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SUMMARY

KONG, (‘HONG 1\I., AND 1�AItKS, IL E., JR. : Human erythrocytic hypoxanthine-guanine

phosphoribosyltramisferase : effect of 1)11 on the enzymatic reaction. IlIol. Pharmacol. 10,
648-656 (1974).

The effect- of PH on humami erythrocytic hypoxanthine-guanine pliosphoribosylt-ransferase
(1(’ 2.4.2.8) was studied, amid the enzyme was found to be unstable at pH values below 5.5

amid 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-selemioguamiine, 7.5-8.0; 6-thioguanine, 8.0-9.0; guanine, 8.5-9.0. The enzyme was

subjected to a Dixon amialysis, in which the Michaelis constant-s and maximal velocities were

determimied for these substrates at various pH values between 5.5 amid 9.5. Plots of the nega-
tivt ltigarithni of the \Iicliaelis constants (pI’�,) against 1)11 resulted in a family o)f graphs

with downward bends. With the exception of guanine, the bendimig poimit-s of the curves oc-
curre(l at pH values �vliich clo)sely approximated the P�’a values of the respective compounds.
Tht I � values imicreased with increasing pH within the range examined. This effect of pH

on K,, values suggests that- the ionizat-iomi state of purimies or their analogues is an important

factor ftir binding tif the substrate to the enzyme. It also indicates that the undissociated form
of the molecule is the effective substrate for the enzymatic reaction. Whemi Km values are cx-

pressed in terms of the concentration of the un-ionized form, the pK�, plots result in straight

limits iii all cases.

I NTROI)UCTION

Hvpoxanthine-guamiimie j)hosphoribos�l-

transferase (EC 2.4.2.8) is omie of several en-

Z\’flieS that salvage previously’ formed pur-

ilies tir plirilie miucleosides and therefore are

of special importance in the metabolism of
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cells in which purimie biosynthesis (le novo is

deficient or inhibited (1-3). The enzyme is of

key importance in ��me aspects of chemo-

therapy and immnunosuppressit)n, since most

amialogues of guanine or hypoxamithine (e.g.,

6-mercapt opurimie, 6-thioguamiimie, S-azagua-
mime) must i)e converted to the respective

nucleotides in order to exert their cytotoxic

effects. Cells lacking hypoxanthine-guanine

phosphorihosyltransferase are usually resist-

ant to amialogues of hypoxanthine or guanine
(4).

In spite of extensive studies of many prop-
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erties of the enzyme (5-11), only limited imi-

formation is available on how it is affected
by pH. Iii 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 guamiine occurred at about pH
9.3, 8-azaguanine had no detectable sub-

strat-e 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

I1’sI1� synthesis between pH 7.1 and 9.1 by
the humami erythrocytic emizyrne. Miller and
Bieber (6) found that yeast enzyme was tin-

stable at pH values below 7.0 amid above 10.0

and that it exhibited different pH optima
with hypoxanthine and guamiine as substrates.

The purpose of the present work is to

examine and defimie the effect of pH on van-
ous kinetic parameters of human hypoxan-
thine-guanine phosphonbosyltransferase.

MATERIALS AND METHOJ)S

Materials. [S-’4ClGuanimie (2S mCi/nimole)

and [8-’4C]hypoxanthimie (50 mCi/rnniole)
were obtained from Schwarz/Mann. Gua-

nine was purchased from P-L Biochemicals.

