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ABSTRACT

THE CATALYTIC ROLE OF SULFHYDRYL GROUP(S) IN THE MECHANISM
OF NUCLEOSIDE TRIPHOSPHATE PYROPHOSPHOHYDROLASE ACTIVITY

BY

Mary Margaret Weideman

The sulfhydryl requirement of the enzyme nucleoside triphosphate
pyrophosphohydrolase was investigated. Dithiothreitol and EDTA
enhanced enzyme activity 2.3 fold and 1.5 fold, respectively. N-ethyl-
maleimide completely inactivates the enzyme, demonstrating pseudo
1st-order rate constants for the inhibition reaction. A second order
rate constant of 9.08 x 10~° M-1 min-1 for the overall
process of sulfhydryl derivitization was obtained. The presence of
either MgCla or ITP enhances the NEM reaction, while both MgCl, and
ITP together decrease the rate of enzyme inactivation by NEM. Computer
analysis of the concentrations of the various metal-nucleotide

complexes present during the inhibition reaction revealed that



MgITP2- effects up to 70% protection from the effects of N-ethyl-
maleimide. These results are consistent with our previous work, and
indicate that the thiols are located at or near the active site of this

enzyme.
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INTRODUCTION

Prior investigations in this laboratory of in vitro globin
synthesis by rabbit reticulocytes led to the observation that a GTP
hydrolase activity was present in these lysates. This activity was
subsequently characterized as being a nucleoside triphosphate
pyrophosphohydrolase (NTPH). This enzyme catalyzes the following
reaction:

NTP + Hp0 &= NMP + PP;
where NTP and NMP refer to nucleoside triphosphate and monophosphate,
respectively (1).

Since its initial discovery, the enzyme has been partially
purified from the rabbit reticulocyte and liver, and from human
erythrocytes. All three forms have been extensively characterized,
showing the same basic properties (1,2,3). The best substrates for
NTPH are ITP, dITP, and XTP. GTP was hydrolyzed at 3% of the rate of
ITP, with ATP, GDP, and IMP not being hydrolyzed at all. The enzyme
requires 10 mM MgClp, a pH of 9.75, and mM concentrations of a
sulfhydryl reducing reagent for maximum activity. Its molecular weight
has been estimated to be 37,000 daltons by sucrose density gradient
sedimentation. NTPH from human erythrocytes exhibits an apparent Km

value of 3.82 x 10-3 M for GTP and 2.3 x 10-5 M for ITP (3).



The enzyme from human red cells also exhibits a lower degree of
stability than do other forms, a problem which has made its purifica-
tion to homogeneity extremely difficult. Various studies have yielded
conflicting reports of its requirement for a reduced thiol(s)
(1,2,3,4,5).

In recent work by B.S. Vanderheiden, 2000 fold purified NTPH did
not require sulfhydryl compounds for activity or stability (4).

Studies by Holmes et al., however, have shown the opposite to be true
(5). A1l work done to date in the laboratory of Dr. Morris has shown
that NTPH in crude erythrocyte lysates or in partially purified form
does have a sulfhydryl requirement for stability and activity. This
was best demonstrated by S. Fuller, who recently conducted his Ph.D.
thesis research in this laboratory. His work confirmed that sulfhydryl
compounds, particularly DTT, were required for maximal NTPH activity
and for stability in purified enzyme preparations (55). Moreover,
N-ethylmaleimide (NEM), iodoacetamide (IAA), and p-hydroxymercuri-
benzoate (pHMB), were shown to inhibit NTPH activity in lysates and in
purified enzyme preparations. NEM and pHMB, at 50 mM and 10 mM concen-
trations, respectively, resulted in complete loss of enzyme activity,
while thé presence of 50 mM IAA resulted in 71% inhibition. Work by L.
McKenzie, also in this laboratory, has further demonstrated that EDTA
decreased the rate of inactivation of NTPH in the absence of sulfhydryl
compounds. These results, and the fact that instability had impeded
previous efforts to purify this enzyme to homogeneity, led us to
reexamine the effects, upon NTPH, of DTT, EDTA, and N-ethylmaleimide.

Reactivation studies were performed, using an enzyme preparation

which had been desalted on Sephadex G-25 to completely remove DTT



present in the storage buffer. Subsequent assay in the presence of
either DTT, or EDTA, or both reagents together, showed DTT to effect a
2.3 fold increase in enzyme stability over that exhibited in the
absence of DTT. Moreover, assays conducted in EDTA alone enhanced the
enzyme stability by 1.5 fold. Similar studies of enzyme which has been
both desalted and assayed in the presence of EDTA show the enzyme to
exhibit a 2.5 fold increase in stability over that seen by NTPH
preparations which have been both desalted and assayed in the absence
of either DTT or EDTA.

The sulfhydryl requirement(s) of NTPH was further investigated by
incubation with N-ethylmaleimide which, at greater than 0.5 mM concen-
trations, completely inactivates the enzyme. Pseudo lst order rate
constants were obtained for this inhibition reaction, and yielded a 2nd
order rate constant of 9.08 x 10-5 % M-l min=1 for the
overall process of sulfhydryl derivatization.

The effects of magnesium, ITP, and their metal-nucleotide
complexes, upon the reactivity of the sulfhydryl groups in NTPH was
also investigated. In the presence of 1 and 10 mM MgClp, the rate of
the reaction between NTPH and NEM is enhanced 10% and 60%,
respectively. A similar effect is observed in the presence of ITP,
with 0.5 mM concentrations of nucleotide demonstrating a 3-fold
enhancement of enzyme inhibition. The presence of both MgCl, and
ITP, conversely, results in a 5-fold decrease in the velocity of the
inhibition reaction. In the latter instance, computer calculation of
the concentrations of the various metal and nucleotide species present
during the inhibition reaction revealed that MgITPZ‘ effects up to

70% protection from the effects of N-ethylmaleimide. At 5 and 10 mM



MgCl,, this protection decreases, as an apparent function of both
decreasing concentrations of MgITPz‘ and increasing concentrations
of free Mgt*t,

These results are consistent with our previous work, which showed
that NTPH does, indeed, require one or more reduced thiols for maximum
stability and activity. Metal catalyzed oxidation of the(se)
sulfhydryl group(s) may occur, since EDTA prevents inactivation of the
enzyme. While the number and location of these groups is, as yet,
undefined, the protection shown by substrate MgITPZ‘ implies that

they are located at or near the active site.



