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A B S T R A C T A family is reported in which each of
two sisters has a son with no detectable hypoxanthine
phosphoribosyltransferase (HPRT) (EC 2. 4. 2. 8) in
his erythrocytes, a finding considered pathognomonic
of Lesch-Nyhan disease. However, neither has the stig-
mata of the disease. One boy is neurologically normal,
and the other is moderately retarded. There was only
a slight increase in urinary uric acid, but the amounts
of hypoxanthine and xanthine, and their ratios, were
similar to those found in Lesch-Nyhan disease, strongly
indicating that excesses of these last two oxypurines
are not responsible for the symptomatology in that
disease. In contrast to the nondetectable HPRTactivity
in the red blood cells, leukocyte lysates from the two
boys have 10-15% of normal activity, possibly reflecting
continuing synthesis of an unstable enzyme. This hy-
pothesis is supported by the demonstration that at 40C
HPRT activity was rapidly lost in the propositus
while the activity increased in control subjects. The
mother's cells were intermediate between the two. The
intact and disrupted leukocytes of the hemizygote, in the
absence of added phosphoribosyl pyrophosphate, con-
verted as much hypoxanthine to inosinate as the normal
cell, and appropriate tests indicated that under these
circumstances enzyme concentration is not rate limiting
whereas the concentration of the cosubstrate, phospho-
ribosyl pyrophosphate, is. The capacity for normal
function in the intact mutant cell is more representative
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of in vivo conditions than the lysate, which may explain
the important modification of clinical symptomatology,
the relatively mild hyperuricosuria, and the presence of
mosaicism in the circulating blood cells of the hetero-
zygotes. A similar explanation may apply to other
genetic diseases in which incomplete but severe enzyme
deficiencies are found in clinically normal individuals.

An associated deficiency in glucose-6-phosphate de-
hydrogenase in this family permitted confirmation of
previous observations on linkage with hypoxanthine
phosphoribosyltransferase.

INTRODUCTION
Lesch-Nyhan (LN) ' syndrome is an X-linked reces-
sive disease characterized by mental retardation, spas-
ticity, and a bizarre type of compulsive self-mutilation.
Biochemically, there is a greatly increased production
of hypoxanthine and an excessive excretion of uric acid
associated with a primary deficiency in hypoxanthine
phosphoribosyltransferase (HPRT) (EC 2. 4. 2. 8). The
enzyme defect is readily demonstrated in the erythro-
cyte.

Among the gout population patients have been
found with partial deficiencies of HPRT (1-3). The
correlation of symptomatology with the amount of re-
sidual HPRT activity as measured in erythrocytes has
not always been good. In some instances, the level of
HPRT activity has been extremely low, approaching

'Abbreviations used in this paper: APRT, adenine phos-
phoribosyltransferase; G6PD, glucose-6-phosphate dehy-
drogenase; HPRT, hypoxanthine phosphoribosyltransfer-
ase; LN, Lesch-Nyhan; PRPP, phosphoribosyl pyrophos-
phate.

The Journal of Clinical Investigation Volume 52 August 1973- 2068-20742068



that in LN disease, and yet the patients have been nor-
mal neurologically.

We have recently had the opportunity to study two
cousins with no detectable HPRT activity in their
erythrocytes. One of these boys is clinically normal
and the other has moderate neurological damage. In-
vestigation of HPRT activity in lysates of leukocytes
and in intact leukocytes has provided an explanation
for this apparent discrepancy. It also explains the pres-
ence of mosaicism in the blood cells of the heterozygote,
differing in this respect from LN disease in which
the blood cells of the heterozygote have normal enzyme
activity (4, 5). An associated glucose-6-phosphate de-
hydrogenase (G6PD) deficiency in the same family
has permitted observations concerning linkage between
these two genetic loci.

METHODS

Case reports. Ho. Ro., a 14-yr old black male, was
under care because of mental retardation and seizures. He
was the product of a full-term pregnancy. He sat at 1 yr,
walked at 15-16 mo, spoke his first word at 15 mo. The
patient was considered normal until 5 yr of age when
seizures began. Grand mal seizures have been incompletely
controlled despite intensive anticonvulsive therapy. At
present, he is moderately retarded mentally, has indistinct
speech, and has a slightly incoordinate gait. There is no
choreoathetosis or compulsive self-mutilation. Routine stud-
ies revealed a serum uric acid of 10 mg/100 ml.

