
process brought about by covalent bind- 
ing of platinum. We suggest that drug 
binding disrupts the hydrogen bond for- 
mation and causes localized unwinding 
of the duplex. The interruption of base 
pairing would produce single-stranded 
regions that, under the conditions of low 
ionic strength in the gels, would collapse 
and reduce the effective length of the 
DNA's. 

Although comparison of Fig. 1, a and 
b, would suggest differences in the ef- 
fects of cis- and trans-DDP on the elec- 
trophoretic mobilities of the circular 
DNA's, plots of gel migration against 
bound platinum per nucleotide (r) (Fig. 
2) show otherwise. The minima in these 
plots (r - 0.10) are nearly coincident for 
both isomers. One notable difference, 
however, is the increase in mobility ob- 
served for cis-DDP at r < 0.075. This re- 
producible difference in gel mobilities at 
low r values is not yet understood. It is 
interesting that the characteristic in- 
crease in mobility at low r exhibited by 
the DNA-cis-DDP complex resembles 
that observed when ethidium bromide 
binds by intercalation to closed circular 
DNA. 

The effects of cis- and trans-DDP on 
the electrophoretic mobilities of the 
closed circular DNA's are also manifest 
in gels containing ethidium bromide (5) 
(Fig. 1, c and d). The presence of this in- 
tercalator in the gel ensures that the 
closed circular DNA is wound into a net 
positive superhelix and suppresses the 
effect on electrophoretic mobility of 
changes in the superhelix density in re- 
gions of unbound platinum. Figure 3 is a 
plot of migration against r for these dye 
gels, from which it is evident that both 
cis- and trans-DDP produce cooperative 
changes in the mobility of the DNA's. 
The r value at which the cooperative ef- 
fect occurs is identical with that of the 
mobility minimum observed when either 
isomer binds to the closed DNA (Fig. 2). 
The increased mobilities (Fig. 3) again 
indicate a partially collapsed structure. 

The electrophoretic mobility results 
suggest that the binding of DDP shortens 
the length of the DNA. This inter- 
pretation has been directly confirmed by 
electron microscopy. As shown in Fig. 4 
for the cis isomer, the DNA molecules 
become more compact with increasing r. 
The opening and subsequent super- 
helical twisting of the closed circular 
DNA is clearly evident. Histograms (not 
shown) of length measurements show 
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electron microscopy. As shown in Fig. 4 
for the cis isomer, the DNA molecules 
become more compact with increasing r. 
The opening and subsequent super- 
helical twisting of the closed circular 
DNA is clearly evident. Histograms (not 
shown) of length measurements show 
the shortening to be as much as 50 per- 
cent of the original DNA size. The pre- 
cise nature of the platinum-DNA inter- 
action that produces this interesting col- 
lapse of the double helix is not known. 
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The binding must be covalent, however, 
since ionic or hydrogen bonding inter- 
actions would be reversed under the high 
chloride concentrations used to quench 
the reaction. Weakly bound platinum 
would also separate from DNA in gel 
electrophoresis. 
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5 - Phosphoribosyl - 1 - pyrophosphate 
(PRPP) is an activated sugar phosphate 
utilized in the synthesis of purine, 
pyrimidine, and pyridine nucleotides. 
PRPP is a substrate common to the initial 
reaction of the pathway of purine syn- 
thesis de novo, catalyzed by amido- 
phosphoribosyltransferase (E.C. 2.4.2. 
14), and to purine base salvage reactions 
catalyzed by hypoxanthine-guanine 
phosphoribosyltransferase (HGPRT; 
E.C. 2.4.2.8) and adenine phospho- 
ribosyltransferase (E.C. 2.4.2.7). That 
PRPP availability has a role in the regula- 
tion of the rate of purine synthesis de 
novo is suggested by the observations 
that (i) PRPP is a limiting substrate and 
an allosteric activator of amidophos- 
phoribosyltransferase (1), the presumed 
rate-limiting enzyme of the pathway, and 
(ii) increased concentrations of PRPP are 
found in cells derived from individuals 
with increased purine nucleotide produc- 
tion caused by either excessive PRPP 
synthetase (E.C. 2.7.6.1) activity (2) or 
deficiencies (severe or partial) of 
HGPRT (3). 
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The enzyme PRPP synthetase cata- 
lyzes the synthesis of PRPP from adeno- 
sine triphosphate (ATP) and ribose-5- 
phosphate in a complex reaction requir- 
ing inorganic phosphate and Mg2+. Hu- 
man erythrocyte PRPP synthetase con- 
sists of a single subunit species capable 
of reversible self-association to a variety 
of aggregated forms in a process mediat- 
ed by effectors of enzyme activity and by 
enzyme concentration (4). Several fami- 
lies have been identified in which struc- 
turally altered forms of PRPP synthetase 
with increased enzyme activity result in 
increased PRPP production, excessive 
purine nucleotide and uric acid syn- 
thesis, and clinical gout (2). Fibroblast 
cultures from heterozygous female mem- 
bers of two of these families have been 
shown, by direct and indirect means (5), 
to contain two clones of cells expressing 
distinct phenotypes with respect to 
PRPP synthetase. This finding is in ac- 
cord with the specific chimerism predict- 
ed for females heterozygous for X-linked 
traits by the Lyon hypothesis (6) of ran- 
dom X-chromosome inactivation and 
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Regional Localization of the Gene for Human 

