations were done with normal PGK using 50.3
UM Mn?*, PGK concentrations of 131.7 uM, 199.3 uM, 313.2
uM, 398.7 uM, and 512.6 uM, and ATP concentrations up to
470 pM. These titrations were not done with deuterated
PGK because the quantity of enzyme required was
prohibitive.

Ternary complex (PGK-ATP-Mn’') titrations were done
with normal PGK using Mn?* concentrations of 50.3 UM,

100.6 pM, and 150.9 uM, PGK concentration of 131.7 uM,




and ATP concentrations up to 490 uM. Ternary complex
titrations were done with deuterated PGK using Mn?*
concentration of 100.9 uM, dPGK concentration of 124.4

M, and ATP concentrations up to 2.2 mM.

4. Quaternary Complex Studies

Quaternary complex titrations were carried out by
titrating glycerol-3-phosphate, a 3-phosphoglycerate
analogue, into the PGK-ATP-Mn?* complex using both the
normal and the deuterated enzyme. These experiments were
qualitative in nature, seeking only to observe complex
formation. The analysis of quaternary complexes by the
methods detailed above are theoretically possible but not
practically feasible given the larger number of
equilibrium constants and simultaneous equation solution
this would entail. The computer program used to analyze
the ternary complex cannot be used for the quaternary
system. Titrations were carried out with the normal
enzyme using Mn’* concentrations of 50.5 uM, 100.9 uM,
and 151.4 uM, PGK concentration of 120.2 uM, ATP
concentration of 181.3 uM, and glycerol-3-phosphate
concentrations up to 10.0 mM. Titrations were done with
the deuterated enzyme using Mn?* concentration of 100.6
uM, dPGK concentration of 132.6 uM, ATP concentration of

181.3 uM, and glycerol-3-phosphate concentrations up to

10.7 mM.




C. Results and Discussion

The results of these experiments are summarized in
Table 4. The purpose of these experiments was both to
complete the characterization of the deuterated enzyme
and to ascertain that its thermodynamic parameters are
sufficiently similar to those of the normal enzyme to be
useful for further NMR studies. Table 4 indicates that,

M2+ a5 obtained from the

with the exception of K,
Scatchard analysis, and €,, the values obtained for the
two enzymes are close. The difference in metal binding
properties indicated by the large difference in K ,M?* and
€, between the normal and deuterated enzymes, however,
only relate to the binary metal-enzyme complex which is
not the catalytically relevant complex. It is clear from
this data that the binding properties of the deuterated
enzyme with regard to the active ternary complex are
similar to those of the normal enzyme, so that the
apparent differences in binary metal-enzyme complex
formation do not seem to affect the catalytically more
important ternary complex formation.

Figure 15 (A) shows the double-reciprocal plots of
1/€° vs 1/[PGK] obtained from titrations of Mn’*solutions
with normal PGK. Although the y-intercepts

(extrapolation of €¢" to infinite enzyme concentration at

each Mn** concentration) do not converge, an average
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value of 7.31 was obtained for ¢,. (B) shows a Scatchard
plot from data collected by titration of Mn?' with normal
PGK. The x-intercept of the plot indicates the number of
Mn?* binding sites per enzyme molecule (1.11 in this
case), and the slope of the curve indicates the K M2+
(1.16 mM) for the normal enzyme. This value is in good

agreement with the K M2+

value of 1.0 mM reported by
Chapman et al (34).

Figure 16 (A) shows the 1/¢" vs 1/[dPGK] plot
obtained from titration of Mn?’* with deuterated PGK. An
€, value of 2.91 was obtained from this data. (B) shows
a Scatchard plot from data collected by titration of Mn?*
with deuterated PGK. This plot indicates 0.923 Mn**
binding sites per enzyme molecule, and a K,*?* of 160.3
uM for the deuterated enzyme.

Figure 17 (A) shows double-reciprocal plots of data
obtained by titration of five different PGK-Mn?*
complexes with ATP. The upward curvature of each plot at
high ATP concentration is due to the formation of large
amounts of binary complex (Mn?*-ATP) in the solution at
these high ATP concentrations. Therefore, each curve is
fit only to the linear portion of the data. The y-
intercept of each curve gives 1/€¢, for that PGK
concentration. (B) shows the secondéry plot 1/¢./ vs
1/[PGK] from which e€; is obtained. The value of €; given

by this method is 13.38.
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Figure 18 shows curves obtained by titration of PGK-
Mn’* complex with ATP. Data from the titration of the
normal and deuterated enzymes are included. These curves
were fit iteratively by the EPS7A computer program.

Values of €, for both the normal and the deuterated
enzyme found by titration and by the curve fit are quite
consistent with each other, although ¢, for deuterated
PGK is much smaller than it is for normal PGK. Values of
€r for the normal enzyme are likewise consistent as
obtained by the two different methods. It was not
possible to carry out more than one ternary titration for
deuterated PGK as this experiment requires a very large
quantity of enzyme; however, the €; value obtained for
the deuterated enzyme by the curve fit is reasonably
consistent with that of the normal enzyme. K, K,, and
K,’ values are also in good agreement for the normal and
deuterated enzymes. KyM?* values for both the normal
and deuterated enzyme obtained by the two methods are
within a factor of two, and the values obtained for the
deuterated enzyme are smaller than those obtained for
normal PGK. This taken together with the smaller e,
value obtained for the deuterated enzyme may indicate a
genuine difference in Mn?* binding properties. One
should also realize that this method yields information
about the immediate environment of the paramagnetic probe

by determining the relaxation rates of protons. Clearly,
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in the case of deuterated enzyme, there will be deuterium
atoms close to the metal; thus some differences in the
enhancement values are expected.

