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ABSTRACT

Comparison Between Yeast Orotate and Hypoxanthine/Guanine Phos-
phoribosylitransferase Activities: NMR Studies of the Conformations of
Free and Bound Phosphoribosyl Pyrophosphate. Kinetic Inhibitions
Studies with Cr(lll) Pyrophosphate.

By

Danyal B. Syed
Advisor: Dr. Donald L. Sloan

Both the orotate phosphoribosyltransferase (OPRTase) and the hypo-
xanthine/guanine phosphoribosyitransferase (HGPRTase) activities from
yeast have been well characterized in our laboratory. The kinetic and
metal ion activation studies carried out on these enzymes thus far have
contributed a great deal towards the understanding of underlying mecha-
nisms. Although M(I1)-PRibPP has been established to be the true sub-
strate for both of these enzymes, the two activities differ in their ki-
netic mechanism by which the phosphoribosyl transfer reaction occurs
with the appropriate base. This difference in kinetic mechanisms led me
to believe that the M(11)-PRibPP might have a different confo: .ation on
the active sites of these enzymes as compared to its conformation in solu-
tion. This thesis describes the elucidation of Mn(11)-PRibPP conforma-
tions free in solution as well as bound to OPRTase and HGPRTase from
yeast using ‘H and 31P magnetic relaxation rate measurements. The
eight PRibPP metal-to-nucleus distances determined were used to resolfve

the conformation of tha binary Mn(I1)-PRibPP, ternary OPRTase-Mn(I!)-



PRibPP and HGPRTase-Mn(11)-PRibPP complexes. In the case of the bi-
nary, Mn(11)-PRibPP complex, all the phosphates interact with the metal
ion. The o - and B -phosphates were observed to be directly co-or-
dinated, in a bidentate fashion, while 5'-P0u might be co-ordinated via
axial oxygen. In this conformation the B —position of the C-1 carbon
of ribose is essentially unavailable for on-line substitutions. In the case
of the OPRTase-bound Mn(11)-PRibPP, the Mn(li)-to- & and to- B -
phosphate interactions were still defined as bidentate but could also oc-
cur via axial oxygen. The enzyme-bound ribose ring still exhibited a
desired 2'-endo puckered conformation but was further away from the
metal ion, as the 5'-phosphate lost its inner sphere axial co-ordination
on OPRTase. This new position resulted in an increase of 0.8 :\ in the
metal ion to ribose distance (as measured from the center of the ring).
In the case of the HGPRTase-Mn(!l)-PRibPP complex, the &« - and B -
phosphates also remained bidentate. However, the 5'-phosphate metal
distance more closely resembled the distance of Mn(I1}-PRibPP than did
this distance on OPRTase. Moreover, the calculated 5'-phosphate metal
ion distance was consistent with a highly distorted direct co-ordination.
The ribose ring of HGPRTase-bound PRibPP was also observed to posi-
tion itself further away from the metal ion by a distance of 0.7 Z . The
new PRibPP conformation thus created would seem to allow for on-line
displacement at the HGPRTase active site.

Also described in this dissertation are the inhibition studies carried
out on these enzyme activities with Cr(lll)PPi and Na(l)PPi in the pres-
ence of 1-2mM Mg(ll) ion. These studies have revealed that Cr(ll!)PPi
is a substrate for the reverse reaction catalyzed by OPRTase but only

in the presence of Mg(ll) ion, suggesting that there is a requirement
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for a divalent metal ion other than that complexed to PPi and/or PRibPP.
Cr(III)PPi exhibited mixed-type inhibition for the OPRTase catalyzed
forward reaction, whereas the forward reaction catalyzed by HGPRTase
was not inhibited, indicating that for HCPRTase the Cr(III)PF‘i may not
bind or bind very loosely. Based upon the elucidated conformations of
PRibPP when bound to these enzymes, upon inhibition studies with
Cr(llI)PPi and Na(I)PPi in presence of Mg(ll) and upon previous kinetic
and metal activation studies, | propose that one of the difference between
the HGCPRTase and OPRTase catalyzed reactions is how these enzymes
make use of several metal-ions at their active sites to perform aspects of
the catalysis.

During my unsuccessful attempt to prepare the Cr(ill)-PRibPP com-
plex, | have characterized the degradation products of PRibPP at acidic

pH in presence of Cr(lll} ion.
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BACKGROUND

A living system in its entirety as well as at the cellular level is
a highly improbable entity regulating chemical processes at a steady
state position far removed from equilibrium (Zubay, 1983). In this

regulation, concentrations of enzymes, their substrates and products

as well as activators and inhibitors are very important. A living system,

complex as it appears, is unique in preserving simplicity in having a
common substrate for different metabolic reactions that are similar by
their nature. So, if adenosine triphosphate (ATP) is a common subs-
trate for kinases in phosphoryl transfer reactions, then 5'-phosphori-
bosyl & -1-pyrophosphate (PRibPP) serves the same role in phospho-
ribosyl transfer reactions catalyzed by phosphoribosyltransferases
(PP.Tases). This commonness of a substrate in these reactions is well
preserved throughout evolution. In order for such a compound to be
apportioned through these various metabolic pathways, it is necessary
that its intracellular concentration be closely regulated.

PRibPP was first discovered by Kornberg et al., (1955a). It is
an essential substrate in the synthesis of purine, pyrimidine and pyri-
dine nucleotides. Fox, et al., (1971) and Becker, et al., (1979) have
shown that PRibPP plays a critical role in the de novo synthesis of
purines in man. The synthesis of PRibPP is catalyzed by PRibPP syn-
thetase (E.C. 2.7.6.1) in a reaction (given below) involving ATP and

ribose-5'-phosphate and requires Mg(ll) and inorganic phosphate.

Ribose-5-Phosphate + ATP S=—" PRibPP + AMP (1)



In intact cells, increased availability of PRibPP correlates with
higher levels of de novo purine synthesis (Brosh, et al., 1976; Bashkin,
et al., 1978 and Becker, 1976) and decreased availability of PRibPP
with lower levels of de novo purine synthesis (Kelley, et al., 1970 and
Bagnara, et al., 1974). The rates of de novoand salvage purine syn-
thesis decrease by approximately 80% and 60% respectively when normal
human lymphoblasts are starved for an essential amino acid (Boss and
Erbe, 1982). Amino acid starvation decreased the intracellular PRibPP
and ribose-5'-phosphate concentrations by approximately 40% but neither
the specific activities of PRibPP synthetase and glutamine amidophospho-
ribosyltransferase nor the intracellular concentration of purine nucleo-
tides and inorganic phosphate (Pi) changed significantly (Boss and Erbe,
1982). In mutant cells having either higher PRibPP synthetase activity
or hypoxanthine:guanine phosphoribosyltransferase (HGPRTase) defi-
ciency, intracellular PRibPP concentrations decreased by less than 15%
during amino acid starvation and de novo purine synthesis decreased
less than in normal cells. These and similar other observations made
by Boss (1984) suggest that amino acid starvation decreases purine syn-
thesis by decreasing the generation of PRibPP from glucose. Ribose-
5'-phosphate, the precursor of PRibPP, has also been proposed to be
an important factor in controlling the rates of de novo purine synthe-
sis (Becker, 1976 and Becker, et al., 1979). Pilz, et al., (1984) have
now demonstrated that endogenous ribose reutilization for purine synthe-
sis is important when either glucose availability is limited or synthesis
is stimulated. They also showed that in the absence of glucose, exo-
genous purine nucleotide when included in the medium restored the in-

tracellular concentration of ribose-5'-phosphate and purine nucleotides



to almost 100% and rates of purine synthesis to 50-75% to those of 10mM
glucose. When peripheral blood lymphocytes were activated by phyto-
hemagglutinin, the production of ribose—S'—POu increased, resulting in the
enhanced production of PRibPP and increased rates of de novo purine
synthesis. From their recent studies on amino acid starved human lym-
phoblasts, Pilz and Boss (1985) have concluded that the non-oxidative
pentose phosphate pathway is the major source of phosphoribosylpyro-
phosphate for purine nucleotide synthesis (Fig. 1). Their conclusion
does not exclude the possibility that increasing the carbon flow through
oxidative pentose phosphate pathway can increase the PRibPP concentra-
tion and rates of purine synthesis (Raivio, et al., 1981; Yeh and Phang,
1983). On the other hand, parameters like the NADP/NADPH ratio as
well as fructose 2, 6 bi-phosphate level, that independently regulate the
carbon flow through the two pentose phosphate shunts, may determine
the extent of contribution by each path to PRibPP synthesis (Eggleston
and Krebs, 1974; Blackmore and Shuman, 1982). The NADP/NADPH
ratio may be affected by the pathway leading to the synthesis of NAD
through the use of nicotinate phosphoribosyltransferase or one of the
other pyridine PRTases. Therefore, common pathways must control

mechanisms of NAD and purine nucleotides biosynthesis.

PRibPP DEGRADATION

Phosphoribosyitransferases degrade PRibPP. These enzymes are
widely distributed in nature and catalyze the transfer of the ribose-5'-
phosphate moiety of PRibPP to a nitrogenous base. In the de novo
synthesis of purine nucleotides, the nitrogen base is either the amide of
glutamine of ammonia (Hartman, 1963). Free bases serve as nitrogen

donors in reactions leading to the synthesis of pyrimidine nucleotides



Figure 1. Synthesis of PRibPP by the oxidative and non-oxidative
pentose phosphate pathways. Glucose-6-phosphate may be converted
to PRibPP by either the oxidative or non-oxidative pentose phosphate
pathway. When it is converted by the oxidative pentose phosphate

pathway the carbon atom in position 1 is lost as CO2

(From Boss and Pilz, 1985)
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(Kornberg, et al., 1955) and purine nucleotides using the salvage path-
way (Korn, et al., 1955). In addition, nicotinic acid or quinolinic acid
serves as the nitrogen base for NAD synthesis [Preiss, et al., 1958;
Nishizuka and Hayaishi, 1963), anthranilate for tryptophan synthesis
(Crowly, 1964) and ATP for histidine synthesis (Wegman, et al., 1965).
All of the above reactions are shown in Figure 2 and can be represented

by a general equation given below:

H
POCH P-OEH IN7

pP. + \N/ — (2)

Each of the phosphoribosyltransferase and the PRibPP amidotransferases
(ATase) have characteristics which are unique and other characteristics
which are shared by these enzymes as a class. A wealth of information
on the kinetics, genetics, biochemical and other aspects of these enzymes
from plethora of sources has been gathered and is reviewed briefly in

the following pages.

DISORDERS OF PRTase IN MAN

The importance of phosphoribosyitransfer enzymes and PRibPP
metabolism in the normal functioning of living cells can be realized by
the disorders that resuit in man when these reactions are not normal.

it is now fairly well understood that abnormally high uric acid levels in



Figure 2. Summary of the reactions in which PRibPP (in center of
circle) serves as key substrate. These reactions are catalyzed by many
PRTase and amidotransferase. Lined along the outside of the circle are
the second substrates for these reactions. Numbers on arrows repre-

sent the individual enzymes as follows:

1. Nicotinate phosphoribosyltransferase

2. Quinolinate phosphoribosyltransferase

3. Nicotinamide phosphoribosyltransferase

4. Hypoxanthine:Guanine phosphoribosyltransferase
5. Adenine phosphoribosyltransferase

6. Glutamine phosphoribosyltransferase

7. ATP phosphoribosyltransferase

8. Anthranilate phosphoribosyltransferase

9. Uridine (Uracil) phosphoribosyltransferase

10. Orotate phosphoribosyltransferase






blood are due to many factors. The enzymes PRibPP synthetase, PRibPP
amidotransferase and HGPRTase have all been implicated for hyperurice-
mia and gout (Seegmiller, et al., 1967). Hyperuricemia has been shown
to be due to an increased rate of de novo purine biosynthesis brought
about by an increase in PRibPP amidotransferase activity. This may be
the result of either an abnormal PRibPP amidotransferase itself or an
increased level of PRibPP cellular pool which activates ATase activity.

A partial HGPRTase deficiency (residual activity 30% of normal) as well
as PRibPP synthetase hyperactivity enhances the availability of PRibPP
which in turn stimulates de novo purine synthesis (Boer, et al., 1976)
resulting in overproduction of uric acid and thus hyperuricemia (Seeg-
miller, et al., 1976). A complete deficiency of HGPRTase (residual
activity less than 13), on the other hand leads to the Lesch-Nyhan
syndrome, a serious metabolic disorder characterized by spasticity,
mental retardation, megaloblastic bones and compulsive self mutilation
tendencies (Lesch and Nyhan, 1964). It has been demonstrated that
adenine phosphoribosyltransferase (APRTase) levels increase in patients
with higher concentrations of PRibPP and with HGPRTase deficiency.
This is understandable since APRTase is responsible for the salvage
synthesis of adenosine monophosphate (Fox and Kelley, 1971). However,
higher levels of APRTase activity in erythrocytes of normal newborn
infants have been observed in addition (Borden, et al., 1974). Defi-
ciencies in APRTase activity have been observed in patients with gout
and hyperuricemia (Debarre, et al., 1974). Interestingly, 2, 8 dihy-
droxyadenine urolithiasis is characteristic of patients with severe APRTase
deficiency (Van Ackar and Simmonds, et al., 1977). The 2, 8 dihydroxy-

adenine in these patients is produced from accumulated adenine by the
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action of xanthine oxidase (E.C. 1.2.3.2.) even though adenine is a
poor substrate of this latter enzyme.