Hypoxanthine was obtained from Boeh-

ringcr/Mannheim. 5-Phosphonibosyl 1-pyro-
phosphate, 6-mercaptopurine, and diethyl-
aniinoethyl cellulose were Sigma products.
6-Thioguanine, 8-azaguanine, dithiot-hreitol,
and 2-(N-morphohino)ethanesulfonic acid

were obtained from Calbiochem. 6-Seleno-
guanine was symithesized amid supplied by Dr.
S.-H. Chu of this Divisiomi. Human ervthro-
cytes were obtained from the Department of

Hernatological Research, Memorial Hospital,

Pawtucket, R. I. All other reagents were

of the highest purity available.
Purification of hypo.ranlh me-yuan me phos-

ph oribosyltra-nferase. Human erythrocytes

stored at 4#{176}for 5-7 days were used. After

centrifugation at 10,000 X y for 30 mm, the

plasma and white cells were remrioved by

aspiration. The erythrocytes were washed

twice with equal volumiies of cold 0.9 % XaCl.

To 150 ml of erythrocytes, 600 ml of water

were added with stirnimig. The mixture was

then frozemi at - 20#{176}amid thawed. The stroma

wa-s removed l� centnifugation at 13,00() X

(1 for 30 miii.
Henioglobin was renR)vNl l� the nietho(l

of Henmiessey et al. (12) as niodified by I{ubin
et a!. (13). The stromiia-free lvsate was added

to 600 ml of DEAE-cellulose (40 g, 0.9

niEq1! g) � t hat had l)e(�11 e( 1uilibmat (�(l
in 0.01 u potassium phiosphate buffer (pH

7.0), and the mixture was stirred ftir 2 hr.

The cellulose was collected by suction filtra-

tRill OIl a Ilucliner funnel, atid the reniaining

henioglobimi was remnove(l by washing with 2

liters of 0.01 M potassium phos�hate, pH

7.0. The filtrate amid washes contaimied neg-

ligible hypoxant-hine-guanine pliosphoniho-
svl t ransferase activit y at id were (liscarde(l.

The DEAE-cellulose ��as sUsl)emlde(l ill

n4l of a solutiomi COfl1l)Ose(i tif j)otassmumii 1)1105-

phate (pH 7.4), 0.01 �i; 1)otassiuni chloride,

0.2 �r ; amid dithiothireitol, 0.005 �m, aiid

stirred for 2 hr. The suspemision was filtered

and washed with an additional 2.50 ml of the

samiie elutimig solution. The filtrates were

cOflihumied amid concentrat (‘(1 about 50-fold
�vith mimi Amiiicon ultrafiltration cell, using a

P?iI-30 iiieiiibrane, t(i a volume of about 14.0
nil. The concentrated solution was frozen at

-20#{176} amid thawed, amid the precipitated pro-

teins were renioved l)V centnifugation at
10,000 X g for 15 mm. The sul)ernatant

fluid contained hypoxanthine-guanine phos-
phonibosyltransferase at a specific activity

of about 0.16 enzynie unit/trig of prtittin,
which represented approximately 95-fold
purification from the hemolysate. The re-

covery of emizyniatic activity was usually

about 60 %. Subsequent freezing did not

cause precipitation of protein. The en-
zvme solutiomi could be stored at - 20#{176}with-
out loss of activity for a least 6 weeks.

This partially purified tramisferase proved

satisfactory for the kinetic studies described

below. When the various punine or amialogue
substrates were incubated with enzvnie,

Tris-HCJ (pH 7.5), 100 ni�ii, and MgSO4 , 2

ni�m, but in the absence of PIIPP,’ no spec-

tral changes were observed over a 30-mm

period. Therefore there was no apparent
interference from competimig enzymatic ne-

actions. When Km amid VmSX values of 6-

‘The abbrevation used is: PRPP, 5-phospho-
ribosyl 1-pyrophosphate.
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11I(I(�l � )t opurine and 6-thit iguanine were de-

termined ��it-hi this prel)aration, they were

essentially idemitical with the kinetic values

obtained with a niore highly purified prepa-

ration (specific activity, 0.64 unit-/mg of pro-

tein) that was available omilv iii small quan-

tit-y. 1�etent studies by Arnold amid Kelley

(1 1 ) as �vell as in this laboratory suggest the

l)tlissihle t)ccurrence of multiple forms of this

enzyme. When the partially purified enzyme

l)reParatioli was subjected to isoelectnic fo-
cusitig, two peaks of activity were observed:

a large peak at p1 5.5, which contained about
95 #{182}.�cif the activity, amid the remainder in a

smaller peak, at pI 6.0. The quantity of en-

zvnu isolated in the smaller peak was in-

sufficient to permit further study.

