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SUMMARY

Kong, CHoNGg M., AND PaRrks, R. E., Jr.: Human erythrocytic hypoxanthine-guanine
phosphoribosyltransferase: effect of pH on the enzymatic reaction. Mol. Pharmacol. 10,
648-656 (1974).

The effect of pH on human erythrocytic hypoxanthine-guanine phosphoribosyltransferase
(EC 2.4.2.8) was studied, and the enzyme was found to be unstable at pH values below 5.5
and above 9.0. The enzyme exhibited marked differences in pH optima when the various
purines or purine analogues were used as substrates: 8-azaguanine, 6.5; 6-mercaptopurine,
7.5-8.0; 6-selenoguanine, 7.5-8.0; 6-thioguanine, 8.0-9.0; guanine, 8.5-9.0. The enzyme was
subjected to a Dixon analysis, in which the Michaelis constants and maximal velocities were
determined for these substrates at various pH values between 5.5 and 9.5. Plots of the nega-
tive logarithm of the Michaelis constants (pKn) against pH resulted in a family of graphs
with downward bends. With the exception of guanine, the bending points of the curves oc-
curred at pH values which closely approximated the pK, values of the respective compounds.
The Voax values increased with increasing pH within the range examined. This effect of pH
on K. values suggests that the ionization state of purines or their analogues is an important
factor for binding of the substrate to the enzyme. It also indicates that the undissociated form
of the molecule is the effective substrate for the enzymatic reaction. When K, values are ex-
pressed in terms of the concentration of the un-ionized form, the pK., plots result in straight
lines in all cases.

cells in which purine biosynthesis de novo is
deficient or inhibited (1-3). The enzyme is of
key importance in some aspects of chemo-

INTRODUCTION

Hypoxanthine-guanine  phosphoribosyl-
transferase (EC 2.4.2.8) is one of several en-

zymes that salvage previously formed pur-
ines or purine nucleosides and therefore are
of special importance in the metabolism of
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therapy and immunosuppression, since most
analogues of guanine or hypoxanthine (e.g.,
6-mercaptopurine, 6-thioguanine, 8-azagua-
nine) must be converted to the respective
nucleotides in order to exert their cytotoxic
effects. Cells lacking hypoxanthine-guanine
phosphoribosyltransferase are usually resist-
ant to analogues of hypoxanthine or guanine
4).

In spite of extensive studies of many prop-
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EFFECT OF PH ON HYPOXANTHINE-GUANINE PHOSPHORIBOSYLTRANSFERASE

erties of the enzyme (5-11), only limited in-
formation is available on how it is affected
by pH. In early studies with the enzyme
from hog liver Way and Parks (5) found
striking differences in the substrate activi-
ties of guanine and 8-azaguanine at different
pH values. Although the maximal reaction
velocity with guanine occurred at about pH
9.3, 8-azaguanine had no detectable sub-
strate activity above pH 7.5 and displayed a
pH optimum at about pH 7.0 (5). Krenitsky
et al. (9) observed no differences in the rate of
IMP synthesis between pH 7.1 and 9.1 by
the human erythrocytic enzyme. Miller and
Bieber (6) found that yeast enzyme was un-
stable at pH values below 7.0 and above 10.0
and that it exhibited different pH optima
with hypoxanthine and guanine as substrates.
The purpose of the present work is to
examine and define the effect of pH on vari-
ous kinetic parameters of human hypoxan-
thine-guanine phosphoribosyltransferase.

MATERIALS AND METHODS

Materials. [8-*C]Guanine (28 mCi/mmole)
and [8-“Clhypoxanthine (50 mCi/mmole)
were obtained from Schwarz/Mann. Gua-
nine was purchased from P-L Biochemicals.
Hypoxanthine was obtained from Boeh-
ringer/Mannheim. 5-Phosphoribosyl 1-pyro-
phosphate, 6-mercaptopurine, and diethyl-
aminoethyl cellulose were Sigma products.
6-Thioguanine, 8-azaguanine, dithiothreitol,
and 2-(N-morpholino)ethanesulfonic acid
were obtained from Calbiochem. 6-Seleno-
guanine was synthesized and supplied by Dr.
S.-H. Chu of this Division. Human erythro-
cytes were obtained from the Department of
Hematological Research, Memorial Hospital,
Pawtucket, R. I. All other reagents were
of the highest purity available.