Deficiencies of orotate phosphoribosyltransferase (OPRTase) and
orotate decarboxylase (ODCase) activities are characteristics of orotic
aciduria, a potentially lethal inborn error of pyrimidine metabolism in
man. Two variant forms of disease have been described: one having
the deficiency of both OPRTase and ODCase (Type |) and other lack-
ing ODCase while exhibiting elevated levels of OPRTase, (Type 11)
(Worth, et al., 1974). This disorder manifests itself as severe anemia,
retardation and excessive orotic acid in urine (Smith, et al., 1972).
Iincreased orotic acid secretion has been observed during drug treat-
ment (Fox, et al., 1971), human pregnancy (Wood and O'Sullivan,
1973) and in some of the combined immunodeficiency disorders (Mills,
et al., 1979). Malayappa, et al., (1985) have examined the excretion
levels of orotic acid during the starvation and refeeding of normal men,
as a marker of the pyrimidine pathway. They observed that orotic
acid excretion levels decreased significantly during starvation and in-
creased during refeeding. Orotic acid has been shown to reduce uric
acid formation in gouty patients (Delbarre and Auscher, 1963). Eleva-
ted levels of PRibPP have been observed to enhance OPRTase activity.
Thus, the pyridine, pyrimidine and purine nucleotide biosynthetic
pathways are closely related and affected by PRibPP intraceliular con-
centration.

Gershon and Fox (1974) have observed that administration of
megadoses of nicotinic acid produced hyperuricemia without affecting
uric acid levels in urine. They also observed that increasing the

levels of nicotinic acid which stimulated NAD synthesis, decreases
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PRibPP concentration in human erythrocytes. However, de novo purine
synthesis is stimulated by nicotinamide in rat liver and kidney probably via
production of PRibPP fi.om ribose-5'-phosphate through the activation of
the hexose monophosphate shunt (Shuster and Abraham, 1959). On the
other hand, quinolinic acid, another pyridine base, has been hypothetical-
ly linked to neurodegenerative disorders such as Huntington's disease and
epilepsy. Foster, et al., (1985) have observed that quinolinate phospho-
ribosyltransferase (QPRTase) activity is higher in the caudate (the tail end
of medulla oblongata), in HD post mortem patients. Although the Km values
for both quinolinic acid and PRibPP were similar in HD and normal caudate,
the Vmax values in HD caudate were elevated. This suggests that QPRTase
activity increases in response to specific degenerative events. Further
elucidation of underlying mechanism of this elevation in neuropathological
conditions is needed.

All the above described findings have lead to the conclusion that com-
mon control mechanisms of pyridine, pyrimidine and purine nucleotides

biosynthetic pathways must be involved.

GENETIC ASPECTS

The nucleotide sequences of most of the phosphoribosyltransferases
and PRibPP synthetase genes from a variety of sources have been elucidated
and the structural genes for these enzymes, particularly HGPRTase have
been mapped on the x-chromosomes (Yen, et al., 1978; Caskey and Kruh,
1979; Mantsdla and Zalkin, 1984; Richardson, et al., 1983; Dush, et al.,
1985). Some of these enzymes have been reported to exist in isozymic
forms, eg. HGPRTase exists in isozymic forms in erythrocytes (Olson, et

al., 1978), in hemolysates (Ghangas, et al., 1977), enterobacteria (Hochstadt
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1978), yeast (Nagy, et al., 1977), hamster (Olsen, et al., 1974) and rabbit
brain (Kameda, 1975). Four unique structural variants of human hypoxan-
thine:guanine phosphoribosyltransferase have now been isolated from unre-
lated patients who presented with gout and a partial deficiency of HCPRTase
activity (Wilson, et al., 1981 and Wilson, et al., 1982). These mutant
enzymes have been termed HCPRTase London, HGPRTase Toronto, HGPRTase
Ann Arbor and HGPRTase Munich. The enzyme deficiency states associa-
ted with London, Toronto and Ann Arbor alleles are caused primarily by
decreased concentrations of HCPRTase protein. The deficiency in HGPRT -
ase activity associated with the Munich allele in contrast, results entirely
from abnormalities from enzyme function. Steyn and Harley (1984) have
reported yet another variant of HGPRTase, HGPRTase Capetown. In this
later variant the decreased activity is associated with substrate inhibition
by hypoxanthine and guanine. The substrate acts with enzyme F‘F‘i com-
plex to form a ternary enzyme F’Pi hypoxanthine/guanine dead-end complex.
The study of such variants has added to our understanding of the kinetic
mechanism of this enzyme. On the other hand, the wealth of genetic know-
ledge that has accumulated over the past few years may help to correct
genetic defects caused by the absence or decreased activity of these

enzymes via genetic engineering techniques.

BIOCHEMICAL ASPECTS

A feature common to all the phosphoribosyltransferases and amidotrans-
ferases from different sources studied thus far, is the requirement for a
divalent metal ion activator, most commonly magnesium ion for catalytic
function. Different PRTases from different sources exhibit a wide range

in molecular weights, Km values for PRibPP and Km values for nitrogenous
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bases, as summarized in Table 1. Strictly speaking, one cannot really
compare these results due to the fact that these enzymes are in differ-
ent states of purity and are from different sources. Moreover, evolu-
tionary factors may contribute to some of the structural and kinetic dis-
similarities. However, even when a single source such as yeast is con-
sidered, these enzymes are strikingly different with respect to their Km
values. Moreover, different PRTase catalyze their reactions through dif-
ferent kinetic mchanisms.

Earlier studies on HGPRTase from human erythrocytes, as reviewed
by Ismande, et al., (1961), suggested a ping pong bi bi kinetic mecha-
nism based on the parallel double reciprocal initial velocity patterns as
well as on the initial burst of IMP formation upon the addition of hypo-
xanthine to an enzyme, pre-incubated with and then purified from PRibPP
and Mg(ll). Henderson, et al., (1968) proposed a sequential mechanism
for the enzyme even though initial velocity double reciprocal plots were
composed of sets of parallel lines. Their argument was that the Ki
[PRibPP] is much smaller than Km [PRibPP] (the ratio of these two para-
meters = less than 0.1) which would result in an apparent parallel pattern
of lines. Later, Krenitsky and Papaioannou (1969) re-examined the kine-
tics of human HGPRTase catalyzed reaction using purified preparation and
similar conditions {(optimum Mg(l1) concentration ) and obtained the came
IMP formation burst and sets of parallel patterns of initial velocity double
reciprocal plots, but the Ki[PRibPP]/Km[PRibPP] was determined to be
greater than 0.1. This suggested to them that under the optimum Mg(l{)
concentration, PPi departure precedes IMP synthesis. Giacomello and
Salerno (1978) performed a detailed analysis of both the forward and

reverse reactions catalyzed by human HGPRTase. They characterized



Table 1

Properties of Phosphoribosy! Transfer Enzymes

APRTase

Km{uM)
substrate

20
140
0.9

69

Anthranilate 8.3

PRTase

ATP-PRTas

HGPRTase

e 430

99

*
0.52 (H)

1.1 (G)**

7.7 (H)*

Km(uM)
PRibPP

32

6.7

56

15

5.3
5.3
55

66

40,000
34,000
22,000

50,000

87,000

67,000

34,000
216,000

67,000

80,000
80,000
81,000

100, 000

Human
Rat Liver.

Yeast

Salmonella

Enterobacteria

S. Typhmurium

S. Typhmurium

E. Coli

Hamster
Hamster
Mammalian Liver

Human

Hochstadt (1971)
Thomas (1973)
Groth (1978)

Nagy (1977)

Henderson (1970)

Largen (1975)

Whitfield (1971)
Morton & Parsons (1976)

Tebar (1978)

Olsen & Milman (1974)
Olsen & Milman (1974)
Hughes (1975) & Hagen (1973)

Giacomello & Salerno (1978)
Holden & Kelley (1978)

hi
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Table 1 (Continued)

Properties of

Phosphoribosyl Transfer Enzymes

Km(uM)

Km(uM)
PRibPP

o e e el o e e e e e aA m ™ cte m e e e e = e = = = = o = .~ — . - — o — -——— — —— —

HGPRTase 120 (H)"
2.5 (G)**
23 (H)*

18 (G)**

Nicotinamide 2.6

PRTase
Nicotinate 0.5
PRTase
1.0
1.85
OPRTase 35
2
3.6
Quinolinate 12
PRTase

200
100
50

50

35.7

3.8

50

7.7

38

16

4s

51,000

51,000

86,000

40,000

58,000

68,000

Enterobacteria
Enterobacteria
Yeast

Yeast

Rat Liver

Rat Erythrocytes

Human
Beef Liver

Yeast

Yeast
Ascites

Hepatoma

Castor Bean

Hochstadt (1978)
Hochstadt (1978)
Schmidt (1979)

Schmidt (1979)

Dietrich (1972)

Lin (1972)

Niedel & Dietrich (1973)
Ismande & Handler (1961)

Kosaka (1977)

Victor (1979)
Kavipurapu & Jones (1976)

Hoffman € Sweeney (1973)

Mann & Byerrum (1974)

St




Table 1 (Continued

Properties of Phosphoribosyl Transfer Enzymes

Km(uM)

Enzyme substrate
Quinolinate 6
PRTase

130

133
Xanthine 30
PRTase
Uracil 0.7
PRTase
Amidotrans- 1000
ferase

1000

1000

530

1250
*(H) = Hypoxanthine
**(G) = Guanine

74

m

53

"

25
60
100
86

110

165,000

220,000

42,000

100,000

210,000
200, 000

95,000

Mammalian Liver

Pseudomonas

Alcaligenes

Streptococcus

Pea Seedlings

Chicken Liver
Pigeon Liver

Human Lymp.
Rat Liver

Yeast

Gholson (1964) ¢
lwai (1979)

Packman & Jacobi (1967)

lwai (1979)

Miller (1974)

Bressan (1978)

Hartman (1963)

Rowe & Wyngaarden (1968)
Reem (1974)

Caskey (1964)

Satyanarayana §&
Kaplan (1971)

91
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the role of Mg(ll) in these catalyses and formulated a kinetic model for
pyrophosphorolysis in which Mg(ll) complexes of IMP and PPi associate
with hypoxanthine in a rapid equilibrium random fashion whereas hypo-
xanthine and Mg(Il) PRibPP dissociate from the enzyme in an ordered
manner (Giacomello and Salerno, 1979). Employing more sensitive HPLC
assay procedure and alternate substrate kinetic analysis, Ali and Sloan
(1982) determined that the pure HGCPRTase from yeast catalyzes the
formation of both IMP and GMP through the use of an ordered bi bi
kinetic mechanism and that guanine is a highly preferred substrate over
hypoxanthine in the forward reaction. They observed an exchange of
label between 32[P] pyrophosphate and PRibPP only, but not between
w[C] hypoxanthine or guanine and their nucleotides (IMP and GMP) sug-
gesting that HGPRTase may exist in part as a phosphoribosyl-enzyme com-
plex in the presence of PRibPP.

Orotate phosphoribosyltransferase co-purifies with orotate decar-
boxylase from all mammalian tissues and it is now generally believed that
OPRTase and ODCase co-exist as a single protein {McClard, et al., 1980).
Wild and Belser (1977) have partially purified OPRTase and ODCase as a

complex from S. Marcescens. They observed that when separated from

the complex, the OPRTase activity was reduced. Upon recombining with
ODCase, the original activity was recovered. In the yeast, however,
OPRTase and ODCase activities can be separated and studied independent-
ly. Umezu, et al. (1971) have purified OPRTase to homogeneity. Based
on the initial rate measurements and product inhibition studies of both
the forward phosphoribosy! transfer and the reverse pyrophosphorolysis
reactions, in the presence of excess magnesium ion, Victor, et al.,

(1979a) characterized the yeast OPRTase kinetic mechanism to be bi bi ping
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pong as illustrated below:

E + PRibPP ———= E-RibP + Pyrophosphate (3)
E-RibP + Orotate ——> E + OMP (4)

Both of these half reactions require magnesium ion as determined by the
label exchange between 1“[C]-orotic acid and OMP and between 32[p]—PPi
and PRibPP in the presence and absence of metal ion. The main objection
to a ping pong mechanism for PRTase enzymes is the stereochemical argu-
ment that double displacement mechanisms usually result in retention of
configuration in the products, and phosphoribosyltransferases lead to
inversion of configuration (Brashear and Parsons, 1975). Kaneti, et al.,
(1970) have utilized stereochemical considerations alone to propose an SNj
mechanism for OPRTase. A ping pong mechanism for this enzyme from
yeast has been implicated by Victor, et al., (1979) and these authors pro-
posed a mechanism more complicated than double displacement, namely the
formation of carbonium ion intermediate. The isotopic studies of Goitein
and his colleagues (1978) also favor the carbonium ion formation by which
OMP is formed in yeast.