Figure 19 shows the titration curves for the
quaternary complexes PGK-Mn?*-ATP-Glycerol-3-phosphate.
Although these curves were not fit to specific
thermodynamic parameters, the decline in €' as glycerol-
3-phosphate concentration.increases indicates that the
quaternary complex does form. The similarity in the
shape of the curve as well as the concentration of G3P at
which half maximal effect was observed for the deuterated
enzyme and the normal enzyme would seem to indicate that
the process of complex formation is similar for the two

enzymes.
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CHAPTER V
NUCLEAR MAGNETIC RESONANCE

STUDIES

A. Introduction

The essential purpose in the purification of a fully
deuterated enzyme is its usefulness for NMR studies. The
magnetic moment of the deuteron is much smaller (one-
third) than that of the proton, and its resonance occurs
at a frequency very far removed from that of the proton
at a particular magnetic field strength. Thus if one is
observing proton resonances, one does not observe
deuterium resonances at the same time (39). Because
deuterium is "invisible" to 'H-NMR, a deuterated enzyme
should have fewer visible proton peaks in comparison with
the vast, overlapping peaks seen in a normal enzyme
spectrum. Both complete and selective deuteration have
been used since the late 1960’s as a means of enhancing
the resolution of protein NMR spectra and of simplifying
the spectra in order to facilitate resonance assignment
(4), (40), (41). Some NMR studies have also been
done using deuterated enzymes to examine the binding
interaction between the enzymes and small molecules

(38), (39). Other deuterated protein-ligand studies have
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been done with deuterated monoclonal immunoglobulin Fab
and spin-labeled haptens (42).

In addition to simplifying resonance assignment and
resolution by eliminating the large proton "envelope"
that makes up the large part of most protein spectra,
deuteration of proteins can help solve other difficulties
inherent in NMR studies. One of these difficulties is
spin diffusion, a phenomenon that besets the study of
dipolar coupling relations, as for example in experiments
measuring the nuclear Overhauser effect of dipolar
coupling between nuclei. As magnetization is transferred
from one nucleus to another, one sees this effect;
however, if enough transferred magnetization is built up
on the second nucleus, it may in turn transfer
magnetization to a third nucleus. Eventually the
magnetization is diffused into the system such that the
spatial relationships which one studies by these methods
are impossible to perceive. 'H-’H dipolar interactions,
however, are only 1/16 as efficient as !H-'H interactions,
and thus the introduction of deuterium into the system
could be expected to reduce spin diffusion significantly.
This has in fact proved to be the case in many studies
reviewed by D. M. LeMaster (41).

The deuterated PGK purified and characterized in
this research has been used in preliminary NMR

experiments designed to examine the conformation of MgATP
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bound to the enzyme. It was expected that the
deuteration of the protein would allow the substrate
resonances to be more clearly visible and less ambiguous
than would be the case in studies of MgATP bound to the
normal enzyme. It is hoped that further experiments of a
more quantitative nature aimed at deriving bound MgATP
conformation from NOE constraints will be possible using

the system worked out in this research.
B. Experimental Procedures

1. Materials
Normal and deuterated PGK were purified from S.
cerevisiae in this laboratory as described in Chapter II.
2’-deoxyadenosine 5’-triphosphate was obtained from

Sigma and prepared as described in Chapter III. Enzymes

and nucleotide substrates were further prepared for NMR
experiments by lyophilization to remove 'H,0. They were
then dissolved two times in H,0 (99.9 atom %) and
lyophilized, dissolved in 2H,0 (99.96 atom %) and
lyophilized a final time before being taken up in 2H,0 |
(99.96 atom %) to a final sample volume of 500 pl. MgCl, ‘
and NaCl solutions were prepared in ?H,0 (99.9 atom %).

The concentration of the NMR sample of deuterated

PGK was 30.5 mg/ml. One may assume that the molecular

weight of the fully deuterated enzyme is approximately 3
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kD greater than that of the normal enzyme, and thus the
deuterated sample’s concentration was estimated to be 622
kM. A sample of normal PGK of matching concentration was
prepared. Prior to lyophilization, this sample was put
over a Sephadex G-25 column equilibrated in 2 mM
deuterated Tris-?HCl, pH 7.5 in order to remove the
protiated buffer in which the normal enzyme was purified.
NMR samples of normal and deuterated PGK with Mg-
2’'-dATP were prepared. All samples were either purified
in deuterated Tris-’HC1, pH 7.5, or were transferred into
this buffer as described above. All samples contained
100 mM NaCl. PGK with Mg-2’/-dATP contained 458.5 uM PGK,
4.78 2'-dATP, and 5.73 mM MgCl,. Deuterated PGK with Mg-
2’~-dATP contained 452.2 uM deuterated PGK, 4.78 mM 2/-
dATP, and 5.73 mM MgCl,. A second set of samples with
enzyme and 2’'-dATP contained 4.78 mM 2’-dATP, 5.73 mM
MgCl,, and 400.7 pM and 399.7 uM PGK and deuterated PGK
respectively. A sample of free nucleotide solution was
also prepared containing 19.14 mM 2/-dATP in ’H,0.
Ultra-thin-walled 5mm NMR sample tubes were obtained

from Wilmad.