LITERATURE REVIEW

A. Metabolic Turnover of Preformed Purines in the Red Blood Cell

Human erythrocytes lack three enzymes of purine metabolism usually
found in other tissues: phosphoribosylpyrophosphate amidotransferase,
adenylosuccinate synthetase and xanthine oxidase (6,7,8,9). Therefore,
erythrocytes cannot synthesize purines de novo, AMP from IMP, or
oxidize hypoxanthine to xanthine or uric acid, and the red cells must
depend on salvage and transport mechanisms to maintain their proper
levels of nucleotides. Two reviews by Murray give a good background to
these mechanisms by emphasizing the significance of the salvage
pathways and the regulatory controls of nucleotide biosynthesis from
preformed purines (10,11).

Free purines or nucleosides normally are not found in the cell but
exist in the form of nucleotides. Anion exchange chromatography of
acid extracts of fresh erythrocytes indicates that adenine is present
as AMP (13-60 uM), ADP (100-270 uM) or ADP (0.85-1.7 uM) while guanine
exists as GDP (20 yM) or GTP (10-35 uM) and hypoxanthine as IMP (0-50
uM) and ITP (0-183 uM) (12,13,14,15,16,17).

In vitro experiments with rabbit erythrocytes indicates that
adenine is primarily used for adenine nucleotide synthesis, while

xanthine, guanine and guanosine are precursors of guanine nucleotides,
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and, unlike human erythrocytes, hypoxanthine, inosine and adenosine can
be converted to both guanine and adenine nucleotides (18). Combining
the evidence derived from both rabbit and human erythrocytes and taking
into account the enzyme deficiencies mentioned above, Figure 1
describes the interconversions of purines in the human red blood cell
(19). As may be seen in the figure, purines synthesized de novo enter
the scheme at the level of IMP (20). Thus, biosynthesis and catabolism
of purines is accomplished by controlled and defined pathways with IMP
playing a key intermediary role.

B. ITP Metabolism

1. Synthesis and Natural Occurance of ITP

The synthesis and role of ITP in the cell have not been
clearly defined and remain the subject of investigation. E. coli, pig
kidney extracts, and calf-liver extracts have all been found to lack
IMP kinase activity (21,22,23,24). The natural occurance of inosine
polyphosphates also remains an open question. The early literature has
reports of ITP being present in extracts of frog muscle (25), rabbit
muscle (26), guinea pig liver and skeletal muscle (27), and rat liver
mitochondria (28). Vanderheiden has presented evidence that ITP may
normally be present in human red cells (16,17). In the latter case,
however, the quantitative analysis performed may not have given
accurate estimates of endogenous ITP concentrations in red cells. This
in turn yielded considerable variation in his results.

2. Accumulation of 14C ITP in Erythrocytes

While the synthesis and intracellular concentrations of ITP
remain, as stated, open questions, studies of the long and short-term

effects of whole blood storage and incubation have shown that, under



certain incubation conditions, erythrocytes can accumulate high levels
of ITP (29,30,31,32,33). This phenomenon has also been examined in
fresh erythrocytes. Of particular note are those studies investigating
the possible relationship(s) between 14¢ 1TP accumulation and

various disease conditions, levels of NTPH activity, or conditions of
incubation.

In 1975, investigators in J.F. Hendersons' laboratory studied the
variation in 14C-ITP accumulation from 14C-hypoxanth1‘ne in a
control and mentally retarded population (34). They suggested that
there are two classes of individuals, those whose red cells could
accumulate 0 to 70 nmoles 14c-1TP/1010 cells, and those whose
cells could accumulate 70-240 nmoles 14c-1TP/1010 cells during
two hours of incubation. The data show that 5% of the control popula-
tion (80 individuals) compared to 15% of a mentally retarded population
(100 individuals) could be classified in the high category. Later work
by Henderson and Morris revealed that several factors can increase the
accumulation of inosine nucleotides, including levels of PRPP, type of
incubation medium, and period of exposure to the medium (35).

In a collaborative effort between our laboratory and that of
Hendersons' laboratory, an investigation was made of a possible
relationship between 14c_1TP accumulation from 14C-hypoxanthine
and NTPH activity (36). This study revealed that there did, indeed,
appear to be a relationship between NTPH activity and 14c_171pP
accumulation and that this relationship is comprised of a continuum of
values. It was further shown that when this accumulation is defined as
a function of NTPH activity the results follow closely the theoretical

relationship between enzyme activity and steady-state substrate
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concentration as calculated from the Michaelis-Menton equation. The
fact that the relationship between NTPH activity and 14c_17pP
accumulation from 14C-hypoxanthine is characterized by a continuum
of values was in apparent contradiction to earlier work by B.S.
Vanderheiden (37). He suggested that the relationship between
“ITP-ase" activity and accumulation of l4C-ITP from l4C-IMP

shows 3 predominant groups of people. In this work, however,
Vanderheiden was measuring a coupled reaction between NTPH and
endogenous red cell inorganic pyrophosphatase activity; hence,
variations in either NTPH or red cell inorganic pyrophosphatase
activity could have accounted for his observations.

In another report of ITP accumulation, Nelson et al. observed that
cells incubated for 24 hrs in the presence of 0.5 mM hypoxanthine or
inosine, 25 mM glucose, and 50 mM phosphate accumulated 0.4 mM ITP
(38). However, some kinetic differences existed between the
accumulation of ITP from hypoxanthine and the accumulation from
inosine. In the presence of hypoxanthine, the intracellular level of
IMP had stabilized at 12 hours, but ITP accumulation was linear through
24 hours. On the other hand, the presence of inosine caused an initial
burst of both IMP and ITP synthesis, followed by linear accumulation of
each. These authors do not offer any explanation for the kinetic
differences exhibited by these two precursors, but suggest that their
results provide evidence that ITP is synthesized by an "IMP kinase"
coupled to NDP kinase.

Thus, it can be seen that, under the proper conditions, red cells
have mechanisms with which to accumulate 14C-ITP. An apparent

relationship also exists between this ability to accumulate 14c_11p
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and the levels of its degradative enzyme, NTPH.