The nicotinate phosphoribosyltransferase (NaPRTase) catalyzed reac-
tion differs from the OPRTase and HGPRTase reactions in two respects.
Nicotinate mononucleotide (NaMN) formation requires ATP and is irrevers-
ible, possibly because of the concomittant ATP hydrolysis. In addition,
the enzyme does not appear to catalyze reversible bond cleavage between

pyrophosphate and the ribose portion of PRibPP in the absence of nicotinic
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acid to form a nicotinate-PRTase intermediate. Alternatively, the enzyme
may not release PPi subsequent to the breaking of this bond. Kosaka, et
al., (1977), from their initial velocity and product inhibition studies on
yeast NaPRTase enzyme and employing computer modeling, proposed
sequential addition of substrates to the enzyme as the preferred kinetic
mechanism. Hanna, et al., (1983) proposed an ordered uni uni bi ter ping
pong kinetic mechanism with the following sequence of events. 1) ATP
binds to a distinct site on nicotinate PRTase which leads to the phosphory -
lation of this site and the release of the product ADP. 2) The phosphory-
lated nicotinate PRTase then binds PRibPP and nicotinate sequentially at a
second site leading to the formation of NaMN and PP, and to the breaking
of the phosphate-enzyme bond. 3) Three products are then released with

NaMN and PPi released randomly prior to the dissociation of phosphate.

METAL ACTIVATION STUDIES

As pointed out earlier, divalent metal ion activators such as magnesium
ion or manganese ion are required for all phosphoribosyltransferase-catal-
yzed reactions (Musick, 1981). Since PRibPP, the common substrate for all
of these enzymes, is known to form tight complexes with magnesium ion
(Morton and Parson, 1976; Thompson, et al., 1978; Smithers and O'Sulli-
van, 1982) and Mn(Il) (Victor, et al., 1979b) it is generally assumed that
these complexes are the true substrates for the PRTase-catalyzed reactions.
This was also revealed by the studies of Berlin (1969) and Hochstadt and
Stadtman (1971) with adenine phosphoribosyltransferase from Escherichia
coli, by studies of Krenitsky, et al., (1969) and Giacomello and Salerno
(1978) on HGPRTase from rabbit brain and human erythrocytes respective-
ly, by studies of Kavipurapu & Jones (1976) on OPRTase from ascites, by

the work of Morton and Parsons (1976) on ATP phosphoribosyltransferase
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from Salmonella typhimurium and from the studies of Henderson, et al.,

(1970) on the anthranilate synthetase - anthranilate phosphoribosyltrans-

ferase complex from Salmonella typhimurium. However, other substrate

and metal ion ligations are known to occur as well (Victor, et al., 197%
and Giacomello and Salerno, 1978; Dodin, et al., 1982). Formations of
metal ion complexes with enzymes themselves are also known to occur
(Kosaka, et al., 1977 and Victor, et al., 1979b). Ali and Sloan (1983)
have defined a mechanism through which metal ions activate nucleotide
formation by HGPRTase from yeast. 1) A complex is formed between
HGPRTase and metal ion. 2) This form of the enzyme then can bind
the substrate PRibPP and a second metal ion (in either order) or can
bind a metal-PRibPP complex. 3) Thereafter hypoxanthine or guanine
binds and products are formed. On the other hand, metal ion activa-
tion studies done on OPRTase revealed a biphasic nature for Mg(lil) and
Mn(I1l) activation (Victor, et al., 1979b). The interpretation of these
results was resolved in terms of an enzyme-metal ion complex and a
metal free enzyme both of which catalyze the reaction but at different
rates. To conclude, one can easily generalize that the mechanisms of

metal ion activation may also differ among the PRTases.

RATIONALE

Although the kinetic and metal ion activation studies carried out on
these enzymes thus far have contributed a great deal towards the under-
standing of underlying mechanisms, no direct information is available on
the geometries or the structures of these metal-substrate complexes free
in solution and enzyme-bound. In the present work, we present the
studies carried out to characterize the interaction of Mn(ll) complexes of

PRibPP free in solution and bound to HGPRTase and OPRTase from yeast
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using 1l-l and 31l’ magnetic relaxation rate measurements. This method,
which was introduced in 1967 (Mildvan, et al.), is a standard technique
for characterizing the conformations of enzyme-bound co-factors and sub-
strates in solution, yielding results similar to those obtained by crystal-
lographic studies (Schultz & Schirmer, 1974; Mildvan and Cohn, 1970;
Mildvan, et al., 1976; Sloan and Mildvan, 1974 and 1976). This know-
ledge of conformations and arrangements of substrates at the active sites
then can yield valuable clues to the mechanism of enzymic action (Mildvan,
1974). The choice of yeast OPRTase and yeast HGPRTase was made in
order to have these studies carried out on representative phosphoribo-
syltransferases from pyrimidine and purine pathways from the same
source. Both of these enzymes have been purified and well character-
ized in our laboratory (Victor, et al., 1979a and 1979b; Ali and Sloan,
1982 and 1983) and therefore became our natural choice.

The second part of the work presented here deals with the effect
of Cr(lll)PPi complex on the kinetics of these two enzymes and describes
our attempt to prepare a Cr(l{1)PRibPP complex. Hunt and Plane (1954)
have observed that the rate of exchange of inner sphere water ligands

for Cr(lil) is 2-5 x 10 % sec”!

at 27°C, depending on the ionic strength,
If one compares this rate with the inner sphere water ligands of Co(ll),
Ni(11), Mn(Il) and Mg(il), one finds that the Cr(lll) rate is many times

10 _ 1013 times). The chelates of Cr(lil) dissociate slowly as

slower (10
well. Therefore, 1:1 complexes of Cr(lll) and nucleotides have been

prepared by many investigators and used either as substrates or dead-
end inhibitors in the kinetic studies of various enzymes associated with

phosphoryl transfer or pyrophosphorolytic reactions. All this work has

been reviewed elsewhere (Cleland, 1982). Since PPi is one of the pro-



22

ducts of the phosphoribosyltransferase catalyzed reactions, we expected
Cr(III)PPi to be either an inhibitor or a substrate for such reactions.

We also hoped to determine if these complexes could be used in the fu-
ture as probes to elucidate further the active site geometry by NMR
relaxation rate measurements of ternary complexes such as Cr(lll)PPi -

E - mononucleotide. We have shown also that one cannot prepare a Cr(lll)
-PRibPP complex by employing techniques used generally for preparing

Cr(lll)-nucleotide complexes (Cleland, 1982, 1979),
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EXPERIMENTAL PROCEDURES

MATERIALS

Tetra sodium 5'-phosphoribosy!l - & -1-pyrophosphate (PRibPP);
MnCIz-uHZO and Trizma base were supplied by Sigma Chemical Company,
where as Chelex 100, AG 50W X-4 H* form 100 - 200 mesh, Sephadex
G-10, and AG1 X-4 Cl! form resins for various column chromatographies
were obtained from Bio-Rad Laboratories. Chromium chloride and sodium
pyrophosphate were from Fisher Scientific Company. All other chemicals
were analytical grade. Distilled water was further purified and deionized
with a Gelman Water 1 apparatus for use in NMR experiments. This de-

ionized water hereafter will be referred to as Water 1.

ENZYME PURIFICATIONS

HGPRTase was purified to apparent electrophoretic homegeneity from
baker's yeast using the procedure of Ali and Sloan (1982). Three pre-
parations of OPRTase were employed in this study. Two of which were
homogenous by the criteria of gel electrophoresis and one of which was
at least 95% pure. The OPRTase purification procedure has been des-

cribed (Victor, et al., 1979a).

ENZYME ASSAY PROCEDURES

OPRTase was assayed spectrophotometrically using a Cary 15
recording spectrophotometer by a method previously described (Umezu,
et al., 1971). The final concentrations of reactants in 1ml of total vol-
ume were 100uM PRibPP, 1-2mM MgCIz, 150uM orotate, 20mM Tris pH 8.0
and known volume of the enzyme. HGPRTase was either assayed spectro-
photometrically at 245 nm (Hill, 1979) in 100mM Tris pH 7.4 or by using

a modification of the method of Flasks (1963) employing high performance
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liquid chromatography as described by Ali and Sloan (1982). The assay
mixture in the later case consisted of 100uM hypoxanthine, 200uM PRibPP,

1mM MgCl2 in 20mM Tris buffer pH 8.0.

ELIMINATION OF PARAMAGNETIC AND OTHER TRACE METAL ION

All glassware was washed with distilled water, soaked for at least
S hours in HN03, rinsed again with purified Water 1 and then re-rinsed
with metal-free water. PRibPP was dissolved in metal-free SmM Tris, pH
8.0 and pressure squeezed through a mini column of Chelex-100 previous-
ly equilibrated with metal-free SmM, pH 8.0 buffer. The column was
then washed with 0.5 -1ml aliquots of Water 1 three times to insure the
removal of residual PRibPP from the column. Metal ion traces were
removed from the enzyme sample and assay mixtures. The extent of
removal of Mn(ll) was monitored by observing the absence of nucleotide
formation during the assay previously described (Umezu, et al., 1971,
Ali and Sloan, 1982) in the presence of enzyme but no added metal.

Prior to the NMR spectroscopic studies water solvent was replaced
by the desired percentage of Dzo using vacuum dialysis, as previously
described (Slater, et al., 1972). The 5mm, 10mm and micro NMR tubes
used in these experiments were either obtained from Wilmad Glass Com-
pany or were made at the City College glass blowing facility from pre-

cision-made glass tubing.

MAGNETIC RELAXATION MEASUREMENTS

The different proton resonance signals of PRibPP were assigned
previously (Sloan, et al., unpublished) by comparing different peak
heights, and by comparison with previously established resonances of

sugar rings in nucleosides and nucleotides (Altona and Sundaralingam,
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1973). The phosphorus resonances of PRibPP were assigned based on a
comparison of proton decoupled and non-decoupled spectra (Sloan, et al.,
unpublished). These assignments are analogous with those reported by
Smithers and O'Sullivan (1979).

Magnetic relaxation measurements of the longitudinal relaxation times
(T‘) of phosphorus and the proton resonances of PRibPP were measured
by employing an inversion recovery method at 161.82 MHz (phosphorus)
and 400 MHz (proton) using JEOL GX-400 FT-NMR spectrometer at the
CUNY NMR Facility at Hunter College. The temperature was maintained
at 19°C * 2°C with a nitrogen-flow temperature control. Proton decoup-
ling was used to simplify the three phosphorus signals. The I/T1 values
for each individual peak were evaluated from three different plotting

methods as follows: 1) Null point method. During a 180°/90° puise

sequence a time for each individual peak is reached when the net mag-
netization in the Z-direction is zero. At this time ( T null), equation 5

Toull = T oIn (M - M, ) /Mg (5)

1 (]

reduces to  Tnull = T1 In 2, permitting an evaluation of T1 from the
null point (Mildvan and Gupta, 1978). The peak heights (M,) were plot-
ted vs. T values and the null point was determined for each individual
peak. T1 was then calculated by dividing the null point by 0.693.