2. One-dimensional NMR Spectra
Spectra were recorded on a Bruker AMX400
spectrometer at a temperature of 27°C. Quadrature phase

detection and a 60° observation pulse were used. 32K
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data points were collected over a spectral width of 6024
Hz, with an acquisition time of 2.72 s. For samples
containing nucleotide substrates, 128 transients were
collected; for samples containing free enzyme, 2300
transients were collected. A relaxation delay of 12 s
was used for all samples containing enzyme; a 6 s delay
was used for the free substrate sample. Chemical shift
values were determined relative to external DSS. Prior
to Fourier transformation, an exponential multiplication
function with a linebroadening factor of 1.0 Hz was

applied to the free induction decays.

3. Two-dimensional NMR Experiments

Nuclear Overhauser enhancement spectroscopy (NOESY)
experiments were carried out on the enzyme-substrate
samples described above. These experiments were done on
a Bruker AMX400 spectrometer at 30°C. Data were
collected in the phase-sensitive mode using the time-
proportional phase increment method (43). The
transmitter offset was placed on the HO’H resonance peak,
which was irradiated during the relaxation delay of 1.0 s
in order to suppress the water signal. NOESY spectra for
the normal PGK-substrate complex were recorded with
mixing times of 15, 30, 60, 90, and 200 ms; for the
deuterated PGK-substrate complex spectra were recorded

with mixing times of 15, 30, 60, 90, 120, 150, and 200
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ms. All mixing times were varied randomly up to + 5% in
order to eliminate COSY cross-peaks. All experiments
were carried out using a spectral width of 4032.26 Hz.
For each experiment, 2K data points were recorded in t,
for each of 250-350 t;, values, with 128 transients per
free induction decay. The data were zero-filled to 2K
points in t, and were multiplied by a (sine)? window
function in both dimensions before Fourier
transformation. Phase corrections and baseline
corrections were performed in both dimensions.

NOESY (two-dimensional NOE) experiments allow one to
observe all the spatial correlations within a system
without going through the repetitive process of selective
peak irradiation which is the basis for one-dimensional
NOE studies (44), (45), (46). The basic
pulse sequence for a NOESY experiment is:

Relaxation Delay —+ 90° - t, - 90° - 7 = 90° - t,
in which t, is the evolution period, 7, is the mixing
time, and t, is the acquisition period. Spectra are
collected during t, for each incrementally varied value
of t,. The first 90° pulse perturbs the equilibrium of
the nuclei in the system; during the evolution period
(t,) each nucleus is frequency-labeled by its chemical
shift precession. The second 90° pﬁlse rotates the

magnetization back to the 2z axis. During the mixing time

magnetization is transferred between nuclei through
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dipolar interaction, and the chemical shifts of these
nuclei are correlated. The third 90° pulse rotates the
magnetization into the Xy plane where it can be detected
during acquisition. For each nucleus in the systen,
there is an optimal value for t, at which the
magnetization of the nucleus can be observed during
acquisition. If one examines the one-dimensional
spectrum acquired in t, for that evolution time, one
sees a large peak at the resonance of that nucleus and
smaller peaks at the resonances of those nuclei which
exchange magnetization with it through the dipolar
mechanism. When the data acquired in t, for all values
of t, is Fourier transformed in both dimensions, one sees
cross-peaks which correlate the chemical shifts of those

nuclei which exchange magnetization.

C. Results and Discussion

Figure 20 shows a one-dimensional spectrum of 2’-
deoxyadenosine 5’-triphosphate, the nucleotide substrate
analogue used for these experiments. Deoxy-ATP was
chosen for these preliminary investigations because its
2’ and 2" protons resonances, unlike the 2’ resonance of
ATP, are upfield shifted and are not obscured by the
residual HO'H signal. Their NOE crosspeaks with the 3

proton should be visible even though in the one-
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dimensional spectrum the 3’ resonance is obscured beneath
the water peak.

Figure 21 shows a one-dimensional spectrum of 2'-
dATP bound to normal PGK. One can see that the substrate
resonances are virtually buried beneath the proton
"envelope," particularly in the region upfield of the
water peak. Substrate resonances are clearly visible in
the region downfield of the water peak, but one may still
observe the large mass of overlapped aromatic resonances
between 6.6-7.8 ppm. (A) shows the region of the spectrum
upfield of the water peak, while (B) shows the region of
the spectrum downfield of the water peak.

Figure 22 shows a one-dimensional spectrum of 2/-
dATP bound to deuterated PGK, and the contrast between it
and Figure 21 is clear. (A) In the region upfield of the
water peak only a few residual proton peaks are visible,
but they are much more clearly resolved and do not form
the mass observed in the spectrum of the normal protein.
(B) In the region downfield of the water peak, the
envelope of aromatic resonances has likewise been almost
eliminated, a feature of the deuterated enzyme which
could prove useful in studies of the aromatic residues of
PGK. Substrate resonances are clearly visible in this
spectrum.

