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Abstract

Wecharacterized 24 unrelated patients with a deficiency of the
enzyme hypoxanthine-guanine phosphoribosyltransferase
(HPRT) in an attempt to better understand the nature and spec-
trum of mutations that underlie this prototype-inherited disease.
Lymphoblast cell lines derived from each patient were analyzed
at multiple molecular levels including the structure and function
of the residual HPRTenzyme, messenger RNA(mRNA), and
gene. Our studies demonstrate the following: (a) at least 16 of
the 24 patients represent unique and independent mutations at
the HPRTstructural gene; (b) the majority of cell lines have
normal quantities of mRNAbut undetectable quantities of en-
zyme; (c) 33% of patients retain significant quantities of struc-
turally altered, functionally abnormal, HPRTenzyme variants;
and (d) a minority of patients are void of both enzyme and mRNA,
possibly representing examples of aberrations in gene expression.
Our studies provide direct evidence for marked genetic hetero-
geneity in this disorder and illustrate the kinds of mutations and
mutational consequences that underlie inherited disease in hu-
mans.

Introduction

Hypoxanthine-guanine phosphoribosyltransferase (HPRT)' de-
ficiency is an inherited disorder of purine metabolism that has
wide-ranging phenotypic effects. A virtual absence of HPRTac-
tivity is found in patients with the Lesch-Nyhan syndrome (1).
This X-linked recessive disease is characterized by an overpro-
duction of uric acid as well as the development of uric acid
nephrolithiasis, choreoathetoid movements, spasticity and hy-
perreflexia, severe mental and growth retardation, and a bizarre
pattern of patients' self-mutilation characterized by compulsive
biting of their fingers and lips (2).

Patients with a partial deficiency of enzyme activity are
spared the devastating neurological and behavioral abnormalities
that characterize the Lesch-Nyhan syndrome. This latter group
of patients usually presents with a severe form of gouty arthritis
or uric acid nephrolithiasis in early adulthood (3).
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1. Abbreviations used in this paper: CRM', enzyme positive; HPRT,
hypoxanthine-guanine phosphoribosyltransferase; PRPP, 5-phosphori-
bosyl-l-pyrophosphate; RFLP, restriction fragment length polymor-
phism.

HPRTdeficiency has recently emerged as a prototype for
defining the nature and functional consequences of clinically
deleterious mutational events and for designing novel therapeutic
modalities that attempt to modulate gene expression. Several
aspects of this inherited disorder make it particularly amenable
to detailed molecular analyses. Our knowledge of normal HPRT
protein (4, 5), mRNA(6, 7), and gene (8, 9) provides a basis for
the precise delineation of the abnormalities present in enzyme-
deficient patients. The isolation of mutant genes and their prod-
ucts is simplified because the affected male patients are hemi-
zygous for the HPRTlocus (1, 3), and the gene is expressed in
a wide variety of human tissues, including cultured cells (10).
Wedocumented in an earlier report the utility and validity of
using viral transformed lymphoblasts in tissue culture as a source
for the isolation of mutant HPRTgene products (1 1).

A variety of mutations have now been described in HPRT-
deficient patients. Single unique amino acid substitutions have
been identified in four dysfunctional enzyme variants; three
mutant enzymes were isolated from gouty patients (12-14) and
one was isolated from a Lesch-Nyhan patient (15). Yang et al.
(16) screened a series of Lesch-Nyhan patients for major rear-
rangements in the HPRTgene and identified unique abnor-
malities in five unrelated patients. These important preliminary
investigations have provoked several more fundamental ques-
tions.

A complete deficiency of HPRTactivity is not lethal in utero,
but does lead to nonreproductive affected males (17). Given the
genetic lethal characteristics of the disease, what is the diversity
and prevalence of new mutations in Lesch-Nyhan syndrome?
Furthermore, is there a correlation between types of mutations
or mutational consequences and clinical phenotype? Finally,
what is/are the molecular defect(s) in the many Lesch-Nyhan
patients who have grossly normal structural genes but lack en-
zyme protein?

In an attempt to answer these important questions we have
undertaken a comprehensive analysis of the molecular basis of
HPRTdeficiency in a large group of patients. Lymphoblastoid
cell lines were established from 24 unrelated enzyme-deficient
patients representing both clinical syndromes. These cell lines
were characterized at multiple molecular levels including (a)
HPRTenzyme concentration, function, and structure, (b) HPRT
mRNAconcentration and molecular size, and (c) gross structure
of the HPRTgene.

Methods

Subjects and cell lines. HPRT-deficient patients were divided into two
clinical subgroups: those who presented with the Lesch-Nyhan syndrome
and those who presented with gouty arthritis and/or uric acid nephro-
lithiasis. Criteria used in establishing a diagnosis of Lesch-Nyhan syn-
drome include: (a) virtual absence of HPRTactivity in erythrocytes, (b)
growth and mental retardation, (c) evidence for pyramidal and/or ex-
trapyramidal tract dysfunction, and (d) compulsion to self-inflict painful
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wounds usually manifested by self-mutilation of the hands and lips. The
second clinical subgroup represents a heterogeneous population of pa-
tients who (a) present with gouty arthritis and/or uric acid nephrolithiasis
at an early age, (b) demonstrate a broad spectrum of HPRTactivity in
erythrocytes (from undetectable to -50% of activity), (c) usually have
completely normal neurological function, but may have mild to moderate
neurological abnormalities (e.g., learning disabilities or hyperreflexia),
and (d) never manifest the compulsive self-destructive behavior that is
characteristic of the Lesch-Nyhan syndrome.