2) It is well known from the Bloch (1946) equations that the rate of

decay of magnetization in the Z direction is

sz/dt = -(M - M ) IT (6)

z o 1
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where M, is equal to the magnetization at equilibrium prior to the pulse

sequence and is related to M, as shown below (Equation 7). This inte-

IT,) (7

gration may be expanded and related to the signal intensity as shown in

Equation 8. The equation (8) is of the form y = m.* b. Since 1 is

ln(lm-lt)=ln(!m—lu)e—t/T1 (8)
(Ineq 8 loo = intensity for T>» T, ond |, = infensity tor o
given )

observed in form of signal peak height, in the equation (8), peak
heights, (m} can be substituted for | so that a plot of In (m00 - rqc) vsT
will give a slope which is equal to 1/T;. 3) In this method, designed
in our laboratory, values of -In (mm —mt)/me ) are plotted vs. T
and the slope of the line is equal to IITI. We also used a program
(developed by Robert Ashton) to determine values of 1/T1 using peak
heights and T values, which employed a procedure designed by Kowa-
lewski, et al., (1977). T1 values determined by all these plotting meth-
ods were averaged and mean values were used to calculate distances.
T2 values were determined from the line widths of each resonance by
employing equations shown below. Equation 9a defines the relationship

Width at half height = ( + wileTZ ) 1/2

(9)

T,
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between T2 and line width at frequencies well below saturation ( & l2

« UT,T,), 1 width at half peak height = ~+ (9a)
2

CALCULATION OF CORRELATION TIMES AND DISTANCES

Paramagnetic contributions to the longitudinal (T;;) and transverse
relaxation rates (T;;) were calculated by subtracting the diamagnetic
contribution as described by Mildvan and Cohn (1970). The diamagnet-
ic corrections for the binary Mn(11)-PRibPP complex were made using the
PRibPP relaxation rates in the absence of metal ion. For the ternary
OPRTase-Mn{11)-PRibPP and HGPRTase-Mn(l1)-PRibPP complexes, cor-
rections were made using the OPRTase -PRibPP and HGPRTase-PRibPP
solution in the absence of metal ion. The r;; were normalized by the
concentration ratio (f) equal to [Mn(Il)]/[PRibPP] as described by Luz
and Mieboom (1964). The distances from the metal to the PRibPP nuclei

were calculated using the dipolar term of the Solomon-Bloembergen

equation (Solomon, 1955) where

F=oC LT, x f(T))VE (10)

The parameter C is a collection of constants well defined for manganese
ion in solution and is numerically equal to 601 and 812 for Mn(I11)-Phos-
phorus and Mn(i1)-Proton interactions respectively (Mildvan and Engle,
1972). The I‘T;1 values in the case of enzyme-bound PRibPP are in the

P
limit of fast exchange (Mildvan and Engle, 1972). The correlation
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function f (Tc ) is given by

3T 7 Te
£(T) = 2 2 7 3 ()

in which Tc is the correlation time for dipolar interaction, Wi is the

nuclear precession frequency and (WS is the electron precession frequen-

-10

cy. A Tc¢ wvalueof 3 x 10 for Mn(11) systems free in solution was

used to calculate f ( Te ) and Mn(11)-PRibPP (in solution) distances.
The Tc¢ values for enzyme-bound Mn(I1)PRibPP were estimated from

extrapolated Tl /T2 values that had been measured over an enzyme con-
P P
centration range and extrapolated to infinite enzyme. Thereafter, these

values and the Ray and Mildvan equation was employed to evaluate Tc.

- 7/6)] 1/2

WO, T = (372 ¢( T, T
P

P (12)

2

In instances where these plots were non-linear, both minimum and maxi-

mum T1 /T2 values were used to calculate Tc values.
P P

PREPARATION OF Cr(l II)PPi

Cr(lll)PPi was prepared by the method of Merrit, et al., (1981).
The procedure is briefly described below. A 250ml sample of 250mM
sodium pyrophosphate was adjusted to pH 4.0 with Dowex resin 50W X-2
in its hydrogen ion form. To this was added 250ml of 250mM Cr[(Hzo)u
CI2]CI. The resulting solution was mixed completely and cooled to 10°C
and the pH was adjusted to 5.3 with saturated KHCO3. The solution was
stirred for approximately 15-25 minutes at room temperature, filtered to

remove unwanted polymers, cooled to #°C, adjusted to pH 2.0 with 6N
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HCI and loaded on to a 65 x 2 cm Dowex S0W X - 2 (H' ion), 100 - 200
mesh column previously washed with a large volume of deionized "Water-
1" water. The column was aiso eluted with deionized water at 4°C.
Cr(III)PPi began eluting after 4-5 void volumes had passed through the
column. After its elution, Cr(III)PPi was concentrated by evaporation

at 4°C over a period of 4-8 weeks. When scanned for absorbance maxi-
mas, the concentrated solution exhibited peaks at 425 nm and 595 nm as
described by Merrit, et al. It was further characterized for chromium

ion content by the method of Postmas and King (1955), for total and in-
organic phosphates by methods of Ames and Dublin (1960) as well as Chen,

et al., (1965) and for Na(l) and K(1) contents by flame photometry.

Cr(lll)PPi AS SUBSTRATE FOR OPRTase REVERSE REACTION

The enzyme sample used was chelexed by passing it through a Che-
lex 100 column as described for the NMR experiments, as were all the
substrates except for Cr(lll)PPi. The assay mixture consisted of S50uM
(OMP), varying concentrations of Cr(lll)PPi and 10ulof chelexed OPRT-
ase and was made to 1.0ml total volume with 20mM Trizma buffer pH 8.0.
To check if Cr(III)PPi would serve as substrate in the presence of MgCI2
only, the assay mixture was made ImM with respect to MgCIz. The
change in absorbance ( & A) per unit time was measured on a Cary 15

spectrophotometer at 295 nm.

EFFECTS OF SODIUM PYROPHOSPHATE AND Cr(lll)PP ON OPRTase
CATALYZED REACTIONS

To observe the effect of Cr(lll)PPi on the reverse reaction of

OPRTase, the assay mixture (1.0ml total volume) consisted of 50uM OMP,

1000uM MgCIz, 40ul of standardized OPRTase (10ul of enzyme was used
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in a repeat experiment), varying concentrations of Na(l)PPi at different
fixed concentrations of Cr(III)PPi. In the forward direction the assay
mixture consisted of 150uM orotate, 1000uM MgClz, varying concentra-
tion of PRibPP at fixed concentrations of Na(l)PPi or Cr(III)PPi, 5. 0ul
of OPRTase and made to 1.0ml with Tris pH 8.0.

EFFECTS OF Na(l)PPi AND Cr(lII)PPi ON HGPRTase FORWARD REAC-
TIONS

In these studies the assay mixture consisted of 100uM hypoxanthine,
2000uM MgCIz, 40ul of standardized HGPRTase, varying concentrations
of PRibPP at fixed different concentrations of Na(l)PPi and Cr(lII)PPi
to 2 total volume of 1.0ml made with 100mM Tris buffer pH 7.4. The
PRibPP concentration range selected was 25uM-200uM. The reaction was

monitored on a Cary-15 spectrophotometer at 245 nm.

AN ATTEMPT TO MAKE THE Cr(II1)PRibPP COMPLEX

The standard technique for making nucleotide-Cr(11l) complexes con-
sisted of adjusting the pH of a 20mM nucleotide solution to 4, mixing it
with an equal volume of 20mM CrCI3.6H20 and then heating the resulting
solution to 80°C for 15-20 minutes. PRibPP is quite sensitive to both
temperature and pH. Therefore, prior to attempting to make a Cr(!!1)-
PRibPP complex, we studied the effect of temperature and pH on PRibPP.
Based on the results of these studies, we tried to make Cr(li1)PRibPP
by the following modified procedure of Cleland (1982). The pH of 25ml
of 20mM PRibPP solution was adjusted with Dowex resin (50W X-2 H*
form) to 5.5 * 0.5. After removal of this resin by filtration, the PRibPP
solution was mixed with 25ml of 20mM CrC|3-6H20. After stirring for
about 4.5 minutes, the resulting solution was cooled to 4°C and pH was

readjusted to 5.5 with saturated KHC03. The solution was then heated
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to 30°C for about 25 minutes with occasional stirring in between, filtered
to remove any unwanted precipitate, cooled to 4°C and adjusted the pH
back to 5.5. The reaction mixture was then loaded on to a regenerated
column of Dowex 50W X-4 (hydrogen ion form) and eluted with Water-1.
Fractions of ~ 8ml were collected. All fractions were checked for
ribose by the orcinol test, for chromium and total phosphate by proce-
dures previously mentioned. Fractions which were positive for ribose

or Cr(l1l) or phosphate were assayed for their inhibitory effect on the
OPRTase forward reaction. An inhibitory effect was observed for Frac-
tions 9-13. These fractions were pooled and concentrated by lyophili-
zation and subjected to Sephadex G-10 column chromatography using
Water-1 as eluent. These fractions were also monitored for their inhibit-
ory effect on the OPRTase forward activity. It was noted that the frac-
tions exhibiting an inhibitory effect were colorless (indicating an absence
of Cr(lil)]. The fractions with green color did not inhibit the OPRTase
forward activity. The colorless fractions were then pooled and concen-
trated again by lyophilization. This pooled material was then checked
for its Cr(!1l) content and subjected to AG1 X-4 column chromatography.
The new fractions from the AG1 X-4 column were assayed for total phos-
phate, acid labile POu, inorganic PO“ and ribose. They were also tested
for their OPRTase inhibitory effect. Surprisingly, the inhibitory effect
was contained in one fraction which was negative for ribose, as well as
for phosphates. The fractions that were positive for ribose or phos-
phate or both were further identified by 31P NMR spectroscopy. Here
ribose—l-POu, ribose-5'-phosphate and PRibPP itself were used as stan-
dards. From these experiments, we were able to identify the products

of disintegration of PRibPP when incubated with CrCI3-6H20 even at
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mild conditions of pH and temperature. We tried also to identify the
material within the fraction exhibiting the inhibitory effect by different
spectroscopic methods, but failed. This procedure was repeated and the
inhibitory effect on OPRTase was checked at each step of the procedure
to determine that the inhibitor was an artifact. Since the column | used
was also employed for cytosine/cytidine arabinosides preparation and
purification, a guess was made that cytidine might be the inhibitory
culprit. Cytidine was therefore checked for its inhibitory effect also

on the OPRTase forward reaction.
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RESULTS

MAGNETIC RELAXATION RATES OF THE PROTONS OF PHOSPHORIBO-
SYL PYROPHOSPHATE

The longitudinal and transverse relaxation rates of the five resolved
protons of PRibPP were measured at 400MHz. The peak assignments were
done previously at 200MHz (Sloan, et al., unpublished) as shown in Fig-
ure 3 with chemical shifts centered at 5.5 (H]), 4. 14 (Hz) 3.97 (H3),
3.91 (Hu) and 3.60 (HS) ppm with respect to HDO being the reference at
4.45 ppm. As described under "Methods", longitudinal relaxation rates
were determined by three different plotting methods. An example of how
these methods were employed is depicted in Figure 4 for the C1 proton
of PRibPP at 10mM concentration in the presence of 250uM OPRTase.

The calculated T‘ values thus determined for this proton were 1.1544
seconds by null point method, 1.0417 seconds from the slope of the plot

) vs.x and 1.1333 seconds as obtained from the slope

of In(nb - me
of the plot of -In(m, “me) /2m_ ) vs. £ . The corresponding Tl value
obtained for this proton using the three-parameter inversion recovery
computer program was 1.1357 seconds. The mean average value thus
calculated was 1.1162 (1.12) seconds with a standard deviation of

(+0.05) seconds, giving a mean longitudinal relaxation rate of 8.96 x 10_1
sec. -1 . Al T1 and T;l values were calculated in a similar manner and
averaged for all experimental systems for both proton and phosphorus
nuclei. Table 2 summarizes these values along with the T2 and T;l
values determined by line widths measurements for the five protons of
PRibPP. The average values of T;‘ were then used to determine T;;
and f T_1 values. The resulting f T;l values were then used to

1
P P
calculate all distances from the paramagnetic probe. Mn(l!l)-to-proton



Figure 3

1H NMR spectrum of PRibPP (10mM) in 5mM Tris pH 8.0 at

400 MHz in 99.97% DZO' The peaks were resolved previously at

200 MHz (Sloan, D. L., unpublished). Here the peaks are cen-

tered at 5.5 (Hl)' 4.14 (Hz),

3.97 (H3), 3.9 (Hu) and 3.60 (HS)

ppm. HDO served as the reference resonance with a chemical

shift centered at 4.45 ppm.

3y



bad
S ||l|lli..l-l|||““”||lh||hl'.l-‘|.l.lll|”\
[ =y
= /
|||||| —
e e e e R e
”
I-
L}
L}
\
(
H
- ¢
X P
——crrpwa " -
- R T e e - - e - - ——
||||| >
—=T
£ D
<
.
'
arzzoos o T ‘\
T TN
-~ S
x i
1
1
1]
L}
1]
{
:
o '
o
x i
pe

.- o ———- —~———a-

hdd R L et TR R el e L 2 L T T g

. W

~

"
j
i

= ——

PP M

35



36

Figure 4

Sample Evaluation of a T1. Each figure depicts a T1 or T;‘

determination for the Cl proton of PRibPP (10mM) in the presence

of 250uM OPRTase by a single plotting method. First, peak heights
for this proton were measured from the spectra at different T values.
A) Null point method where peak heights (m) in millimeters (mm) are
plotted vs. T values. The null point thus obtained is divided by
0.693 to get the T1 value. B) Plot of In(m, - m ) vs. T values
where the - slope of the line gives the I/T1 value. C) Plot of
In(mg - Mo /me ) vs. € . Here the slope of the line yields a
T;‘ value. This figure is typical of many such figures generated to

obtain the best T;‘ values for different protons and phosphorus atoms

of PRibPP when free in solution and bound to OPRTase and HGPRTase.
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Table 2: Comparison of Ty ndL values determined by four different methods for the protons of PRidPP

T1
(10mit) in Salfl Tcis pH 8.0 im the presence of 0.25aN OPRTase. T, lnd_}_ calculated from

2
line widthe st 1/2 height are also listed. The average value of __‘ were processed further end
N
used to cslculate Nn(11)-to-proton distances.