Figures 23 and 24 are a pair of contour plots

obtained from NOESY experiments using matched samples of
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normal (Figure 23) and deuterated (Figure 24) PGK with
Mg-2/-dATP. Both spectra were acquired with a mixing
time of 30 ms. In the NOESY spectrum with deuterated
enzyme, one may easily observe the substrate crosspeaks
between 2/-+3’ and 2”"-3’, as well as those between 2’/-1°
and 2”-+1’. The strong crosspeaks at (F=2.7 ppm, F;=3.8
ppm) are observed between two protein resonances. The
spectrum of the normal PGK-substrate complex is
ambiguous. The substrate crosspeaks between 2’-1’ and
2"-1’ are visible, but the crosspeaks between 2’-3’ and
2"=3’ are obscured in the large mass of crosspeaks

between enzyme protons. Even in the cleaner region of

the spectrum there are several protein-protein and
protein-substrate crosspeaks visible which could confuse
the identification of substrate-substrate crosspeaks.
One substrate crosspeak is visible on this spectrum which
has not appeared at this mixing time on the deuterated
spectrum: 2’-8. This crosspeak appears in the deuterated
spectrum at a mixing time between 60-90 ns. Therefore,
in a quantitative study the H-2’— H-8 distance would have
been significantly underestimated with the normal enzyme.
Figures 25 and 26 show a pair of contour plots
obtained from NOESY experiments using a mixing time of

200 ms. Substrate-substrate crosspeaks are visible on

both spectra. In addition to the crosspeaks seen at 30

ms, a 4’-1’ crosspeak is now visible on both spectra.
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The spectrum of the normal PGK-substrate complex,
however, is much more obscured by noise and t, ridges
than the spectrum of the deuterated PGK-substrate
complex. The NOESY spectrum with deuterated enzyme
becomes even clearer when a processing operation,
symmetrization, is applied to it. A feature of true
NOESY crosspeaks (as opposed to artifacts or noise) is
that they are symmetrical about the diagonal.
Symmetrization removes non-symmetrical points and thus
rids the spectrum of extraneous features. Unfortunately,
symmetrization also decreases the intensity of true NOE
crosspeaks, and so it cannot be applied indiscriminately
when quantitative volume integrations of peaks are
desired.

These experiments, both one- and two-dimensional,
indicate that the substrate resonances are indeed more
clearly visible and less ambiguous when bound to the
deuterated enzyme than when bound to the normal. It is
hoped that further experiments using deuterated PGK-
substrate systems will further elucidate the binding

conformations of the substrates.
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APPENDIX



Figure 1. PGK overexpression in yeast cells. Denaturing
10% polyacrylamide gel of cell lysates prepared from
transformed and untransformed yeast to demonstrate
overproduction of PGK by tranformed yeast grown in

deuterated medium. (A) PGK, 1lug. (B) Lysate from
untransformed yeast strain 20B-12 grown in normal YEPD
medium. (C) Lysate from yeast strain 20B-12 transformed

with plasmid pCGY219, grown in selective medium for
retention of the plasmid. (D) Lysate from the tranformed
yeast strain grown in a medium containing algal hydrolysate
with ethanol as the carbon source. (E) Lysate from the
transformed yeast strain grown in medium containing 2H,0,
deuterated algal hydrolysate, and deuterated ethanol.
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Figure 2. Test Cultures for Deuterated Algal
Hydrolysate. Test cultures were grown to ascertain the
optimal concentration in yeast growth medium of deuterated
algal hydrolysate prepared from lyophilized algal cells.
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Figure 3. Yeast growth in normal and deuterated medium.
Yeast strain 20B-12, transformed with plasmid
pCGY21, grown under three different conditions. Curve
labeled "Glucose" shows growth in medium containing
0.67% yeast nitrogen base without amino acids, 0.5%
casein amino acids, 2% glucose, and 0.0l mg/ml adenine
| and uracil. Curve labeled "Algal Hydrolysate" shows
growth in medium containing 0.67% yeast nitrogen base
without amino acids, 5-8% algal hydrolysate, 2%
ethanol, and 0.01 mg/ml adenine and uracil. Curve
labeled "Deuterated Algal Hydrolysate" shows growth in
medium containing ?H,0, 0.67% yeast nitrogen base
without amino acids, 5-8% deuterated algal hydrolysate,
2% deuterated ethanol, 0.01 mg/ml adenine and uracil,
and 0.5 mg/ml thiamine, pyrodoxine, and inositol.
|
|
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Figure 4. Yeast Growth for Deuterated PGK
Purification. Several typical growth curves of yeast
cultures grown for PGK preparation. Culture medium
contained ’H,0, 0.67% yeast nitrogen base without amino
acids, 5-8% deuterated algal hydrolysate, 2% deuterated
ethanol, 0.01 mg/ml adenine and uracil, and 0.5 mg/ml
thiamine, pyridoxine, and inositol.
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Figure 5. Deuterated PGK purification. Denaturing 10% SDS
polyacrylamide gel of samples taken from each step of the
purification of deuterated PGK. (A) PGK, 1lug. (B)
Original cell extract. (C) Supernatant after first ammonium
sulfate precipitation. (D) Pellet after first ammonium
sulfate precipitation. (E) Supernatant after second
ammonium sulfate precipitation. (F) Pellet after second
ammonium sulfate precipitation. (G) Pellet containing
precipitated dPGK after pH of second ammonium sulfate
supernatant was lowered to 4.3. (H) Sample applied to
Sephacryl HR200-S c¢olumn. (I,J,K) Column fractions
containing purified deuterated PGK.
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Figure 6. Elution Profile from Sephacryl HR-200S
Column. The column was equilibrated in 10mM Tris-HCl, pH
7.5; the same buffer was used for elution. -e-e-
Absorbance at 280 nm; -¢-¢- Units PGK activity.




Figure 7. 'H NMR spectrum of normal and deuterated
phosphoglycerate kinase.
Matched samples of normal and deuterated PGK

were used with enzyme concentration of 622 uM in 40
mM deuterated Tris-’HCl, pH 7.5. The spectrum was
recorded on a Bruker AMX400 spectrometer at 27°C.
Quadrature phase detection and a 60° observation
puls2 were used. 32K data points were collected for
2300 transients over a spectral width of 6024 Hz,
with an acquisition time of 2.72 s and a relaxation
delay of 12 s. Receiver gain setting for the normal
enzyme was 256; for the deuterated enzyme it was 2K.
Chemical shifts were determined relative to external
DSS. Prior to Fourier transformation, an
exponential multiplication function with a
lirebroadening factor of 1.0 Hz was applied. (A)
Normal phosphoglycerate kinase. (B) Deuterated
phosphoglycerate kinase.
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Figure 8. Kinetics of deuterated phosphoglycerate kinase
with MgATP as the variable substrate.

