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Abstract 6-Mcrcaptopurine, but not other purine analogs, produced an increase in IMP dehydrogenase 
specific activity in cultured human skin tibroblasts. The conversion of 6-mcrcaptopurine to its ribonuc- 
leotide form, 6-thioinosine 5'-monophosphate, was required for this eflect, as cvidenced by the lack 
of an effect of 6-mercaptopurine in cells deficient in hypoxanthine-guanine phosphoribosyltransferase 
activity. This effect of 6-mercaptopurine on IMP dehydrogenase was blocked by inhibition of RNA 
or protein synthesis. Furthermore, stabilization of IMP dehydrogenase activity by 6-mercaptopurine 
or its metabolic products to heat or trypsin inactix.ation could not be demonstrated i~l rim>. These 
results suggest that 6-thioinosine 5'-monophosphate or one of its nucleotide derivatives leads to an 
increase m the synthesis of IMP dehydrogenase at the transcriptional level. 

6-Mercaptopurine (6-MP) is an analog of hypoxan- 
thine which interferes with purine nucleotide biosyn- 
thesis at a number of different sites (see review by 
Elion [1]). 6-MP competes with hypoxanthine and 
guanine for conversion to ribonucleotide derivatives 
by the salvage pathway enzyme, hypoxanthine- 
guanine phosphoribosyltransferase (HGPRT). More 
importantly, the ribonucleotide form of 6-MP, 
6-thioinosine 5'-monophosphate (6-thiolMP), is an in- 
hibitor of several different steps of purine nucleotide 
biosynthesis de ran'o, including the synthesis of phos- 
phoribosylamine, the first reaction committed to this 
pathway, and the conversions of 1MP to adenylosuc- 
cinic acid, adenylosuccinic acid to A M P  and IMP 
to XMP. The latter reaction is the [irst step unique 
to the pathway for the synthesis of G M P  de noco 
and is catalyzed by inosinic acid (IMP) dehydrogen- 
ase [2] ( I M P : N A D  ~ oxidoreductase, EC 1.2.1.14). 

Atkinson et ol. [3] demonstrated that IMP dc- 
hydrogenase from Ehrlich ascites tumor cells was in- 
h in ted  by 6- thiolMP in a manner which was com- 
petitive with respect to IMP. A similar type of inhibi- 
tion of IMP dehydrogenase from sarcoma 180 cells 
by 6-chloroinosine 5'-monophosphate was noted by 
Anderson and Sartorelli 14]. Holmes e t a / .  [5] ha,,e 
also observed inhibition of IMP dehydrogenase from 
human placenta by 6-thiolMP. Hampton and No- 
mura [6] proposed from their studies of the enzyme 
from Aerot)acter oero,qenes that the nucleotide deriwt- 
tires of 6-MP, 6-thioguanine (6-TG), and 6-chloropur- 
ine (6-C1P) react with a sulfhydryl group in the prox- 
imity of the IMP binding site to form either a stable 
disulfide or thioether bond. 

In the present study we have demonstrated that 
6-MP causes an increase in the specitic activity of 
IMP dehydrogenase in cultured human fibroblasts. 
The data suggest that this effect is mediated by a 
nucleotide derivative of 6-MP and may be dependent 
on RNA and protein synthesis. 

*This research supported by USPHS Rcsearch Grant 
No. AM-14362. USPHS Training Grant No. GM-(X)233 
and USPHS Training Grant No. AM-05620. 

M A I E R I A L S  A N D  M E T H O D S  

Hypoxanthine[8-~~C] (2'48 mCi m-mole), t.-leu- 
cine[4,5-3H] (64 Ci/m-mole) and uridine[2-l-rC] 
(56.7mCim-mole)  were purchased from New Eng- 
land Nuclear Corp, Nicotinamide adenine dinucleo- 
tide, sodium phosphoribosylpyrophosphate, 6-MP, 
6-mercaptopurine ribonucleoside (6-MPR), 
6- thiolMP (barium salt), 6-TG, 6-CIP, XMP, actino- 
mycin D, trypsin and trypsin inhibitor were obtained 
from Sigma Chemical Co. Dithiothreitol, cyclohexi- 
mide and puromycin were purchased from Ca[bio- 
them Co. All other chemicals were commercial prod- 
acts of highest available purity. 