Purification of hypoxanthine-guanine phos-
phoribosyltranferase. Human erythrocytes
stored at 4° for 5-7 days were used. After
centrifugation at 10,000 X g for 30 min, the
plasma and white cells were removed by
aspiration. The erythrocytes were washed
twice with equal volumes of cold 0.9 % NaCl.
To 150 ml of erythrocytes, 600 ml of water
were added with stirring. The mixture was
then frozen at —20° and thawed. The stroma
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was removed by centrifugation at 13,000 X
g for 30 min.

Hemoglobin was removed by the method
of Hennessey et al. (12) as modified by Rubin
et al. (13). The stroma-free lysate was added
to 600 ml of DEAE-cellulose (40 g, 0.9
mEq/g) suspension that had beenequilibrated
in 0.01 M potassium phosphate buffer (pH
7.0), and the mixture was stirred for 2 hr.
The cellulose was collected by suction filtra-
tion on a Buchner funnel, and the remaining
hemoglobin was removed by washing with 2
liters of 0.01 M potassium phosphate, pH
7.0. The filtrate and washes contained neg-
ligible hypoxanthine-guanine phosphoribo-
syltransferase activity and were discarded.

The DEAE-cellulose was suspended in 500
ml of a solution composed of potassium phos-
phate (pH 7.4), 0.01 M; potassium chloride,
0.2 M; and dithiothreitol, 0.005 », and
stirred for 2 hr. The suspension was filtered
and washed with an additional 250 ml of the
same eluting solution. The filtrates were
combined and concentrated about 50-fold
with an Amicon ultrafiltration cell, using a
PM-30 membrane, to a volume of about 14.0
ml. The concentrated solution was frozen at
—20° and thawed, and the precipitated pro-
teins were removed by centrifugation at
10,000 X g for 15 min. The supernatant
fluid contained hypoxanthine-guanine phos-
phoribosyltransferase at a specific activity
of about 0.16 enzyme unit/mg of protein,
which represented approximately 95-fold
purification from the hemolysate. The re-
covery of enzymatic activity was usually
about 60%. Subsequent freezing did not
cause precipitation of protein. The en-
zyme solution could be stored at —20° with-
out loss of activity for a least 6 weeks.

This partially purified transferase proved
satisfactory for the kinetic studies described
below. When the various purine or analogue
substrates were incubated with enzyme,
Tris-HCI (pH 7.5), 100 mm, and MgSO, , 2
mu, but in the absence of PRPP,! no spec-
tral changes were observed over a 30-min
period. Therefore there was no apparent
interference from competing enzymatic re-
actions. When K, and Vy.x values of 6-

1 The abbrevation used is: PRPP, 5-phospho-
ribosyl 1-pyrophosphate.
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mercaptopurine and 6-thioguanine were de-
termined with this preparation, they were
essentially identical with the kinetic values
obtained with a more highly purified prepa-
ration (specific activity, 0.64 unit/mg of pro-
tein) that was available only in small quan-
tity. Recent studies by Arnold and Kelley
(11) as well as in this laboratory suggest the
possible occurrence of multiple forms of this
enzyme. When the partially purified enzyme
preparation was subjected to isoelectric fo-
cusing, two peaks of activity were observed:
a large peak at pI 5.5, which contained about
95 % of the activity, and the remainder in a
smaller peak, at pI 6.0. The quantity of en-
zyme isolated in the smaller peak was in-
sufficient to permit further study.

Enzymatic assay. Hypoxanthine-guanine
phosphoribosyltransferase activity was as-
sayed spectrophotometrically by measuring
the rate of 5’-monophosphate nucleotide
synthesis as indicated by the increase in ab-
sorbance at the most favorable wavelength
for the substrate selected.