Ro. McN., 15-yr old, is the son of Mrs. Ro.'s sister. He
is in 10th grade in school, 1 yr ahead of his age level,
and is considered a good student. He participates in physical
sports. Neurological examination was negative. HPRT
deficiency was discovered during investigation of the family
of propositus Ho. Ro. His serum uric acid was 6.2 mg/
100 ml.

HPRTassay. Erythrocyte lysates or leukocytes that had
been disrupted by repeated freeze-thawing were incubated
with [8-14C1hypoxanthine alone and with excess phosphori-
bosyl pyrophosphate (PRPP) (3).

A 1: 50 lysate of packed red cells in 0.01 M potassium
phosphate buffer, pH 7.0, was clarified by centrifugation.
The assay mixture containing 10 Al 1 M Tris buffer, pH
8.0, 50 IAd 0.02 M MgCl0, 50 ,Al 10' M PRPP (mixed just
before the assay), and 50 Al lysate. The reaction was started
by adding 50 Al [8-14C]hypoxanthine, 5 X 10' M. In the
white cell assay, adenylate was added to the radioactive
substrate to protect the product against nucleotidases. In-
cubation was for 10 min at 37°C in a water bath with
shaking. The incubation was stopped by immersing the
tubes for 1 min in a boiling water bath. The precipitated
protein was removed by centrifuging, and 25 ul of super-
nate were spotted on 1-inch square diethylaminocellulose
paper. The papers were dried at room temperature, washed
for 10 min, twice with water and twice with ethanol, suc-
cessively, dried in air, and assayed for radioactivity in a
scintillation counter with toluene scintillant. Controls from
one large lot of red blood cells and of boiled red cells were
run concurrently. Activities as low as 0.1% of normal (0.1
nmol/mg protein/h) can be detected by this procedure. In-
tact leukocytes were also incubated with radioactive hypox-

anthine, and the product was isolated after disrupting the
cells (6).

[8-14C]Hypoxanthine, 100 nmol/ml containing 2-5 X 10'
cpm/ml, was added to 1-5 X 107 cells. Incubation was for 30
min at 370C in a shaking water bath, terminated by chilling
in an ice bath. The cells were washed twice with buffered
salt solution at 4VC, then suspended in 0.2 ml water, and
heated in a boiling water bath for 2 min. After centrifuga-
tion, 0.1 ml supernate was spotted onto squares of diethyl-
aminocellulose paper and washed as described above.

PRPPconcentration. PRPP concentration was measured
by a modification of the method of Flaks (7). Fresh cells
were washed twice with 2 vol of Hanks's balanced salt
solution and centrifuged at 1,500 rpm for 10 min. Approxi-
mately 107 cells were lysed by addition of 0.5 ml of chilled
distilled water and 3 cycles of freezing and thawing. The
lysate was centrifuged at 2,500 rpm for 10 min, and ali-
quots of 50 pIA of the supernate were assayed for PRPP by
incubating for 1 h at 370C with 50 1A1 [8-14C] adenine, 0.5
mM, inosinate at a final concentration of 1 mM, 10 gd 20
mMMgC12, and 10 Ad partially purified adenine phosphori-
bosyltransferase (APRT) in excess (sufficient to convert
100 nmol/h of substrate). Inosinate prevents distruction of
labeled product, adenylate, by nucleotidases. The product
was isolated as described in HPRT assay, and the amount
of PRPP calculated was from the micromoles of adenylate
formed. Results were confirmed with radioactive hypox-
anthine and excess of purified HPRT.