Lnzyinatw assay. Hypoxanthine-guanimie
phtisphonibosyltransferase activity was as-

saved spectrophiotonietnically by nieasuning

the rat e of 5’-nionophosphiate nucleotide

synthesis as imidicated by the imicrease in ab-

sorliance at the Iii(ist favorable wavelength

for the substrate selected.

The st-amidard assay was carried out at

rt)oln temperature iii a 1-nil reaction mixture

containimig Tnis-HC1 (pH 7.5), 100 nrtr;

PRPP, 1.0 mM; MgSO4 , 2.0 ni�i; 6-thio-

guaniiit, 0.03 m�i; and enzyme. The reaction
was initiated by addition of the enzyme,

and the rate of increase in absonbamice at 345

nni was measured for several minutes with a

Gilford model 240 spect-ropliotonieter
equipped with a model 6040 recorder. The

enzymatic activity observed by this method

closely parallels that measured by an mso-

topic assay that employs {S-14C}guanine or
[S-’4Cjhypoxanthine as described by Hemider-

son et al. (8) and modified by Parks et al. (14).

One niicrornolar umiit of hypoxanthine-gua-

nimie phosphonibosyltransferase is defined as

the amount- that catalyzes the formation of

1 �tmiiole of 5’-monophosphate nucleotide per
Iflulilite under the conditions of the standard

assay.

Determ ination of changes in -molar ext mc-
lion coefficments (se) for conversion of #{231}juanine

and various analogues to respectmu’e 5’- mono-

/)/u-OSphate muacleotities. \Vhen guanmne amid

the various analogues are comiverted to their

respective 5’-momiophosphate nucleot-ides,

specific spectral changes occur that- form the
bases of the spectrophotomimtnic a..says of

the hypoxamithine-guamiine phosphonibosyl-

tramisferase employed in this study. The

difference in molar absorhance (�) at the

w-avelengths and pH values imidicated in

Table 1 were determined for guanine and the

analogues by the followimig procedure. A re-

actiomi milixture (1 miii) which contained 100
ITL\I buffer at the desired 1)H ; PRPP, 1 n�i;
MgSO4 , 2 mu; amid 0.001-0.002 micromolar

unit of emizvnie was incubated at room tem-

perat-ure for 3-4 nun. Purinc or punmile aria-

TABLE 1

( ‘hu�tge.s -in molar absorbance (�#{128})for hypoxamuthine-guaiuimue phosphoribosyliramusferase reactiomu with

guanine (und several amualogues at various pH values

The procedure used to determine the A#{128}values is described in M�ri;iti.u.s ANt) .\II:TH0DS. (luanine and

8-aza-guattine were dissolved in a minimal volunue of 0.1 isi NaOH and theit brought- to volume for the de-

sired (t)ncentratiofl with water; 6-mercaptopurine, 6-thioguanine, and 6-selenoguanine, were dissolved

by heating the suspended compounds iii a boiling water bath for 1-2 mm. For 6-selenoguanine an equal
concentration of (lit hiothreit (1)1was added, and the solution was protected from light to avoid photodeg-

radat ion.

Substrate \Vavelength

j)H 6.2 pH 6.5 pH 7.0 pH 7.5 pH 8.0 pH 8.5 pH 8.8 pH 9.1

Cuaiuiiue

S-Azaguatuine
6-\lertaptopurine

6-Thi guanine

6 -Selcitoguan inc

Assayed in the presence of 0.1 �i dithiothreitol.
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logue substrate was added to the reaction
nnxture to a known final comicentration
��-ithin the range of 10-40 .s’ti to start the re-

actiomi. An initial absorhance reading was 01)-

tamed imiuuediatelv after niiximig, amid the
change iii absorbance was momtored every

3-4 nun until mio further changes occurred.
The total increase in absorbamice during the

reaction amid the amoumit of substrate added
were used to calculate �. When the changes

in absorbance observed were plotted against
the comicemitration of the purine substrate,

linear gna�)hs were obtained that extrapolated

approximately through zero concemit ration.

