
MOLECUL.(R PHARMACOLOGY, 8, 128-138

Copyright © u972 by Academic Pre8s, Inc.

Adenosine Triphosphate-�Guanosine 5’-Phosphate Phosphotransferase

IV. Isozymes in Human Erythrocytes and Sarcoma 180 Ascites Cells

K. C. AGA1twAI� AND H. E. PARKS, .Jit.

Division of Biological and Medical Sciences, Brown f ‘niversity, Providence, Rhode Isia mu] 02912

(lleceived November 4, 1971)

sumMARY

F’our isozymes of guaniylat-e kinase (ATP: G\IP phtosphotra-nlsferas(, EC 2.7.4.5) wit-h

isoelectric point-s (pI) of 4.9, 3.1, 5.4, and 3.5 in human erythrocytes arid two isozymes with

isoelect-ric point-s of 5.2 and! 5.3 in Sarcoma 150 ascites cells have been identified and sep-

arated by two elect rophoretic techrnques. The molecular weight-s of the isozymes rantge front
18,300 to 24,000. GMP, dGMP, and 8-azaguantosine 3’-phosphiate serve as substrates for
each of the guautylat-e kinase isozymes. Three of the erythrocyt.ic guanylat-e kiniase isozymes

(p1 4.9, 5.1, and 5.4) react with IMP wit-h a velocity of about 0.4 �, while with the fourth

isozyme (p1 5.8) time velocity is about 1 % of that scent with GMP. The analogue niucleotide,

6-thioguanosinte 5’-phiosphate, behaves as a pot-emit competitive inhibitor of all six guanylate

kinase isozymes. The inhibition contstanit (K1) values rauige from 7.5 X 1O-� to 2.1 X 1O-� mm.

I NTROI)UCTION

In earlier studies reported front t-hiis lab-

oratory (1-3), ATP-GMP phiosphotrans-

ferase (guanylate kinase) (EC 2.7.4.8) was

identified in a number of tissues, including

hog brain, Sarcoma 180 cells, and human

erythrocytes. It was postulated that this

enzyme plays a significant role iii cancer

chemotherapy because it appears to be the

primary and perhaps the only mechanism in

the cells for converting GMP arid dGMP to

the diphosphate nucleotide level and, in

addition, the enzyme is strongly inhibited by

the analogue nucleotide, 6-thioguanosine 5’-

phosphate. Wheui the anticancer and mi-
muuiosuppressive antalogue, 6-thioguaniine,

was incubated wit-h isolated tumor cells, the

This investigation was supported by Grant T 94
from the American Cancer Society and Gramit

CA-07340 front the National Cancer Institute,
National Institutes of Health.

analogue nucleot ide, G-t-hioG � � I�, �tccuinun
lat-ed to levels in the ranige of 0.1 mit, a

concentration much greater t-haut t lie steady-

state concentration of GMP in these cells

(4-6). Siutce little or no fi-thioguamiosinic di-
or triphosphate wa-s detected, a metabolite
block at-the level of guanylate kinase itppears

to occur in these cells as predicted front oh-

servat-ionis out the isolated enizyme (2, 7).

When radioactive 6-thioguautine was ad-

ministered to various tumor systents, sn-tall

amount-s of 6-t-hioguauiine were incorporated

into the nucleic acids (5-li), suggestinig the

existence of isozymes of guanylate kintase

that- can react efficiently with 6-thioGMP

as a substrate (7). Also, the 9O551bilit�’ exists

that certain cells resistant to the action of

6-t hioguamnie possess a guantylate kinase

isoz’t’me ti-tat is not inhibited by 6-tiiioGMP.

The abbreviations used are: (i-thioGMP, 6-

thioguanosine 5’-phosphate; 8-azntGMP, 8-azagu-

anosine 5’-phosphate.
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For these reasons, a search was undertaken

for the existence of isozynies of guan�’iate

kinase. TI-ic prescuit report demonstrates time

occurreuice of four isozymes of guantylate

kinase itt hiumant erythrocvtes and two iso-
zymes in Sarcoma 150 ascites cells. All six
isozymes are inhibited to tt similar degree by

6-thioGM P. A preliminary report- of this work
has been presented (12).

MATERIALS AND METHODS

The various nucleotides’, NADP, NAI)H,
phosphoenolpyruvat-e, auid 5-phospho-a-D-

ribosyl 1-pyrophosPh-iate w’ere i)urelmasedl

from P-L Biochmemicals. 5-azaGMP �

generously supplied by the Cancer Chmemo-

therapy Service Center. The conicentritt-ion

of 8-azaGMP was determuted by it-s molar
absorbance at pH 7.4 (#{128}= 10.5 X 10� at 257
nm) (13, 14). 6-Thioguauiine was obtained
from Schwarz BioResearch. Suspensioums of

adenylate kinase (gradle III), pyruv�tte

kinase (type II), lactate dehydrogenase

(type II) (all front rabbit muscle), hexo-

kinase (type c-300), glucose fi-phiosphiate

dehydrogenase (type VII) (from yeast.),
phenazine methosulfat e, and agarose were

purchased front Signia Chemical Compauiy.