The standard assay was carried out at
room temperature in a 1-ml reaction mixture
containing Tris-HCl (pH 7.5), 100 mwm;
PRPP, 1.0 mm; MgSO,, 2.0 mm; 6-thio-
guanine, 0.05 mM; and enzyme. The reaction
was initiated by addition of the enzyme,
and the rate of increase in absorbance at 345
nm was measured for several minutes with a
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Gilford model 240 spectrophotometer
equipped with a model 6040 recorder. The
enzymatic activity observed by this method
closely parallels that measured by an iso-
topic assay that employs [8-#Clguanine or
[8-“Clhypoxanthine as described by Hender-
son et al. (8) and modified by Parks et al. (14).
One micromolar unit of hypoxanthine-gua-
nine phosphoribosyltransferase is defined as
the amount that catalyzes the formation of
1 umole of 5-monophosphate nucleotide per
minute under the conditions of the standard
assay.

Determination of changes in molar extinc-
tion coeffictents (Ae) for conversion of guanine
and various analogues to respective 5'-mono-
phosphate nucleotides. When guanine and
the various analogues are converted to their
respective 5’-monophosphate nucleotides,
specific spectral changes occur that form the
bases of the spectrophotometric assays of
the hypoxanthine-guanine phosphoribosyl-
transferase employed in this study. The
difference in molar absorbance (Ae) at the
wavelengths and pH values indicated in
Table 1 were determined for guanine and the
analogues by the following procedure. A re-
action mixture (1 ml) which contained 100
mu buffer at the desired pH; PRPP, 1 mu;
MgSO,, 2 mu; and 0.001-0.002 micromolar
unit of enzyme was incubated at room tem-
perature for 3—4 min. Purine or purine ana-

TaBLE 1

Changes in molar absorbance (Ae) for hypozxanthine-guanine phosphoribosyliransferase reaction with
guanine and several analogues at various pH values
The procedure used to determine the Ae values is described in MATERIALS AND METHODS. Guanine and
8-azaguanine were dissolved in a minimal volume of 0.1 M NaOH and then brought to volume for the de-
sired concentration with water; 6-mercaptopurine, 6-thioguanine, and 6-selenoguanine, were dissolved
by heating the suspended compounds in a boiling water bath for 1-2 min. For 6-selenoguanine an equal
concentration of dithiothreitol was added, and the solution was protected from light to avoid photodeg-

radation.
Substrate Wavelength Ae
pH62 pH65 pH7.0 pH7.5 pH80 pHS85 pHS88 pHI.1
nm

Guanine 255 5000 4800 5000 4950 4950 5000
8-Azaguanine 260 6100 6200 6200 6150 6000
6-Mercaptopurine 312 5750 5750 4300 3600 3300 3350
6-Thioguanine 345 3350 3650 3600 3800 3150 2250
6-Selenoguanine® 360 3350 3450 3600 3350 1800 650

o Assayed in the presence of 0.1 M dithiothreitol.
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logue substrate was added to the reaction
mixture to a known final concentration
within the range of 1040 um to start the re-
action. An initial absorbance reading was ob-
tained immediately after mixing, and the
change in absorbance was monitored every
3—4 min until no further changes occurred.
The total increase in absorbance during the
reaction and the amount of substrate added
were used to calculate Ae. When the changes
in absorbance observed were plotted against
the concentration of the purine substrate,
linear graphs were obtained that extrapolated
approximately through zero concentration.
When [8-“*C]guanine was the substrate,
over 95 % of the radioactivity was converted
to GMP under the conditions described here.

The change in molar extinction coefficient
(A¢) for the conversion of hypoxanthine to
inosinate, less than 1500 at ultraviolet
wavelengths, is unfavorable for the de-
velopment of a sensitive spectrophotometric
assay. Therefore hypoxanthine was not in-
cluded in the present study.