When [S- ‘4C}guamiimie was the substrate,

over 95 � of the radioactivity was converted

to GMP under the conditions described here.
The Change in nolan extinctiomi coefficiemit

( �) for the comivension of hypoxanthimie to
inosimiate, less thami 1500 at ultraviolet

wavelengths, is unfavorable for the de-

veloprnent of a sensitive spectrophotometnic

assay. Therefore hypoxamuthine was not in-

eluded imi the present study.
Deteriii m-iiatuii of kinet mc constan ts. Imiitial

reaction velocities were measured spectro-
photonuetnically as described for the standard

assay. All buffers were added to a final con-
cemitratiomi of 100 mu. The buffer systems
Used are descril)ed in the legend to Fig. 1.
In order to rule out effects on the emuzvmatic
activity clue to differences in the buffer sys-

tern, reaction rates were measured in Tnis

buffer at pH 7.5 in the ijreserice amid absence

of 2-(X-morpholimio)ethanesulfonic acid amid
glycine. Identical velocities were ( ibserved.
The reaction nuxtures were incul)ated for

3-4 nun at- r(�)om-n temperature, amid reactions

were initiated l)y additiomi of the enzyme. All

velocities were nueasured in duplicate or

triplicate. The pH values of the reaction mix-

tures were measured before and immediately

after each reaction by a Beckman Zeronuatic

II pH meter. The 1)11 values did not differ 1)y
more thami 0.05 pH unit.

All Limieweaver-Burk plots were linear. To

obtain the best estmnuation of Michaelis con-

stants, maxinual velocities, and standard

errors, a conuputer program described by

Cleland (15) amid adapted to a Wang model

700 coniput-er was used.

pH

FIG. 1. Effect (if pH on emuzymatic stability

The following buffers were used throughout all

pH studies: below pH 7.0, 2-(N-nuorpholino)-

ethanesulfonic acid-KOIl; pH 7.0-9.5, Tris-HC1;

above pH 9.5, glycine-KOH. After a 20-mm 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 10O#{231}�value represents
the synthesis of 11.7 nni(les of (�sIP per minute.

RESULTS

Effect of iH ni enzymatme stabmlity and (le-

ternu mlualmOflof pJ/� optima. Identical quanti-

ties (if the enzyme were incubated in I)uffer,
100 rn�i, at the imidicated 1)11 values for 20

nun at roonu temuiperature. At- the end of the

imicul)ation l)enio(l, 25-pJ samples were re-
nioved and assayed at 1)H 7.5. As shown in

1”ig. 1, the emizyme was stal)le under these

conditions between pH 5.5 and 9.0. Below

pH 5.5 and above 1)11 9.0, there was marked
loss of activity.

The rates of symithiesis of 5’-nionophos-

phiate nucleotides fronu guanine and the atma-

logues added imi 0.05 mini comiccntration were

determnimied at various pH values. The en-

zviuie exhil)its distimictlv different pH optima
with the different sul)st-rates (I”ig. 2) : gua-

nuIu(_�, 1)H 8.5-9.0; M-azaguamiine, l)H 6.5; 6-

nuercaptopunmne, pH 7.5-8.0; 6-selemiogua-
iiilic, pH 7.5-8.0; 6-t-hioguamuine, l)H 8.0-9.0.
In each case the rate of miucleotide synthesis
reached a plateau at approxinuately tite l)I’L
value (if the respective substrate (Table 2)

atid then decreased when pH was increased
above the pha value of the ctimnpound (16-