A) Lineweaver-Burk plots of initial velocity
vS. MgATP concentration. The assay mixture
contained 50 mM Tris-HCl, pH 7.5, 150 mM NacCl,
MgCl, in 1 mM excess of ATP concentration, and 0.2
mM NADH. Glyceraldehyde 3-phosphate dehydrogenase
was used as the coupling enzyme; 100 ug was used per
assay. The reaction in a total volume of 1 ml at
25°C was started by addition of 0.686 ug deuterated
PGK per assay. MgATP concentration was varied
between 0.047 mM and 1.21 mM at PGA concentrations
of (from top to bottom): (0) 0.31 mM; (O) 0.52 mM;
(A) 1.0 mM; (o) 5.15 mM. (B) Secondary plot of
1/v vs. 1/[PGA] for each of the curves in the

., max a

primary plot. Extrapolation of this curve to the y-
axis gives V __ .
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Figure 9. Kinetics of normal phosphoglycerate
kinase with MgATP as the variable substrate. Double
reciprocal plot of initial rates vs. MgATP concentration
for normal PGK at pH 7.5. The assay mixture contained
50 mM Tris-HCl, pH 7.5, 150 mM NaCl, MgCl, in 1 mM excess
of the ATP concentration, and 0.2 mM NADH.

Glyceraldehyde 3-phosphate dehydrogenase was used as the
coupling enzyme; 100 ug was used per assay. The reaction
in a total volume of 1 ml at 25°C was started by addition
of 0.25 pug PGK per assay. MgATP concentration was varied
between 0.048 mM and 2.41 mM at a PGA concentration of
6.87 mM.
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Figure 10. Kinetics of deuterated phospoglycerate kinase
with PGA as the variable substrate.
(A) Lineweaver-Burk plots of initial rates vs.

PGA concentration. The assay mixture contained 50
mM Tris-HCl, ph 7.5, 100 mM NacCl, MgCl2 in 1mM
excess of the ATP concentration, and 0.2 mM NADH.
Glyceraldehyde 3-phosphate dehydrogenase was used as
the coupling enzyme; 100 ug was used per assay. The
reaction in a total volume of 1 ml at 25°C was
started by adding 0.686 ug deuterated PGK per assay.
The PGA concentration was varied between 0.10 mM and
5.15 mM at the following MgATP concentrations (from
top to bottom): (0) 0.089 mM; (0) 0.18 mM; and (a)
0.42 mM. Curves were fit to the linear portion of
the data, representing the high-affinity substrate
binding site, to determine Ky (B) Curves fit to
the downward sloping portion of the data,
representing the low-affinity substrate binding
site. The y-intercept of each curve gives its 1/V, ..
app * (C) Secondary plot of 1/Vmaxapp for each curve
ﬁTotted as a function of 1/MgATP concentration to
determine V__ .
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Figure 11. Kinetics of normal phospoglycerate kinase with
PGA as the variable substrate.
(A) Double-reciprocal plot of initial rates

vs. PGA concentration. Assay mixture contained 50
mM Tris-HCl, ph 7.5, 100 mM NacCl, MgCl2 in 1 mM
excess of the ATP concentration, and 0.2 mM NADH.
Glyceraldehyde 3-phosphate dehydrogenase was used as
the coupling enzyme; 100 ug was used per assay. The
reaction in a total volume of 1 ml at 25°C was
started by adding 0.25 ug normal PGK per assay. The
PGA concentration was varied between 0.098 mM and
4.91 mM at a saturating MgATP concentration of 4.11
mM. The curve was fit to the linear portion of the
data, representing the high-affinity substrate
binding site, to determine K, (B) Curve fit to the
downward sloping portion of the data, representing
the low-affinity substrate binding site, to
determine V__ .
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Figure 12. Kinetics of deuterated phosphoglycerate

kinase with PGA as the variable substrate in the presence

of 10 mM sulfate.

(A) Double-reciprocal plots of initial velocity

vs. PGA concentration. Assay mix contained 50 mM
Tris-HCl, ph 7.5, 0.2 mM NADH, MgCl, in 1 mM excess
of the ATP concentration, and 10 mM Na,SO,.
Glyceraldehyde 3-phosphate dehydrogenase was used as
the coupling enzyme; 100 ug was used per assay. The
reaction in a total volume of 1 ml at 25°C was
started by adding 0.686 ug deuterated PGK per assay.
The PGA concentration was varied between 0.10 mM and
5.15 mM at the following MgATP concentrations: (0)
0.087 mM; () 0.21 mM; and (A) 0.44 mM. (B) 1/V_,
pp LOYr each curve plotted as a function of 1/MgATP
concentration to determine V_,.

79




F o
T
=
1

oy
-
<
o
=
~N

]

M T T > o

3 Q 2 peld o o o

(s01 X) IOUJ'”/U!LU'GLU ('ddo} xomA/l




Figure 13. Inhibition of yeast phosphoglycerate kinase by
D-glycerol-3-phosphate.
(A) Double reciprocal plot of initial velocity vs.