Cell ctdture. Cultures of human skin fibroblasts 
were initiated from punch skin biopsies of normal 
individuals and patients with the Lesch Nyhan syn- 
drome as described previously [7]. Fibroblasts were 
cultured in monolayer in 100-mm plastic sterile dis- 
posable Petri dishes (Falcon Plastics). The cells were 
grown in Eagle's minimum essential medium (GIB- 
COl, supplemented with 10",, fetal calf serum (dia- 
lyzed or undialyzed. GIBCO), nonessential amino 
acids, penicillin (50 Uml) ,  and streptomycin 
(501~g/ml) and incubated at 37 in a humidilied 5",, 
CO, -95  '>. air atmosphere. Cultures were serially pro- 
pagated by splitting 1 to 4 after reaching confluency. 
In each experiment, repIicate cultures were prepared 
by pooling cells harvested from several cultures before 
transferring 10-ml aliquots of cell suspension to new 
Pelri dishes. Only confluent cultures in the fifth to 
fifteenth passage were used and the culture medium 
[supplemented ~ith undialyzed serum except where 
indicated otherwise) was changed ever,, 2 days. Under 
these conditions there was little variation in IMP de- 
hydrogenase specific activity in any particular exper- 
iment. As noted later, however, the basal level of IMP 
dehydrogenase activity was lower when dialyzed 
rather than undialyzed serum was used as a com- 
ponent of the cell culture medium. 

Cells (1 3 × 10 ~') were harvested from culture dish- 
es by rapid trypsinization. The culture medium was 
removed by aspiration and the cell sheets were 
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washed with phosphate-buflered suline (PBS). (e l ls  
were incubated with l m l  of 0l" , ,  trypsin i9300 BAEE 
units mg; Worthington Biochemical) with agitation tit 
room ten]perature for l 5rain. The detached culls 
were suspended it] cold fresh mediunt, centrifuged at 
600:,, and washed wilh PBS. ('eli pellets were stored 
ttt 70 until time of extraction. IMP dchydrogenasc 
activity was found to be stable under these Collditions 
for at least 2 weeks, Cells ~ere suspended m 0-2 ml 
of ice-cold 50raM potassium phosphate burlier, pH 
7.4. with l m M  dithiotreitol and Ivsed bx rapidly 
freezing and thanking t~ice. Lysates ':.ere centrifuged 
at 10,000g for 20 rain, and the stlpernatant was dia- 
lyzed against the same buffer for 6 S hr at 4 . 

En-yme ~ / S'~ ~ I ~ ' [~ " IMP dehydrogenase actix ity was 
determined by a radiochemical method similar to that 
described by Pehlke el ol. [8]. The reaction mixture 
contained 0.0083/unole 1MP[g-t4C], * 0.l /anole 
NAD +, 101anoles KC1, 01 lmqole EDTA, 005 lanole 
dithiothreitol, 5 pmoles potassium phosphate hutli:r. 
pH 74, and 25 10(}pg libroblast protein 150ld dia- 
lyzed cell ext ract ) in  a final xohune of I(X)/tl. The 
retiction was allox~ed to proceed for 1 hr :`it 37 and 
stopped by the addition of an cctual xohime of cold 
95°<, ethanol. Precipitated protein was removed b~ 
centrifugation tit 10,00() U :`lnd 5 0 / d  o f  the superna- 
tan/, along with 20pg carrier XMP, w a s  spelled on 
Whatman DE81 paper and subjected to descending 
chromatograph? m 0.2 M ammonium fornmte buffer, 
pH 5"0 (Rr: XMP. 0.32: IMP. 0.72L The XMP spot 
was located with u.x. light, cut out and cotlnled :.it 
63 per cent efficiency in a Packurd Tri-Carb Nquid 
scintillation cotinter. The assay ~as linear with le -  
spect  to time tip to 90rain and with rcspcct It+ 
amount of protein tip to 1251~g. Under these assay 
conditions endogenous 5'-nucleotidase actixitx had r~o 
significant effect on the measurement of IMP de- 
hydrogenase activity. In the presence of EDTA less 
than 10 per cent of the substrate, IMP. and less than 
5 per cent of the product, XMP, were found to be 
dephosphorylated. In addition, potential difficulty ar- 
ising from the metabolism of N A D  in the extrad 
was avoided by providing NAD + in excess. Reducing 
the concentration of N A D *  by' 50", yielded the same 
level of enzyme actixity. A higher concentration of 
N A D  ~ had an inhibitory eftcct. Essentially the same 
restllts were obtained using extracts prepared from 
cells grown in the presence of 6-MP. 