Phosphoribosylpyrophosphate Synthetase on the X Chromosome 

Abstract. Sixty-eight independent hybrid clones were isolated after irradiated nor- 
mal human lymphocytes were fused with Chinese hamster fibroblasts lacking hypo- 
xanthine-guanine phosphoribosyltransferase activity. The cells were grown under se- 
lective conditions requiring retention of the X chromosome-linked locus for human 
hypoxanthine-guanine phosphoribosyltransferase. The frequency and patterns of 
cotransference of human phosphoribosylpyrophosphate synthetase with the selected 
marker and with additional X-linked enzymatic markers confirm X linkage of the 
structural gene for human phosphoribosylpyrophosphate synthetase and support as- 
signment of this gene to a position on the long arm of the X, between the loci for a- 
galactosidase and hypoxanthine-guanine phosphoribosyltransferase. 
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supports assignment of the structural 
gene for human PRPP synthetase to the 
X chromosome. According to the same 
rationale, loci for other human biochemi- 
cal markers such as glucose-6-phosphate 
dehydrogenase (G6PD; E.C. 1.1.1.49), 
a-galactosidase (a-GAL; E.C. 3.2.1.22), 
and HGPRT have previously been as- 
signed to the X chromosome (7). Sub- 
sequent independent studies of the ex- 
pression of these human markers in in- 
terspecific human-rodent hybrids which 
retain the human X chromosome have 
confirmed these assignments (8) and 
have allowed the development of strate- 
gies (9) to delineate the sequence of 
genes on this chromosome. 

In the studies described here, we used 
one such strategy in order to confirm X 
linkage of the gene for human PRPP syn- 
thetase and in order to map this locus 
with respect to the loci for other X- 
linked markers. Interspecific hybrid 
clones containing varying lengths of the 
human X chromosome were derived 
from fusion of irradiated human lympho- 
cytes and Chinese hamster fibroblasts 
and were studied for the expression of 
human PRPP synthetase and other 
known X-linked human biochemical 
markers. The purpose of irradiating the 
human lymphocytes prior to cell fusion 
was to produce hybrids initially contain- 
ing a set of broken and otherwise rear- 
ranged human chromosomes. Fragments 
of the X chromosome that are no longer 
linked to the selected marker, HGPRT, 
are, like autosomes, rapidly lost from 
these hybrids (10). Different hybrids are 
therefore found to retain different combi- 
nations of human X-linked genes, and it 
is possible, from a consideration of the 
map of these genes, to deduce which 
portion of the X chromosome has been 
retained in each case. As a result of these 
studies, X linkage of human PRPP syn- 
thetase has been confirmed, and the 
locus for this enzyme has been assigned 
to the long arm of the X chromosome be- 
tween the loci for a-GAL and HGPRT. 