PGA concentration. D,L-glycerol-3-phosphate
concentrations were (from top to bottom) 3.64 mM ()),
1.56 mM ((J), and 0.0 mM (O0). The assay mixture also
contained 50 mM Tris~-HCl, pH 7.5, 0.26 mM ATP, 1.36 mM
MgCl,, 100 mM NaCl, and 0.2 mM NADH. Glyceraldehyde 3-
phosphate dehydrogenase was used as the coupling
enzyme; 100 ug was used per assay. The reaction in a
total volume of 1 ml at 25°C was started by the
addition of 0.25 ug PGK per assay. (B) Secondary plot
of slopes vs. D,L-glycerol-3-phosphate concentration,
to determine K;.
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Figure 14. Kinetics of normal PGK with 2'-
deoxyadenosine 5’~triphosphate as the variable substrate
at saturating concentration of PGA. Double reciprocal
plot of initial velocity vs. Mg-2’dATP concentration.
The assay mixture contained 50 mM Tris-HCl, pH 7.5, 100
mM NaCl, 100 ug GAPDH, MgCl, in 1 mM excess of the 2'-
dATP concentration, and 0.2 mM NADH. Concentration of
Mg-2’/dATP was varied between 0.029 mM and 1.17 mM at a
PGA concentration of 7.37 mM. The reaction in a total
volume of 1 ml at 25°C was started by addition of 0.254
ug PGK per assay.




Figure 15. Mn?* binding to normal PGK.

(A) Titration of MnCl, with PGK, plotted as the
double reciprocal of observed enhancement (€°) vs.
enzyme concentration. MnCl, concentrations were
(from top to bottom) 50.3 uM (O), 75.3 uM (a), 150.5
pM (O), and 224.7 uM (0). Samples also contained 50
mM Tris-HCl, pH 7.5, and 100 mM NaCl. PGK was
titrated into the samples up to a concentration of
513 uM. (B) Scatchard plot of Mn’* binding to PGK.
Additional points using MnCl, concentrations of
0.301 mM-3.5 mM at a PGK concentration of 272.5 uM
were obtained to complete data required for the
Scatchard plot.
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Figure 16. Mn’* binding to deuterated PGK.

(A) Titration of MnCl, with dPGK, plotted as
the double reciprocal of observed enhancement (¢°)
vs. enzyme concentration. MnCl, concentration was
150.5 uM (0). Samples also contained 50 mM Tris-
HCl, pH 7.5, and 100 mM NaCl. DPGK was titrated
into the samples up to a concentration of 311 uM.
(B) Scatchard plot of Mn?* binding to dPGK.
Additional points using MnCl, concentrations of 1.3
mM-3.5 mM at a dPGK concentration of 249 uM were
obtained to complete data required for the Scatchard
plot.
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Figure 17. Titration to determine e¢; for PGK-Mn?*-ATP
complex.

(A) Titration of PGK-Mn?* complex with ATP,
plotted as the double reciprocal of observed
enhancement (€°) vs. ATP concentration. All
titrations were done at a MnCl, concentration of
50.5 uM; PGK concentrations were 131.7 uM (0O),
199.3 uM (), 313.2 uM (a), 398.7 uM (), and 512.6
uM (v). Samples also contained 50 mM Tris-HCl, pH
7.5, and 100 mM NaCl. Curves are fit to the linear
portion of the data, representing ternary complex
formation; at higher ATP concentrations, metal
dissociates from the enzyme to form the binary
metal-ATP complex which has a lower enhancement than
the ternary complex. Extrapolated values of
enhancement to infinite ATP concentration for each
PGK concentration are designated ¢, . (B) Secondary
double-reciprocal plot of €, vs. PGK concentration
for each curve in plot (A). Extrapolation of this
curve to infinite enzyme concentration gives e;.
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Figure 18. ATP binding to PGK and deuterated PGK.
Titration of the enzyme-metal complex with ATP,
showing the changes in the observed enhancement (€°) of
the paramagnetic effects of Mn’* on 1/T, of coordinated
water protons. Normal PGK concentration was 131.7 uM
with MnCl, concentrations of 100.6 uM (0) and 150.9 uM
(). Deuterated PGK concentration was 124.4 uM with
MnCl, concentration of 100.9 uM (A). Samples also
included 50 mM Tris-HCl, pH 7.5, and 100 mM NacCl.
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Figure 19. Quaternary complex formation with normal PGK
and deuterated PGK.

Titration of the enzyme-metal-ATP complex with
glycerol-3-phosphate, a phosphoglycerate analogue,
showing changes in the observed enhancement (€') of
the paramagnetic effects of Mn?’* on coordinated
water protons. The titration with the normal enzyme
(0) was carried out with 100.9 uM MnCl,, 120.2 uM
PGK, 181.3 uM ATP, and glycerol-3-phosphate
concentrations up to 10.0 mM. The titration with
the deuterated enzyme ([J) was carried out with 100.6
uM MncCl,, 132.6 uM dPGK, 181.3 uM ATP, and glycerol-
3-phosphate concentrations up to 10.7 mM. All
samples also contained 50 mM Tris-HCl, pH 7.5, and
100 mM NacCl.
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Figure 20. 'H NMR spectrum of free 2’-deoxyadenosine 5'-
triphosphate (2’/-dATP).
The concentration of the 2/-dATP sample was

19.14 mM in 2H,0 (99.96 atom %). The spectrum was
recorded on a Bruker AMX400 spectrometer at 27°cC.
Quadrature phase detection and a 60° observation
pulse were used. 32K data points were collected for
128 transients over a spectral width of 6024 Hz,
with an acquisition time of 2.72 s and a relaxation
delay of 6 s. Chemical shifts were determined
relative to external DSS. Prior to Fourier
transformation, an exponential multiplication
function with a linebroadening factor of 1.0 Hz was
applied to the free induction decays.
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Figure 21. 'H NMR spectrum of 2’-deoxyadenosine 5’-

triphosphate (2/-dATP) bound to normal phosphoglycerate

Kinase.