Peroxidase from horseradish, DEAE-cellu-

lose (Celiex-D), and ditl iiot hreit oi were pur-

chased front Calbiochem. The dye 3- (4 , 5-

dimethyithiazolyl - 2) - 2 , 5-diplienyltetrazo-
hunt bromide was obtained front Nutritional
Biochemicals Corporat iont. Cytochrome c

arid bovine l)lntsma albuntin were products of
Boehiringer/ \ I antnheint and Armour Ph�tr-

maceut-ical Company respectively. Bio-Gei

(100-200 nieshi) was a product of Bio-Rad

Laboratories. All other cI-iemicals usedi were

of the highest purity. Outdated human blood
was obtained from the Miriam Hospital,
Providence, R. I., and from the Red Cross mi

Boston.

6-ThioGMP was prepared entzymaticahly
accordintg to Miech et al. (2), except that. the

ratio of 6-thioguanine to 5-phospho-a -D-

ribosyl 1-pyrophosphate in the reactiont mix-
ture was 1:1. The yield of 6-thioGMP com-
pared favorably wit-It that reported earlier

(2). Immediately after preparation and isola-
tion from a DEAE-ceilulose bicarbonate

column, 6-thioGi\IP was divided int-o

appropriate aliquot-s, lyophilized, ntti(! stored
under nitrogent at - 200 until required for

study. Immediately prior to f-he enizytmttie

studies, a solutiont of 6-thiioGMP was pre-

pared arid its molar absorbance was (let-er-
mined at pH 4.1 (#{128}= 24.5 X 10 �tt. 342 nni)

(15).

Female mice (Cl”- 1 st-raint) were obt�tined
from Carworth Animal Farms. The iutitial

inoculum of 6-thioguantine-seumsitive Sarcoma
iSO cells was generously supplied by Dr. A.
C. Sartorelli, �ale 1�rnversit-y.

Tris- �1 laleate Elect rap/i acetic Soi ution

Agarose gel electropitorisis was performed

in a buffer system containing 24.2 g of Tris,
23.2 g of maleie acid, 5.85 g of tetrasodium

EDT1�, and 4.1 g of MgCl2 .6H20 dissolved

in 1 liter of distilled! water. The l)H was

adjusted to 7.2 wit-li solid NaOH. Prior to

use time solution was dhluted with water to a

fiuial conductivity of about- 2.9 millimhos.

Enzyme Assays

A Beckmntut model I )U H spect-roph( )tome-

t-er equipped with a- model 209 Gilford ntb-
sorbance meter, a Gilford! model 2�XX) re-

corder, arid thermospaces was used itt the

spect-rophot-ontetrie enzyme assays, all of

which were performed! at 300.

Guauivlat-e kinase activity was measured

by recording the decrease in absorbance at

340 mim by the coupled pvruvate kiniase-

lactate dehydrogenase procedure dlescribed

earlier (1), except- that the couicentrat-ion of
ATP was 4.0 mm. Adeitylate kiumase activity

was measured similarly, except- that GMP

was replaced by 0.1 mu AMP.

One micromohar unit- of guantylate kintase

or adenyhate kinase is defined as time amount

of enzyme that will catalyze tuie phosphory-

lation of 1 �zmole of GMP or AMP per
minute under tue conditions of time standard

assay. The phosphorylation of 1 zmole of

GMP in the presence of ATP ultimately
results in the oxidation of 2 /2moles of NADH

because both ADP anid GDP serve as sub-

strat-es for pyruvate kinase (3).
Protein concentratiouis were det erminie(1

by the met-hod of Warburg and Christiaui
(16).

Peroxidase activity wa-s measured by the’
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method described i ni tine ‘ Wort hinigtoti

Manual” (1968) supplied by WTortlmingtont

Biochennical Corporation.

Paitial Purification of �1 7’P� (�i [P P/i oS/)/l 0-

transferase (cruanylate Kinase)

From human blood. About 0.4 inniit- of the

�tizym� is preseuit �er fliihlilit(rof I)ack(’d

ervt-hrocytes. In order to obtain sinbst-atitial

(luauttit-ies of guanylate kiutase, the initial
steps of purification were carried out at the

New England Enizyme Cent-er at rfufts

University Medical School, Bostoni, by a

method described elsewhere (3), start iumg

wit-li 14 liters of washed imunnttniervthrocvt-es.

Ii made ayailabl( about 2000 units of

guaiiyhate kinase pi�nriiied a-boint 140-fold to a

specific activity of 0.14 unit mg of protein.

Approximately 1000 units were purified

further to a specific activity of about 2.2
units/mg of proteiut by DEAE-celltnlose
column chromatography and 65 % ammo-

umium sulfate precipitation its described

earlier (3). By passitig this enzyme sample

through a Bio-Gel P-iOO colunin, the specific

ntctivity wnts raised to 3.3 units /ntg of pro-

teiim. [of-al yield was about- 150 unit-s. This

sample was used for electrophmoretic studies
described below.