20).
The determimuation tif pH optima iii this

manmier, i.e., at constant, relatively low sub-
strate concentrations, reflects a number of
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pH

FIG. 2. Effect (if pH #{252}nreaction rates with differ-

emit substrates

Rates of 5’-monophosphate ribonucleotide syn -

thesis from the corresponding sul)strates were

nucasured at- the pH indicated. React-ion mixtures

contained 50 �.tM plirine or analogue substrate,

1 m� PRPP, 2 nu�i MgSO4 , and 100 mM buffer.
The 100� values represent- the synthesis of 9.7

nmoles of G�-IP per minute (S-�). O-O,
9.75 nnuoles of 6-thio(4�IP per minute; L�-z�,

3.56 nmoles of 8-azaCiMP per minute; (�-(�-,

6.25 nmoles of 6-t-hioIMP per minute; A--A,

14.8 nnuoles of 6-seleno(MP per minute. 8-AzaG,

8-azaguanine ; 6-SeG , 6-selenoguanine ; 6-�\IP,

6-mercaptopurine ; (i-T( ; , (i-thioguanine ;

guanine.

factors such as the effects of j)H on the en-

zymatic comufonmiiat ion , subst rate bimiding,

and catalytic activity. Therefore the effects
of pH 011 the imidividual kimietic paramiueters

were exanuimied l):s’ the mlleth(Jd of i)ixomu (21).
Effect of ph 00 ]Imc/uaelms Constants. The

apparent \ lichaelis constants were de-
termimied for PIiPP, guamuine, and the aria-

logues over a range of pH values between 5.9

an(l 9.35 (Table 3). Although thi(� Km values

for PRPP are relatively constamit, the ap-

parent Km values for guanine and the aria-

T��13I�t. 2

pK values of g-u-anie ami(l various analogues

pKa Reference

(‘iuanine 9.2 16

6-Thioguanine 8.2 17

6-Selenogitanine 7.7 iS

6-Mercaptopurine 7.7 19

8-Azaguanine 6.5 20

logues are affected markedly by I)H. Iii all

cases the apparent- Km values increase with

increasing pH. l’�romn pH 7.5 to 8.8 the ap-

proximate increases are : guamuine, 3-fold;
6-nuercaptopunine , 10-fold ; 6-thioguanine,
5-fold ; 6-selenoguamiine, 10-fold ; from pH

6.5 to 8.0 the Km for S-azaguanine increases

about 48-fold.
pK,, us. pH relations/up. Thie negative

logarithms of the apparemit 1\Iichaelis comi-
stants (p1cm) were plot-ted against pH (Fig.
3). All curves have a dowmiward curvature.
With the exception of guanine, the curves

bemud at a pH near the Plc of the respective

compounds (Table 2).

The apparent- Km values at the various pH
values were corrected amid expressed in terms

of the molar concentrations of the undissoci-

ated fonni by the formula

- apparent K,,
Corrected Km � � 10(pH-pK�)

where P”-’� is thi(� negative logarithm of the

dissociation constamut of the substrate. \Vhemi

the corrected P’�m values are plotted against

pH, 0Ii(� obtains a family of relatively straight

lines, as shown in 1’ig. 4.

J.�fTect of pH on � The V,,� values for
each punine or analogue substrate at various
pH values between 5.9 and 9.35 are pre-

sented iii Table 3 and are illustrated iii Fig.

5. Since idemutical aniounts of emizynie ��-ere
used in all assays, the 1’� values for differ-

ent substrates can be conupared. The �
values increase in an approximuuately linear
relatiomiship with increasmg pH. The correla-
tiomi coefficient of the straight line in Fig. 5
is 0.895. It is of interest that at- any selected

pH the T�ax values with the different sub-

strates are relatively sinuiltmr.