The concentration of the 2/-dATP sample was

4.78 mM in %H,0 (99.96 atom %), with 458.5 uM PGK,
5.73 uM MgCl,, and 100 mM NaCl. The spectrum was
recorded on a Bruker AMX400 spectrometer at 27°C.
Quadrature phase detection and a 60° observation
pulse were used. 32K data points were collected for
128 transients over a spectral width of 6024 Hz,
with an acquisition time of 2.72 s and a relaxation
delay of 12 s. Chemical shifts were determined
relative to external DSS. Prior to Fourier
transformation, an exponential multiplication
function with a linebroadening factor of 1.0 Hz was
applied to the free induction decays. (A) Region
upfield of the 'HO’H resonance. (B) Region downfield
of the 'HO’H resonance.
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Figure 22. 'H NMR spectrum of 2’-deoxyadenosine 5’-
triphosphate (2/-dATP) bound to deuterated
phosphoglycerate kinase.
The concentration of the 2/-dATP sample was
4.78 mM in 2H,0 (99.96 atom %), with 452.5 uM dPGK,
5.73 uM MgCl,, and 100 mM NaCl. The spectrum was
recorded on a Bruker AMX400 spectrometer at 27°C.
Quadrature phase detection and a 60° observation
pulse were used. 32K data points were collected for
128 transients over a spectral width of 6024 Hz,
| with an acquisition time of 2.72 s and a relaxation
| delay of 12 s. Chemical shifts were determined
relative to external DSS. Prior to Fourier
transformation, an exponential multiplication
function with a linebroadening factor of 1.0 Hz was
applied to the free induction decays. (A) Region
upfield of the !'HO’M resonance. (B) Region downfield
of the 'HO’™M resonance.
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Figure 23. 'H NMR contour plot of 2’-~deoxyadenosine 5’-
triphosphate (2/-dATP) bound to normal phosphoglycerate
kinase, mixing time 30 ms.

NOESY experiment with mixing time of 30 ms
carried out on a 4.78 mM sample of 2’/-dATP in 2H,0
(99.96 atom %) with 399.7 uM PGK, 5.73 mM MgcCl,, 100
mM NaCl, and 40 mM deuterated Tris-?HC1l, pH 7.5.

The spectrum was recorded on a Bruker AMX400
spectrometer at 30°C. Data were collected in the
phase sensitive mode using the TPPI method. The
transmitter offset was placed on the HO’M resonance,
which was irradiated during the relaxation delay of
1.0 s to suppress the water signal. Mixing time was
randomly varied up to + 5% in order to eliminate
COSY cross-peaks. 2K data points were collected
over a spectral width of 4032.26 Hz in t, for each t,
value, with 128 transients per free induction decay.
The data were zero-filled to 2K points in t, and
were multiplied by a sin? window function in both
dimensions before Fourier transformation. (A) Full
spectrum, with visible substrate crosspeaks 2/~ 1/,
2"+ 1/, 2/> 8. (B) Enlargement of region around the
substrate crosspeaks.
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triphosphate (2/-dATP) bound to deuterated
phosphoglycerate kinase, mixing time 30 ms.
NOESY experiment with mixing time of 30 ms
carried out on a 4.78 mM sample of 2’-dATP in 2H,0
(99.96 atom %) with 400.7 uM PGK, 5.73 mM MgCl,, 100
mM NaCl, and 40 mM deuterated Tris-’HCl, pH 7.5.
The spectrum was recorded on a Bruker AMX400
spectrometer at 30°C. Data were collected in the
phase sensitive mode using the TPPI method. The
| transmitter offset was placed on the HO’M resonance,
which was irradiated during the relaxation delay of

|
|
Figure 24. 'H NMR contour plot of 2’-deoxyadenosine 5’-
|

1.0 s to suppress the water signal. Mixing time was
randomly varied up to +* 5% in order to eliminate
COSY cross-peaks. 2K data points were collected
over a spectral width of 4032.26 Hz in t, for each t,
value, with 128 transients per free induction decay.
The data were zero-filled to 2K points in t, and
were multiplied by a sin? window function in both
dimensions before Fourier transformation. (A) Full
spectrum, with visible substrate crosspeaks 2’- 1/,
2"-» 17, 2’- 3’, and 2"-» 3’. (B) Enlargement of
region around the substrate crosspeaks.
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Figure 25. 'H NMR contour plot of 2’-~deoxyadenosine 5’-

triphosphate (2’/-dATP) bound to normal phosphoglycerate

kinase, mixing time 200 ms.

NOESY experiment with mixing time of 200 ms

carried out on a 4.78 mM sample of 2’/-dATP in ’H,0
(99.96 atom %) with 399.7 uM PGK, 5.73 mM MgCl,, 100
mM NaCl, and 40 mM deuterated Tris-’HCl, pH 7.5.
The spectrum was recorded on a Bruker AMX400
spectrometer at 30°C. Data were collected in the
phase sensitive mode using the TPPI method. The
transmitter offset was placed on the HO%H resonance,
which was irradiated during the relaxation delay of
1.0 s to suppress the water signal. Mixing time was
randomly varied up to * 5% in order to eliminate
COSY cross-peaks. 2K data points were collected
over a spectral width of 4032.26 Hz in t, for each t,
value, with 128 transients per free induction decay.
The data were zero-filled to 2K points in t, and
were multiplied by a sin’ window function in both
dimensions before Fourier transformation. (A) Full
spectrum, with visible substrate crosspeaks 2/- 1’,
2"+ 17, 2> 37, 2" 37/, 2/5 8, and 4'- 1/. (B)
Enlargement of region around the substrate
crosspeaks.