-slope = I from the slope -__}_- Computer Nean 4 (line width et
Protom Null Pt. Nethod plot of In(:Lo - ng ) -In(m_, - .,}hw) Program Average /2 ) = 1/1T,
vs.
N +L n +1 n -}-J— n —:—l N 't T Jri
Sec Sec-! Sec Sec-1 Sec Sec-1 Sec  |Sec-} Sec Sec-1 Mz Hz-}
Cy 1.1% 0.87 1.04 0.96 1.13 0.88 1.36 0.88 1.116 0.89%6 0.02¢ 38.5%¢
C, 1.05 0.96 0.96 1.0% 0.98 1.02 1.001 0.99 0.991 1.00 0.050 19.8)
Cy 0.98 1.02 0.90 1.119% 0.98 1.02 0.92 1.08 0.945 1.058 0.03S 28.64
Cq 1.08 0.92 1.09 0.91 1.027 0.9/ 1.09 0.91 1.093 0.91 0.030 33.06
Cy 0.3 2.17 0.45 2.21 0.42 2.40 0.4) 2.31 0.416 2.40 0.025 40.06

8¢
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distances were calculated for the binary Mn(l1)-PRibPP complex using a

10 The effects of Co(ll) and Cr(lI1) ions on

£ (Te ) value of 3.0 x 10
the relaxation rates of the protons of PRibPP were also observed. For
these binary complexes, metal-to-proton distances were calculated using

12 0d 3.9 x 1010 for Co(l!) and Cr(11}) res-

£ (Tc) values of 7 x 10
pectively (Gupta, et al., 1976; Peterson and Gupta, 1979). The effects
of these metal ions on the protons of PRibPP are listed in Table 3 in the
form of fT;:, values. The C values employed in the distance calculations
were 812 for Mn(l1l) (Tinkham, et al., 1951), 900 * 175 for Co(ll) (Luz,
et al., 1964) and 710 for Cr(Ill) (Peterson and Gupta, 1979). The rela-
tive metal-to-proton distances are shown in Table 8. The Cr(lil)-to-
proton distances are greater than those calculated for Mn(1i)-to-proton
and Co(ll)-to-proton suggesting that it does not coordinate to any por-
tion of PRibPP and that it would have been a poor paramagnetic refer-
ence point in the micromolar concentration range in resolving metal-to-
proton and metal-to-phosphorus distances. Because Co{ll) binds to

but does not activate OPRTase cxtalysis (Victor, et al., 1979), Mn(il)
was preferred as a paramagnetic probe for elucidating PRibPP-metal ion-
enzyme conformations in this study. Figure 5 depicts the effects of
increasing concentrations of Mn(l1l) on T;; values when Mn(11)-PRibPP
is bound to OPRTase (Fig. 5A) or HGPRTase (Fig. 5B). The initial
linearity of these plots indicates the binding of Mn(ll) to PRibPP in a
1:1 ratio. This is not unexpected because the Mn(il) concentration is
much smaller than the PRibPP concentration. Significant changes in the
relative order and magnitudes were observed in 1"I';'lp values when Mn(1l)-
PRibPP is enzyme bound. These results are listed in Table 4 for a

single Mn(11) concentration, and they indicate the occurence of conform-
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Table 3: The Effect of Paramagnetic Metal lons on the Longitudinal

L 3
Relaxation Rates (400 MHz) of the Protons of PRibPP

Experimental
Conditions Protons

1 2 3 4 5
1o0mM PRibPP
20uM Mn(11) 4612 2504 563 sS4y 989
10mM PRibPP
20uM Co(ll) 297 169 86 42 126
10mM PRibPP
20uM Cr(111) 102 62 42 61 225

*The 1/ fT1 values were calculated from the average 1/T1 values
P
obtained by three plotting methods for each proton.



m

Figure 5

Plots of the T;‘ values for the five protons of PRibPP vs. Mn(ll)
P
concentration for ternary complexes, PRibPP-Mn(il)-OPRTase (A) and

PRibPP-Mn(I1)-HGPRTase (B). In figure 5A @@ &0 ©0
o—o and @@ signify C,. C,. C;. C; and C, protons. In 5B

these circles represent C1, Cz, C3, Cq, and CS’ protons respectively.
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Table 4: The Effects of Paramagnetic Mn(1l) on the Longitudinal Refax-
ation Rates (400 MHz) of the Protons of PRibPP free in solution as well

*
as in the presence of 250uM OPRTase and 664uM HGPRTase.

Experimental
Conditions Protons
1 2 3 4 S
10mM PRibPP
20uM Mn(11) 4612 2504 563 544 989
10mM PRibPP
20uM Mn (1)
250uM OPRTase 2181 1122 293 325 415
10mM PRibPP
20uM Mn(l1)
664uM HGPRTase 1751 769 453 253 121

*The 1/ fT1 values were calculated from average I/T1 values obtained
P
by three different plotting methods for each proton.
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ational adjustments of the metal ion-PRibPP bound to this enzyme. Upon
decreasing the concentration of OPRTase at constant Mn(1l) and PRibPP
concentrations, increasing f T;; (Table 5) for all protons of PRibPP were
observed. In the case of HGPRTase, all the protons of PRibPP upon
dilution of the enzyme (at lower concentration of enzyme) exhibited a
similar trend except for H3 (see Table 6), in which case the f T;; value
first decreases slightly on dilution and then increases slightly upon fur-
ther decrease in the enzyme concentration. This suggests that conform-
ational changes occur as the Mn(I11)-PRibPP binds to both of these two
enzymes.

The Tc values to be used in distance calculations were determined
by using extrapolated T'P/TZP ratios, obtained from the plots of T1P/
sz vs. I'é'T shown in Figure 6 (OPRTase) and Figure 7 (HGPRTase).
For most of the protons these plots were linear, but where they were

non-linear, individual T' /T ratios were used instead of extrapolated

2
P P
values. As is obvious in Figure 7, the l-l3 proton of the PRibPP-Mn(11)-

HGPRTase complex exhibited linearity in T1 /T plot but had a lower y-

2
P °P
intercept value than allowed by the Ray and Mildvan equation(Equation

12). The individual T, /T ratios obtained for this proton under these

2
experimental condition ail,so a':'e not allowed by this theory. In this par-
ticular case a value calculated for the Cu proton was used to calculate
(Tc ). This is justified by the fact that these protons resonate at very
close frequencies and are nearly in the same environment. f (Tc ) values
were calculated from ( Tc ) values thus obtained for individual protons
for ternary PRibPP-Mn(I1)-OPRTase and PRibPP-Mn(11)-HGPRTase com-

plexes. Tc and f (Te ) values are depicted in Table 7. Thereafter,

Mn(ll)-to-proton distances of OPRTase-Mn(I11)-PRibPP and HGPRTase-
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Table 5: The Effects of Paramagnetic Mn(1l) on the Longitudinal Relax-
ation Rates (400 MH2) of the Protons of PRibPP in the presence of

*
OPRTase.
Experimental
Conditions Protons

10mM PRibPP
20uM Mn(li) 2181 1122 293 325 415
250uM OPRTase

10mM PRibPP
40uM Mn(I1) 2615 1310 328 350 503
250uM OPRTase

10mM PRibPP
60uM Mn(I11) 2989 1336 590 450 517
250uM OPRTase

10mM PRibPP
80uM Mn(11) 3720 2075 578 359 615
250uM OPRTase

10mM PRibPP
80uM Mn (1) 3795 2152 1435 539 1148
125uM OPRTase

10mM PRibPP
80uM Mn(Il) 6900 2258 1608 1337 1518
62.5uM OPRTase

* K
Extrapolated 2630 1995 525 229 479

*The 1/ le values were calculated from average 1/T1 values obtained
P
by three different plotting methods for each proton.

**These values of 1/ T‘ were obtained by extrapolating plots of the
- P

log f T11 vs. the reciprocal of the OPRTase concentration to infi-
P

nite enzyme concentration.
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Table 6: The Effects of Paramagnetic Mn(Il) on the Longitudinal Relax-
ation Rates (400 MHz) of the Protons of PRibPP in the presence of

HGPRTase. *

Experimental
Conditions Protons

10mM PRibPP
20uM Mn(lit1) 1751 769 453 253 121
664uM HGPRTase

10mM PRibPP
40uM Mn(ll) 2776 1322 498 380 348
664uM HGPRTase

10mM PRibPP
80uM Mn(I1) 3031 141 746 323 238
664uM HGPRTase

10mM PRibPP
80uM Mn(I1) 4169 2295 639 393 385
332uM HGPRTase

10mM PRibPP
8O0uM Mn(I11) 4593 2884 694 460 756
166uM HGPRTase

&k
Extrapolated 2884 1230 708 302 166

*The 1/ fT, values were calculated from average "T, values obtained
P
by three different plotting methods.

**These values of 1/f T1 were obtained by extrapolating plots of the
P
log of Ille vs. the reciprocal of HGPRTase concentration to infi-
P
nite enzyme concentration.
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. . -1
Figure 6 Plots of TIP/T2P ratios vs. [OPRTase]
T1 /Tz ratios are plotted vs. 1/OPRTase concentration for the
P P
different protons of PRibPP to obtain extrapolated Tl /T2 ratios,

P P
that were subsequently used to calculate t. values by employing the

Ray Mildvan equation (Equation 12). The Tc values thus obtained were

used to calculate f (Tec ) values. “ . ".—. , A—A and

", signify Cl, C3, C2' C5 and C“ protons of PRibPP respectively.
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Figure 7 Plots of T] T ratios vs. [HGPRTase]_1

p 2

-]

Tl /T2 ratios are plotted vs. 1/HGPRTase for the different
P P
protons of PRibPP in the PRibPP-Mn(11)-HGPRTase complex, to obtain
extrapolated T1 /T2 values. The extrapolated T1 /T2 ratios thus
P P P P
obtained were used to calculate Te and then f (T. ) values for these
protons., Here Cl' C2’ C3, Cu, and C5 protons of PRibPP are repre-

sented by @@ . @@ " . IHE an¢ A—A respectively.
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Table 7:‘(2_ and f («Cc) Values Calculated for Various Protons of PRibPP in the PRibPP-Mn(11)-OPRTase

and PRibPP-Mn(11)-HGPRTase Complexes.

EXPERIMENTAL
CONDITIONS PROTONS

---------------------- v T T T Ty T T T T s Meanof all
PRIPP- T 0.9x 100 2.15x 10" 6.0 x10'" 1.06x 1007  3.98x 107" Pzr?:?n: 10719
OPRTAse SO 26 x 100 50 x 1070 ssix 10" wwx 10" gwrx 107" 533X 1070
PRibPP. T&  0.55 X 10 1.00x10" *558x10'"" ss8x10'" 387x10'0 3.32x 100
ngg;?r’aseml.su x 10 2.85x 10" *565x 10" 565x 10" s597x10'%  4.35x 107"

*  values were determined from Equation (12) using extrapolated T, /T

1
T, /T

1P2

P

culations were the average T1

**Extrapolated Tl T

p 2

P

PRibPP-Mn(11)-HGPRTase complex was less than that dictated by Equation 12.

resonate at very close frequencies we used extrapolated T1 IT

P

ratio as well as individually determined T

1 2

P

P

1

p 2

P

2p

P
ratios vs. [E] to infinite enzyme concentration. The T, values employed in these cal-

values obtained by the different plotting methods.

ratios, obtained by plotting

IT ratio for the C3 proton in

Since C3 and C'& proton

ratio of Cu proton to calculate Tc

and f (T ) for both C3 and Cu protons, assuming that paramagnetic effects will be similar on these

two protons and that these effects are governed by the same correlation time.

LS
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Table 8: Calculated Distances (in A ) Between the Protons of PRibPP and Various Metal lons in
Solution and PRibPP-Mn{(I1l) Distances when Bound to OPRTase and HGPRTase.

EXPERIMENTAL

CONDITIONS PROTONS

1 2 3 4 5
10mM PRibPP
20uM Mn(11)* 5.0 + 0.5 5.7 + 0.2 7.3+ 0.4 7.3 + 0.3 6.4 + 0.2
10mM PRibPP
20uM Co(11)** 4.8 *+ 0.9 5.4 + 0.9 7.0 + 1.5 7.0 + 1.2 5.8 + 1.0
10mM PRibPP
20uM Cr(111)*** 8.4 + 0.9 9.6 + 1.0 9.3+ 1.0 7.8 + 0.8 7.8 + 0.8
OPRTase-Mn(I1)
PRibPP***# 5.7 + 1.3 6.7 + 0.6 8.0 + 0.4 8.7 + 0.8 8.2 + 0.9
HGPRTase-Mn(I1)
PRIbPP*#*# 5.2 + 1.2 6.3+ 1.3 7.5 + 0.8 8.6 + 0.8 9.6 + 1.3

*An f (e ) value for Mn(il)-complexes in solution of 3.0 x 10 9 sec. was employed in these calcula-
tions.

**An f (e ) value for Co(ll)-complexes in solution of 7.0 x 10_12
culations.

sec. was employed in these cal-

***An f (Tc ) value for Cr(lll)-complexes in solution of 3.9 x 10_10

calculations.

sec. was employed in these

Zs




Table 8 (Continuation)

w*+tValues of f (Tec) for OPRTase and HGPRTase-bound Mn(l1) complexes with PRibPP were deter-
mined by extrapolating a plot of the Tl to T2 ratios vs. the reciprocal of the enzyme concentra-

values were then used to calculate

tion to infinite enzyme concentration. The extrapolated T‘ T
P

p 2

T and from it the f (Te ) for the individual protons.