Autoradiography. Venous blood was drawn with a
syringe containing approximately 0.1-0.2 ml of heparin
(Liquemin), and the erythrocytes were separated by gravity
for 1 h. Aliquots of 0.75 ml of plasma containing leuko-
cytes were dispersed into plastic centrifuge tubes, and the
cells were collected by centrifuging for 10 min at 600 rpm
in a clinical centrifuge. Plasma was decanted, and the
cells were resuspended in Robinson's buffer (8) containing
100 pCi of [3H]hypoxanthine (3.14 Ci/mmol). The cell
suspension was incubated in a water bath shaker at 37°C
for 90 min. Cells were collected by centrifuging for 10 min
at 600 rpm and were washed by centrifugation three times
with 2 ml of ice-cold Hanks's balanced salt solution. The
cell pellet was resuspended in two drops 1% polyvinyl
pyrolidone, smeared on clear glass slides, and dried rapidly
in a stream of hot air. The slides were prepared for auto-
radiography as previously described (4) and after a 2 wk
exposure were developed and stained with May-Grunwald-
Giemsa.

Urinary metabolites. 24-h urine collections were made on
the patients; only casual morning specimens were studied
on other members of the family. Uric acid and creatinine
were determined by standard colorimetric procedures (9,
10). Hypoxanthine and xanthine were separated by column
chromatography and assayed enzymatically (11).

G6PD assay and electrophoretic identification. The assay
was performed on lysates by measuring the reduction of
NADP as previously described (12). Electrophoresis was
performed on starch gel, according to Kirkman and Hen-
drickson (13).

RESULTS
The results of HPRT and G6PD assays are presented
in Table I. The HPRT assays were performed on ly-
sates of erythrocytes and leukocytes in the presence of
excess PRPP. The hemizygotes, Ho. Ro. and Ro. McN.,
have no detectable HPRTin the erythrocytes but 14 and
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TABLE I
HPRTand G6PDActivity

HPRT G6PD

Eryth- Leuko-
rocytes cytes Leuko-
(lysate (lysate cytes Eryth-

+PRPP) +PRPP) (intact) rocytes

Ro. family
Mother, Cl. 23 35 0.40 0.70
Daughter, Ju. 126 80 2.57
Son, Ho.* <0.1 11 0.36 0.82

McN. family
Mother, Ed. 11 23 0.46 3.63
Daughter, An. 122 80 0.35 5.23
Son, Be. 97 76 0.48 0.56
Son, Ro.* <0.1 7.5 0.47 6.41

HPRTactivity in nanomoles product per milligram protein
per hour. G6PD activity in international units per grams
hemoglobin. HPRTassays were performed on erythrocyte and
leukocyte lysates with excess PRPP (2.5 X 10-2 M). Intact
leukocytes were incubated with hypoxanthine without added
PRPP. G6PDassay was performed on lysates as previously
described. (8) Normal values: HPRT in erythocytes 107
nmol -4 26/mg protein/h; in leukocytes, 67 nmol/mg pro-
tein/h; in the intact leukocytes 0.4 nmol/mg protein/h.
G6PD in erythrocytes: normal value is 6 U/g hemoglobin;
in leukocytes, 0.01 U/10 leukocytes. G6PD in mutant
leukocytes was normal.
* Hemizygotes.

10% of normal activity, respectively, in the leukocytes.
The rest of the siblings in both families are normal.

Both mothers, who are clinically obligatory hetero-
zygotes, have a greatly reduced enzyme activity in the

TABLE I I
Autoradiography of Leukocytes

Labeled cells (%)

Controls

Jo. Da. 91
Su. Tr. 82

Hemizygote

Ho. Ro. 8

Heterozygotes

Cl. Ro. 26
Ed. McN. 22

Leukocytes were incubated with [3H]hypoxanthine and pre-
pared for autoradiography as described in the text. 200
leukocytes (lymphocytes and mononuclear leukocytes) were
scored. Cells with more than 10 grains in the nucleus were
rated as labeled.

erythrocytes suggesting, in accordance with the Lyon
hypothesis, that Cl. Ro. has approximately 18% normal
erythrocytes and Ed. McN. about 10%. The results
with the leukocyte lysates indicate a roughly similar
distribution of HPRT+and HPRT- cells. The mosaicism
in the leukocytes with a disproportion of abnormal cells
was confirmed by autoradiography (Table II).