TABLE 3

Tl!iehaelis comstamuts aunt maximal velocities for reactiomu of guamine, i,aTiou�s analogues (11(1 PRPP auth

hypoxamth imue-guan me phosphoribosyltram.sferase

K,, and Umax values are expressed in terms of micromolarity and nanomoles of 5’-monophosphate svn-

thesized per minute, respectively. The assay procedures are described in �fAT:1tmAI.s .-�ND METHODS. The

kinetic parameters and their standard errors were determined by a computer program described by

Cleland (15).

PRPP

K,,,

Al X 1O�

6-Mercaptopurmne � 6-Selenoguanine � 6-Thioguanine Guanine

Km Vm&XAm � __

8.59 4.85 � 9.85 � 4.08 � 8.13 4.42 �

±0.89 � ±0.17 ±0.65 ±0.07 � ±1.20 ±0.14

- 14.0 � 6.15 14.4 - 8.40 12.8 4.18 -

� ±2.05 � ±0.40 - ±1.11 � ±0.27 � ±1.33 � ±0.10
� 14.8 6.35 � 16.2 � 6.3() � 12.9 � 4.73

� ±1.03 - ±0.20 ±1.49 � ±0.20 ±1.49 ±0.15

23.6 9.25 26.0 8.05 17.7 7.45

±2.11 ±0.47 ±1.34 ±0.19 ±2.46 ±0.37

30.5 9.80 59.3 � 11.4 38.6 11.4%

±3.41 ±0.68 ±4.07 ±0.3% ±5.41 - ±0.66

155.5 13.1 177.4 40.7 68.8 13.0

±93.3 ±3.13 ±24.() ±3.30 ±6.77 ±0.54
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pH 8-Azaguanine

K,,, Umax

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

±1.M2� ±0.07
7.0 111.8 6.90

±8.82 ±0.33

7.5 - 504.8 12.5

±87.0 ±1.79

8.0 1208 11.0

±472 ±3.33

8.5

8.8 -

9.1

9.35-

3.83

±0.37

5.24 5.93 5.05

±0.41 ±0.14 ±0.33

4.91 6.89 3.01

±0.49 ±0.20 ±0.285

6.06 7.40 1.42

±0.40 - ±0.16 ±0.12

10.6 12.2 1.34

±0.70 ±0.35 ±0.12

14.5 15.4 2.36

±1.74 ±0.94 ±0.15
20.5 17.3

±0.35 ±1.55

34.2 24.4

±6.20 ±2.so

DISCUSSION

This investigation presents the results (if

a I)ixon pH analysis of human ervthrocvtic
hypoxanthiiie-guanine phosphonibosylt rans�
ferase. As iioted I)y Dixon (21), a downward

curvature in the 1)lot of PKm VS. pH indicates

that the ionizing group is either iii the sub-

strate or in the free enzynue, and that the
bend occurs at the pH corresponding to the

P”a 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 l)H 8.0, 7.7, 7.6, amid 6.3 when 6-thio-
guanine, 6-selenoguanine, 6-niercaptopunine,

amid 8-azaguamiine, 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

occur at the saiiie 1)H, regardless of the sub-
strate Used. \Vitii the excej)tion of guanine,

the benching pt)mmits approximate the pK,
values of the cOrre5�)(imiding conupounds

(Table 2). Since 1)0th the enzymiie and PRPP

are unstable above pH 9.0, estimation of

kinetic para1uu(’t(�rs above thus l)H may be

subject to error, which may accoumit for the

deviation from expected values in the case of
guanine (1)1’;:, = 9.2). Since the proportion of
undissociated puri11(� or luriIi analogue
niolecules decreases with increasing pH, the

apparent imucrease �ri K,,, with imicreasing pH
indicates thiat the undissociat cd species is

the effective fornu of the substrate. Indeed,

when apparent Km values are recalculated in

terms of the ct)micentrations of the umidissoci-

ated (prott siat ed) fornus, t lie downward

curvatures in plots of P’�m vs. pH are elimi-

nated (Fig. 4). Thus decreases in the rates of
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pH

FIG.