3. Degradation of ITP

ITP may be substituted for ATP in reactions catalyzed by a wide
variety of enzymes. For example, ITP can substitute for ATP as phos-
phoryl donor in many NMP and NDP kinase reactions (39,40), and may be
used by phosphofructokinase (41), phosphoenolpyruvate carboxykinase
(42), succinate thiokinase (43), pyruvate kinase (44), and glucose-6--
phosphatase (45). VYeast inorganic pyrophosphatase will also hydrolyze
ITP in the presence of Zn** (46). ITP hydrolysis in red cells
occurs by means of the pyrophosphohydrolase, NTPH, yielding IMP and
pyrophosphate (1,2). Because this thesis deals with the properties of
NTPH, they will now be discussed in some detail.

NTPH was originally purified from rabbit reticulocytes and exten-
sively characterized by Chern, MacDonald and Morris in 1969 (1). They
achieved a 2000 fold level of purification from rabbit reticulocyte
lysates, and demonstrated that the enzyme catalyzed a pyrophosphate
hydrolysis, had a pH optimum of 9.75, and required both 10 mM MgClp
and 1 mM sulfhydryl reagent for maximum activity. High concentrations
of either ITP (1 mM), the monovalent cations KC1, NAC1, and NH4C1 (70
mM), or DTT (6 mM) were found to inhibit the enzyme in varying degrees.
Of the divalent cations tested (CaCl,, FeClp, ZnClp, CuCly and
MnC12), Mn** alone resulted in small amounts of activity.

. Studies of the substrate specificity revealed that ITP and dITP
are most effectively degraded, with XTP being degraded at 76% of the
rate shown for ITP. GTP, dGTP, UTP and dUTP were hydrolyzed at only
10% of the rate shown for ITP, while ATP, dATP, CTP and dCTP did not

serve as substrates. Nucleoside mono- or diphosphates were not
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hydrolyzed by the pyrophosphohydrolase. These and other studies showed
NTPH activity to be the result of a single enzyme molecule with broad
specificity.

Inhibition studies which investigated the effect of nucleotide
derivatives upon NTPH revealed that IDP exerted the most potent
inhibition. Other nucleotide derivatives exerted levels of inhibition
ranging from 1% (10-% M adenosine) to 25% (10-3 M ATP) (1).

These same investigators determined that the apparent Michaelis
constants (Km) were 3.37 x 102 M for ITP and 4 x 104 M for
GTP. Molecular weight determination using sucrose density gradient
centrifugation yielded a value of 37,000 daltons. The pI of NTPH was
determined to be 4.3.

Wang and Morris subsequently purified NTPH from rabbit liver (2).
The substrate specificity, pH optimum, electrophoretic mobility in
polyacrylamid gels, and apparent molecular weight of this enzyme were
essentially identical to those of rabbit reticulocyte NTPH. These
workers also showed the enzyme to be located in the cytosol, results
have since been confirmed by Hirschhorn, et al., in studies on human
erythrocyte NTPH (5).

Subsequent 1200-fold purification of human erythrocyte NTPH (3)
revealed its properties to be quite similar to those of the rabbit.
Certain differences do exist, however, including an apparent Km value
of 3.82 x 103 M for GTP; that for ITP was relatively unchanged at
2.3 x 10~ M. The human form of NTPH also exhibits an apparently
lower degree of stability than do other forms, a problem which has made
purification to homogeneity (and beyond a 2500-fold level of

purification) extremely difficult (unpublished results). A recent
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report by Vanderheiden has stated that NTPH which was purified
2000-fold from human red cells exhibited no sulfhydryl requirement for
enzyme activity or stability (4). The purification steps, however,
were all carried out in the presence of mM 2-mercaptoethanol. Studies
by Hirschhorn, et al., have, however, shown the opposite to be true
(5). Stephen Fuller, who recently conducted his Ph.D. thesis research
in this laboratory, clearly demonstrated that sulfhydryl compounds are
required for stability and maximal activity of NTPH (55). Evidence to
be presented here further confirms his work, and provides, as well,
some additional information concerning the nature of this sulfhydryl
requirement.

NTPH analysis has been performed by a coupled enzyme assay which
includes yeast inorganic pyrophosphatase to hydrolyze the pyrophos-
phate produced by NTPH followed by colorimetric analysis of the ortho-
phosphate (1,47,48). Vanderheiden has described a microassay of NTPH by
liquid scintillation which appears to be a valid but tedious method
(49). The high pH optimum exhibited by NTPH makes other assays, such
as that using UDP-glucose pyrophosphorylase (50) very difficult to per-
form (unpublished communication). Past attempts to purify the enzyme
IMP dehydrogenase have also proven difficult (unpublished communica-
tion). In the latter case, however, recent work has indicated that
reexamination of the purification of this enzyme could prove worthwhile
(51).

Two tissue distribution studies of NTPH can be found in the
literature. Wang and Morris have shown that the activity per cell is
highest in the brain, liver and kidney of the rabbit but lowest in its
red cells (2). Moreover, NTPH activity was detected in all 13 tissues

examined, suggesting that the enzyme plays a significant metabolic
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role in the body. They suggested that the biological role of NTPH may
be to prevent insertion of ITP or XTP into RNA, or dITP into DNA.

A study of both ITP pyrophosphohydrolase and IDP phosphohydrolase
activity in rat tissues has been reported by Vanderheiden (52).

He attempted to distinguish the NTPH activity from non-specific
phosphatases by denaturation through heat treatment at 57°C for 5
minutes. It was pointed out by V. Verhoef, in this laboratory (53),
that although NTPH activity of red cells and liver has been shown to be
comparatively stable to heat treatment (2,47), this treatment may cause
erroneous estimates of activity per mg tissue. Partial degradation of
the enzyme, variation in enzyme stability between tissues, and altera-
tion of the kinetic parameters are all examples of ways in which heat
treatment may cause erroneous estimates of activity. One interesting
observation made by Vanderheiden is that the relatively low NTPH
activity in the erythrocytes of one rat was also reflected in its other
tissues. He suggested that NTPH plays a role in an ITP-IMP cycle which
regulates the level of ATP.