Fiomi, Sarcoma 180 cells. Sarcoma 180
ascit es cells wu re 1narvested front female mice

6 days after initraperitonteal inoculation of

about S X 106 cells;mouse. The harvested

tumor cells were washed with 0.9 % NaCI
solutioti six or seveui tinues to remove any

trace of blOO(l. Tine Packed cells were sus-

penidl(d in 3 volumes of Tris-acetate buffer,
0.1 mm(pH 7.5). Fifty-milliliter aliquots were

sonicat-ed for 2.5 mitt at 112 W of acoustic

(niergy itt an ice bat-h, using a Biosouiic sonti-

cat-or, model II. The debris was removed by
centrifugat-ion a-f- 12,000 X q for 1 hr. TI-ic

sinpernat-ant fluid! (sample I) wa-s treated

wit-h 2 % PrOtamine sulfate wit-li continuous
gent-Ic stirring to remove ti-ic nucleic acids.
The final ratio of protanunme sulfate to pro-
teini in the supcrniatantt fluid was 1: 15. TI-ic

precipitated mtucleie acids were removed by
c(itt-rifugation at 10,000 X g for 20 mini.
Furtimer steps in t he purification of guamtylate
kintase activity were similar to those used for

Inuni�tni ervt-hrocytes (fract ionat ion �tt 40-

(uO � satitrationi with amnnoniuni sulfate,

DEAE-cel lulose columni chronatography,

anid I)recil)itationt with 65 � annmortium sul-

fate smtturttt ion) . Ti i is frttct ion (sample II)

had a sp(cific activity of 1 .1 uniits/mg of

proteimu.

J� portioni of sanipl( II, :tfter (lialVsiS
against- 0.005 ii phosphate buffer (pH 7.5),

was treated with calcium phosphate gel (17)
for 30 mint at a gel to prot-eini ratio of 10: 1.

After centrifugationt, t lie guantylat� kintase

activity rentaining in tue superttat-ant fluid

(sample III; specific activity, 1.S unfit/-mg of

prot-cirm) was virt uallv devoid of adenivlat-e
kinase activity. San-tples I, II, and III of
guantylate kintase were insedl for t lie electro-

I)hioritic studies dlescribedl below.

A qarose Gel Elect rop/ioresis

Agarose gel elect rophoresis was I )erform( d
on I � agitrose plates, using an apparatus
supplied! by i\ letalloglass, Inc. Samples con-

t-aintintg about 0.OOS unit of guany1�tte kinittse

were applied, and the electrophoresis was

performed! �tt 200 V for 90 n-tint iii the Tris-
mitleate (lectrophoretic solutiort described

above.

For identificationt of time’ banld!s of entzvma-

tic activity, overlay plates were preparet! as

follows. Sufficient agarose to yield a final con-

cent ration of 1 % was addled to 0.OS ii Tris

chlorK!e buffer (pH 8.0) arid dissolved! by
gtuttlc boiling. This solution was allowed to

cool to about 4.5#{176},nuxed rapidly with f-he

indicator enizyme reaction mixture, and im-
mediately poured inito a- mold formed by two

glass sheets separated! by a 116-inichm-tliick

plitstic gasket. The components of the intdi-
eaton system in the overlay plate were AI)P,
1 n-tin;(IDP, 1 mm; niagniesiuni chloride, 100

mm; glucose, 5 n-tin; yeast- hexokintase,

0.2 unit/ml; glucose 6-phosphate dehydro-

gentase NADP, 0.1 u-i-tin; pheniazine metho-
sulfate, 0.01 �; and 3-(4,5-diniethylthi-

azolyl-2) -2 , 5- diphenyltetrazolium bromide,
0.1 �. Tue final volume before preparation
of the mold was 20 ml. The overlay n-told was
allowed to solidify in tue dark at 4#{176}for about

30 mm. It was next I)laced carefully over the
eleetrophoretic running plate upon the eom-
pletion of electrophoresis, arid the two plates
were incubated in (lose contact at 37#{176}.
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During time reaction, noniponenmts of time oven-

lay plate diffuse iuito the nunmninig plate. Also,

the entzynn(s �ti t he runnminig plat( difmuse into

t-he overlay plate, with the result that I he

guantylate kintase amid adertylate kiniase reac-

tiorts occur in botim l)lates. As time reactiotis

proceed, bluish pintk bantds of insoluble for-
mazan are deposited mt hot-i-i pl�ttes. Usually

incubation for 1-2 hr at 37#{176}gives sufheienmt

color development. After connpletion of mien-
bationt, the overlay arid! rtnrmntinig plates are
separated arid tIme excess dye is wasimed awity

mt time dark with runmninig water. [Ime �tgarose

plates may be allowed to dry on ghtss sheet-s
to fornn permantenit preparationts. It- shOul(!

be noted that t-lmiscoupled react-ion system

detects isozyntes of both guanylate kinase

and adentylat ( kintase. However, iviment G 1)P

is omitted from tine intdic�ttor system, tine

nteti-iod becon-nes specific for adeumy hate

kinase. Thmis control \\.‘tS iriClude(l in each

experinient.