€9
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Mn(11)-PRibPP complexes were determined (Table 8) using C value of 812
and both individual and extrapolated fT;; values. Extrapolated fT;;
values were obtained from the plots of log fT;:: vs. [E] (Figure 8A and
8B). In every instance the proton-to-metal distances of OPRTase-Mn(11)-
PRibPP and HGPRTase-Mn(11)-PRibPP exceed those of binary Mn(!1l)-

PRibPP complex indicating a shift of metal ion away from the ribose ring

upon formation of ternary enzyme Mn(11)-PRibPP complexes.

MAGNETIC RELAXATION OF THE PHOSPHORUS ATOMS OF PRibPP

The chemical shifts of the three phosphorus atoms of PRibPP were
found to be similar to those of the 5'-phosphate group of ribose-5'-phos-
phate and the diphosphate portion of ADP under similar conditions of pH,
with the 5'-PO, singlet, and the o -PO, and B -PO, doublets (Fiqure
9) positioned 5. 1ppm, -4.4ppm and -10.7ppm upfield and downfield (-).
respectively, from an orthophosphoric acid (85%) standard. The decou-
pled spectrum shown in Figure 9 is that of the tetra sodium salt of
PRibPP in SmM Tris buffer at pH 8.0. The chemical shifts that we ob-
served differ slightly from those reported by Smithers and O'Sullivan
(1982) by a shift of -1.4ppm which may be due to the environmental
effect of Tris buffer on the phosphorus resonances at this pH. Figure
10 illustrates effect of increasing concentrations of Mn(ll) on the relaxa-
tion rates of the phosphate resonances of PRibPP. This effect is direct-
ly proportional as expected. As shown in Table 9 for the binary Mn(ll)-
PRibPP complex, the added Mn(ll) increased the normalized longitudinal
relaxation rates. The magnitude of this increase is greater for the ot -
and A -phosphate groups than for the 5'-phosphate. As shown also in

Table 9, fT.' is greater than fT ', indicating that  T,' is not
25 b p



Figures 8A and 8B

-1 1 . . .
Plots of log fT‘p vS. TE] for the five protons of PRibPP in
Tris pH 8.0 in presence of 80 u molar - Mn(l1). In both figures

OO Bu QPO & ®and@Q)—Qrepresent C,, C,, C,. C,

and C5 protons respectively. In figure 8A [E] is HGPRTase and in

figure 8B [E] is OPRTase. The extrapolated values of f T;‘ obtained
P

from these plots were used to calculate distance () for these protons

from paramagnetic metal [Mn(11)] in PRibPP-Mn(i1)-HGPRTase and

PRibPP-Mn(11)-OPRTase complexes.
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Figure 9

3IP NMR spectrum of PRibPP (10mM) in 5mM Tris pH 8.0 at
161.82 MHz in 50% DZO' The peaks were previously resolved (Sloan,
unpublished; Smithers and O'Sullivan, 1982). Here the peaks are

centered at 5.1 ppm, -4.4 ppm and -10.7 ppm from an orthophosphoric

acid 85% standard.
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Figure 10
Plot of T;‘ values for three phosphates of PRibPP vs. Mn(ll)
P
concentration for binary complex PRibPP-Mn(11). In this figure

Q0O . )-DP. and € respresent 5'-phosphate, X -phosphate

and B -phosphate respectively.
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Table 9: The Effects of Paramagnetic Mn(ll) on the Longitudinal and
Transverse Relaxation Rates of the Phosphorus Atoms of PRibPP in
Solution and Bound to OPRTase and HGPRTase.

Experimental 1) (x107%) 1, (x1073
Conditions P P
5-P -p . 5P -P. -P
| I ] ] ] ]
10mM PRibPP (1/f = 25000) 1.5 3.9 1.9 128 295 N

0.4uM Mn(ll)

10mM PRibPP (1/f
2uM Mn(I11)

5000) 3.5 14.8 15.5 231 303 270

10mM PRibPP
4uM Mn(11)

—
-
~
-y
I
~
w
o
o
S’
&
~
-
~
-3
-
w
w
-
4]
~
~N
(=4
o
N
-]
(<]

10mM PRibPP (1/f = 2500) 0.34 2.1 2.0 46 89 127
4uM Mn(1t)
241uM OPRTase

10mM PRIibPP (1/f
4uM Mn(Il)
107uM OPRTase

2500) 0.39 2.4 2.3 61 70 86

10mM PRibPP (1/¢
4uM Mn(I1)
53.5uM OPRTase

2500) 0.34 2.1 2.0 49 67 79

Extrapolated
(OPRTase)*** 0.36 2.1 2.4 - - -

10mM PRibPP 1.5 9.7 3.2 196 101 108
4uM Mn(I1)
541uM HGPRTase

10mM PRibPP 1.6 6.9 5.0 285 123 149
4uM Mn(I1)
271uM HGPRTase

10mM PRibPP 5.0 11.9 7.1 336 174 158
quM Mn(1l)
135.25uM HGPRTase

Extrapolated
(HGPRTase) ***
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Table 9 : The Effects of Paramagnetic Mn(11) on the Longitudinal and
Transverse Relaxation Rates of the Phosphorus Atoms of PribPP in
Sotlution and Bound to OPRTase and HGPRTase.

(Continuation)

*The f T;‘ value of each phosphorus atom was calculated from average
P
I/T1 values obtained by three different plotting methods.

*h fT;1 values were calculated from 1/T2 values obtained by multiplying
P
the line widths at { peak height by N

***The values of f T;‘ were obtained by extrapolating plots of log
P
I/fT1 vs. the reciprocal of the respective enzyme concentration to
P
infinite enzyme concentration.
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exchange limited and may therefore be used to calculate interatomic dis-
tances (Mildvan and Cohn, 1966; Nowak and Nildvan, 1972). To test
whether the rate of PRibPP exchange made any contribution to the ob-
served relaxation rate (Equation 13), the fastest measured relaxation rate
( fT;:,) of o -phosphate was used to set the lower limit of em ! to esti-
mate the maximum contribution of €m to fT;;. This calculated adjust-

ment did not yield any significant change in fT;1 values and therefore

no resultant adjustment in Mn(l1)-to-phosphorus distances was required.

fT = (13)
P (T1 - Tm)
M

Thus, the observed values of fT;; of phosphorus atoms of binary
Mn(11)-PRibPP complex are essentially equal to their respective T;l:/l values
and thus an exchange contribution is negligible. A similar criterion was
applied to the relaxation rates of the protons of binary and ternary com-
plexes of PRibPP described earlier (vide infra) with same results.
Mn(11)-phosphorus distances for the binary Mn(11)-PRibPP complex

10

were evaluated using a f (¢ ) value of 3.0 x 10 as well as indivi-

dually calcufated values of f (T¢) based on T‘P/TZP values using Equa-
tion 12 (Table 10). The distances reported in Table 11 are therefore
mean averages of the calculated distances using these different f ( Tc )
values. These distances reveal that the ¢ - and B -phosphate groups
of PRIbPP are directly co-ordinated to the metal ion in a bidentate man-
ner whereas a distance of 4.0 * 0.2 R for 5'-phosphate disallows direct

co-ordination.

In the presence of OPRTase and HGPRTase, extrapolation of the
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Table 10: Calculated €c and f (Tc ) Values Derived from the Individual
or Extrapolated T1 /T2 ratios of Phosphorus Atoms of PRibPP.

P “‘p
Experimental
Conditions 5-P, B -P, a-P,
. -9 -9 -9
PRibPP-Mn(2uM) 1c 8.43 x10 5.34 x 10 4.09 x 10
fie) 3.39x 107 5.25x 100 669 x 10710
. -9 -10 -9
PRibPP-Mn( 4uM) T 7.0 x 10 4.05 x 10 4.43 x 10
fre) w.0sx10'0 saux 10! 62 x 1070
. -9 -9 -9
PRibPP-Mn(11)- Tc  15.5 x 10 5.29 x 10 6.23 x 10
OPRTase
st 1.80x 1010 520 % 10710 45 x 1070
T 12.6 x 10°°
F() 2.28 x 1010
Tc 10.4 x 1072
() 2.75 x 10710
. -9 -9 -9
PRibPP-Mn(11)- Te 14.17 x 10 3.57 x10 7.25 x 10
HGPRTase -10 “10 -10
£(C) 2.03 x 10 7.5 x 10 3.92 x 10
Te 11.78 x 1070
-10

£(Te) 2.44 x 10
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o
Table 11: Calculated Distances {in A) Between the Phosphorus Atoms

of PRibPP and Mn(l1) in Solution and Bound to OPRTase and HGPRTase.

Experimental

Conditions Phosphorus
_ - -
5 P' B Pi o P|
*
PRibPP-Mn(I11) 4.0 + 0.2 3.3+ 0.2 3.2 £ 0.2

PRibPP-Mn(11)-
OPRTase** 5.5 + 0.2 4.3 + 0.2 4.3 + 0.2

PRibPP-Mn(11)-
HGPRTase** 4.4 * 0.5 3.8 £+ 0.3 4.0 + 0.3

*An f (Cc) value for Mn(11) complexes in solution of 0.3 x 10_9 seconds
as well as individually calculated f (Tc¢ ) values from T1 ~to- T2

ratios were employed in these caiculations. P P

**Values of f (T ) for the OPRTase and HGPRTase-bound Mn(ll) com-
plexes of PRibPP were determined by extrapolating a plot of the T

-to- T2 ratios vs. the reciprocal of the enzyme concentration. P

The ext':'apolated ratios were then used to calculate f (Tc ) values for
individual phosphorus atoms.
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Figures 11A and 11B

-1 1
Plots of log 1’T1P vS. TE] for the three phosphorus atoms of
PRibPP in Tris pH 8.0 in the presence of 4.0uM Mn(Il). In both

figures @@ . P—Q and @ represent the 5'-phosphate, 8 -
phosphate and o -phosphate atoms respectively. In Figure 11A [E]
is OPRTase and in Figure 11b [E] is HGPRTase. The extrapolated

values of f‘l‘;1 obtained from these plots were used to calculate dis-
P

tances ( r ) for these phosphorus nuclei from paramagnetic metal,
Mn(i!) in the PRibPP-Mn(11)-OPRTase and PRibPP-Mn(11)-HGPRTase

complexes as described in the text.
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(7]
p
enzyme concentration (Figure 11) yielded fT;’ values for the ternary
P
enzyme Mn(I1)-PRibPP complexes (Table 9). Such extrapolations result-

values at three different concentrations of each enzyme to infinite

ed in changes of t’T;l values of 20% for OPRTase and 79% for HGPRTase
P
from those directly measured at highest enzyme concentrations. More-

over, the values of f T;; are independent of OPRTase concentration per-
haps because all of the Mn(ll) resides at a tight metal binding site on
this enzyme. In all cases the largest observed paramagnetic effect on
the transverse relaxation rate (T;;) is more than four fold greater than
the observed values of T;; indicating as stated previously that fT;:’
values cannot be exchange-limited. Interestingly, the order of magni-
tude of fT;; for the three phosphates of PRibPP was 82> o> 5 Pj.
This order remained the same even when the Mn(11)-PRibPP was enzyme
bound, suggesting that metal always resided nearest to the pyrophos-
phate group. Upon binding to either enzyme the f T;; values of the
phosphorus atoms of PRibPP decreased significantly, since the substrate
motion is now governed by a different correlation time. The magnitude
of this decrease was observed to be smaller for HGPRTase than for OPRT-
ase, even though these enzymes are approximately the same size, indi-
cating that the metal may be more tightly held by the pyrophosphate
group of PRibPP on the HGPRTase active site than on OPRTase active site.

The calculation of Mn(11)-to-phosphorus distances requires an accu-
rate determination of the correlation time (Tc ). In instances where the
plots of T1P to sz ratios vs. 1/enzyme concentration (Figure 12 A and
B) were non-linear, maximum and minimum ratios of TIPITZP were used
to calculate ¥ and from it the f (Tc¢ ). The extent of uncertainty in

the distance calculations by making use of this range of Tc values was



Figures 12A and 12B

. 1 .
T.IPIT2P ratios are plotted vs. TET for different phosphorus
nuclei of PRibPP-Mn(11)-OPRTase (12A) and PRibPP-Mn(I1)-

HGPRTase (12B) complexes, to obtain extrapolated T /Tz values.

1
P ‘P
The extrapolated T1 /T2 values thus obtained were used to cal-
P ‘P
culate Tc and f (Tc ) values for these nuclei. In both figures, 5'-,

o- and B- phosphate are represented by @—@ , J— and

©—€ respectively.