In studies previously mentioned, it was demonstrated that individ-
uals show large variations in the specific activity of their red cell
NTPH (36,39). At least two population surveys have been conducted in
an attempt to characterize this variation. The first of these occurred
in 1969, when B.S. Vanderheiden proposed that the distribution of
“ITP-ase" activity was bimodal, with approximately 20% of the screened
individuals containing lower levels of activity, and the other 80%
exhibiting higher levels of specific activity (37). Due to uncertain-
ties produced by his previously-discussed technique of coupling assays

of NTPH activity to unspecified concentrations of endogenous red-cell
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inorganic pyrophosphatase, another population survey was conducted in
1978 by Morris and co-workers in this laboratory (54). Their findings
were in agreement with those of Vanderheiden, and showed the existence
of a bimodal distribution of NTPH activity within a randomly-selected
caucasion population. This bimodality consisted of a low NTPH group,
in which 18% of the population demonstrated specific activities which
ranged from 0 to 27.5 nmoles of ITP cleaved/20 min/mg hemoglobin, and a
high NTPH group, in which 82% of the population demonstrated specific
activities which ranged from 27.5-125 nmoles ITP cleaved/20 minutes/mg
hemoglobin. Moreover, this work also demonstrated that a direct
correlation exists between the specific activity of NTPH found in human
red cells and that found in the platelets, granulocytes, and
lymphocytes of the same individual.

Studies of the biochemical basis of the variability of NTPH
activity in red cells of the human population were carried out in
several ways. Previous data from this laboratory (2,55) showed no
evidence for NTPH electrophoretic variants in human red cells, rabbit
red cells, and rabbit liver NTPH preparations. Similar results (one
such variant in a "large number" of red cell lysates from individuals
of diverse racial origins) were obtained by Harris and Hopkinson (56).

The substrate specificities of NTPH from high and low activity
individuals was investigated, using XTP, dITP and GTP (55). All
individuals used these alternate substrates in the same proportion when
ITP hydrolysis was taken as the reference for comparison.

The in vivo stability of NTPH was examined by the separation of

red cell populations according to their density (age). A comparison
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was then made between the activity present in the old and young cells.
While NTPH activity declines with the age of the cells, no correlation
could be made between the distribution of NTPH activity and the
age-associated loss of enzyme activity (55).

Mixing studies were performed, in which hemolysates from
individuals with Tow and high levels of activity were added to
partially purified NTPH. The activity thus obtained was strictly
additive in nature, demonstrating an apparent lack of cytoplasmic
activators or inhibitors of NTPH (36). Moreover, the Km of NTPH for
ITP does not vary significantly among individuals whose specific
activities range from 12-124 (36).

Examination of the thermostability of NTPH in lysates of
individuals with a wide range of specific activities revealed the first
indication of biochemical differences in NTPH (67). Individuals with
high specific activity (i.e., greater than 25 units) had enzyme which
was more heat stable than that obtained from individuals whose specific
activity ranged between 5 and 25 units. Individuals with NTPH specific
activity below 5 have enzyme which is significantly more thermolabile
than enzyme in either of the other two groups. These results have been
interpreted to indicate that differences in the specific activity of
NTPH from human red cells occur as a result of differences in the amino
acid sequence of this enzyme.

Interest in the inheritance of NTPH activity and its genetic
characteristics was stimulated when Vanderheiden, in 1969, suggested
that an "ITPase" activity seemed to be limiting the amount of ITP which

normally exists in the red cell, as well as limiting the ability of
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these cells to accumulate ITP from radioactive inosine (37). He fur-
ther suggested that the "ITPase" specific activity is a genetically
inherited trait. The basis for this last proposal was not well
documented, however, and consists of the detection of high levels of
"ITPase" activity within the members of a single family. The fact that
the activity assays were conducted under sub-optimum conditions adds
uncertainities to his data. More recent studies by Morris and
co-workers have investigated the proposal that NTPH variation in human
red cells is an inherited trait. The results of surveying the
pedigrees of 57 families have indicated that the mode of NTPH specific
activity inheritance conforms well to a hypotheses of three alleles on
one NTPH locus (57).

Two reports suggest that NTPH is located on chromosome 20 in
humans, as based upon evidence of its synteny with adenosine deaminase
in human-chinese hamster somatic cell hybrids (58,59). The pooled data
from these reports, however, cannot exclude chromosomes 7 and 22 as
being the locus for NTPH activity.

At present, there are no known clinical effects resulting from low
or absent NTPH activity. Vanderheiden has presented data concerning a
higher proportion of NTPH-deficient individuals among paranoid schizo-
phrenics than among non-schizophrenic populations (83). However,
Hirschhorn, et al., found no differences in the red cell NTPH activity
of schizophrenic and non-schizophrenic populations (5).

As previously mentioned, Wang and Morris have proposed that the
metabolic role of NTPH may be to prevent incorporation of ITP into RNA
and dITP into DNA by keeping levels of these nucleotides low in cells

(3).
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This proposal was subsequently discussed in relation to incorporation
and excision of dITP in E. coli DNA (54).

It can thus be seen that further work is required to define both
the function of this enzyme and the cause of its distribution
characteristics in humans.

C. Interactions Between Metal Ions and Enzymes

Portions of this thesis investigate the effects of Magnesium, ITP,
and their metal-nucleotide complexes, upon the reactivity of the
sulfhydryl group(s) in NTPH. This in turn has led to a general
consideration of the nature of the scheme which describes, for NTPH,
the catalytically active enzyme complex. Therefore, this literature
review includes a brief review of the research which has led to an
understanding of the nature of the catalytically active complex of
metal, enzyme, and substrate.

The interactions between metal ions and enzymes have been
extensively reviewed (68,69,70). Research which has been conducted
since the 1950's has made it possible to distinguish between
metalloenzymes (those which have built-in metals) and metal-activated
enzymes (to which metals must be added for activity (68). The use of
direct binding studies of metals to enzymes and to substrates has
revealed that metalloenzymes have a higher affinity for a metal than do
metal-activated enzymes. Mildvan has stated (68) that a stability
constant of 108 M-1 may serve as a rough dividing line between
metalloenzymes and metal-activated enzymes. Borderline instances do
exist, however, in which the partial purification of an enzyme results
in the retention of small amounts of metal activators. Subsequent
addition of metal ions may enhance the residual activity, yielding

misleading results concerning the affinity of the active enzyme for
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the metal. Further purification in the presence of chelating agents
may markedly decrease this residual activity, and demonstrate an
absolute dependence upon added metal ions (68).