Jsoc/e(’tI’j(’ /�O(’U-Sifl(/

l’:lictrofocinsinug\\.as tarried out- �ti �tmn L k13

ulictrofocusinig coiurnnt (110 ml) itt �t sucrOs(�

gra(hienit �vithu 1 ni 2 � AMPHOLIXE con-

tainiinig a mixture of :tnipiiolytes at pH 4-- 6
for �O6O innat .500 V (18).

RESU LTS

Deinonst ration of (i uanyiatc K in ase Isozymes

in Human Eryt/irocytes

As simowut in Fig. 1, whent �th1(jUot-5 of

imemolvsates of hmunant irvt hirocyt n’s were

subjected to agarose elect ropinoresis at pH

7.2, ti-tree distiuict bands ol guntnylate kiimntse

activity were i(!entihed. line overlay met-hod

(ntployed also detects isozv mes of �tdenivlate
kintase, whmicin may be thstinguisiied from

guanylate kiniase by omitting the substrate,

GDP, from the oyerlay. Iii thmis and other cx-

perinienmt-s, four b�tnids of adeniylate kiniase
activity were detect-ed. Wimeun (ryt itrocytic

Fn(;. 1. .4garose gel eleelrophore(ie pallerii of guaiiylale kinase (G.1!PK) nmul ode nub/c kina.’u (-1 .1JI’K)

-in liemnoluj.s’ales of Ii nina n erijllirocijlesfrom 10(1 1 ndoiduals (1)1(1 fromiu aim extract of �arcomna 180 a.’ui1e.� eel/s

Samples (5-7 �1) froimm t lie ext ract of Sarconma 180 cells (a amid b) amid fronm henmol sates of two in-
dividuals (e amid d) , comut ainiimug nlnont 0.005 mmii t if gmnaiiylate kiniase act ivit i vere applied to the agarose

rumuning plate. The electrophoresis was carried out for 90 nmin, at 2(X) \‘, using the Tris-mimaleat (‘ elect ro-

phoretic solut-iomu described umider M.�rEumn�ns �xn) in m:TrmoDs. In plate I (left ) the iverlav svstemmm for

adeimvlate kinase alone was employed. Iii runimiimng plate II (right-) ami overlay met hod was used that

detects both adenylate amid gmnamnvlate kimuases (see mm�n’F:nn � LS ANI) in F;THon)s,). Wit Ii the henmolvsat es (c

and d) at least four bamids (if ademiviate kimase are observed, and three clear-cut bamids of guamuvlate

kinnase (upper three hands iii I Ic amm(1 d). With tine Sarcoma 180 cells (a amid b) four bamnds of ademiylate

kinuase are seen (1), aimd omne distinct band of guanylate kiniase (ha amid b). F’ronmm differemuces mi color

intensity (miot apparent imu t his plmotograph) it appeared that the upper banuds �ti 11(1 amid 1) comitainned both

ademuylate armd guanylate kimnases.
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FIG. 2. Ebeetrofoensiug profile of partially purified guanybale kinase (G.1IPK) from human erylhrocytes

a. About 20 umuit-s (specific activity, 3.3 units/mg of proteimi) of guamnylate kimnase were electrofo-

(used in ann electrofocmnsing colunin (110 mm-il) containinug 2�-� Anipholine (pH 4-6) in-i a sucrose gradi-

emit- After electrofocusinig for 50 hr at 500 V, 1-n-il fractiomis were collected Ermzvnnatic activity,

pH, and absorbance at 280 nm were determimmed.

b. The conmtemnts of tubes 32�70 (pH 4.7-5.9) from Fig. 2a were pooled arid again-i subjected to

electrofocusing for tO hr at 500 V after t-he establishment of a mew sucrose gradiennt ()ther comiditions

were similar to those described for Fig. 2a.
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guantylat-e kinase was partially purified to a
specific activity of 3.3 as described under

MATERIALS AND METHODS �tnd subjected t-o
agarose elect-rophioresis, tue thmree ntaj or
bands of guanylate kinmase activity appeared.

No bttnds of aderiylate kinase activity were

scent. As showni entrlier (3), this purification

procedure includes treatment of the hemo-

lysntte with calcium phosphate gel (wimich

does not adsorb gimttnylate kinase) followed

by elution from DEAE-cellulose (pinosphntte)
at pH 6.8, whichi conipletely removes

a-denvlate kinase.
In order to confirm tine occtnrrence of

guanmylate kinmase isozymes and to obt-ntint

sinfficient amounts of each isozvme for

further st tidies, isoelect nc electric focusing
procedures were employed, using A mpholine

gradients front pH 4 to 6 (Fig. 2rt amid b). In

the experiment shown in Fig. 2a, a 2 %

Ampholine solution was employed. Aft-cr

electrofocusing for 50 hr at .500 V, 1-mi frac-
tions were collected and the enzymatic ac-
tivity, pH, and absorbance at 280 nm were

determined. The contents of tubes 32-70

were pooled (pH 4.7-5.9) and again sub-

jected to isoelectric focusing after the (‘stab-

lishtnientt of a new sucrose gradient (Fig. 2b).