Determination of kinetic constants. Initial
reaction velocities were measured spectro-
photometrically as described for the standard
assay. All buffers were added to a final con-
centration of 100 mM. The buffer systems
used are described in the legend to Fig. 1.
In order to rule out effects on the enzymatic
activity due to differences in the buffer sys-
tem, reaction rates were measured in Tris
buffer at pH 7.5 in the presence and absence
of 2-(N-morpholino)ethanesulfonic acid and
glycine. Identical velocities were observed.
The reaction mixtures were incubated for
3—4 min at room temperature, and reactions
were initiated by addition of the enzyme. All
velocities were measured in duplicate or
triplicate. The pH values of the reaction mix-
tures were measured before and immediately
after each reaction by a Beckman Zeromatic
II pH meter. The pH values did not differ by
more than 0.05 pH unit.

All Lineweaver-Burk plots were linear. To
obtain the best estimation of Michaelis con-
stants, maximal velocities, and standard
errors, a computer program described by
Cleland (15) and adapted to a Wang model
700 computer was used.
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F16. 1. Effect of pH on enzymatic stabilily

The following buffers were used throughout all
pH studies: below pH 7.0, 2-(N-morpholino)-
ethanesulfonic acid-KOH; pH 7.0-9.5, Tris-HCI;
above pH 9.5, glycine-KOH. After a 20-min incu-
bation in 0.1 M buffer at the indicated pH values
and at room temperature, aliquots were removed
and assayed at pH 7.5. The 1009, value represents
the synthesis of 11.7 nmoles of GMP per minute.

RESULTS

Effect of pH on enzymatic stability and de-
termination of pH optima. Identical quanti-
ties of the enzyme were incubated in buffer,
100 my, at the indicated pH values for 20
min at room temperature. At the end of the
incubation period, 25-ul samples were re-
moved and assayed at pH 7.5. As shown in
Fig. 1, the enzyme was stable under these
conditions between pH 5.5 and 9.0. Below
pH 5.5 and above pH 9.0, there was marked
loss of activity.

The rates of synthesis of 5-monophos-
phate nucleotides from guanine and the ana-
logues added in 0.05 mm concentration were
determined at various pH values. The en-
zyme exhibits distinctly different pH optima
with the different substrates (Fig. 2): gua-
nine, pH 8.5-9.0; 8-azaguanine, pH 6.5; 6-
mercaptopurine, pH 7.5-8.0; 6-selenogua-
nine, pH 7.5-8.0; 6-thioguanine, pH 8.0-9.0.
In each case the rate of nucleotide synthesis
reached a plateau at approximately the pK,
value of the respective substrate (Table 2)
and then decreased when pH was increased
above the pK, value of the compound (16-
20).

The determination of pH optima in this
manner, i.e., at constant, relatively low sub-
strate concentrations, reflects a number of
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F1a. 2. Effect of pH on reaction rates with differ-
ent substrates

Rates of 5'-monophosphate ribonucleotide syn-
thesis from the corresponding substrates were
measured at the pH indicated. Reaction mixtures
contained 50 uM purine or analogue substrate,
1 mm PRPP, 2 mm MgSO,, and 100 mm buffer.
The 1009, values represent the synthesis of 9.7
nmoles of GMP per minute (@—@). O—O,
9.75 nmoles of 6-thioGMP per minute; A—A,
3.56 nmoles of 8-azaGMP per minute; ©——Q,
6.25 nmoles of 6-thiolMP per minute; A——A,
14.8 nmoles of 6-selenoGMP per minute. 8-AzaG,
8-azaguanine; 6-SeG, 6-selenoguanine; 6-MP,
6-mercaptopurine; 6-TG, 6-thioguanine; Gua,
guanine.

-

factors such as the effects of pH on the en-
zymatic conformation, substrate binding,
and catalytic activity. Therefore the effects
of pH on the individual kinetic parameters
were examined by the method of Dixon (21).