Inosinate synthesis was assayed in intact leukocytes
by incubating with [8-14C]hypoxanthine and then dis-
rupting the cell and measuring the conversion to radio-
active inosinate. By this technique, there was no differ-
ence in activity among the normal, the heterozygote
and the hemizygote (Table I). When the assay was
repeated with lysed cells without additional PRPP, the
results were essentially the same. These data do not
appear in the table. The addition of purified HPRT
(14) in amounts that would be sufficient to increase
conversion 100-fold in the presence of adequate amounts
of PRPP did not increase the conversion to inosinate.
From these experiments the amount of PRPP could
be estimated and converted into concentration using
available figures for the volume of leukemic lympho-
cytes (15). The volume (250 /Lm') is about half that
of previous crude estimates of normal lymphocytes so
that the real concentration of PRPPmay be lower than
calculated. The calculated concentration of PRPP, 0.8
X 10-' M, was considerably below the Km for the en-
zyme (2.4 X 10-') (16).

The stability of the enzyme was investigated by main-
taining the intact leukocytes at 4°C for 96 h and peri-
odically measuring HPRT and APRT activity (Table
III). HPRTactivity fell rapidly in the propositus (Ho.
Ro.), but APRT activity remained stable, indicating
that the former did not reflect an overall loss in vitality
of the cells. In the normal, the HPRT activity actually

TABLE I II
Stability of Enzyme in Leukocytes

Age
of ex- HoRo ClRo (mother) Normal
tracted

cells APRT HPRT APRT HPRT APRT HPRT

Fresh 3,800 2,000 3,000 6,300 5,600 11,000
24 h 5,100 610 3,600 4,300 6,600 18,000
96 h 5,800 50 4,200 3,400 7,200 19,000

Leukocyte lysates were maintained at 4°C in buffer. At in-
dicated times aliquots were removed and enzyme activity
determined. The size of the aliquot was constant for each sub-
ject. The assay mixture contained 10 ,ul 1 M Tris buffer,
pH 8.0, 50 IA 0.02 MMgCl2, and 50 ,ul 10-3 M PRPP (mixed
just before assay; 110 ,ul of the mixture used per tube), 50 pl
of 1:50 lysate. The reaction was started by adding [8-14C]-
hypoxanthine, 5 X 10-4 M. Results in counts per minute
per assay.
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rose, similar to results previously obtained with eryth-
rocytes (17). The stability curve of the mother's cells,
Cl. Ro., was intermediate between the two, reflecting
a mixed population of normal and abnormal cells.

Examination of purine metabolites in the urine (Table
IV) revealed an elevated uric acid in the hemizygotes
but at levels far below that seen in LN disease. How-
ever, the amount of hypoxanthine and xanthine and
the ratios of these two oxypurines were in the same
range as those in LN disease ( 11 ).

In Fig. 1 are presented the family tree and the geno-
types. Concentrating first on the three males, Be. and
Ro. McN. and Ho. Ro., there are three genotypes rep-
resented. Be. McN. is HPRT', G6PDA-; Ro. McN. is
HPRT- G6PDB; and Ho. Ro. is HPRT-, G6PDA-.
Unfortunately the fathers and grandparents could not
be studied. However, it is evident from the available
data that the HPRT and G6PD-loci, both on the X
chromosome, must have crossed over at least once.

The assignment of the gene loci to a specific X chro-
mosome in the heterozygote is speculative. The geno-
types as depicted have the advantage of economy in
that one crossover involving Ed. McN. is sufficient to
explain the genotypes in the remaining members of the
family. An. McN. must be considered only tentatively
HPRT` . An exhaustive attempt using either hair root
assay (18, 19) or selective media with skin fibroblasts
(20, 21) was not made at this time to exclude a small
population of HPRT- cells, a possibility suggested by

Ro. fomily

TABLE IV
Urinary Excretion of Oxypurines

Hypoxanthine
Uric Hypoxanthine Xanthine
acid Xanthine

,'mols/mg creatinine

Ho. Ro. 4.82 1.01 0.662 1.52
Ro- McN. 5.04 1.17 0.560 2.09
Cl. Ro. 2.76 0.56 0.076* High*
Be. McN. 2.99 Trace Trace

Normal (children) 3.8 0.041 0.130 0.31
Normal (adults) 2.1 0.010 0.190 0.05

Lesch-Nyhan 15.0 0.575 0.218 2.64

Normal values and those of Lesch-Nyhan patients are taken
from a previous study. (7) Points to be noted: Uric acid ex-
cretion in hemizygotes Ho. Ro. and Ro. McN. are only
slightly elevated and far less than LN subjects. However,
hypoxanthine and xanthine excretion and hypoxanthine:
xanthine ratio in hemizygotes and in heterozygote Cl. Ro.
are very similar to LN.
* Xanthine value was at lower limits of accuracy; only
qualitative estimate of ratio is indicated.

the presence of electrophoretically identifiable G6PD'
and a total G6PD activity in the normal range.