H G P R T  activity was measured by a radiochemical 
method similar to that described by Kelley' and 
Meade [9]. Thymidine triphosphate was not used to 
inhibit the breakdown of the nucleotide product to 
the nucleoside derivatixe by endogenous 5'-nucleoti- 
dasc. However, comparable results ~ere obtained by 
using the sum of the radioacti\i tv in I M P and inosine 
to quantitate enzyme acti'+ity, 

Protein wits meusured by the method of km~l'v ('t 

a/. [10] using bovine serum albumin its a standard. 
RNA alut protein U'nthe.si,~. Ratcs of RNA and pro- 

tein synthesis were estimated in confluent Ctllhll-eS 
which had attained a cell density' of 3 4 x l 0  a 

cells/cm e. These cultures were incubated l\+r 2 hr with 

* 1MP[S-~a'( "] ,aas cnzymaticall_,, synthesiicd l)'om 
hypoxanthme[8-1+C] using pai+tiall} purified human 
HGPRT according to Pehlkc cta/. [S]. 

5 ml of medium contailfing ()1/&'i uridine[2-~aC] 
and I/~('i iqeucine[4.5-~HJ. Subsequent steps were 
carried out at (t 4 . After the labeling period the cells 
x~crc ,aashed three times with 5-ml portions of PBS 
and lysect with 4ml of 0"5". sodiurn dodecyl sulfate 
in 0-0l M ] r i s  tt( ' l ,  pft 7"4. An equal xolume of 
10<',, trichkwoacetic acid ~as added to the lysates to 
precipitate nucleic acids and protein. The precipitates 
were collected on glass fiber filters {Ree,+e Angel, No. 
934-Ah. 24-cm diameter} and x<lshed four times with 
5 ml of 5". trichloroacetic acid and twice v+ith 5 m] 
of 95". ethanol. The lilters were dried and cotlnted 
ill :i tolt_lenc-based scintillation fluid. Tritium counts 
x~crc corrected for S3 per cent spilhwer of 14(, counts. 
Tritium 'aas counted :-it 14.5 per cent etIiciency and 
l-~(, was counted at 365 pet- cent efficiency, The label- 
ing conditions described here gave linear incorpor- 
ation rates for both isotopes up to 8 hr. 

Slahilil l ql I111' dclu'drO:lCmtsc m citr,, l-ibroblast 
CXtl-:`lct. in 100-1d :tliquots, was incubated at 70 for 
tip to g rain and then chilled rapidly at 0 4 . Residual 
IMP dchydrogenase activity was assayed and ex- 
pressed as a per ccnt of tile initial actixity of the un- 
heated control, t ibroblast extract, in 100-/d aliquots, 
was also incuh.:`tted ~il 25 for tip to 10 rain v+ith I0/d 
trypsin (I mg roll Proteolysi,, was terminated by ra- 
pid chilling at 0 4 and the addition of 10td trypsin 
inhibitor 12 mg ml). Residual IMP dehydrogenase ac- 
ti\it3 x~:`ts expressed as a per cent of the activity of  
the control, in which trypsin inhibitor was added im- 
mediately after try:psin. 