7
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calculated to be less than 10%. Moreover, for the binary Mn(!1)-PRibPP
complex, individual T‘P/TZP ratios were used to calculate Tc to estimate
the maximum error in the distance calculations which was also 10%. The
various T¢ and f (Tc ) values thus calculated for the phosphorus atoms
of PRibPP are listed in Table 10.

From crystallographic and metal binding studies reviewed elsewhere
(Mildvan and Grisham, 1974; Mildvan, et al., 1973), the Mn(ll)-to-phos-
phorus distance for an inner sphere monodentate complex of tetrahedral
phosphate is 3.0 * 0.2 7\ . For an axial complex of a pentacoordinated
phosphorus (i.e. a distorted inner sphere complex) the distance is 3.6
+ 0.2 7\ . For Mn(11) chelated by an adjacent phosphate in a polyphos-
phate chain the distance would be 4.9 * 0.4 K , and for a secondary
sphere complexation having another inner sphere ligand such as Hzo
residing between the Mn(I1) and phosphorus atom, the distance is 6.1 *
0.5 K . As noted previously for the binary Mn(11)-PRibPP complex, the

r (distance) values (Table 11) indicated direct metal co-ordination to
the & - and B -phosphates and perhaps a distorted inner sphere com-
plexation for 5'-phosphate. [In the ternary OPRTase-Mn(ll)-PRibPP com-
plex, the o« -and B8 -phosphate distances of 4.3 * 0.2 Z suggested
that the inner sphere co-ordination is quite distorted whereas the dis-
tance of 5.5 * 0.2 7\ for the 5'-phosphate indicated that only second
sphere co-ordination if any, might exist. Alternatively there may be a
partial contribution to T‘P by T‘M under these conditions. I[n the case
of the HGPRTase-bound Mn(I1)-PRibPP, both the O-and A -phosphate
distances (4.0 * 0.3 and 3.8 * 0.3 respectively) were indicative of dis-

torted inner sphere co-ordination. The 5'-phosphate of HGPRTase-bound

PRibPP-Mn(11) exhibited a distance suggestive of a highly distorted inner
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sphere co-ordination or chelation to Mn(ll) in a polyphosphate chain sug-
gesting that metal ion might still interact with all three phosphorus atoms

at the HGPRTase active site.

CONFORMATION OF Mn(11)-PRibPP FREE AND COMPLEXED WITH YEAST
OPRTase AND HGPRTase

The eight PRibPP metal-to-nucleus distances (Tables 8 and 11)
determined from the fT;; values were used to construct models for the
conformation of the binary Mn(11)-PRibPP, ternary OPRTase-Mn(ll)-
PRibPP and ternary HGPRTase-Mn(Il1)-PRibPP complexes. The models
which are shown in Figures 13A, 13B and 13C were constructed with as
much staggering of phosphorus oxygen atoms and 2'-endo-puckering of
ribose ring as the distances would allow. In the case of the binary
Mn(11)-PRibPP complex, all of the phosphate atoms are positioned towards
the metal ion. The o¢ - and B -phosphates were directly co-ordinated
to metal (bidentate co-ordination) whereas 5'-phosphate might be co-
ordinated via a second sphere water interaction (Figure 13). In the case
of OPRTase-bound PRibPP-Mn(!l) complex, the Mn(Ill)-to-phosphorus in-
teraction between & -and A -phosphates are still bidentate but could be
via an axial oxygen atom. The enzyme bound ribose ring still could ex-
hibit the desired 2'-endo configuration, but was positioned further away
from the metal ion as the 5'-phosphate lost the ability to coordinate with
metal ion on OPRTase. This resulted in an increase of 0.8 R in the
metal ion to ribose distance (as measured from the center of ribose ring).
In the case of the HGPRTase-Mn(11)-PRibPP complex, the o-and 3 -
phosphates also remained bidentate. However, the 8 -phosphate metal
distance was less distorted (as determined by the extent of increase of

(-]
the distances from 3 A ) than this distance on OPRTase. The 5'-phos-
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Figures 13A, 13B and 13C Conformations of Free and Bound PRibPP

The eight PRibPP metal to nuclei distances are depicted in
Tables 8 and 11 were utilized to construct models for the conform-
ations of binary Mn(11)-PRibPP (Figure 13A), ternary OPRTase-Mn(I1!)-
PRibPP (Figure 13B) and ternary HGPRTase-Mn(11)-PRibPP (Figure
13C) complexes. These models as shown in these figures were con-
structed with as much staggering of phosphorus oxygen atoms and 2'-

endo puckering of ribose ring as the distances would allow.
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phate-metal ion distance was found to be consistent with a highly dis-
torted direct co-ordination. The ribose ring of HGPRTase-bound PRibPP
was also observed to be positioned further away from the metal by a dis-
tance of 0.7 R . These subtle differences thus observed between the
ternary enzyme complexes might explain in part the difference in the
mechanism of action displayed by these enzymes, since the PRibPP con-
formation on HGPRTase allows most readily an on-line displacement of

pyrophosphate at the C-1 ribose position.

INHIBITION STUDIES WITH Cr(lll)PPi AND Mg(ll)PPi

Characterization of Cr(111)PP.. Cr(lII)PPi prepared by method of

Merrit, et al., (1981) was characterized to be at least 97% pure. The
inorganic PO“ content was less than 0.5mM or 1.5 percent of total phos-
phate. Cr'(lll)PPi ratio was determined to be 1:0.9. Na jon and K ion
contents were neglegible (0 - 2 meq/! and 0 meq/l, respectively), as
determined by flame photometry. When scanned for absorbance maxima,
the Cr(III)PPi thus prepared exhibited peaks at 425 nm and 595 nm in
exact agreement with the observations of Merrit, et al., (1981).

Cr(III)F‘Pi as Substrate for the OPRTase Reverse Reaction. Cr(ill)

PP, served as a substrate for the OPRTase reverse reaction but only in
the presence of MgCIz. Figure 14 depicts the resulting plot of —1v- vVs.
m] . The Vmax, as determined at the y-intercept, is 0.0114
(absorbanc|e units/minute) with the Km value equal to 130 * 20uM. In
comparison, the Km of Na(I)PPi for the same preparation of OPRTase was
found to be 40 * 4. 0uM.

Effect of Cr(III)PPi on the Reverse Activity of OPRTase. The

results of the effect of Cr'(III)PPi on the reverse pyrophosphorolysis ac-



Figure 14

Double reciprocal plot of initial velocity (V) vs. varied con-
centration of Cr(lll)PPi. Besides Cr(lll)PPi the assay mixture con-
sisted of 50uM orotidine monophosphate (OMP), 1000uM MgClz, 10ul
of OPRTase made to 1.0ml with 20mM Tris buffer pH 8.0. & A/min

was measured at 295 nm.
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tivity of OPRTase are shown in Figures 15A and 15B. As both figures
illustrate, changing the Cr(llI)PPi concentration had little effect on the
reverse reaction of OPRTase. The slight differences in slope and y-
intercept exhibited in Figures 15A and 15B occur because two different
enzymic activities were used in each case. However, all other parameters
were same, and when these two figures are normalized the results merged.
Overall, this result suggests that the true substrate [Mg(ll)PPi] domi-
nates the kinetics of this reaction under these conditions.

Effect of Mg(II)PPi and Cr(III)PPi on the forward activity of OPRT-

ase and HGPRTase. The effect of Na(I)PPi and Cr'(lll)PPi on the OPRT-

ase forward reaction in presence of 1mM MgCl2 are shown in Figure 16A
and 16B respectively. As is illustrated in these figures, both show
mixed-type non-competitive inhibition. The o values were determined

from the replots of the slopes and vs. concentration of Na(l)

Vmamapp

PPi (Table 12 and Figure 17A) and vs. concentration of Cr(III)PPi (Table
12 and Figure 17B). The factor & is the factor by which K  changes
when | occupies the enzyme. These replots were constructed by utili-
zing equations 14, 15 and 16 below, where | = Na(l)PPi or Cr(lll)PPi .

S = PRibPP, (from Segel, 1975). The o values were 6 and 3.39 respec-
tively. The corresponding Ki values were 60uM for Na(I)PPi and 620uM

for Cr(lll)PPi.
[
1 _ Ks {1] 1 1
_V'_Vmaxb* I(i)T§T+Vmaxk1+OLKi) (14)

1 Ks Ks (15)
Slope 1sT ~ K. Vmax 111+ Vmax

. 1 1 1
y intercept = (1 + g
Vmaxapp o Ki Vmax Vmax

(16)
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Figures 15A and 15B

Double reciprocal plots of initial velocities (V) of the OPRTase
catalyzed pyrophosphorolysis vs. varied concentration of PPi at SOuM
OMP, 1000uM MgCl2 in 20mM Tris pH 8.0 with two different enzyme
preparation. Cr(III)PPi concentration used in experiment exhibited
in Figure 15A were OuM (open circles), 52uM (solid squares), 208uM
(open squares), 520uM (open triangles and 1040uM (solid circles).
Similarly in Figure 15B, open circles, open squares, solid circles and
open triangles represent OuM, 523uM, 1045uM and 1568uM Cr(III)PPi
respectively. The value of the intercept for the standard plot
{no Cr(III)PPi) in Figure 15A is 19.6 * 0.4 while in Figure 15B it is
25.5 + 0.6, yielding a normalizing factor of 1.3 for comparison of

these figures.
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Figure 16A and 16B

Double reciprocal plots of initial velocities (V) vs. varied con-
centrations of PRibPP at fixed different concentrations of Na(I)PPi
(16A) and Cr(III)PPi (16B) for the forward activity of OPRTase. In
Figure 16A solid circles represent 0uM, open circles 190uM and
semi-solid circles 625uM Na(I)PPi respectively. In Figure 16B the
concentrations of Cr(III)PF'i used were OuM (solid circles), 260uM
(open circles) and 870uM (open triangles). The concentrations of
orotate and ngCI2 used in these assays were 150uM and 1000uM

respectively.
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Figures 16C and 16D

Double reciprocal plots of initial velocities (V) for HGPRTase
forward activity in presence of 2000uM MgCI2 vs. varied concentra-
tion of PRibPP at constant concentration of hypoxanthine (100uM)
and different fixed concentrations of Na(l)Pl’-‘i (16C) and Cr(llI)PPi
(16D), in 100mM Tris pH 7.4. The concentrations of Na(I)PPi (16C)
used were OmM (solid circles), 1.0mM (open circles), 3.0mM (left
hand semi-solid circles), 4.0mM (right hand semi-solid circles) and
6émM (lower bottom solid circles). In Figure 16D, open circles,
solid circles and open triangles represent OmM, ImM and 6mM
Cr(IlI)PPi respectively. The effective PRibPP concentration range

selected in these studies was 25uM - 200uM.
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Table 12

1 1 A .
Slope PRIGBP and -V~ axis intercept values as obtained from the
double reciproca! plots of initial velocities vs. varied concentrations

of PRibPP as depicted in Figures 16A, B and C.

V-l

Enzyme

OPRTase

HGPRTase

maxa

9.52
14.29
25.4

7.4

8.33

9.97

31.75
41.27

58.73

15.

23.

Slope

.08
.64
.75
.33
.67

.

.52

08

L2

[Na(I)PPi]
uM

190

625

1000

3000

260

870

90

[Cr(lll)PPi]
uM
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Figqures 17A, 17B _and 17C

Slope ﬁﬁT‘b—pf,- and ——\1-/— axis intercept replots of reciprocal piot

data as shown in Figures 16A, 16B, and 16C. In Figure 17A top

plot is slope vs. [Na(I)PPi] where as the bottom plot + intercept
vs. [Na(I)PPi] for the OPRTase forward reaction. Figure 17B depicts
similar plots for OPRTase but [}] = Cr(lll)PPi). Figure 17C exhibits
the slope vs. [I], [I] = (Na(I)PPi] and -\1-/— intercept replots for the
forward reaction of HGPRTase. From the y and x axis intercept of
these plots Ki and & values were calculated for the mixed type in-

hibition exhibited by Na(I)PPi and Cr(lll)PF‘i for OPRTase and by

Na(l)PPi for the HGPRTase forward activities.
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The effect of Na(l)PPi on the HGPRTase catalyzed forward reaction
is shown in Figure 16C. The slopes ?T:W and y-intercept values
when replotted vs. Na(I)PPi concentration (up to a limitation value of
3mM) [Figure 17C] yielded a ot-value of 1.89 with Ki value of 1.85mM,
Cr(III)PPi as depicted in Figure 16D did not inhibit the HGPRTase for-
ward activity to a significant extent up to 6mM concentration. The pat-
tern generated by the double reciprocal plots of the initial velocities vs.
varied concentration of PRibPP at fixed different concentrations of
Cr(lll)PPi is of parallel lines indicating whatever little inhibition there
is to be uncompetitive.

The reverse pyrophosphorolysis reaction catalyzed by yeast HGPRT -
ase is very unfavorable and could not be successfully characterized by
me, and therefore, the effect of Cr(III)PPi on the reverse reaction of
HGPRTase could not be studied.