DISCUSSION
The presenting complaint of Ho. Ro. was convulsions
with moderate mental retardation. Laboratory studies

McN. family

Li Ho. Ju. LJBe. LJRo. -) An.

HPRT
E G6PD

FIGURE 1 The genotypes of the hemizygotes Ho. Ro., Be. McN., and Ro. McN. indicate at
least one crossover between the loci for HPRT and G6PD. The assigned genotypes for the
heterozygotes are somewhat tentative as explained in the text. NT, not tested.
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revealed an elevated serum uric acid, which led to an
investigation of HPRTactivity in his peripheral eryth-
rocytes. There was no detectable activity, an observa-
tion considered pathognomonic of LN disease. Survey
of the family revealed a son of Mrs. Ro.'s sister who
also had no HPRT activity but was neurologically
normal. It is possible that this represents poor "pene-
trance" or the presence of modifier genes. However,
the possibility that the neurological damage arose from
unrelated causes must be seriously considered. Ho. Ro.
was considered normal until he was 5 yr old by a
mother who is intelligent and observant. Neurological
symptoms were ushered in by a series of convulsions re-
quiring prolonged anticonvulsive therapy, suggesting an
acute insult. As the investigation of patients with neuro-
logical symptoms increases, the exposure of unrelated
biochemical deviations from normal will also increase.
This problem has been discussed briefly as it relates to
hyperlysinemia (22). The propositus had symptoms of
neurological disease; however, two siblings and a cousin
with the same biochemical defect appear normal. It is
now uncertain as to whether hyperlysinemia causes
neurological damage.

An associated G6PD deficiency in the family was
identified. Since the genetic loci for G6PD and HPRT
are on the X chromosome, observations on linkage were
possible (Fig. 1). The evidence for at least one cross-
over between these two loci in the present family con-
firms previous suggestions based on tissue culture stud-
ies (23) and clinical experience with another similar
family (5) that the loci are not closely situated.

The discordance between the clinical picture and
the absent HPRT activity in the erythrocyte led to a
more thorough study of the family. Measurement of en-
zyme activity in leukocyte extracts of the hemizygotes
revealed easily detectable levels that were 10-15% of
normal. Studies with the intact leukocytes suggested
that enzyme levels of this magnitude may not be rate-
limiting in the conversion of hypoxanthine to inosinate
in vivo. Enzyme activities measured with whole cells
resulted in similar values in the normal, the hetero-
zygote, and the hemizygote. The activity approximated
only 1% that achieved in the standard assay. Similar
results were obtained with disrupted cells excluding
such potentially limiting factors as transport. Appro-
priate studies with lysed leukocytes to which excesses
of enzyme or excesses of PRPP (the standard assay
technique) were added indicated that in the whole cell
with 10-15% of normal enzyme activity, PRPP con-
centration is the limiting factor. Estimates of PRPP
concentration were possible from the studies with lysed
leukocytes and excesses of enzyme. The figure of 0.8 X
10' is well below the Km of the enzyme (2 X 10' M)
(16). Analogous studies with APRT using the normal

intact cell yielded similar results. Under these circum-
stances, the endogenous PRPP appears to be rate
limiting.