The mesults in-i Fig. 2b show four distinct,

completely separat eel peaks of guanylate

kinasc activity with isoclcct-ric points (1)1) of
about 4.9, 5.1, 5.4, and 3.S. Aliquots from

each-i of the four tubes of peak enzymatic
activity were subjected to agarose electro-

phoresis followed by the overlay procedure.
lit each case a sinigle, distinct band of
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guanylate kinase activity was observed

(Fig. 3).

(;uanylate Kinase Isozymes in Sarcoma 180

A scites Cells

Ahiquot-s of f-lie Sarconta 180 supernat-ant

fluid (sample I in MATERIALS ANT) mETHODS)

w�tq subjected to ntgarose electrophioresis as

shown itt Fig. 1. Onte distinct band of guanyl-

i_it_c kinase activity Was detected. A second

band, probably of guaniylate kinmase activity,

appeared to be contamnuiated by adenylate

kinase activity. At least. four ba-umds of

adenylate kiutase activity were notee! (Fig.

1). WI-icum a fractioni of Sarcoma 180 guauiyl-

at-c kinase (sample III) which was free of

adenivlate kinase act ivitv (descnibedi cnnmder

MATERIALS AND mIETH0I)S) was subjected to

ntgarose clectropltoresis, two distinct bands of

guanylat e ki na�e acty ivere seemt.
When tine guanylate kiutase itt the simper-

n-tat-ant- fraction (sample I) of sonncated

Sarcoma 1 80 cells was purified! approxi-
ntatehv 100-fold (sample II as described

untder MATERIALS AND METHODS) amid sub-

jected to isoelectnic focusinig front 1)11 4.0 to

6.0, time pattern-i shownm itt Fig. 4a \��5 ob-

served. Two I)eaks of guanyhate kiniase tm-c-

tivity were (letected, with isoelectric points

of aboint- 5.2 and 5.5. In addition, three peaks

of adetivlate kinase activity were observ Ni,

is-it-h isoelectric poinmts of about 5.2, 5.6, itni(l

.5.9. Time apparent- superin-tpositiont of p(’ttks

of these two enzymes �tt about- l)H 5.2 sug-

gested time’ possible occurrenmce of ntonisp(’cific
monontucleot-ide kintase capable of reactitig

with either GMP or AMP. Therefore, s�t-mpli’

II was purified further by tre�ttn-ienmt with

calcium phosphate gel, its described inntd(’r

MATERIALS ANt) iIETHOI)S, yielding s�tnple

III, which was subjected to isoel(’ctric focus-
iutg. Treatnienit- wit ii calcium PhosI)in�ttc gel

removed the adeti�latc kiui�mse activity corn-

pletehy, artd umow otily two Peaks of guanylate
kittntse, with isoelectric poinmts of 5.2 and 5.5,

were observed (Fig. 4b). Becituse of time rela-

tively low protein conicemitrationt, it ivas

difficult- to estimate accurately the specific

activities of these peaks. However, it impp(’itrs

that time specific activity of the p1 � iso-

zyme is at ieitst 10 unmnts mg of pnot(’inl,

whmichm would r(’presdnt �tpproximately a

1000-fok! increase mm the specific activity mm

companisoum with the guaumylate kintase ac-
tivit-v of time sonnicatec! cell extu�tct. In order

to conifimni further the occurrenmce of separitte

activities of adeni�late kimiase �tmtd guanylate

kinase inn tubes 54-57 of Fig. 4a-, t Inc conit (nit s

FIG. 3. Agarose gel electrophoretograni of erythroeytic guanybate limmase isozymes separated ln� electro-

focusing in Fig. 2b

A sample of a mixture (A) of four different eryt lmrocytic gmnamuvlnmte kimuase isozvnmes, amid sanimples 1,

II, III, amid IV (p1 5.8, 5.4, 5.1, amid 4.9, respectively) froni each of i-he enzymatic peak tubes �if Fig .2h,

were subjected to elect rophoresis for 80 mini. Other conmditionms were simnilar to those of Fig. 1. (iuamnvlate

kinase emizymimatic bands were located by the specific overlay teciumnique as described inn the text
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6.0

I

FnG. 4. Eleetrofocusing profile of partially purified sam pies of guanylate kinase from Sarcoma 180 aseites

cells

a. About 4 units of gmnanylate kimmase (GMPK) sammiple II (specific activity, 1.1 unfit-s/mg of protein)
(see M.-tTEIIALS .%ND MEn’m-mom)s) containing an-i approximately equal amount of ademmylate kimmase (AMPK)

activity were electrofocused in 1% Ampholine (pH 4-fl) for 60 hr at 500 V. The absorbance at 280 nm, the

pH, amid t-he enizymatic activities were determimied inn each fractioni

b. Abommt 3 ummits of guanylate kinase sample III (specific activity, 1.5 units mug of proteimm) (see MATE-

ITiALS ANI) METHoDS) were electrofocused as described for Fig. 4a.