Correlations between enzyme mechanism, substrate binding and
reaction kinetics have been performed by various workers. Reynard, et
al., have combined kinetics and binding studies to propose that the
catalytic activity of pyruvate kinase involves direct transfer of the
phosphoryl group from donor to acceptor (71). Further work elucidating
the roles of monovalent and divalent cations in this phosphoryl trans-
fer has been performed by Mildvan and Cohn (72,73). In the latter
instance, paramagnetic resonance methods were combined with kinetic
studies to provide a detailed analysis of the catalytic role of metal
cations. Suelter et al. made use of difference spectroscopy in similar
studies of the interactions between substrate and metal cations with
pyruvate kinase (74). This and other work has indicated that the
functional ternary complexes of metal-activated enzymes have a simple
1:2:1 stoichiometric relationship among enzyme sites, bound metal, and
bound substrate. Three possible coordination schemes for such enzymes
are possible; they have been summarized by Mildvan and are shown below
(68).

Substrate Bridge Complex Enzyme Bridge Complex

E-S-M M-E-S

Metal Bridge Complexes

E-M-S (simple)
M

E<<:] (cyclic)
S
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Various methods are available for defining the coordination scheme
of a ternary enzyme complex. Some of the more commonly used techniques
include gel filtration (75) and equilibrium dialysis (77). Suelter and
Milander applied the technique of protein difference spectroscopy to
the determination of the dissociation constants for enzyme-metal
complexes (76,74). These, and other generally applicable and conven-
ient methods, are currently used in investigations of protein binding
phenomena.

Of the four possible coordination schemes for enzyme, metal and
substrate complexes, perhaps the least understood is the enzyme bridge
complex (M-E-S). The binding of the metal may occur to varying
extents, and in a variety of locations upon the enzyme. Its function
is thought to be that of stabilizing a catalytically active protein
conformation (68).

The ternary complexes of nucleoside di- and triphosphates appear
to be universally characterized by substrate-bridge complexes (E-S-M)
(68). The mechanism for formation of such complexes has been discussed
by Cleland (78). He pointed out that the predominant reactions consist
of the initial formation of a metal-nucleotide complex, and its
subsequent binding to the enzyme. Later work by Hammes and Hurst,
indicated that initial addition of free nucleotide to the enzyme can
and does occur (particularly at high enzyme concentrations); this
process is then followed by addition of the metal to the substrate
(79).

Metal bridge complexes (E-M-S) have been suggested as functional

intermediates in a wide variety of both metal-activated and
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metallo-enzymes. The formation of such bridges with metallo-enzymes

may involve one or more of the following 3 pathways (68).

M
+M +S
(1) E > E-M S
SoM S
S
M
+S +M
(2) ET=E-ST—>
=S -M
S
M
+S +E
B NS &Eq
S

Kinetic and binding measurements are used to demonstrate which, if any,
of these paths predominate for a given enzyme. One such example is
pyruvate kinase, which, under various conditions, has been shown to
proceed through all three pathways (73). Comparisons between the
substrate kinetics and binding data of the allosteric and non-allo-
steric forms of this enzyme in yeast and muscle was performed by
Mildvan, Hunsley, and Suelter (80). Their work suggested that muscle
pyruvate kinase forms an active, quaternary, E-M-S1-So complex by
multiple pathways. It was further suggested that yeast pyruvate kinase
forms ternary E-M-S complexes which are structurally similar to the
muscle enzyme.

Thus, it can be seen that for metal-activated enzymes, a complex
relationship exists between the enzyme binding sites, the metal, and
the substrate. Much detailed investigation is therefore required
before a clear understanding of this relationship, and its role in the

catalytic mechanism, is obtained.
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III. Reagents, Materials, and Methods

A. Reagents

1. Commercial

Sigma Chemical Company, St. Louis, Missouri, supplied the
following: dithiothreitol, bovine serum albumin, yeast inorganic pyro-
phosphatase (600-800 u/mg), CM-Sephadex (C-50-120), Sephadex G-25-80,
N-ethylmaleimide, imidazole, tris base, and N;N,N'N'-tetramethylethyl-
enediamine. The sodium salt of inosine-5'-triphosphate was also
purchased from Sigma (Sigma Grade I, 95-97%, shipped on dry ice), as
well as from PL Biochemicals, Milwaukee, Wis.

Aldrich Chemical Corporation, Inc., Milwaukee, Wis., supplied
N,N'-methylenebisacrylamide, electrophoresis grade. Ammonium persul-
fate, was purchased from Miles Laboratories, Elkhardt, Ind. Sodium
dodecyl sulfate was obtained from Fisher Scientific Company, Pitts-
burgh, Penn. Acrylamide, gel electrophoresis grade, was obtained from
Bethesda Research Labs, Inc., Rockville, Md. 2-Mercaptoethanol was
purchased from Mallinckrodt Chemical Works, St. Louis, Missouri. Hycel
cyanmethemoglobin reagent (Mo.116E) was obtained from Hycel, Inc.,
Houston, Texas. Analytical reagent grade ammonium sulfate, from
Mallinkrodt Chemical Works, St. Louis, Missouri, was ground in a mortar
to a fine powder before use.

Tris*Cl buffer was prepared from the free base by titration with
HC1, and titrated to the pH indicated at the temperature at which it
was to be used. g-Alanine buffer was prepared by titration of
g-alanine (U.S. Biochemical Corporation, Cleveland, Ohio) with sodium
hydroxide to pH 9.5 at 37°C. Imidazole-acetate buffer was prepared by
titrating 1 M acetic acid with 1.0 M imidazole to pH 6.25 at 4°C.
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2. Special Reagents

a. MWater

The water which was used for all the NTPH purification
and analytical work was glass-distilled, and kindly donated by Dr.
Wilson's laboratory, Department of Biochemistry, Michigan State
University. It was stored in containers which had been thoroughly
leached.