Effect of pH on Michaelis constants. The
apparent Michaelis constants were de-
termined for PRPP, guanine, and the ana-
logues over a range of pH values between 5.9
and 9.35 (Table 3). Although the K,, values
for PRPP are relatively constant, the ap-
parent K, values for guanine and the ana-
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TaBLE 2
PK. values of guanine and various analogues
Compound PK. Reference
Guanine 9.2 16
6-Thioguanine 8.2 17
6-Selenoguanine 7.7 18
6-Mercaptopurine 7.7 19
8-Azaguanine 6.5 20

logues are affected markedly by pH. In all
cases the apparent K,, values increase with
increasing pH. From pH 7.5 to 8.8 the ap-
proximate increases are: guanine, 3-fold;
6-mercaptopurine, 10-fold; 6-thioguanine,
5-fold; 6-selenoguanine, 10-fold; from pH
6.5 to 8.0 the K,, for 8-azaguanine increases
about 48-fold.

pK.n vs. pH relationship. The negative
logarithms of the apparent Michaelis con-
stants (pKm) were plotted against pH (Fig.
3). All curves have a downward curvature.
With the exception of guanine, the curves
bend at a pH near the pK, of the respective
compounds (Table 2).

The apparent K,, values at the various pH
values were corrected and expressed in terms
of the molar concentrations of the undissoci-
ated form by the formula

_apparent K,
Corrected Km = W

where pK, is the negative logarithm of the
dissociation constant of the substrate. When
the corrected pK,, values are plotted against
pH, one obtains a family of relatively straight
lines, as shown in Fig. 4.

Effect of pH on Vimax. The Viyax values for
each purine or analogue substrate at various
pH values between 5.9 and 9.35 are pre-
sented in Table 3 and are illustrated in Fig.
5. Since identical amounts of enzyme were
used in all assays, the Vi,.x values for differ-
ent substrates can be compared. The Viax
values increase in an approximately linear
relationship with increasing pH. The correla-
tion coefficient of the straight line in Fig. 5
is 0.895. It is of interest that at any selected
pH the V,.x values with the different sub-
strates are relatively similar.
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TaBLE 3
Michaelis constants and mazimal velocities for reaction of guanine, various analogues and PRPP with
hypozanthine-guanine phosphoribosyliransferase
K,. and V.. values are expressed in terms of micromolarity and nanomoles of §’-monophosphate syn-
thesized per minute, respectively. The assay procedures are described in MATERIALS AND METHODS. The
kinetic parameters and their standard errors were determined by a computer program described by

Cleland (15).

This investigation presents the results of
a Dixon pH analysis of human erythrocytic
hypoxanthine-guanine phosphoribosyltrans-
ferase. As noted by Dixon (21), a downward
curvature in the plot of pK,, vs. pH indicates
that the ionizing group is either in the sub-
strate or in the free enzyme, and that the
bend occurs at the pH corresponding to the
pK. of the ionizing group. An upward curva-
ture suggests that the ionizing group is in
the enzyme-substrate complex. The fact that
the downward bends in Fig. 3 occurred at
about pH 8.0, 7.7, 7.6, and 6.3 when 6-thio-
guanine, 6-selenoguanine, 6-mercaptopurine,
and 8-azaguanine, respectively, were used as
substrates indicates that the ionizations take
place in the substrates rather than in the en-
zyme. If the downward curvatures were due
to ionization in the free enzyme, they would