of these tubes w-ere pooled, concentrated,

and passed through �t Bio-Gel P-l00 column-i.
The activities of adenviate kinase an-id

guanmyhtt-e kinmntse were separat-e(I completely

by this procedure. Through the use o)f
marko’r prot-einms of known mol(’cular weights,

tine adenylate kiniase isozyme imad a molecu-

lrtr w(’igimt of about 60,000, whereas that of

tint’ guntntylat e ki tmase isozyme wtts 19,500,

which is mt accordance wit-hm findings from

previous studies (2).
Inn tim( expeninteumt. described below, time

isozvmes cnployed! were obtained front

1)Ool(’d mtuid dialyzed fractions of t-hn(’ t-w-o or

thr(’(’ t-ub(’s containing the greatest- (‘umZyma-

tic activity ut the peaks of Figs. 2b ane! 4b.

Estimation of ,llolecular Weiq/u Is

When anm ahiquot of erytimrocytic guanylate

kmntaso’, punifio’d about 3300-fold to a specific

activity of 3.3 units, --mg of I)rot(’in, was

subjected to molecular sieving in order to

(‘stimate ti-ic molecular weight by ti-no’ method

of Andrews (19), a brottd band of guantylate

kmnase activity that appo’ared to conmt-ain two

i)(’aks ivas observed (Fig. 5). The guanylate
kinase peak wnts muclm wider than time peaks

of thn( marker prot(’ints. The guanylate kinase
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FnG. 5. Estimation of -molecular weight of erythrocytie yuan ylate kinase

A mixture of the followiuug proteins in 0.5 ml of 01 mm Tris-acet-ate buffer (pH 7.5) was added to a Bio-
(e1 P-100 column-in (1.0 X 60 cm): 1 unit of guanylate kinase (UMPK) (specific activity, 3.3 units/mg of

protein), 2 mg of bovinme p1�tsma albumin (BPA) (mol wt 67,000), 3 units of peroxidase (mol wt 40,0(X)),

2 units of ademmylate kimmase (AMPK) (mol v,.� 21,000), am-id 2.5mg of cytochrome e (nmol wt 13,000). Elutioni

was carried out with 0.1 mmTris-acetate, p11 7.5. TIme amount- of specific proteimms in cacti tube ‘��as deter-

mined by standard procedures described unndem MATm:mTnALs AN)) METHOt)S.
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peaks could be identified on (‘ithcr side of the
adenylate kinase peak and corresponded to
molecular weigimts of about 24,000 and

18,500. When the isozymes separated by

elcctrofocusing were subj (‘cted to molecular

sieving in the same column-i wit-h the same

marker proteinis, relatively sharp, symntetni-

cal peaks were observed and the molecular
weight values of Table 1 were (‘stirnate!.

When time separated! guanylate kinase 1SO-

zymes from Sarcoma 180 cells were sub-

jected to molecular sieving in ti-ic same

column as employed in-iFig. 5, similar molec-

ular weigh-it values were estimated, et-s simown

in Table 1.

Kinetic Parameters of (ruanylate Kinase

Isozymes

Tue kintetic parameters of cachm isozymc

were determined with ATP and GMP as the

substrates (Table 2). In each case, the appar-

ent Michachis constan-tt and Vmax values is-crc

determined at a number of concentrations of

the second substrate, and the data is-crc re-

plotted as described in-i the legend for Fig. 2
to estimate the true Michachis contstants. The

kinetic parameters (Table 2) of ti-ic different
isozymcs in-i individual tissues do Itot differ

strikingly, anmd time greatest dhffer(’nmces seenm

are on time order of 2-fold!. The Micimaelis

constanmts of the substrates dGMP amid 8-
azaGMP and the inmimibitiont constant-s (K1)

for 6-thioGMP are shown mt Table 3� �fji�

Km values of Table 3 were not determined �tt

infinite concenttrat-ions of the sccontd sub-
strate an-id therefore are apparent K,,, values

that may not be compared directly witht tine

values of Table 2. Againi it is of interest thmat
all isozymcs were inimibited by tine analogue
nucleotide, 6-t-hioGMP. The K1 values re-

I)orto’d mere are in-i excellent agreernenmt with
those report-cd (‘anhien from this laboratory

(2, 3), using less purilmed samples of guitny-

late kinase.

It was observed earlier tinat althnougin mumo-

sine 5’-phosphate has ito activity with

guanylate kinase isolated front hog brain (1),

ti-tere is weak but d(’fimute activity with
guantylat-e kinasc from iiunttnt eryt-hrocyt-cs
(3). Therefore the guantylate kinase msozymes

separated by electrofocusing ini Fig. 4b were
examined for t-imeir reactivity with IMP.