The water which was used for HPLC analysis was kindly donated by

the Department of Dairy Science at Michigan State University.
Following steam distillation, the water is passed through two mixed-bed
resins, one heavy-metal resin, and one charcoal filter. It is then
glass-distilled using a Corning Megapure water still, and stored in
glass containers.

b. Preparation of CaP0gq Gel

Calcium phosphate gel was prepared by the method of
Tsuboi and Hudson (60), which is described briefly as follows. To 400
ml of 0.5 M NA>HPO4 (anhydrous) is added 12 m1 of concentrated
NH40H, followed immediately by 300 ml of 0.1 M CaCl, solution. The
mixture is stirred gently with continual monitoring of the pH. The
calcium phosphate thus formed is then washed at 4°C by suspension and
resedimentation. When conductivity measurements of the wash water are
found to be constant (usually after 10 washes), as much Hy0 as
possible is siphoned off the sedimented gel, and it is stored at 4°C.
The concentration of the CaP0O4, determined via gravimetric analysis,

is approximately 13 mg/ml.
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B. Materials
1. Commercial
Vacutainers and needles were obtained from

Becton-Dickinson, Rutherford, NJ. PM-10 Diaflo ultrafiltration

membranes were purchased from Amicon Corp., Lexington, Mass. Prepacked

Partisil PXS-10/25 SAX columns for HPLC analysis were purchased from
Whatman, Inc., Clifton, NJ.

2. Preparation of Dialysis Tubing

Dialysis tubing was obtained from Union Carbide, Chicago,
I11. It was prepared for use by boiling in a minimal amount of EDTA
(di-Na salt). The tubing was then rinsed several times and stored in
glass-distilled water.

3. Preparation of Glass Tubes for SDS-Gel Electrophoresis

Glass tubes of dimensions 0.5 x 14 cm were acid-washed
overnight and rinsed with distilled water. They were then dipped in a
0.1% solution of Prosil-28 for 1-2 minutes, rinsed with distilled
water, and air-dried overnight.
C. Methods

1. Analytical
a. NTPH and Phosphate Analysis

NTPH catalyzes the general reaction:
NTP + Hp0 NMP + PP;-

According to the method of Chern et al., the pyrophosphate
produced during the incubation of NTPH with ITP may be hydrolyzed by
yeast inorganic pyrophosphatase (1). The inorganic phosphate thus
formed may then be analyzed colorimetrically by the method of Rathbun

and Betlach using KoHPO4 as a reference standard (61).

- -~ -
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Unless otherwise noted, the assay mixtures contained 50 mM
p-alanine buffer (pH 9.5), 10 mM MgClp, 2 mM DTT, 1 unit yeast
inorganic pyrophosphatase, 0.5 mM ITP and the NTPH-containing solution.
Appropriate control mixtures were incubated concurrently to account for
trace phosphate contamination present in ITP and NTPH-containing
solutions and others, as necessary.

0.5 mM ATP was sometimes substituted for ITP to test for the
presence of non-specific phosphatases. Following the incubation of
these mixes for 20 minutes at 37°C, the reactions were terminated by
the addition of 2.2 ml of 7.27% trichloroacetic acid. The precipitated
protein was removed by centrifugation (1000 x g for 10 minutes at 4°C)
and the supernatants were decanted into phosphate-free test tubes for
inorganic phosphate determination. Phosphate analysis was accomplished
by adjusting the pH to ca. 4.5 with 1.88 ml of 3 M acetate buffer (1:1
mixture of 3.0 M sodium acetate and 3.0 M acetic acid) to which 1/10
part 37% formaldehyde (10 ml formaldehyde for every 90 ml acetate
buffer) had been added to diminish the interference of sulfhydryl
reagents in the color development step. Then 2.0 ml 2% ammonium
molybdate, followed immediately by 0.4 ml 6.75 mM stannous chloride
were added to each tube. After 15 minutes, the absorbance at 700 mm of
each of the solutions was determined with a Gilford 300 micro-sample
spectrophotometer.

A unit of NTPH activity is defined as that amount of enzyme which
hydrolyzes one nmole of ITP at 37°C in the standard 20 minute
incubation. The specific activity may be expressed as units per mg

protein or units per mg hemoglobin.
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b. Hemoglobin and Protein Analyses

The hemoglobin concentration in hemolysates was
determined by the method of Austin and Drabkin (62). The
determinations were facilitated by the use of Hycel cyanmethemoglobin
reagent. The absorbance at 540 nm of a 1 mg/ml cyanmethemoglobin
solution has been determined to the 0.718. Other protein analyses were
carried out by the method of Lowry et al. with bovine serum albumin as
the reference standard (63).

Cc. High Pressure Liquid Chromatography

HPLC analysis was performed on various commercial
preparations of ITP. The system used was that established by Vernon
Verhoef, working in this laboratory (53).

Analyses were performed at ambient temperature with a Perkin-Elmer
1250 HPLC equipped with a prepacked Partisil-10 SAX column and UV
detector. The pump was routinely operated at 35% capacity, giving a
flow rate of 180 ml/hr, with 600 psi. operating pressure. KHPO4
buffer (0.45 M, pH 3.4 at 25°C) was prepared with Hy0 kindly donated
from the Department of Dairy Science, Michigan State University, as
previously described.

The buffer was stored in glass containers, filtered through a 0.45
micron filter and degassed immediately prior to use. Samples were
injected onto the column using an automated injector system.
Quantitative analysis was performed by standardizing the peak height of
a particular nucleotide of known concentrations. The purity of
standards or other samples was determined by estimating the peak areas

of the mono- di and triphosphate peaks.
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d. SDS Polyacrylamide Gel Electrophoresis of

Partially-Purified NTPH

SDS polyacrylamide gel electrophoresis was performed
following the method of Weber and Osborn (64). The 7.5% acrylamide
gels were prepared as follows: one part solution A (1 M NaHyPO4, pH
7.1, 40 mL; 10% sodium dodecyl sulfate, 4 ml; 0.12 m1 TEMED; water to
100 m1), one part solution B (acrylamide, 30 gm; BIS, 0.65 gm; water to
100 mL total volume), and one part water were combined. The polymeri-
zation reaction was initiated by the addition of one part solution C
(ammonium persulfate, 0.28 gm; water to 100 mL). Without delay, the
mixture was added to gel tubes (0.5 cm diameter) to a depth of about 10
cm, and 0.1 mL of water was carefully layered on top of the gel solu-
tion. Polymerization was allowed to proceed for 1 hr. The protein
solutions consisted of 0.2% 2-mercaptoethanol, 0.2 M NaHyPOq4,
glycerol, 20%, and protein in a concentration of 1 mg/ml. 5 uL of a
0.15% solution of bromophenol blue was added as tracking dye. The
samples were treated to boiling in a water bath for 1 minute. The gels
were subjected to a current of 8 ma per gel cyclinder, in 0.1 M
NaHzP04 buffer, pH 7.1 containing 0.2% sodium dodecyl sulfate and
0.2% 2-mercaptoethanol as electrode buffer.