pH 8-Azaguanine |6-Mercaptopurine | 6-Selenoguanine | 6-Thioguanine Guanine PRPP
Kn Vimax K. Vimax K. Vimax Kn Vaax | Km Vi |3 % 108
5.9 23.3 1.50
+2.37| +0.08
6.2 17.1 2.11
+1.95| +0.08
- 6.5 25.2) 2.73 8.59 4.8 9.85 4.08 8.13 4.42 3.83
+1.82( +£0.07 | +0.89 | £0.17 | +0.656 | £0.07 | +1.20 | +0.14 +0.37
- 7.0 111.8 6.90 | 14.0 6.15| 14.4 8.40 | 12.8 4.18 5.24 5.93 5.05
+8.82( +£0.33 | £2.05 | +:0.40 | +£1.11 | +0.27 | £1.33 | £0.10 | +£0.41 | +0.14 | +0.33
7.5 504.8| 12.5 14.8 6.35 | 16.2 6.30 | 12.9 4.73 4.91 6.89 3.01
+87.0 | £1.79 | £1.03 | +0.20 | £1.49 | £0.20 | +£1.49 | £0.15 | +0.49 | £0.20 | +0.285
8.0 | 1208 11.0 23.6 9.25 | 26.0 8.06 | 17.7 7.45 6.06 7.40 1.42
+472 +3.33 | +£2.11 | £0.47 | +£1.34 | £0.19 | +2.46 | £0.37 | +0.40 | +0.16 | +0.12
8.6 30.5 9.80 | 59.3 11.4 38.6 11.48 | 10.6 12.2 1.34
+3.41 | :0.68 | +4.07 | £+0.38 | +5.41 | +:0.66 | +=0.70 | £0.35 | +0.12
8.8 155.5 13.1 | 177.4 40.7 68.8 13.0 14.5 15.4 2.36
+93.3 | +£3.13 (£24.0 | +£3.30 | £6.77 | £0.54 | +1.74 | £0.94 | +0.15
9.1 20.5 17.3
+0.36 | +£1.55
9.36 34.2 24.4
+6.20 | +2.80
DISCUSSION occur at the same pH, regardless of the sub-

strate used. With the exception of guanine,
the bending points approximate the pK,
values of the corresponding compounds
(Table 2). Since both the enzyme and PRPP
are unstable above pH 9.0, estimation of
kinetic parameters above this pH may be
subject to error, which may account for the
deviation from expected values in the case of
guanine (pK, = 9.2). Since the proportion of
undissociated purine or purine analogue
molecules decreases with increasing pH, the
apparent increase in K,, with increasing pH
indicates that the undissociated species is
the effective form of the substrate. Indeed,
when apparent K,, values are recalculated in
terms of the concentrations of the undissoci-
ated (protonated) forms, the downward
curvatures in plots of pKn, vs. pH are elimi-
nated (Fig. 4). Thus decreases in the rates of
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Fic. 3. Effect of pH on apparent Michaelis
constants

The negative logarithms of the apparent
Michaelis constants for guanine (Gua, @—@),
6-thioguanine (6-TG, O——O), 6-selenoguanine
(6-SeG, A——A), 6-mercaptopurine (6-MP,
©—0, and 8-azaguanine (8-AzaG, A—A)
from Table 3 are plotted against pH according to
the method of Dixon (21).

5’-monophosphate nucleotide synthesis at
pH values above the corresponding pK, val-
ues of these compounds (Fig. 2) seem prin-
cipally due to the decreased percentage of
the effective species of the substrates.

It is not yet unequivocally established
which ionizing groups of purine or purine
analogues are responsible for each pK, value
observed. Considerable evidence suggests
that guanine and hypoxanthine, as well as
many of their analogues, exist predomi-
nantly in the 6-keto form (22-26). For gua-
nine, a pK, value of 3.3 was assigned to the
amino group at position 2 (27), and a pK, of
12.3 for the proton on N-9 of the imidazole
ring (28). The pK, value found at 9.2 is
generally believed to be due to the dissocia-
tion of the lactam structure (28). This
ionization may be represented as shown in
Fig. 6. The negative charge which is probably
distributed throughout the lactam group
may make the molecule incapable of binding
to the active site of the enzyme.

The logarithms of the maximal velocities
jncrease linearly as the pH increases from
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F1c. 4. Effect of pH on corrected} Michaelis
constants

The apparent Michaelis constants from Table 3
are corrected and expressed as the molar concen-
trations of the undissociated forms of the sub-
strates at each pH value. The negative logarithms
of these are plotted against pH. @—@, guanine
(Gu); O——O0, 6-thioguanine (6-TG); A—A,
6-selenoguanine (6-SeG); €——@, 6-mercapto-
purine (6-MP); A——A, 8-azaguanine (8-AzaG).
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F1a. 5. Effect of pH on mazimal velocities

The maximal velocities of the reactions of
guanine (@—@), 6-thioguanine (O——O0O), 6-
selenoguanine (A——A), 6-mercaptopurine
(©—0), and 8-azaguanine (A——A) with
hypoxanthine-guanine phosphoribosyltransferase
are plotted against pH. The correlation coefficient
(r) of the linear regression line is 0.895.