It is commonly stated that a fraction of the normal
enzyme complement is sufficient to maintain normal
function. However, it is not often that a kinetic ex-
planation can be offered for the observation. The pres-
ent experience demonstrates the superiority of the
leukocyte over the anucleate erythrocyte in providing
an index of the enzymatic performance of other tissues.
Furthermore, assays with the intact cells may more
closely parallel the in vivo situation than the customary
enzyme assays which use lysates or extracts in the
presence of excesses of cofactors and cosubstrates.
Thus, the normal conversion of hypoxanthine to inosi-
nate by the whole cell in the hemizygote is consistent
with the clinical picture. Ro. McN. is neurologically
normal, and the symptoms in Ho. Ro. are not at all
suggestive of LN disease and may be entirely unre-
lated to HPRT deficiency. The relatively moderate
increase in uric acid excretion is compatible with a
minor reduction in overall performance in HPRT. The
deficiency in erythrocyte HPRT activity accounts for
part of the reduction. There may also be deficiencies
in other tissues not readily available for biopsy. The
hypoxanthine and xanthine excretion and their ratio
are distinctly abnormal (11) indicating that they may
provide a more sensitive index of HPRT function than
uricosuria.

The cause of the neurological damage in LN disease
is unknown, but it does not appear to result from ex-
cesses of oxypurines. The failure of allopurinol to re-
lieve or prevent symptomatology has exonerated the
hyperuricemia. The present observations make it clear
that abnormalities in hypoxanthine and xanthine pro-
duction of a magnitude similar to that found in LN
disease may be tolerated in the absence of the character-
istic neurological picture.

The probable explanation for the higher enzyme ac-
tivity in the leukocyte than the erythrocyte in the hemi-
zygotes is the continuing synthesis of an unstable en-
zyme by the former. In the anucleated erythrocyte, no
longer capable of protein synthesis, the levels of en-
zyme activities are determined by the rates of degrada-
tion. The normal half-life of HPRT in the erythrocyte
is 34 days (24). In the present subjects no enzyme
activity was detected even in the "young" fraction of
erythrocytes obtained by centrifugation, suggesting a
very rapid rate of degradation. An unstable HPRT
could be demonstrated in vitro (Table III). Further
studies on half-life using skin fibroblasts are in prog-
ress. In G6PDA deficiency, a similar explanation has
been offered for an analogous situation (12, 25).
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Another interesting observation is the presence of
mosaicism in the peripheral blood of the heterozygotes.
This differs from the situation in the LN heterozygote
where the enzyme activity in the blood cells is not re-
duced, indicating that only normal cells are represented.
Attention was first called to the selection of HPRT'
blood cells in LN disease in an autoradiographic study
of the peripheral leukocytes. It was suggested that
HPRT- cells might suffer a propagative disadvantage
early in embryogenesis (4). A similar observation con-
cerning the erythrocyte was made in a family with
combined HPRT and G6PD deficiency, in which the
latter mutation permitted definitive demonstration that
only one X chromosome was active in the heterozy-
gote (5).

It had been suggested previously that, in families
with a partial deficiency of HPRT, mosaicism may be
evident in the blood cells of the heterozygote (26).
These speculations were based on the demonstration of
reduced HPRT activity in the red blood cells. In one
reported family, one of three possible heterozygotes
had two electrophoretically identifiable forms of HPRT,
one of which was considered normal and the other was
felt to be mutant (27). The present family provides
convincing supportive evidence of mosaicism. HPRT
activity is very low in the erythrocytes and leukocytes
of the two obligatory heterozygotes, Ed. McN. and Cl.
Ro., a finding consistent with a mixed population of
HPRT' and HPRT- cells with a preponderance of the
latter (Table I). Autoradiographic studies of the leu-
kocytes with ['H]hypoxanthine also indicated a mixed
population with a high proportion of mutant cells
(Table II). Independent confirmation of mosaicism in
the erythrocytes of Ed. McN. was derived from G6PD
studies (Fig. 1).

It would appear that sufficient HPRT activity is
maintained in the mutant stem cell to prevent any
selective advantage of HPRT' cells such as occurs in
LN disease. The predominance of HPRT- cells is com-
patible with random inactivation of the X chromosome,
if this had occurred early in embryogenesis among a
relatively limited number of stem blood cells. The simi-
lar distribution of wild and mutant cells in erythrocyte
and leukocyte is consistent with the event involving a
common stem cell.