After electrophoresis, the gels were stained overnite in a
solution containing methanol, 227 ml, acetic acid, 46 ml, Coomassie
Brilliant Blue R., 1.25 gm., and water to 500 ml. Destaining was
effected in a solution of 30% ethanol and 7.5% acetic acid. Gels were

stored in 7% acetic acid.

B STREE T S e s
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2. General Procedures

a. Partial Purification of Human Erythrocyte NTPH

The purification procedure described below is that
established by A.J. Morris (3). As has previously been stated, the
NTPH activity of human erythrocytes varies widely between individuals.
Therefore, a preliminary analysis of NTPH activity is routinely
performed on each unit of outdated Red Cross blood. Red cell lysates
with the highest specific activity available were utilized in the
purification procedure.

1. Preparation of Crude Lysate and Lysate

The outdated human blood (CA 300 ml1) is combined
with equal volumes of 0.9% NaCl and mixed gently by inversion.
Following centrifugation at 4000 G for 10 minutes at 4°C, the plasma
and buffy coat are removed by gentle aspiration. This process of
washing the cells is repeated twice as described. The washed cells
(180 m1 packed cell volume) are lysed in 4 volumes of 1 mM
dithiothreitol, 0.25 mM EDTA, with gently stirring for 60 minutes

(crude lysate). The crude lysate is centrifuged at 10,000 G for 20

minutes, at 4°C. The supernatant is removed, and the pellet is further
centrifuged at 27,000 G for 20 min at 4°C. This supernatant is added
to that obtained from the previous spin (680 ml, lysate). The
absorbance at 280 nm of an appropriate dilution of the lysate is
determined.

2. Adsorption onto Calcium Phosphate Gel

Calcium phosphate gel is prepared, and the concen-
tration determined, as previously described. The gel is added to the

lysate in an amount equalling 0.11 mg dry weight of gel per mL of
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lysate for each unit of absorbance at 280 nm. The mixture is stirred
for 1 hr and centrifuged at 10,000 G for 20 minutes. The supernatant
fraction is discarded. The gel pellet is washed by resuspension in 1
mM DTT, 0.25 mM EDTA (300 ml per unit of blood). This mixture is
stirred for 30 minutes at 4°C, and centrifuged at 1500 G for 5 min at
4°C. A total of 3 such washings are performed. NTPH is eluted from
the calcium phosphate by resuspension in a solution which is 10%
ammonium sulfate, 1 mM dithiothreitol, and 0.25 mM EDTA (300 ml per
unit of blood). This mixture is stirred for 1 hour at 4°C, and
centrifuged at 10,000 G for 20 minutes, also at 4°C. The pellet is
discarded, and the supernatant (380 ml, gel eluate) subjected to
ammonium sulfate fractionation.

3. Ammonium Sulfate Fractionation

Ammonium sulfate is added to the gel eluate so as
to achieve a final salt concentration of 50% saturation (23.3 gm
ammonium sulfate per 100 mL gel eluate). This addition is performed
over a period of 30 minutes at 4°C with gentle stirring. The mixture
is then stirred for another 30 minutes, and centrifuged at 10,000 G,
4°C, for 20 minutes. The protein pellet is discarded. Ammonium
sulfate is added to the supernatant (420 ml) so as to achieve a final
concentration of 70% salt (12.5 gm/100 mL supernatant). This addition
is performed as previously described. Following centrifugation at
10,000 G, 4°C, for 30 minutes, the protein pellet is resuspended in a
minimal volume (11 ml) of imidazole-acetate buffer (.01 M, pH 6.25 at
4°C) which is 1 mM DTT, 0.25 mM EDTA (ammonium sulfate fraction). The
sample is then dialyzed against two-2 L portions of the same

imidazole-acetate buffer.
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4. Chromatography on C-50-120 Sephadex

The CM sephadex column is prepared by gently
stirring C-50-120 Sephadex (4.5 + 0.5 meq./G) in a 1:10 dilution of
stock 1 M imidazole-acetate buffer, pH 6.25 at 4°C. This is allowed to
swell overnite at 4°C. The CM sephadex is then washed twice by
resuspension and sedimentation with a 1:100 dilution of the stock
imidazole-acetate buffer.

The pH of the gel is then brought to 6.25 using a 0.01 M
concentration of the appropriate buffer component. The resulting
column bed is typically 3 x 40 cm. It is washed with a 1:100 dilution
of the stock buffer, which is also 1 mM DTT, 0.25 mM EDTA, until the pH
of the eluate is identical to that of the wash buffer. The ammonium
sulfate fraction (13.6 mL after dialysis) is carefully added to the
column bed. NTPH activity is eluted at the void volume of the column,
while many contaminating proteins are retained on the column. The
NTPH-containing fractions are pooled and concentrated to approximately
10 mL by ultrafiltration. The final sample (C-50 eluate fraction) is
dialyzed against two 2 L portions of Tris-HC1, 50 mM, Ph 8.0 at 4°C,

1 mM DTT, 0.25 mM EDTA. It is then aliquoted into glass vials (0.5
dram) and frozen in liquid nitrogen for future use. Unless otherwise
stated, all enzyme studies presented in this thesis were performed on
enzyme which had undergone the above purification procedure. This NTPH
preparation will be referred to as C-50 purified NTPH.

b. Analysis of the Sulfhydryl Requirement of NTPH

1. Effect of DTT and EDTA upon NTPH Activity

Analysis of the sulfhydryl requirement of NTPH

involved desalting on Sephadex G-25 in order to effect rapid and
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efficient removal of DTT (present in the enzyme storage buffer) from
NTPH. For these experiments, 5.45 units of C-50 purified NTPH was
desalted on a column of Sephadex G-25 (1 x 25 cm) equilibrated and
eluted in 10 mM Tris<Hcl, pH 8.0, 4°C, 50 mM NaCl. The enzyme was
then added to each of 4 mixes containing the standard assay components
plus either 2 mM DTT or 0.25 mM EDTA or both. The control mix
contained NTPH without DTT or EDTA. The reaction was initiated by the
addition of the enzyme to the substrate and immediately placed in a
37°C water bath. At 5 minute intervals, 1 ml aliquots were removed
from each mix and added to 2.2 ml of 7.27% cold TCA, which was then
assayed for inorganic phosphate. The same experiment was also
performed using NTPH which had been desalted on Sephadex G-25
equilibrated and eluted in buffer containing 0.25 mM EDTA. In all the
experiments to be described, NTPH was desalted on a Sephadex G-25
column in 10 mM Tris-HC1, pH 8.0, 50 mM NaCl, 0.25 mM EDTA at 4°C and
used immediately.