RE%t I+I'% 

The change m specilie acti;ity of IMP dehydrogen- 
ase 3 days after the uddition of 6-MP to libroblasts 
cultured in medium supplemented with undkllyzed or 
dialvzed serum is illustrated in Table 1. With undia- 
lyzed serum, enzyme specific acti,,ity xaried between 
8"9 and 15.6 nmoles nag of proteinhr m control cul- 
lures and increused as much as 67 per cent it] 6-MP- 
treated cells. With dialyzed serum, enzyme specific ac- 
livi D varied betx~cen 5-3 and 9 .7nmolesmg of pro- 
tein hr and was increased by as much as 150 per cent 
in 6-MP-treated cells. The maximum IMP dehydro- 
genasc acti;it  3 m extracts of 6-MP-treated cells was 
20 22 nmoles mg of protein hr using either type of 
medium. A maxirnum effect was exerted by 10 ~M 
6-MP in experiments using medium supplemented 
~ith undialyzed s e r t l n ] ,  ~hereas 10 a M  6-MP was 
most elliective m cells gro\~,n in medium supplemented 
with dialyzed serum. This obserxation suggests that 
substances x\hich interfere ,aith the action of 6-MP 
may be present in undialyzed serum. The addition 
of purine bases to either medium, hox~e\er, had no 
efli:ct on I M P dehydrogenase acti,~ity levels. Also. the 
acti\il,, of at [cast one other enzyme invob,ed in put- 
ine metabolism, phosphoribosylpyrophosphatc syn- 
thetase, was lbund to respond similarly to undialyzed 
and diulyzed serum lunpublished datal. 

The kinetics of the mcrcase in IMP dehydrogenase 
specific activity after the addition of 6-MF' is demon- 
strafed in Fig. I. A maximum increase was observed 
within 3 daxs after the addition of 6-MP and the 
enzyme acti\it,+ le,+cl remained stable [br at least 2 
adclitiotml days. l h e  specilic ~lclixity of another en- 
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Table 1. Effect of 6-MP on IMP dehydrogenase specific activity* 
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Culture medium 

Concn 
No. of of 6-MP Per cent 

experiments (M) of control 

Undialyzed serum 
supplemented 

Dialyzed serum 
supplemented 

0 100 
4 10 s 1221111 1501 
5 10 -~ 152 (139 171) 
3 10 ̀ 3 167 1133 193) 

0 100 
3 10 s 190 (16% 226) 
5 10 -4 250(155 3621 
3 10 3 172(158 1831 

* 6-MP was added to cultures at concentrations ranging from 10 s to 10 3 M. Cells were 
collected 3 days later and IMP dehydrogenase specific activity was measured. For each individual 
experiment the per cent of control was determined for the enzyme activity observed in the 
presence of 6-MP. Listed are the mean and range of the per cent values from three to live 
separate experiments. The IMP dehydrogenase specific activity in the controls ranged from 
8-9 to 15-6nmoles/mg of protein/hr for cells grown in the presence of undialyzed serum and 
from 5'3 to 9.7 nmoles/mg of protein/hr for cells grown in presence of dialyzed serum. 

zyme of purine metabolism, HGPRT,  which was also 
constant during confluency, was not altered by 6-MP 
at concentrations ranging from 10 - s  to 1 0 - 3 M  for 
up to 5 days (Fig. 2). There was no apparent change 
in cell morphology or cell adhesion as observed with 
light microscopy during the course of the experiments 
under these conditions. 

The effect of 6-MP on the rate of incorporation 
of labeled precursors of RNA and protein into acid- 
insoluble material is shown in Table 2. 6-MP had 
virtually no effect on the incorporation of labeled leu- 
cine into acid-insoluble material. Labeled uridine in- 
corporation was reduced at all concentrations of 
6-MP examined. Maximum inhibition of approxi- 
mately 60 per cent was noted at concentrations of 
6-MP in the range of 10-3-10 -`* M. 