The results with autoradiography in which only 8%
of the hemizygotes cells were labeled and mosaicism
was demonstrable in the heterozygote appear to be in
conflict with the normal inosinate synthesis observed in
the mutant intact cells. Restating the observation in
enzymological terms under the conditions of enzyme
assay with intact cells, the physiologically low levels
of PRPP is the rate-limiting factor obscuring differ-
ences in HPRTactivity; however, under the conditions

of autoradiography, the enzyme level is rate limiting
so that inosinate synthesis in the mutant cell is visibly
less than in the normal cell. Inosinate synthesis in the
intact cell was measured under relatively physiological
conditions-a short incubation period preventing ex-
haustion of endogenous PRPP and a level of hypoxan-
thine (10'- M) similar to that in extracellular fluids.
In autoradiography the incubation period was 90 min,
and the substrate level was 10' M. The differences
that were observed are probably best explained by a
consideration of the enzyme kinetics involved in the
two procedures. It is probably directly related to the
differences in substrate concentration. However, the
subject was not further investigated. The 8% of labeled
cells in the hemizygote may result from higher levels
of unstable enzyme in very young cells.

ACKNOWLEDGMENTS
We are indebted to Dr. Edward Hart of the Neurological
Institute at Columbia University for referring the patients
for study. Marjorie R. Krauss did the autoradiography
studies. Sonja Wyss and Dr. M. T. Arzanian performed
the G6PDassays.

This investigation was supported by U. S. Public Health
Research grants HD 04526, AM 14528, CA 087848, AM
09274, and CRBS-232 of the National Foundation March
of Dimes.

REFERENCES
1. Kelley, W. N., M. L. Greene, F. M. Rosenbloom, J. F.

Henderson, and J. E. Seegmiller. 1969. Hypoxanthine-
guanine phosphoribosyltransferase deficiency in gout.
Ann. Intern. Med. 70: 155.

2. Delbarre, F., P. Cartier-, C. Auscher, A. De Gery, and
M. Hamet. 1970. Dyspurinies par deficit en hypoxan-
thine-guanine-phosphoribosyl-transferase frequence et
caracteres cliniques de l'anenzymose. Presse Med. 78:
729.

3. Yu, T. F., M. E. Balis, T. A. Krenitsky, J. Dancis,
D. N. Silvers, G. B. Elion, and A. B. Gutman. 1972.
Rarity of X-linked partial hypoxanthine-guanine phos-
phoribosyltransferase deficiency in a large gouty popu-
lation. Ann. Intern. Med. 76: 255.

4. Dancis, J., P. H. Berman, V. Jansen, and M. E. Balis.
1968. Absence of mosaicism in the lymphocyte in X-
linked congenital hyperuricosuria. Life Sci. 7: 587.

5. Nyhan, W. L., B. Bakay, J. D. Connor, J. F. Marks,
and D. K. Keele. 1970. Hemizygous expression of glu-
cose-6-phosphate dehydrogenase in erythrocytes of het-
erozygotes for the Lesch-Nyhan syndrome. Proc. Natl.
Acad. Sci. U. S. A. 65: 214.

6. Smith, J. L., G. A. Omura, I. H. Krakoff, and M. E.
Balis. 1971. IMP: and AMP: pyrophosphate phos-
phoribosyltransferase in leukemic and normal human
leukocytes Proc. Soc. Exp. Biol. Med. 136: 1299.

7. Flaks, J. G. 1963. Nucleotide synthesis from 5-phos-
phoribosylpyrophosphate. Methods Enzymol. 6: 136.

8. Cohen, P. P. 1957. Suspension media for animal tissues.
In Manometric Techniques. W. W. Umbreit, R. H. Bur-
ris, and J. F. Stauffer, editors. Burgess Publishing
Company, Minneapolis, Minn. 3rd edition. 149.

Unstable Enzyme in HPRT Deficiency 2073



9. Nishi, H. H. 1967. Determination of uric acid. An
adaptation of the Archibald method on the autoanalyzer.
Clin. Chem. 13: 12.

10. Chasson, A. L., H. J. Grady, and M. A. Stanley. 1961.
Determination of creatinine by means of automatic
chemical analysis. Am. J. Clin. Pathol. 35: 83.