2. The Effect of N-Ethylmaleimide Upon NTPH Activity

C-50 purified NTPH was incubated at 4°C for 15 minutes
with various concentrations of NEM and the standard assay components of
g-ala buffer, yeast inorganic pyrophosphatase, and water to a final
volume of 0.80 mL. The reaction was terminated by the addition of DTT
which was 2 mM in excess of the NEM concentration. ITP, MgClp, and
H20 were then added to a final volume of 1 ml, so as to achieve
standard assay conditions, and NTPH activity was determined for each
sample. Each assay was done in triplicate.

Control experiments demonstrating complete inactivation of the
effects of NEM by DTT were performed by incubating DTT with NTPH and

NEM under the above described conditions.

m—— —————, ————
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The effect of NEM upon yeast inorganic pyrophosphatase was also
determined. The experiment was of the same design as just described,
with the exception that NTPH was omitted, and 0.1 mM inorganic
pyrophosphate was used as the substrate.

3. Effects of Incubating NTPH with ITP and/or MgClo

a. Incubation with ITP and/or MgCl 2

C-50 purified NTPH was added to a series of test
tubes containing g-alanine buffer, and yeast inorganic pyrophosphatase
(in the standard assay concentrations) at 4°C in a total volume of 0.80
mL. Also present were either 0.5 mM ITP, or various concentrations of
MgCl2 ranging from O to 10 mM, or both ITP and MgCiz. Control
samples did not contain either MgCl; or ITP. Following a 15 minute
incubation period, 2 mM DTT was added to the reaction. MgClp, ITP,
and H20 to a final volume of 1 mL were then added so as to obtain the
standard assay conditions, and NTPH activity was determined. All
samples were performed in triplicate.

b. Destabilization by MgCl,: Effects of Incubation

Time

C-50 purified NTPH was added to an assay mixutre
containing, at 4°C, 0 and 10 mM MgCl,, g-alanine buffer, and yeast
inorganic pyrophosphatase (in the standard assay concentration) in a
total volume of 0.80 mL. At timed intervals, 2 mM DTT was added to the
reaction. ITP, MgCly, where necessary, and H20 to a final volume
of 1 ml were then added so as to obtain the standard assay conditions,

and NTPH activity was determined.
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4. Effect of MgCl, and/or ITP Upon NTPH Inactivation by

N-ethylmaleimide

C-50 purified NTPH was added to a series of test tubes
containing, at 4°C, the standard assay components of g-alanine buffer,
yeast inorganic pyrophosphatase, and Hp0 to a final volume of 0.80
mL. Also present was 0.5 mM ITP, both alone and in the presence of
various concentrations of MgClp ranging from 0 to 10 mM. NEM, 3.5 ;
mM, was added to initiate each reaction. Following a 5 minute incuba-
tion, DTT was added to a concentration which was 2 mM in excess of the

NEM concentration. MgClz, ITP, and H20 to a final volume of 1 ml

were then added so as to achieve standard assay conditions, and NTPH b
activity was determined for each sample. Control samples were
performed which measured activity seen with and without NEM present (in
the absence of ITP and MgClp). A separate experiment was conducted
under exactly the same conditions, with the exception that MgCl,
alone, without ITP, was present during the reaction with NEM.
In a later experiment, this work was repeated exactly as described
above, with the exception that 0.25 mM EDTA was included in each
incubation reaction.

5. Rate Analysis of NTPH Inactivation by N-ethylmaleimide

The time course of NTPH inactivation by NEM was docu-
mented as follows. C-50 purified NTPH was added to a master mix con-
taining, at 4°C, 0.25 mM EDTA, various concentrations of NEM, the
standard assay components of g-ala buffer, yeast inorganic pyrophos-
phatase, and H20 to a final unit volume of 0.80 ml. At 2 minute
intervals, for a period of 60 minutes, 0.80 ml of this mix was removed

and added to a DTT concentration which was 2 mM in excess of the NEM
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concentration. ITP, MgCl, and Hy0 were then added to a final

volume of 1 mL so as to yield standard assay conditions, and NTPH
activity was determined in each sample. All of these experiments were
done in duplicate.

6. Effect of MgClo and/or ITP Upon the Time Course of

NTPH Inactivation by N-ethylmaleimide

These experiments were performed as described in the
previous reaction, wherein the time course of NEM inactivation was
assessed. In this case, however, concentrations of MgCl, ranging
from 1 mM to 10 mM, or 0.5 mM concentrations of ITP were present during
the derivitization reaction. Following the addition of DTT, ITP,

MgCl, and Hp0 were again added to a final volume of 1 ml, and so as

to yield standard assay conditions, and NTPH activity was determined in
each sample. All of these experiments were done in duplicate. In each
instance, control experiments demonstrated that the incubation
conditions themselves had no effect upon NTPH activity. In a similar
experiment, 0.5 mM concentrations of both MgClp and ITP were present
during the inhibition reaction, with all other conditions being as
described above.

7. Computer Calculation of Metal-Nucleotide Complexes

Computer calculation of the concentrations of
metal-nucleotide complexes was based upon a program designed by
Cornish-Bowden (81). A complete description of this method is provided
in Appendix A. The CYBER-750 computer, located at the Michigan State

University Computer Laboratory, was used for this work.
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IV. Results

a. HPLC Analysis of Commercially Available Inosine

5'-Triphosphate

The work of Chern et al. (1) has shown that the nucleotides

IMP and IDP inhibit NTPH activity 23% and 57%, respectively, at 1 mM
concentrations. Moreover, investigations performed on yeast inorganic
pyrophosphatase have shown this enzyme to be strongly inhibited by
inorganic phosphate (65). This information, combined with the fact
that phosphate analysis forms the basis for determinations of NTPH
activity, dictated th