The hybrid clones were prepared as 
described (9). Briefly, normal human 
lymphocytes were purified from the 
venous blood of a single male individual 
by the Isopaque-Ficoll technique and 
were exposed to 0, 1, 2, or 4 kilorads of y 
radiation from a double cesium source. 
Immediately after irradiation, the lym- 
phocytes were fused in the presence of 
inactivated Sendai virus with Wg3-h Chi- 
nese hamster fibroblasts, a DON line de- 
rivative lacking HGPRT. Immediately 
after fusion, cells were distributed into 
small Falcon flasks containing Eagle's 
minimum essential medium (MEM). One 
day later, the medium was changed to 
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MEM containing hypoxanthine (6 x 
10-5M), aminopterin (4.5 x 10-7M), 
thymidine (1 x 10-5M), and glycine (4 x 
10-4M) (HAT medium). The unfused 
lymphocytes were washed away during 
the medium change, and any hamster 
cells that had not received a human X- 
chromosome component carrying the 
gene for HGPRT were killed in the selec- 
tive HAT medium. Human-hamster hy- 
brids that retained the human HGPRT 
gene grew up as clones, one of which 
was isolated from each Falcon flask. It is 
thus certain that each hybrid clone used 
in the following analysis was the product 
of a separate fusion event. The clones 
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Fig. 1. Neutralization of PRPP synthetase ac- 
tivity by immunized rabbit IgG. Cell extracts 
were prepared by freezing and thawing cells 
suspended in 8 mM sodium phosphate, 10 mM 
glutathione, and 1 mM EDTA (pH 7.4) three 
times in liquid nitrogen. After centrifugation 
at 27,000g for 40 minutes, the supernatant lay- 
ers containing 0.1 to 0.2 mg of protein were 
added to an incubation mixture at pH 7.4 
which contained the following in a volume of 
100 ,l: sodium phosphate buffer (pH 7.4), 2.2 
/imole; NaCl, 15.4 t/mole; bovine serum albu- 
min, 0.5 mg; reduced glutathione, 0.3 ,tmole; 
EDTA, 0.03 gtmole; and the appropriate vol- 
ume of either unimmunized or immunized 
rabbit IgG (5 mg/ml). Incubation and sub- 
sequent assay for PRPP synthetase activity 
were carried out as previously described (14). 
Sources of cell extracts were: Chinese ham- 
ster fibroblast line Wg3-h (D); human lym- 
phoblast line WI-L2 (0); human-hamster hy- 
brid cell lines 2D (0) and R4-65 (A). Both R4- 
65 and 2D also expressed the human enzymes 
HGPRT, G6PD, and a-GAL. In addition, 2D 
expressed human PGK and contained a hu- 
man X chromosome identifiable by trypsin- 
Giemsa banding (18). The comparable decre- 
ments in PRPP synthetase activities in the hu- 
man lymphoblast extract and the extracts 
from the hybrid cell lines could reflect either 
neutralization of activity in hamster-human 
enzyme complexes in the hybrid cell extracts 
or suppression of hamster PRPP synthetase 
activity in these hybrids. 