Attempted Preparation of a Cr(ill)PRibPP Complex. As described

under Experimental Procedures, the incubation mixture containing PRibPP
and chromium chloride was filtered and subjected to Dowex SOW X-2 (H*
ion form, 100 - 200 mesh) column chromatography. The fractions were
checked for ribose and total phosphate contents, along with any inhibi-
tory effect on the OPRTase forward reaction. The fractions with inhi-
bitory effects were pooled and labeled as compound X. Sephadex G-10
chromatography of compound X revealed the new fractions, with this
inhibitory effect, to be colorless. Other green-colored fractions were
checked for ribose and were found to contain none. These fractions were
assumed to be Cr(III)PPi, since it elutes from Dowex column with the
void volume (Merrit, et al., 1981). No further characterization of these

green-colored fractions was carried out. The fractions with inhibitory
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effect from column G-10 were pooled, concentrated by lyophilization and
were subjected to a periodate test. Periodate test were performed be-
cause we thought that the inhibitor might be one of the following struc-

tures and this test would distinguish them. [|f compound X would have

o o)
\ (o]

\
o—p—0 O—p—o0— 'L__.o

) o \o

structure 1, then it should give a negative periodate test and if com-
pound X was structure 2, then the periodate test would have been posi-
tive (Khorana, et al., 1958 and references therein). However, in the
second case, a positive result might suggest that phosphoribose is pre-
sent. Since the periodate test turned out to be strongly positive, we
subjected the pooled colorless fractions (no Cr(lll) detected) to AG1 X-4
column chromatography and collected 8.0ml fractions. The elution pro-
file is shown in Figure 18. All the fractions were tested for inhibition
of OPRTase and then examined for ribose, total phosphate, acid-labile
phosphate and inorganic phosphate contents. In this instance, the in-
hibitory effect was exhibited by the fraction which was negative for
both ribose and total phosphate. The repeat check revealed similar
results. The Fractions 22-31 which were positive either for ribose and/
or phosphate were further characterized by 3‘P NMR (Figure 19) and
for their ribose:PO“ ratios. The results are tabulated in Table 13.

Ribose 1-P0“, ribose-S'-POu and PRibPP in ammonium formate, pH 5.0,



Figure 18
Elution profile of compound X from AG1 X-4 (formate form)

column. The column was equilbrated with 0. 1M ammonium formate
buffer pH 5.0. Buffer was changed to 0.25M at Fraction 28 and

to 0.5M ammonium formate at Fraction 52. Solid circles represent
total POu concentration, semj solid circles indicate ribose and open

circles identify OPRTase activity.
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Figure 19

31P NMR spectra of fractions from AG1 X-4 column. The spectra
shown in this figure are those of fractions which were positive for
ribose and/or phosphate. 85% orthophosphoric acid in 50% 020 was
used as reference. Ribose-1-phosphate, ribose-S'—PO“ and PRibPP in

50% 020 and in ammonium formate buffer pH 5.0 served as standards.
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were used as standards for 3‘P NMR, while 85% H3P0“ served as a refer-
ence. As shown in Table 13, Fraction #22 is ribose-I—PO“, Fraction #23
is @ mixture of free ribose and ribose—l—POu. Fraction #24 exhibited a
value of chemical shift that was between that exhibited by ribose-1-P and
ribose—S'—PO“ standards (i.e. 3.55). Since the ratio of ribose to total
POa is 1 to 2.3 and because most of the total POu is of an organic nature
(non acid hydrolyzable), this fraction was identified as 1, 5 cyclic rib-
ose pyrophosphate, the identification of which was confirmed by a posi-
tive periodate test. Fraction #25, 26, and 27 have chemical shifts close
to the ribose-S—POu standard. They were identified as ribose—S—POu.
The absence of significant amounts of acid-labile POu or inorganic POu
substantiated this identification. Fraction #28 is mixture of ribose-S—POu
and inorganic PO“. Fraction #29 and 30 are also mixtures of the same,
except that the phosphate is present in greater amounts. Since Frac-
tion #31 was negative for ribose but was positive to total phosphate, it
was identified as inorganic phosphate. The chemical shift exhibited by
this fraction was also used to identify the presence of inorganic POu in
Fractions #28-30.

All these products thus identified resemble the alkaline degradation
products of PRibPP as reported by Khorana (1958) and Remy, et al.,
{1955) except that the diphosphate in this case has been identified to be
1-5 ribose cyclic pyrophosphate rather than 1, 5 diphosphate. Our
attempt to identify inhibitor compound X from this analysis did not suc-
ceed and therefore, it was assumed to be an artifact. A guess was made
that cytidine or cytosine might be present since the Dowex column, that
| used, had been used previously to purify the arabinoside derivatives

of cytosine. When checked for inhibitory effect, both cytidine and cyto-



Table 13:

Analysis Summary of

Fractions Positive for Ribose or Phosphate or both from AG! X-4 Chroma-

tography
c-b a-c
Fraction # Ribose a* b** chir Acid labile Organic Ribose 31, NMRH m
(mM) PO, (mM) PO to PO PP
(mmf (Total')
22 0.75 0.75 - - - 0.75 1:1 3.22
23 1.95 1.25 § § . 1.25 1:0.64 3.3
2 3.3 7.5 . 0.5 0.5 7.0 1:2.3 3.6
25 5.1 4.5 - - B 4.5 1:0.88 3.9
26 4.8 5.3 - 0.5 0.5 3.8 1:0.9 4.0
27 5.8 6.3 0.25 0.9 0.65 5.4 1:1.08 4.0
28 5.3 8.5 0.5 1.0 0.5 3.5 1:0.85 3.8 & 2.62
29 9.15  20.5 6.3 8.5 2.2 12.0 1:2.24 3.9 ¢ 2.8
30 2.1 20.8 20.0 20.5 0.5 0.3 1:9.9 4.27 € 2.9
31 - 28.5 21.0 24.5 3.5 . 2.9
32 - 16.5 16.5 15.0 B - -
33 - 1.0 1.25 1.1 - - -
ribose- - - - - - 3.2
I_Pou**oo

201



Table 13 {Continuation)

Fraction # Ribose a* b**
{mM)

c-b a-c et
c***  Acid labile Organic Ribose 3leMR ppm
PO, (mM) PO, (mM) to POn

(Total )

L

ribose- 5-PO*** - - - - - - - 3.28
okke
PRibPP - - - - - - - 4.8 (5)
-4.8 (B)
-10.2 (x )
a* =

Total POa (mM)
b**

3

fnorganic POu (mM)

c*** = Acid hydrolyzed POu (mM)

‘P Chemical shifts were measured from 85% orthophosphoric acid in 50% 020 (reference) at 161.8 MHz.

***s The standards used were prepared in 100ml ammonium formate buffer pH 5.0 to provide similar

solvent environment.

€01




104

sine in fact inhibited the OPRTase forward reaction, with cytidine being

much more potent than cytosine.
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DISCUSSION

Both kinetic and metal activation studies have established that Mg()1)
PRIbPP is the true substrate in the phosphoribosyl transfer reactions
catalyzed by PRTases. Different kinetic mechanisms have been proposed
for different PRTases as well as for the same PRTase from different
sources. For example, the ping pong mechanism was first proposed by
Bell and Koshland (1970) for bacterial ATP phosphoribosyltransferase as
a result of their apparent isolation of a labeled enzyme-ribose-5-phosphate
intermediate from 1"[C] PRibPP. This labeled intermediate was later iden-
tified by Parsons and his colleagues (Brashear, et al., 1975) to be an
enzyme-product complex and the kinetic mechanism of ATP phosphoribo-

syltransferase from Salmonella Typhimurium was determined to be Ordered

Bi Bi. A ping pong mechanism has been proposed for yeast OPRTase
in presence of an optimal concentration of Mg(il) (Victor, et al., 1979).
The isotopic exchange studies of Parsons and his colleagues (Goitein, et
al., 1978) favored the carbonium ion intermediate as the mechanism by
which yeast OPRTase catalyses OMP formation. Similarly in case of
HGPRTase, a ping pong mechanism was implicated at first (Ismande, et
al., 1961). The source of that HGPRTase activity was red cells. Later
studies by Krenitsky and Papaioannou (1969) reconciled all of the data on
HGPRTase by proposing that a ping pong mechanism proceeds, when
Mg(11) is present at optimal concentration, and that an ordered mecha-
nism proceeds when it is not ( < 50uM). Ali and Sloan (1982) proposed
an ordered bi bi kinetic mechanism for the yeast HGPRTase catalyzed

formation of both IMP and GMP from hypoxanthine and guanine respec-
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tively. The different kinetic behavior of various phosphoribosyl trans-
ferring enzymes at different divalent metal ion concentrations suggests
that more than a single role is played by divalent metal ions in activa-
ting these enzymes. Metal activation studies carried out thus far, also
have pointed to the fact a 1:1 M(11)-PRibPP complex is the true substrate
for these enzymes (Morton and Parsons, 1976; Thompson, et al., 1978;
Smithers and O'Sullivan, 1982; Victor, et al., 1979; Ali and Sloan, 1983).
Other M(I11)-substrate, M(l1)-Product and M(I1)-E ligations also have been
implicated (Victor, et al., 1979; Giacomello and Salerno, 1978; Dodin, et
al., 1982). These results suggest that the M(11)-PRibPP complex should
be subtly different in its conformation at the active site of different
PRTases. This was exactly what we observed when we resolved the con-
formation of Mn(1})-PRibPP free in solution and when bound to OPRTase
and HGPRTase. When Mn(I11)-PRibPP is OPRTase bound both the M(II)-
to-Proton and M(I!)-to-phosphorus distance increase. The model build-
ing studies revealed that the 5'-phosphate position may hinder the on-line
approach of orotate base at the OPRTase active site. In the case of
HGPRTase, however, the 5'-phosphate is positioned away from the ribose
in such a manner as to open a path for the on-line approach of base
hypoxanthine or guanine. Thus, the resolved conformation of OPRTase
bound Mn(11)-PRibPP appears to be consistent with a ping pong mecha-
nism. Here the substrate bound metal upon binding to enzyme is acting
to pull the PPi moiety of PRibPP away. The fact that Cr(III)PPi is a
substrate for the reverse reaction of OPRTase only in the presence of
Mg(ll) suggested the requirement for a metal ion other than that com-
plexed to PPi or PRibPP. This requirement for a second divalent metal

ion, may thus reflect the need for a second metal to S-POu binding when
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M(II)-PPi leaves, thus readjusting the pocket to accommodate orotate
base. These studies and previous kinetic and metal activation data has
led us to propose a mechanism for OPRTase depicted by the transition
state in Figure 20 which is consistent with a ping pong kinetic mechanism
involving formation of a carbonium ion intermediate. Here Mg(I!)-PRibPP
binds to the OPRTase active site followed by the release of Mg(PPi)
thereby creating a carbonium ion. The second Mg(ll) ion bound to en-
zyme is positioned to neutralize the newly created negative charge (Fig-
ure 20). In the case of HGPRTase, metal-to-phosphorus distances are
still suggestive of an interaction between 5'-P0“ and M(I1), however,
5'—P0“ does not hinder the on-line approach of the base. The metal ac-
tivation studies of Nagi and Ribet (1977) and those of Ali and Sloan
(1983) on yeast HGPRTase have suggested that independent Mg(ll) bind-
ing to enzyme takes pface followed by M(11)-S binding or substrate-M
binding. The Cr'(III)PPi did not inhibit the HGPRTase forward activity
up to 6mM concentration whereas Mg(II)PPi did. These results sugges-
ted that HGPRTase requires divalent metal ion and that the true sub-
strate in fact is the M(Il1)-PRibPP. In addition, Cr(lII)PPi may not be
allowed to bind at the active site due to steric hindrance. With these
findings and the conformation of HGPRTase bound PRibPP elucidated in
this study in mind, we propose a mechanism of action for yeast HGPRT-
ase as illustrated by a unique transition state which employs two metal
ions (Figure 21) and which is consistent with an ordered bi bi kinetic
mechanism as suggested by Ali and Sloan (1982). According to the
mechanism M(I1)-PRibPP binds to the M-HGPRTase complex, followed by
binding of the base. The enzyme bound metal ion may serve to stabilize

negative charges of phosphates of PRibPP in conjunction with positively
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Figure 20
Proposed transition state for the yeast OPRTase catalyzed

reaction.
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Figure 21
Proposed transition state for the HGPRTase catalyzed reaction.
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charged amino acids present at the active site. Upon binding of the
base, the Mg(II)PF'i leaves followed by IMP release. The mechanism of
action proposed here for these two enzymes doesn't exclude other possi-
ble mechanisms. However, our present study has revealed surely that
the conformation of Mg(!1)-PRibPP differs in subtle manners at the active
site of these enzymes from the same source which possibly explains why
these enzymes differ in their kinetic mechanism. The difference in kine-
tic mechanism may then dictate the extent of competition for PRibPP
among various phosphoribosyl transfer enzyme in vitro as well as in_vivo.
The present study, therefore, should be extended to other phosphori-

bosyl transferring enzymes from different sources.
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