(0? sta nts

The negative logarithn4s of the apparent

)Iithaelis ((instants for guanine ((I�tua, #{149}-�)

6-thioguanine (6-T( , O-O ) , 6-selenoguanine

(6-SeG, A---A), 6-mercaptopurine (6-MP,

c.-t, and 8-azaguanine (8-AzaG, z�-A)

from Table 3 are plotted against pH according to
the method of 1)ixon (21).

5’-niont iphosphate nucleotide syiitliesis at

pH values above the correspon(himig plc, val-

u(s (if these comuupouiids (1’ig. 2) seenu 1)rimi-

cipally clue to the decreased percentage if

the effective species of the substrates.

It is not yet- unequivocally established

which ionizing grouj�s of j)unine or l)Unine

analogues are responsil)le for each PKa Viiuti(�

observed. Comisiderable evidence suggests

that guanine amid liyp(ixantluine, as well as

many of their amialogues, exist predonui-

nantly in the 6-keto form (22-26). l�or gua-

nine, a pR, value of 3.3 � assigned to the
amino ��()Uj) at position 2 (27), amid a pK, of
12.3 for the protoii oil N-9 �uf the iii4idazole
ring (28). fhi(� ph, value found at 9.2 is

generally l)elieved to be due to the chissocia-
tion of thue lactam structure (2%). This

ionization may be represented as shown in
Fig. 6. The negative charge which is probably
distributed t hr iugluout t lie lactam group

may make the molecule incapal)le of binding

to the active site of the enzyme.
The logarithms of the maximal velocities

increase linearly as the pH imicreases from

5 6 7 5 9

pH

FIG. 4. Effect of pH Oh- corrected; .1!iehaelis

constants

The apparent Michaelis constants from Table 3
are corrected and expressed as the molar concen-

trat-ions of the undissociated forms if the sub-
strates at each pH value. The negative logarithms
of these are plotted against pH. � guanine

(Gu) ; O---O , 6-thioguanine (6-TG) A-A,
6-selenoguanine (6-SeG); 4>-C, 6-mercapto-

purine (6-MP); A--A, 8-azaguanine (M-AzaG).

.5 #{163}

1.0 #{163}

0.5

6 7

pH

IF,u. 5. Effect of pH on maximal velocities

The inaxinial velocities of the reactions of

guanine (#{149}-#{149}), 6-t hitiguanine (O-O ) , 6-

selenoguanine (A-A ) , 6-mercapt opurine

(t�--(), and 8-azaguanine (A-A) wit-h
hyl)oxanthine -guanine phosph ribosylt ransfera.se
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 V,,� values are quite similar for the vari-
ous punimie substrates. If the effect of pH on
Vnax 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

i � is observed over 3 pH units, an alterna-
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tive (‘Xplamlatiomi must be sought. Besides the
effect omi the iomuzation stat(� of the substrate

amid On enzyme-substrate l)inding, pH nay

have additiomial effects omi the enzyme, such

as an alteration in confornuation. SYith comi-
fonmational changes, there may be changes
in energy of activatiomi for the reaction

catalyzed. Miller and Bieher (7) have re-

ported that with yeast hypoxanthine-guanine
phosphonibosyltransferase the energy of ac-

tivation (E,) decreased as the 1)H increased
from 7.4 to 8.5 when reactli)ns were carried
out above 19#{176}and guaninc was used as the
substrate. At pH 7.4 the activation energy

was 1 1 ,600 cal/mole ; at pH 8.5 it decreased

to �800 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. Prelinuimiary studies at van-

ous pH values of the effect of temperature on

the � values of humami erythrocytic hy-

Pt )xanthimie-guamiimie �)hlosphonibosylt ramis-

ferase with 6-thioguamiimie as the sui)strate in-

dicat-e that similar findimigs occur with this
enzynue. This imitenesting, and as yet umiex-