were assayed for the presence of various 
human enzymes, and, on the basis of the 
initial results for known X-linked en- 
zymes, a subset of clones was chosen as 
likely to be informative in the regional lo- 
calization of the gene for PRPP synthe- 
tase. These clones were maintained in 
HAT medium, except where specifically 
indicated. They were tested for the pres- 
ence of human PRPP synthetase and for 
each of the following X-linked human en- 
zymes: phosphoglycerokinase (PGK; 
E.C. 2.7.2.3), a-GAL, HGPRT, and 
G6PD. With the exception of human 
PRPP synthetase, the human forms of 
these enzymes can readily be separated 
from their hamster counterparts by elec- 
trophoresis. Human PGK, HGPRT, and 
G6PD were identified by Cellogel elec- 
trophoresis as described by Meera Khan 
(11). Human a-GAL was identified by 
the hydrolysis of the fluorigenic sub- 
strate 4-methyl-umbelliferyl-a-D-galac- 
topyranoside by agarose gel elec- 
trophoresis according to the method of 
Bakay et al. (12). Despite attempts to 
separate human and hamster PRPP syn- 
thetases by electrophoresis in several 
buffer systems of differing pH, no re- 
liable difference was detected. There- 
fore, human PRPP synthetase was de- 
tected by specific immunochemical in- 
activation of the enzyme with the 
concentrated immunoglobulin G (IgG) 
fraction of serum from rabbits immu- 
nized with purified normal human 
erythrocyte PRPP synthetase (13). 

The rabbit antiserum to PRPP synthe- 
tase was prepared and characterized as 
described in (14) but with these modifica- 
tions: rabbits received 200 j/g of purified 
PRPP synthetase in complete Freund's 
adjuvant injected subcutaneously into 
the footpads on two occasions separated 
by 1 week; subsequently they received 
100 [kg of purified enzyme in incomplete 
Freund's adjuvant injected intradermally 
into several sites in the shoulder regions. 
Serums of the immunized rabbits, and 
IgG fractions of these serums, were 
shown to contain specific antibody to 
PRPP synthetase by gel diffusion and im- 
munotitration analyses (14). Immuno- 
chemical inactivation of PRPP synthe- 
tase activity was studied as previously 
described (14) in human erythrocyte, 
fibroblast, and lymphoblast extracts, and 
in extracts from the parental hamster 
fibroblast line Wg3-h, as well as from 
each of the interspecific hybrid clones. 
For each point in these titration studies 
(Fig. 1), a control incubation was carried 
out in which the IgG fraction from the 
serum of unimmunized rabbits replaced 
the specific immune IgG. Results of the 
inactivation studies were expressed as 
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Table 1. The retention of human PRPP synthetase in human-hamster hybrid clones containing 
different fragments of the human X chromosome. (The parental human cells were subjected to 
various doses of y radiation before cell fusion.) 

Human enzymes present Number Clones expressing Clones lacking 
of clones human PRPP human PRPP 

PGK a-GAL HGPRT G6PD examined synthetase synthetase 

+ + + + 22 22 0 
+ + + - 11 11 0 
-- + + - 6 5 1 
- - + - 4 2 2 
- - + + 17 5 12 
- + + + 8 8 0 

the percentage of control activity re- 
maining after incubation. 

As shown in Fig. 1, immunized rabbit 
IgG did not significantly inactivate PRPP 
synthetase in extracts from the parental 
hamster line Wg3-h but did inactivate 
PRPP synthetase in extracts of human 
lymphoblast line WI-L2. Enzyme activi- 
ty remaining after titration of the human 
lymphoblast extract was demonstrated 
to represent residual activity in the en- 
zyme-antibody complex by means of 
complete removal of this activity after 
precipitation of rabbit antiserum with 
specific goat antiserum to rabbit IgG. In 
contrast, addition of goat antiserum to 
rabbit IgG did not remove PRPP synthe- 
tase activity from extracts of the hamster 
fibroblast line Wg3-h containing equiva- 
lent amounts of rabbit antiserum. The 
presence of human PRPP synthetase in 
interspecific hybrid clones, as assessed 
by specific immunochemical inactivation, 
is shown in Fig. 1 for two representative 
hybrid clones. Hybrid clones showing 
less than 15 percent inactivation of total 
PRPP synthetase in the presence of 
immunized rabbit IgG were recorded 
as lacking human PRPP synthetase 
activity. 