The increase in IMP dehydrogenase specific ac- 
tivity in response to 6-MP did not occur in cells with 
reduced HGPRT activity. As illustrated in Table 3, 
the specific activity of IMP dehydrogenase in cell 
strain 230, with less than 2 per cent of the HGPRT 
activity wesent in normal cells, decreased slightly 

20 
f 

J 

.g 

F 
I0 t 

J 
. /  

.Cr" 
J 

/ 
/ 

F _ ~ o  

0 I 3 5 

Days 

- 0  

Fig. 1. Time course of 6-MP-mediated increase of IMP 
dehydrogenase specific activity. 6-MP riO-s MI was added 
to confluent cultures in dialyzed serum-supplemented 
medium, and IMP dehydrogenase activity was assayed 1, 
3 and 5 days later. • Q,  Control, no 6-MP added: 

C>-O, 6-MP added. 
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Fig. 2. Effect of 6-MP on HGPRT specific activity in cell 
culture. Three groups of replicate confluent cultures were 
incubated in the presence of 6-MP (10 s 10 ~ and 
10 3 M). A control group was not treated with 6-MP. Cells 
were collected 1, 3 and 5 days after the initiation of the 
experiment and assayed for HGPRT activity. 0-  -0, 
Control, no 6-MP added: O ©, 10 ~ M 6-MP added: 
~---A, 10 ~M 6-MP added; x - x ,  10 3M 6-MP 

added. 

Table 2. Effect of 6-MP on the incorporation of [3H]leu- 
cine and ['aC]uridine into acid-insoluble material* 

Per cent of control 

Concn 
of 6-MP [3H]leucine [>~C]uridine 

(M) incorporation incorporation 

0 100t 100g 
10 s 114 68 
10 4 95 42 
10 3 98 40 

* Replicate cultures were incubated for 12 hr in the pres- 
ence of 6-MP before determining incorporation of labeled 
precursor into acid-insoluble material as described under 
Materials and Methods. 

+ 485 cpm. 
++ 421 cpm. 
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rahlc 3. Effect of 6-MP on IMP dchyd-ogemsc spccilic actb, ity m normal and Lesch Nyhari 
cells* 

Cull strain 

('oncn I M P dchydrogenasc 
I t G P R I  of 6-M P (nmoles nlg 

tnmoles mg protein hr) <MI protein hr) 

233 {Normal) 75 

230 fLesch Nyhan) 1.0 

0 I1 .<~ 
10 4 16.4 
I 0 ~ 2() '4 

() 144 
I0 + 13"4 
I0 ~ 13"4 

* Normal and Lesch Nvhan cells in the ninth and twelfth passage, respcctixely, wcrc incubated 
in the prcsenceof6-MP, il0 4or  10 3M) for 3 days, harvested and assayed for IMP dehydro- 
genase actiGly. HGPRT activity was measured bcfore the slart of the experiment. 

when the cells ~vcrc incubated with 6-MP ul concent- 
rat ions of 10 + or 10 -+' M. These concenlrat ions of 
6 -MP produced a 40 and 70 per cent increase, re- 
spectively, in the specific activity of I MP  dehydrogcn- 
ase in normal librc)blasts. 

The effects of 6 -MP and other related conlpounds 
on the specillc act i ; i ty of IMP dehydrogenase are 
compared in Table 4. In this experiment enzyme ac- 
tivity in extracts of control cells was low (55 nmoles  
mg of protein hr) and the st imulalory effect of 6-M P 
was over 3-1bid. 6-MPR at an equimoktr  concent- 
ration caused only a 24-fold increase in I MP  de- 
hydrogenase specilic activity. Conversely, 6 -MMPR,  
6-TG and 6-C1P at equimolar  concentrat ion led only 
to a decline m I M P dehydrogenase activity. 

The 6-MP-mediatcd increase m I MP dehydrogen- 
asc activity ~as  examined tbr dependence on RNA 
and protein synthesis. RNA synthesis was blocked by 
actinomycin D (0'1 Hg ml), which inhibited the incor- 
porat ion of  labeled uridine in to the ucid-insohlble 
material  It) 5 per cent o f  cont ro l  values. Protein syn- 
thesis was blocked by cycloheximidc (5 jig, rely or pur- 
omycin 13 HML which inhibited the i ncorpora t ion  of 
labeled leucinc rote the acid-insoluble maleriaI to lt/ 
and 40 pet cent Of control values respectively. These 
inhibitors ;.it the doses tlsed had only a minor effect 
on the morphological  appearance of confluent cul- 
tures. "lhe effccl of these inhibitors on I MP dehydro- 
gellnsc aclixity ;,.as tested on cells cultured in the 