Because of ti-icrelatively low activity wit-h

IMP as the substrate and the limited amouutt

of each isozyme available, a complete kinetic

examination was not- Performed. However,

witit ti-ic eryt-inrocytic isozymes of p1 4.9, 5.1,

and 5.4, a react-ion velocity is-itsobserved
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TABLE 1

Lsoelectric points, specific activities, and molecular

weights of yuan ylate kinase isozymes

A purified sample of guanylate kinase from hu-
man erythrocytes (specific act-ivity, 3.3 units/mg

of protein) and Sarcoma 180 cells (specific activity,

1.1 units/mg protein) when electrofocused in a pH

gradient from 4 to 6, founr isozymes of erythrocytic

guannylate kinase, and two isozymes from Sarcoma

180 cells were separated at their isoelectric points

(Figs. 2b anid 4b). The specific activity of the

pooled fraction of each isozyme was determined

after dialysis agaimnst 0.1 mmTris-acetate buffer, pH

7.5. The molecular weight of each isozyme was de-

termined by molecuninir sieving, using a Bio-GeI

P-100 column (1.0 X 60 cm). The samples added to

the column-i conntained t-he following in each 0.5 ml:

about 0.2 unit of the isozyme, 1.5 mg of bovine

plasma albumin, 1 �g of peroxidase, 1-2 urmits of

adenylate kinase, and 2.5 mg of cytochrome e. Ex-

cept for erythrocytic isozyme IV, the supply of

which was suulicienmt for only one run,the molecular

weight determinations were performed in dupli-
cate and yielded almost identical values. The esti-

mate of error takes inmto account the effect on the

estimated molecular weight if the peak of activity

had occurred mm omne tube on either side of the obser-

ved activity peak.

Isozyme �1 Specific
activity

Mol �

units/
mg

Erythrocyt-ic

I
II

III
IV

4.9
5.1
5.4
5.8

0.91
13.30
17.80

0.58

21,000 ± 1,000

21,000 ± 1,500
18,500 ± 1,500

24,000 ± 1,000

Sarcoma 180

I

11
5.2

5.5
2.05
9.40

19,500 ± 500

20,000 ± 500

with IMP that was about 0.4 % of the veloc-

ity with GMP as the substrate, while with

the fourth isozyme (p1 5.8) the velocity was

somewhat greater, about 1 % of ti-tat seen

with GMP as the substrate.

DISCUSSION

These intvestigations demonstrate, by the

�se of two electropimoretic techniques, the
occurrence of four isozymes of guanylate

kinase in human ervthrocytes and two iso-
zymes of guanylate kinase in Sarcoma 180
cells. Altimougim the isoelect-ric points of the

Sarcoma 180 guantylatc kinase isozymes

differ by about 0.3 l)H unit, the isozymes

res(’mble each otimer closely in molecular

weight and kinetic behavior. On the other

hand, time four human-i eryt-hrocytic isozymes

differ in molecular wcigitt, varying from
about- 18,500 to 24,000. However, they do

not differ strikintgly iii timeir behavior with

various substrates. Interestingly, all six
guanylate kin-iase isozymcs are similar in their
susceptibility to inhibition by 6-thioGMP,
the greatest- diffcrentcc in K1 values being

about 3-fold.
It has not yet been possible to carry out an

extensive investigation of guanylate kinase
isozymes mt tumor tissues that arc sensitive

and resistant- to 6-thioguaninc. Such studies
should be undertaken, since it is possible that

certaim instances of drug resistance to 6-

thioguanine might be attributable to the
presence of a guanyhate kinase isozyme that

is relatively resistant to inhibition by 6-
thioGMP. There are still no generally ac-

cepted explanation-is of the mechanisms by
w-hich 6-thioguanine kills cells, or of its

selectivity for certain tissues. We have found
that guantylate kinases from normal hog

brain (2), rat liver,2 and human erythrocytes
(3) and from the tumor Sarcoma 180 (2) are

all inhibited to about the same extent by
6-thioGMP. Therefore, although inhibitioni
of guanylate kinase may be a significant

fact-or in the mechanism by which 6-thio-
guaninc causes cellular death, the explana-

tion of tissue selectivity must be sought
elsewhere. Sinco’ it is established that 6-t-hio-

guanine must be converted to the nucleotide
level to have cvtolvtic effects, it seems possi-

ble that other factors, such as differences
from onto’ tissue to ti-ic next in the hypoxan-

thine-guanine phosphoribosyltransferases, in
rates of degradation of 6-thioguanine or 6-

thioGMP, etc., might be involved in resist-
ance to ti-ic cytolytic action of 6-thioguanine.

For example, although-i the four human eryth-
rocytic guanylate kinase isozymes are all
inhibit-ed competitively by 6-thioGMP, it

has n-tot been-i possible to demonstrate the
accumulation of significant levels of 6-thio-
GMP in-i this cell. Therefore a current study
in this laboratory involves examination of

2 K. C. Agarwal an-id R. E. Parks, Jr., unpub-

lished results.