It has been shown (10) that hybrids be- 
tween Wg3-h and irradiated human lym- 
phocytes tend rapidly to lose any human 
genes that are not syntenic with the se- 
lected, X-linked locus, HGPRT. In the 
present study, out of 27 hybrid clones 
made with lymphocytes exposed to 1 
krad, 26 were found to have retained hu- 
man PRPP synthetase, thereby providing 
a strong indication that this enzyme is X 
linked. The following back-selection ex- 
periment was used to confirm the syn- 
teny of PRPP synthetase with known X- 
linked enzymes. Three hybrid clones 
which had retained human PRPP syn- 
thetase and the human X-linked enzymes 
PGK, a-GAL, HGPRT, and G6PD were 
transferred to MEM containing hypo- 
xanthine, thymidine, and glycine, as in 
HAT medium, but lacking aminopterin. 
After 2 days (approximately three gener- 
ations) in this nonselective medium, the 
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cells were resuspended and returned to 
growth in either HAT medium or MEM 
containing 30 JiM thioguanine, the latter 
being a medium that selects against cells 
containing HGPRT activity. Subclones 
were isolated in each medium and were 
tested for the retention of their human 
enzymes. While all eight subclones iso- 
lated from HAT medium retained each of 
the human enzymes originally detected 
in the parental clones, 11 out of 11 inde- 
pendent subclones isolated in thiogua- 
nine were found to have lost PRPP syn- 
thetase and all four X-linked enzymes. In 
previous studies (10), loss of autosomal 
markers did not frequently accompany 
loss of HGPRT and other X-linked mark- 
ers during back-selection in medium con- 
taining thioguanine. The simultaneous 
loss of five X-linked human enzymes oc- 
curred with a high frequency (about 1 in 
103 hybrid cells) in the current studies, 
suggesting that the thioguanine-resistant 
subclones arose by chromosome loss, 
rather than by mutation at the HGPRT 
locus. In this case, the uniform cosegre- 
gation of human PRPP synthetase with 
four human X-linked genes is additional 
evidence that PRPP synthetase is itself X 
linked. 

Table 1 shows how the retention of the 
gene for PRPP synthetase varies among 
hybrids that retain different portions of 
the X chromosome extending in either 
direction from the HGPRT locus. The 
genes used as markers for these different 
lengths of chromosome are believed to 
be situated on the long arm of the X in 
the order PGK-a-GAL-HGPRT-G6PD, 
with PGK nearest to the centromere (9). 
Table I also shows that PRPP synthetase 
is frequently retained in hybrids that 
have lost either the proximal part of the 
X chromosome bearing the PGK and a- 
GAL loci or the distal tip of the long arm, 
bearing the G6PD locus. It follows that 
the gene for PRPP synthetase must lie 
between a-GAL and G6PD. It is ex- 
tremely unlikely that the PRPP synthet- 
ase gene lies between HGPRT and 
G6PD, since there are 12 clones that 
have lost PRPP synthetase and yet have 

retained G6PD. Taken together, these 
results indicate that the PRPP synthetase 
locus must lie between the loci for 
HGPRT and a-GAL. Whenever the X 
chromosome is broken between the loci 
for PRPP synthetase and HGPRT, the 
resulting loss of PRPP synthetase should 
be accompanied by the loss of both a- 
GAL and PGK. This prediction is borne 
out, in that all 15 clones lacking PRPP 
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and 14 of the 15 had also lost a-GAL. 
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received 2 krad of radiation, may have 
been the result of radiation-induced in- 
terstitial deletion, the occurrence of 
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linked human gene, that specifying the 
cell surface antigen, SA-X, has pre- 
viously been assigned to the region be- 
tween the HGPRT and G6PD loci, by 
use of an analysis similar to that present- 
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teen of the clones used to make that as- 
signment were included in the present 
studies. Of these, three were found to 
have retained human PRPP synthetase 
despite having lost SA-X, while one had 
lost PRPP synthetase but retained SA-X. 
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that they are situated on opposite sides 
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information was obtained from a hybrid 
clone selected in HAT medium from a 
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a human fibroblast strain bearing a recip- 
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some 1 and the X chromosome. This 
translocation separates the tip of the long 
arm of the X, bearing the HGPRT and 
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bearing the a-GAL and PGK genes (16). 
The hybrid was found to express human 
HGPRT and G6PD, but it lacked human 
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This constitutes preliminary evidence 
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excluding the PRPP synthetase gene 
from the region of the X chromosome 
distal to the point of translocation, name- 