presence and absence of 6 -MP al a concentrat ion of 
10 * M <Fig. 3). In control cultures IMP  dehy, drogen- 
ase activity fluctuated between 5'5 and 6-6 nmoles mg 
of protein, hr, whereas in 6-M P-treated cultures en- 
zyme activity levels increased gradually to 182 nmo- 
l e smg  of protein, 'hr by the third day. Actinomycm 
D added at the beginning of the experiment to either 
control or 6-MP-treated cnltures resulted in a de- 
crease in enzyme activity after 2 days. Actinomycin 
D, added 1 day after 6-MP, blocked the further in- 
crease in IMP dehydrogenase activity but did not 
cause a decline of the elevated enzyme activity levels. 
In control  cultures cycloheximide did not affect IMP 
dehydrogenase levels over a 2-day period, whercas 
puromycm added during the same time period caused 
a decline in enzyme specific activity. Both cyclohexi- 
mide and puromycin effectixely prevented the increase 
of enzyme activity in 6-MP-treated cultures when ad- 
ded at the beginning of the experiment. These inhibi- 
tors also blocked any further increase of the elevated 
I M P dehydrogenase activity lexels when added to cul- 
tures 1 day after 6 -MP treatment.  

Experiments were performed in ri*ro utilizing heat 
and trypsin inactivation ilt order to determine if the 
elTect of O-MP in IMP dehydrogenase could also be 
attribttted in part to enzyme stabilization. The restllts 
are ilhlstrated in Figs. 4 and 5. No difference m en- 
zyme stability to heat inactixation or trypsin digestion 
x~,us obser; 'ed for extracts of cells grown in 1(1 * M 

Pubic 4. Effect of various purinc analogs on IMF' dehydrogenase spccilic acti~<itv 
in cell culturc* 

('olnpound added to I M P dehydrogcnase Per cent of 
cuhtlrc medium <nmoles rng protein hri control 

None 5.5 100 
6-Mercaptopurinc 1N.2 331 
b- Mercaptopurinc 13"2 24(1 

rihonucleosidc 
6- Met hylrncrcapiopurinc 3-7 07 

riborlucleoside 
6-Thioguaninc 2.5 45 
6-(~hloropurinc 3"2 58 

* Replicate cultures in dialyzed serum-supplemented medium were grown for 3 days 
in the presence of the different compounds listed above, each at a concentration of 
10 a M. The results tire the average of duplicate samples expressed as specilic aclixit 3 
and as a per cent of the actixit_', in untreated cells. 
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Fig. 3. Effect of inhibitors of RNA anti protein synthesis 
on the increase of IMP dchydrogenase specific activity by 
6-MP. Rcplicate cultures grown to confluency in dialyzed 
scrnm-supplcmentcd medium were incubated for 3 days 
in the absence deft panell and presence {right panel) of 
6-MP (10 4 M). Actinomycm D, 0.1 lzg'ml, cycloheximide, 
5 itg,'mI, or Puromycin, 3 14M, was added to some 6-MP- 
treated cultures at the beginning of the experiment (day 
th or 1 day later. Thesc drugs were added to untreated 
cultures only on day 0. Cells were harvested from duplicate 
cuhnres at the indicated times and IMP dehydrogenase 
activit 3, was assayed. Left panel and right panel: 0 -  Q, 
controh O O, actmomycin D added: A, A, cyclohexi- 
mide added, and % L]. puromycin added. Vertical bars 

indicate range of activity. 

6-MP when compared to control cultures (Fig. 4). 
6-ThiolMP ~as also examined for a stabilizing effect 
on IMP dehydrogenase activity in fibroblast extract 
(Fig. 51. This nucleotide analog was added to dialyzed 
lysate at a linal concentration of 10 4 M. Onl~ a 
slight decrease in heat stability and little or no effect 
on trypsin inactivation resuhed: however, inhibition 
of enzyme activity by over 80 per cent indicated an 
interaction between 6- thiolMP and IMP dehydrogen- 
ase. A comparison of the stability of IMP dehydro- 
genase actix, ily in undialyzed and dialyzed control ex- 
tracts (Figs. 4 and 5) suggests that certain cellular 
metabolites or ions removed by dialysis may stabilize 
enzyme activity. 