about 6.0 to 9.0, while at the same pH values
the Vmax values are quite similar for the vari-
ous purine substrates. If the effect of pH on
Vmsx Were due to the ionization of a single
group in the enzyme-substrate complex,
one would expect a 10-fold change over 1
pH unit. Since a change of about 10-fold in
Vmax 18 observed over 3 pH units, an alterna- .
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tive explanation must be sought. Besides the
effect on the ionization state of the substrate
and on enzyme-substrate binding, pH may
have additional effects on the enzyme, such
as an alteration in conformation. With con-
formational changes, there may be changes
in energy of activation for the reaction
catalyzed. Miller and Bieber (7) have re-
ported that with yeast hypoxanthine-guanine
phosphoribosyltransferase the energy of ac-
tivation (E,) decreased as the pH increased
from 7.4 to 8.5 when reactions were carried
out above 19° and guanine was used as the
substrate. At pH 7.4 the activation energy
was 11,600 cal/mole; at pH 8.5 it decreased
to 8800 cal/mole. This decrease in activation
energy may account for the increase in re-
action rate observed when the pH increased
from 7.4 to 8.5. Preliminary studies at vari-
ous pH values of the effect of temperature on
the Vimax values of human erythrocytic hy-
poxanthine-guanine  phosphoribosyltrans-
ferase with 6-thioguanine as the substrate in-
dicate that similar findings occur with this
enzyme. This interesting, and as yet unex-
plained, observation will be the subject of
further study.

The type of pH effect described here for
guanine and several purine analogues is essen-
tially similar to those observed with uridine
diphosphate glucose and its 5-fluoro and 6-
aza analogues and the enzyme uridine di-
phosphate glucose dehydrogenase (29), and
in related studies with uridine diphosphate
glucuronyltransferase (30). Thus selected
analogue compounds may provide useful
tools for analyzing the binding of substrates
to enzymes.

Considerable ambiguity exists in the
literature on the nature of the interaction be-
tween hypoxanthine-guanine phosphoribo-
syltransferase and a number of purine ana-
logues. For example, both 6-mercaptopurine
and 6-thioguanine, which are demonstrated
in the present studies to be excellent sub-
_strates, have been described as inhibitors of
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this enzyme. The apparent inhibitions re-
ported in fact resulted from the nature of the
assays employed in these studies, i.e., the
synthesis of IMP from “C-labeled hypoxan-
thine. Such an assay does not distinguish be-
tween a true competitive inhibitor and a
competing alternative substrate. Clearly the
analogues described above must be regarded
as alternative substrates rather than in-
hibitors.

The results reported here are of potential
importance in chemotherapy and immuno-
suppression. The findings indicate that sev-
eral important purine analogues have higher
activities as substrates for hypoxanthine-
guanine phosphoribosyltransferase at lower
pH values. In addition, the ionization state
of the purine may have a marked effect on
its ability to enter the cell, since a generaliza-
tion in pharmacodynamics is that a drug
diffuses or is transported across cell mem-
branes more readily if it is in an uncharged
form. Another potentially crucial factor
worthy of further study is the effect on the
cytotoxic behavior of certain purine ana-
logues of the ionization state of the com-
pounds after they are incorporated into co-
enzymes or nucleic acids. Thus the pK, is a
factor for consideration in the design of vari-
ous analogues, and it may become an im-
portant criterion for the prediction of poten-
tial effectiveness. For instance, if one assumes
that all other conditions are identical, it may
be predicted that 6-thioguanine (pK, 8.2)
will be more effective than 8-azaguanine
(pK, 6.5) at physiological pH (7.4). Since
some tumor tissues have lower intracellular
pH values than normal tissues because of
more vigorous aerobic glycolysis (31), ana-
logues with relatively low pk, values may
have greater effects on certain tumors than
on normal tissues. Also, if one can produce a
local decrease in pH in the tumor tissue (32,
33), the inhibitory effects of these analogues
might be potentiated.
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