ly Xq26. 
Assignment of the structural locus for 

PRPP synthetase to a position on the X 
chromosome segment between the cen- 
tromere and the locus for HGPRT, 
closer to the locus for HGPRT than other 
known markers in this segment, raises 
interesting possibilities concerning a 
functional role for this arrangement of 
loci coding for sequential enzymes of 
PRPP metabolism. On the basis of stud- 
ies on the PRPP synthetase levels in fi- 
broblasts deficient in HGPRT, it has pre- 
viously been proposed that the HGPRT 
locus may have some regulatory effect 
on the production of PRPP synthetase 
(17). Unfortunately, since the clones 
used in the present study were not a ran- 
dom set, but were specially chosen, it is 
not possible to apply the method of Goss 
and Harris (10) to estimate the distance 
between the PRPP synthetase and 
HGPRT genes with any reliability. Only 
further studies will make it possible to 

judge whether the apparent proximity of 
these two genes could be important in 
the regulation of PRPP synthesis and uti- 
lization. 
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Methylation of Mouse Liver DNA Studied by Means 
of the Restriction Enzymes Msp I and Hpa II 

Abstract. The restriction enzymes Hpa II and Msp I both recognize the sequence 
5'-CCGG (C, cytosine; G, guanine). However, Hpa II cuts mouse liver DNA to frag- 
ments four times larger than does Msp I. The size of DNA cut by Msp I is close to 
that predicted fiom base composition and nearest neighbor analysis. The most prob- 
able explanation of these results is that in mouse the site 5'-CCGG is highly methyl- 
ated. 
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5-Methylcytosine (5-MeCyt) is the on- analysis have shown that 5-MeCyt oc- 
minor base found in vertebrate DNA curs most often in the dinucleotide CpG 
to 10 percent of cytosine), and is (C, cytosine; G, guanine) (3), but little 

own to result from the enzymatic more is known about the sequence speci- 
thylation of cytosine at the DNA level ficity of DNA methylation. Several 
. The function of this modified base is groups have used restriction enzymes to 
t known although there has been spec- probe the distribution of 5-MeCyt in eu- 
tion that it may be involved in dif- karyotic DNA, the rationale being that 5- 
entiation (2). MeCyt in the site recognized by a DNA 
Nearest neighbor and pyrimidine tract restriction enzyme would prevent cut- 

ting of DNA at that site (4-6). Gautier et 
al. (5) found that the restriction enzymes 

1 2 3 4 5 6 7 8 Hha I, Hpa II, and Sma I cut calf 
thymus satellite DNA only after the 
DNA had been cloned, thereby altering 
its pattern of methylation. Bird and 
Southern (4) similarly showed that the 
enzymes Hha I, Hpa II, and Ava I do 
not cut highly methylated (14 percent 5- 
MeCyt of the total cytosine) somatic ri- 
bosomal DNA of Xenopus, but do cut 

Fig. 1. Comparison of Hpa II and Msp I. One 
microgram each of 0X174 pBR333 and 
pBR345 was treated with 2 units of Hpa II or 
Msp I (8). Mixtures were then subjected to 
electrophoresis on a 5 percent acrylamide gel, 
stained with ethidium bromide, and photo- 
graphed (10). (Channel 1) pBR345 + Msp I; 
(Channel 2) pBR345 + Hpa II; (Channel 3) 
pBR345 uncut; (Channel 4) pBR333 + Msp I; 
(Channel 5) pBR333 + Hpa II; (Channel 6) 
pBR333 uncut; (Channel 7) 0X174 plus 
Msp I; (Channel 8) OX174 + Hpa II. 
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