D I S C [  S S I O N  

In this study it has been demonstrated that the spe- 
cific activity of IMP dehydrogenase in cultured hu- 
man tibroblasts is increased as much as 2- to 3-fold 
by the addition of the purine analog, 6-MP. This ef- 
fect of 6-MP is not a general one on enzyme activity, 
since the specilic activity of hypoxanthinc-guanine 
phosphoribosyltransferase, another soluble enzyme, 
was not altered. The absence of an effect by 6-MP 
on cells deficient in hypoxanthine-guanine phosphori-  
bosyhransferase activity indicated a requirement for 
conversion of the drug to its ribonucleotide form, 
6-thiol M P. Increased 1M P dehydrogenase specitic ac- 
tivity was also observed with 6-mercaptopurine ri- 

Ioo) ~ ~ "  

8O 

>_ 

ie_ \ 

"S 4c 

2C 

"gX 

I I o 5 IO 
Min 

Fig. 4. Stabil i ty of I M P  dehydrogenase activi ty in extracts 
of 6-MP-treated cells. Fibroblasts were cultured in the 
presence of 1 0 ~ M  6-MP for 3 days, during which IMP 
dehydrogenase activity increased nearly 2-fold. These cells 
and untreated cells were then harvested and extracted in 
0.05M potassium ph,,,phate, pH7.4. The undialyzed 
extracts were adjusted ~ ith buffer to the same protein con- 
centration, 3 mg/ml, and subjected to heat or trypsin inac- 
tivation as described under Materials and Methods. The 
levels of IMP deh~drogenase activity in extracts of control 
cells and 6-MP-treated cells were 28 and 51 nmoles/hr re- 
spectively. Enzyme activity is expressed as per cent of in- 
itial activity. • O, Control, heat inactivation: O O. 
cells grown in presence of 6-MP, heat inactivation: 
• - - • ,  control, trypsin inactivation: ± -  ±, cells grown 

in presence of 6-MP, trypsin inactivation. 
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Fig. 5. Effect of 6-thiolMP on the stability of IMP de- 
hydrogenase. Fibroblast extract, dialyzed against 0.05 M 
potassium phosphate, pH 7-4, and containing 3 mg/ml of 
protein and 30nmoles/hr of IMP dehydrogenase activity, 
was incubated for 15 min at 25 in the presence and 
absence of 10 4 M 6-thioIMP and subjected to heat inacti- 
vation or trypsin inactiw~tion as described under Materials 
and Methods. Enzyme activity is expressed as per cent 
of initial activity. H ,  Control, heat inactivation: 
O O, 6-thiolMP added, heat inactivation: • • .  con- 
trol, trypsin inactivation: ,~ &, 6-thiolMP added, trypsin 

inactivation. 
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bonucleoside (6-MPR), but not with other purine ana- 
logs, including 6-methylmercaptopurine ribonucleo- 
side, 6-thioguanine and 6-chloropurine. Since human 
fibroblasts do not appear  to have the enzymatic capa- 
city to phosphoryla te  6-MPR, the effect of this com- 
pound on I M P  dehydrogenase activity is probably 
due to its conversion to 6 -MP in a reaction catalyzed 
by purine nucleoside phosphorylase.  

It cannot  be ascertained from these experiments 
whether 6 - th io iMP or one of its metabolites is the 
active agent. Other  known nuclcotide metaboli tcs of 
6 -MP include &methylmercaptopur ine  ribonucleo- 
side 5 ' -monophosphate  [11], 6-thioguanosine 
5 ' -monophosphate  [ 12] and 6-thioxanthosine 
5 ' -monophosphate  [13]. The lirst tw:o derivatives are 
not likely to be responsible for this effect of 6-MP, 
since 6-methylmercaptopurine ribonucleoside and 
6-thioguanine, which could be converted to their res- 
pective nucleotide R~rms, did not lead to an increase 
of IMP  dehydrogenase specitic activity in cell culture. 