W

sw 002

= 3wty ButxIy
d1vp-6W + »9d

109



S5

06G-

.I’/)u\/\\»/\l(\)\'\l/\)\l{\/\'y
j;mz_ 002 = 8awry BUTXIp

dlvp-6W + Mad




Figure 26. 'H NMR contour plot of 2’-deoxyadenosine 5/-
triphosphate (2’/-dATP) bound to deuterated
phosphoglycerate kinase, mixing time 200 ms.
NOESY experiment with mixing time of 200 ms
| carried out on a 4.78 mM sample of 2/-dATP in 2H,0
| (99.96 atom %) with 400.7 uM PGK, 5.73 mM MgCl,, 100
| mM NacCl, and 40 mM deuterated Tris-’HCl, pH 7.5.
| The spectrum was recorded on a Bruker AMX400
spectrometer at 30°C. Data were collected in the
phase sensitive mode using the TPPI method. The
transmitter offset was placed on the HO’M resonance,
which was irradiated during the relaxation delay of
1.0 s to suppress the water signal. Mixing time was
randomly varied up to * 5% in order to eliminate
COSY cross-peaks. 2K data points were collected
over a spectral width of 4032.26 Hz in t, for each t,
value, with 128 transients per free induction decay.
The data were zero-filled to 2K points in t; and
were multiplied by a sin? window function in both
dimensions before Fourier transformation. (A) Full
spectrum, with visible substrate crosspeaks 2=+ 1/,
2"+ 17, 2'- 3/, 2"+ 3’, 2/+ 8, and 4’'- 1. (B)
Enlargement of region around the substrate
crosspeaks.
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TABLE 1

PURIFICATION DATA FOR DEUTERATED PHOSPHOGLYCERATE

KINASE
— ——— — —  ———— — |
Purification Step Total Units PGK | ¥Recovery
Original Extract 23,751 100
Protamine Sulfate 21,151 89
ist Ammonium Sulfate 23,628 99
Supernatant
1st Ammonium Sulfate 296 -—
Pellet
2nd Ammonium Sulfate 14,011 59
Supernatant
2nd Ammonium Sulfate 2049 -—
Pellet
pH 4.3 Supernatant 283 —-——
pH 4.3 Pellet 5761 24
Sephacryl HR-200S 12,984 55
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ASSAY OF SEPHACRYL HR200-S COLUMN

TABLE 2

Fraction | Ay, mg/m | Total Units Spec.
Number 1 Protein Act.
(mg) (units/
mg
22 0.3452 0.69 | 1.04 260 251
23 0.4104 0.82 ] 1.23 303 246
24 0.5296 1.06 | 1.59 458 288
25 0.7308 1.46 | 2.19 737 336
26 1.0332 2.07}|3.10 1123 362
27 1.2628 2.5313.79 1812 478
28 1.3633 2.73 ] 4.09 2166 529
29 1.2906 2.58 1| 3.87 1952 504
30 1.0431 2.09 1| 3.13 1606 513
31 0.7973 1.60 1 2.39 1247 521
32 0.5421 1.08}1.63 708 435
33 0.3162 0.63]0.95 348 367
34 0.2301 0.46 | 0.69 164 238
35 0.1635 0.33]10.49 100 204
Total - - 30.18 12,984 430
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TABLE 3

KINETIC DATA FOR NORMAL AND DEUTERATED PGK

Constant Normal PGK Deuterated "
PGK

K MAT? uM 409 + 30 162 * 20

K, %, uM 152 + 22 168 + 25
(high affinity)

K%, mM 0.604 + 0.11 1.27 % 0.45
(low affinity)

K, "%, uM -— 385 + 47
(+10 mM Na,SO,)

K ATP (uM) 522 + 365 -—

(high affinity)

K, TP (mM) 3.54 £ 0.55 -—-

(low affinity)

Vo (ATP) 623 + 16 373 % 60
(umol/min.mg)

Vo (PGA) 588 t+ 29 371 + 59
(pmol/min.mg)

Vo, #MOl/min.mg -—- 199.4 * 9.9
(+10 mM Na,S0,)

V... (4ATP) 303 + 41 ——-
(umol/min.mg)

KD-Olycerol3-P pM 248.9 * 31 -—-




TABLE 4

BINDING DATA FOR NORMAL AND DEUTERATED PGK

Constant Normal PGK Deuterated “
PGK

€, (Titration) 7.31 £ 2.5 2.91 + 0.20 |

€, (Curve fit) 7.45 * 2.3 2.98 + 0.13

n (Mn?*) 1.11 + 0.34 0.923 + 0.24

€r (Titration) 13.38 £ 3.6 ——

€; (Curve fit) 13.10 + 0.2 11.4 $0.50

KpM2*  (uM) 1160 * 38 160.3 + 24

(Scatchard Plot)

KpM2* (uM) (Curve fit) | 500 * 100 300 + 13.2

K (uM) 117 + 80 97.8 * 4.3

K, (uM) 273.3 = 30 279.4 + 17.6

LEﬁ’ (M) 45 + 15 40 + 1.8
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