plaimied, ohservatR)n will be the sul)jc(t (if

further study.
The tvl)e of c�H effect clescnil)ed lucre for

guamiiiie IlI1(l several junimie analogues is essemi-
tially sinuilar t o tlu)se observed wit Ii unidine

diphosphate glucose and its 5-fluoro amid 6-

aza analogues amid the emizyiu�’ unidine di-
phosphat e glucose dehydrogemuase (29) , and

in related studies with uridine diphtisphate
glucuromiylt ransferase (30) . ‘Thus selected

analogue (onlj)( aimids nia�- proviclt � useful
tools for analyzing the binding of substrates

to enzymes.

Considerable ambiguity exists in the
literature on the nature of the interaction be-

tiveemi hypoxanthimie-guanine l)hiosI )lit iribo-

syltransferase and a mmuniber of purnie aria-

logues. ion examiuple, both 6-niercapttipurnie

and 6-thiioguanine, which are demtitistrated

in the present studies tti be excellent sub-

stratus, have heemi described as inluihittirS of

this enzvnie. Ilie apparetit mnlUl)ltjt 0s rt-

ported in fact resulte(l froni tli( IlIttlilt if the
assays enipit i�ed in t hese studies, i .t . t lie

stiithiesis tif L\IP front ‘4C-labeled hivptixali-
thimie. Such au assay does not distinguish he-
tWeeli a true dOIflj)PtitiVe inhiihittir :01(1 a

cOm1i�)etiI1g alterliative substrate. ( ‘Iearlv t lie

analogues (lescril ed above niust I )t � it ga rde(l

as alternative substrates rather thiati iii-

hibittirs.

The results rel)t)rted here are tif l)tit(!itmal

iniportance in (hieniotlierapv luIl(l illinlunti-

suppression. Thie findings indicate that sev-

eral importaiit j)unine analogues Iiavt higher
activities as substrates for hvpoxant lime-

guanine l)hi( isl)hi rib(isylt ransferase at It isvt r

l)H values. In addition, the ioiiizatitui �tate

of the l)urine lulay have �i niarkeci tlItct tin

its ability to enter the cell, since a geinraliza-

tiomi imi phuarniacodymiamuui(s is that a drug

diffuses oi� is transported acrt iss cell nitni-

bralles nitire readily if it is in an uncharged

forni. ��Ii()thitr pottiitiallv (rildial lattor

worthy of further study is the (fl(ct to! thit

cvtotoxic i)ehiavion (if certain l)urin( aita-

logues t)f the ioiiization state of the coin-

Pounds tiften thuty are inctirpt rmtt ((1 jut � (0-

(nzynus or nu(lei( a(i(l5. l’hius the pI”,, is a

factor for ct�iiisideratioii in the desigti f vai�i-

ous analogu(s, and it niay l)((tinR an

portaiit criterion for the pn((hi(ti()ii ( if P it (Ii-

tial effectiveiiess. Ion instami(e. if tine a..tinmts

that all other (on(hitmons are i(lentical, it iuiay

be pr(dm(t(d that 6-thioguanutit (rl� s.2)

�vill he tiutint effective than 8-azaguanine

(li� 6.5) at- physiological pill (7.4). Sitice
sonic tunut)r tissues hiavt lower intracellular

PH values thitiii nornial tissues l)e(aust tif

muuone vigt)nt)us It(i()l iie glyct ilysis (3 1 ) aria-

logues w�ith nelativtlv lt(’sV l)l�, VIIIII(S JIIaV

have great(n effects on certain tuna ms timmimi
oh li( iiiiimil t isstu 5 . ��ls i. if t mt can 1)1 )( htict a

local (I((l(as( in PH lu thi( tulnt)r tissu( (32,
:33), thut inhibitory (fitttS of these aiialogtits

nuighit-lit l)tittIltiIltt(l

it ‘K NOWLEI )Gii ENTS
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