11. Balis, M. E., I. H. Krakoff, P H. Berman, and J.
Dancis. 1967. Urinary metabolites in congenital hyper-
uricosuria. Science (Wash. D. C.). 156: 1122.

12. Piomelli, S., L. M. Corash, D. D. Davenport, J. Mirag-
lia, and E. L. Amorosi. 1968. In vivo labiliy of glucose-
6-phosphate dehydrogenase in GdA- and GdMediterranean
deficiency J. Clin. Invest. 47: 940.

13. Kirkman, H. N., and E. M. Hendrickson. 1963. Sex-
linked electrophoretic difference in glucose-6-phosphate
dehydrogenase,. Am. J. Hum. Genet. 15: 241.

14. Rubin, C. S., J. Dancis, L. C. Yip, R. C. Nowinski, and
M. E. Balis. 1971. Purification of IMP: pyrophosphate
phosphoribosyltransferases, catalytically incompetent en-
zymes in Lesch-Nyhan disease. Proc. Nati. Acad. Sci.
U. S. A. 68: 1461.

15. Tivey, H., J. G. Li, and E. E. Osgood. 1951. The
average volume of leukemic leukocytes. Blood J. Hema-
tol. 6: 1013.

16. Henderson, J. F., L. W. Brox, W. N. Kelley, F. M.
Rosenbloom, and J. E. Seegmiller. 1968. Kinetic studies
of hypoxanthine-guanine phosphoribosyltransferase. J.
Biol. Chem. 243: 2514.

17. Berman, P. H., M. E. Balis, and J. Dancis. 1968. Di-
agnostic test for congenital hyperuricemia with central
nervous system dysfunction. J. Lab. Clin. Med. 71: 247.

18. Gartler, S. M., R. C. Scott, J. L. Goldstein, B. Camp-
bell, and R. Sparkes. 1971. Lesch-Nyhan syndrome:

rapid detection of heterozygotes by use of hair follicles.
Science (Wash. D. C.). 172: 572.

19. Silvers, D. N., R. P. Cox, M. E. Balis, and J. Dancis.
19,72. Detection of the heterozygote in Lesch-Nyhan
disease by hair root analysis. N. Engl. J. Med. 286: 390.

20. Felix, J. S., and R. DeMars. 1971. Detection of females
heterozygous for the Lesch-Nyhan mutation by 8-
azaguanine-resistant growth of cultured fibroblasts. J.
Lab. Clin. Med. 77: 596.

21. Migeon, B. R. 1970. X-linked hypoxanthine-guanine
phosphoribosyl transferase deficiency: detection of het-
erozygotes by selective medium. Biochem. Genet. 4: 377.

22. Dancis, J., J. Hutzler, R. P. Cox, and N. C. Woody.
1969. Familial hyperlysinemia with lysine-ketoglutarate
reductase insufficiency. J. Clin. Invest. 48: 1447.

23. Miller, 0. J., P. R. Cook, P. Meera Khan, S.- Shin, and
M. Siniscalco. 1971. Mitotic separation of two human
X-linked genes in man-mouse somatic cell hybrids.
Proc. Natl. Acad. Sci. U. S. A. 68: 116.

24. Rubin, C. S., M. E. Balis, S. Piomelli, P. H. Berman,
and J. Dancis. 1969. Elevated AMP pyrophosphorylase
activity in congenital IMP pyrophosphorylase deficiency
(Lesch-Nyhan disease). J. Lab. Clin. Med. 74: 732.

25. DeMars, R. 1964. Some studies of enzymes in cultivated
human cells. Natl. Cancer Inst. Monogr. 13: 181.

26. Emmerson, B. T., C. J. Thompson, and D. C. Wallace.
1972. Partial deficiency of hypoxanthine-guanine phos-
phoribosyltransferase: intermediate enzyme deficiency
in heterozygote red cells. Ann. Intern. Med 76: 285.

27. Bakey, B., W. L. Nyhan, N. Fawcett, and M. D. Kogut.
1972. Isoenzymes of hypoxanthine-guanine-phosphoribo-
syltransferase in a family with partial deficiency of the
enzyme. Biochem. Genet. 7: 73.

2074 J. Dancis, L. C. Yip, R. P. Cox, S. Piomelli, and -M. E. Balis