An at tempt  was made to determine the molecular 
mechanism responsible for the increase of I MP  de- 
hydrogenase specific activity produced by 6-M P. Inhi- 
bition of RNA synthesis by actinomycin D and inhi- 
bition of protein synthesis by cycloheximide or puro- 
mycin prevented the effect of 6-MP, suggesting that 
both RNA and protein synthesis may be required. 
This approach to tile study of enzyme regulation, 
however, is compromised by the possibility that non- 
specific metabolic toxicity of actinomycin D, cyclohex- 
inaide or puromycin )nay influence the results. Thus. 
interpretat ion of these experiments is limited and 
more support ing or conclusive evidence is needed. 
Nonetheless,  one interpretat ion of these data is that 
6-MP, via) a nucleotidc derivative, in some manner  
stimulates the synthesis of I MP  dehydrogenase at the 
transcript ional  level. 

In a recent study' by Tidd and Paterson [14] using 
mouse lymphoma cells, 6 -MP was found to cause a 
significant reduction in the guanine r ibonucleotide 
pool size with only a slight decrease in the adenine 
ribonucleotide pool size. In addition. 6-thioguanine 
was shown to have little effect on either ribonucleo- 
tide pool, whereas 6-methylmercaptopurine ribonuc- 
leoside was noted to decrease the pools of both 
adenine and guanine ribonucleotides. Based on this 
study, 6 -MP appeared to be the only one of the three 
purine analogs to have a specific effect on the cellular 
content  of guanine ribonucleotides. Thus, the increase 
in IMP  dehydrogenase specitic activity mediated by' 
6 -MP could possibly reflect derepression of the en- 
zyme due to a decrease in the levels of guanine ri- 
bonucleotides. IMP  dehydrogenase in bacterial cells 
has been shown to be controlled by end-product  re- 
pression through guanine nucleotides [15~. Our  re- 
suits are consistent ,sith this model. 

Since IMP dehydrogenase from bacterial [6] or 
mammal ian  [4] cells forms a stable complex with 
6 - th io lMP through a disulfide linkage, stabilization 
of the human  enzyme by the purine nucleotide analog 
was also considered as a possible explanation for the 
6-MP-mediated increase in I MP  dehydrogenase ac- 
tivity. The increased I M P  dehydrogenase activity in 
lysates of 6-MP-treated cells, however, was not stabi- 

lized to mactix ation by thcrnlal denaturat ion or pro- 
teolysis. Furthernaore. the addit ion of 6 - th in lMP to 
libroblast extract also failed to stabilize the enzymc 
to trypsin inacti'~alion and ma~ achlall,, haxc de- 
creased its stability to heal inactivation. Although, 
more precise methods of studying specilic enzyme 
turnover  will be required to exclude tile possibilit 3 
of enzyme stabilization, it is noteworthy that protec- 
tion of dihydrofolatc tcductase actixity fl+onl protcoly- 
tic or heat inactixation b~. amethopter in  correlated 
well with tile later obser,~ation that the intracellulal- 
degradat ion of dihydrofolate reductasc is inhibited as 
a result of the tight binding of amethopter in to the 
enzyme nlolccule [16, 17]. 

6 -MP has been used clinicalh as an inlmunosup- 
pressivc agent and an anti leukemic drug. Several 
studies of tile inhibition of cell proliferation bx 6-M P 
have described a "delayed'" cytotoxicity. f h c  more re- 
cent studies by Tidd t,t al. [ lSJ on the delayed re- 
sponse of cultured mouse lymphoma cells to 6-MP 
have led to subsequent biochcmical \~ork relating 
drug lethality to the degree of incorporat ion of 6-MP 
into DNA rather than to the inhibi tor\  action on 
purine nucleotide biosvnthesis [14. 19]. Since only 
confluent cell cultures characterized by a very Io\v 
growth rate were used in the present studies, they 
presumably deal primarily with the latter metabolic 
effects of 6 -MP and not with its effect on cell replica- 
ILion. 
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