T.-�BLE 2
Kinetic parameters of gua in ylate ki nase isozyrnes

The isozyme fractiomms used for the kinetic experiments were aliquots of pooled, dialyzed sanmples of

the peaks in Figs. 2b and 4b. For each kinmetic measurement, 1 ml of the reactiomi mixture contained
0.0038 unit of guanylate kinase isozyme, 100 Mmoles of Tris-acetate (pH 7.5), 100 �Lmoles of KC1, 10

�.nmoles of MgCl2, 1.5 ,�moles of phosphoenolpvruvate, 1.25 micromolar ummits of pyruvate kinase, 2.5

micromolar units of lactate delmvdrogenase, 0.15 �smole of NADH, and the substrates ATP and (I�sIP at

various concentrations. The oxidation of NAI)H was followed with time by the chanige in absorbammce at

340 nm at 300. True K,,, am-id Vmax values for each of the guanylate kinase isozymes were determined from

replots of the reciprocals of apparent maximal velocities against the reciprocals of ATP or (IMP con-

centrations. For each replot, four apparent 1,,�,,, values were employed. Statistical analysis of each

Lineweaver-Burk plot was performed using Clelammd’s computer progranim (20), amid most of the apparemnt

V,,� values utilized in the replots had stanndard errors substantially hower thamn ±10%, mm many cases
heimmg on the order of ±1-2%.

ATP GMP
Isozyme

Km Vmac Km ‘max

Ervthrocytic

11
III
Iv

Sarcoma 180

II

.me X 10� - .-l i-liP ,,zin�’ .me X 10 - - - .4 340

1.09
0.83

1 .35
1.61

1.00
0.68

0.050
0.057

0.059
0.065

0.082

0.048

1 .25
1.85
2.04

2.00

1 .49
1.56

0.048

0.069
0.062
0.062

0.048

0.048

Isozyme

Ervthro-

cytic

II
III
Iv

Sarcoma

180

II
2.5 X 10�

1.4 X 10�
3.8X10 1.7x10-

3.0 x 10� 6.7 x 10-s
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TABLE 3

Kinetic parameters of guanytate kinase isozymes

from human erythroeytes and Sarcoma 180 ascites

cells with dGMP, 8-azaGMP, and 6-thioGMP

The reaction connstituents were similar to those
described mm Table 2, except that 4.0 mmm ATP was

used throughout. The K,, values for dGMP am-id

8-az aGMP were obtained from Lineweaver-Bu rk

plots. The K1 values of 6-thioGMP were deter-

mmmcd by replotting the slope values obtaimmed at
three different comncemntrations of 6-thioGMP

againmst t-he concemitration of 6-thioGMP (2). 1mm

each case classical pattermms for competitive inn-

hibit-ion between GMP and 6-t-hioGMP were seemn.

Km K1

dGMP 8-AzaGMP 6-ThioGMP

.me .%f .me

5.9 X 10� 1.1 X 10� - 7.5 X 10�

5.9 X 10� 0.9 x 10� 1.3 X 10�
5.9 X 10� 1.1 X 10� 2.1 X 10#{176}
3.3x10’ 1.0X1047.5X105

the comparative substrate activities of gua-
nine, hypoxanthine, an-id various purine

antimetabohites wit-hi hypoxanthine-guanine
phosphoribosyltransferases from various tis-

sues, includinmg the human eryt-hrocyte.

The occurrence of multiple isozymes of

guanylate kinase in human erythrocytes

raises the question of genetic variation,

especially sin-ice the enzyme source in most- of

these studies was pooled blood from about
100 different individuals. When the erythro-
cytic guanylate kina.se isozyme.s from two

individuals wer(’ examined by the agarose
ehect-rophoresis overlay method, however,

the three major guanvlate kinase isozymes
were clearly detected in each case. A much

more extensive study of these isozymes in a
large number of individuals will be necessary

before conclusions can be drawim about gene-
tic implicationms. In any case, a physiological
explanation of the occurrence of these differ-

(‘nt isozymes is not- presentt-ly apparentt.
A phenomenon-i detected in-i time course of

isolationt of the ervthrocvt-ic i.sozvmes wits

time apparent occurrence of aggregation.

Wi-ten molecular weights werc deto’rmincd at

ant o’arly stage of purificationi by the molecu-

lar sieving method of Andrews (19), a broad
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p(’ak of guanylate kinmasc activity, varyinmg

fronii about mol wt 40,000 to 20,000, was

se(’n. At the highest stages of punificationt,
after resolution of time isozymo’s, sharp peaks

of activity were observed. Sinc(’ tIme intdivid-
ual crythrocytic guanyhate kinase peaks

varied mi molecular weight from 18,000 to

about- 24,000, it is obvious that ant aggr(’git-

tiont pheniomenon-i is n-tot- tine (‘XplanatiOn for

the occurrcnce of the multiple electropho-

retic bands.

One may not safely conclude that differentt

species of an en-izyme exist simply becttuse
several bands of activity are observed by

electrophoretic techlnmiqu(’s. Time possibility

exists that ti-ic same prot(’mn is present- in-i two

or more intt-crcontv(’rtibl(’ forms. However, we

have not- seen an-iy evidenice of interconverti-

bihity with guanylate kinase from humani

ervthnrocyt-(’s and Sarcoma 180 ascites c(’hls.

It is-ill be utecessary to is�ait- for further punifi-

cat non antd chmaract-erizttt iont of ti-ic intdividunal

banmds of cnzvmrttic activity to draw definii-

t-ive conmclusmonms ont tine existentce of isozymes.
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