Lymphoblastoid cell lines were established for each patient by Epstein-
Barr virus-mediated transformation of peripheral blood B lymphocytes.
Methods used in the establishment and maintenance of lymphoblastoid
cell lines have been described (1 1). Cell lines GM2292, GM1899, and
GM6804 were obtained from The Human Mutant Cell Repository,
Camden, NJ.

Enzyme assays. Membrane-free protein extracts were prepared from
freshly harvested lymphoblast cultures as described (I 1). Sensitive ra-
diochemical and immunochemical techniques were used to quantify
HPRTenzyme activity (18) and immunoreactive protein (19), respec-
tively.

Measurements of apparent Michaelis constants (Ki) for hypoxanthine
(K.-hypoxanthine) and 5-phosphoribosyl-I-pyrophosphate (K4-PRPP)
were performed in the presence of near saturating concentrations of the
other substrate for all enzymes except HPRTKDiOII and HPRTMU.,h. It
was impossible to measure the K,-PRPP of HPRTKiPO. and HPRTMU"ich
in the presence of saturating concentrations of hypoxanthine due to each
enzyme's elevated Km-hypoxanthine and the limited solubility of hy-
poxanthine in aqueous solution. The following experimental conditions
were used for all enzymes except HPRTKig.,: apparent Km for hypo-
xanthine, varying hypoxanthine (300-3 gM) in the presence of 6 mM
MgCl2 and 1 mMPRPP; apparent K. for PRPP, varying PRPP(1-0.01
mM) and MgCl2 (kept in excess of PRPPby 5 mM) in the presence of
300 AMhypoxanthine. The following conditions were used in the analysis
of HPRTKng03: apparent K. for hypoxanthine, varying hypoxanthine
(300-3 1M) in the presence of 20 mMMgCl2 and 10 mMPRPP; and
apparent KmPRPP, varying PRPP(2.5-0.025 mM)and MgCl2 (kept in
excess of PRPPby 5 mM) in the presence of 300 ,M hypoxanthine.

Maximal velocities were calculated from measurements of enzyme
activity and immunoreactive protein in membrane-free extracts. The
maximal velocity is defined as the initial rate (milliunits per milligram
protein), measured in the presence of saturating concentrations of hy-
poxanthine and PRPP, divided by the level of HPRTimmunoreactive
protein (nanograms CRMper milligram protein). However, maximal
velocities for HPRTK,.. and HPRTMU.. were extrapolated from assays
performed in the presence of subsaturating concentrations of hypoxan-
thine.

Protein blot analysis. Protein extracts were subjected to polyacryl-
amide gel electrophoresis in the presence or absence of sodium dodecyl
sulfate (SDS) as described previously. Electrophoretic transfer of proteins
from nondenaturing gels to nitrocellulose paper has been well described
(1 1). Proteins were transferred from SDSgels to nitrocellulose paper as
described by Towbin et al. (20) except that the transfer was carried out
for 3 h at 50 V. Detection of HPRTin situ, after transfer from either
nondenaturing or SDSgels, was effected immunochemically using pre-
viously published methods (I 1).

Analysis ofradiolabeled HPRTproteins. Lymphoblasts from a normal
male subject and from patient D.B. were labeled in culture with
[35S]methionine. "S-labeled HPRTprotein was purified to radiochemical
homogeneity by immunoprecipitation with a highly specific antibody.
Immunoprecipitates were analyzed by SDS-polyacrylamide gel electro-
phoresis. The labeling, purification, and electrophoretic analysis of
[35S]HPRT has been described (I 1).

RNA isolation and Northern blot analysis. Total RNAwas isolated
in the presence of guanidine-HCI as described (21). 50 ,g of RNAwas
electrophoresed in a 0.8% agarose gel, transferred to nitrocellulose, and
hybridized with "P-deoxycytidine triphosphate (dCTP) nick-translated
HPRTcDNA (21).

DNA isolation and Southern blot analysis. High-molecular-weight

Table I. HPRTActivity and Immunoreactive Protein in
Enzyme-Deficient Lymphoblasts

Patients or
cell lines Specific activity Immunoreactive protein

mU/mg %control ng CRM/mg %control

Controls 14.5±3.6 (3)* 100 332±96 (3)* 100

Lesch-Nyhan
D.A. <0.1 (2)t <0.7 <1.5 (2) <0.5
A.C. <0.1 (2) <0.7 <1.5 (3) <0.5
E.C. <0.1 (2) <0.7 <1.5 (2) <0.5
H.D. <0.1 (4) <0.7 <1.5 (2) <0.5
W.E. <0.1 (2) <0.7 <1.5 (2) <0.5
D.G. <0.1 (2) <0.7 167±38 (7)§ 50
J.H. <0.1 (2) <0.7 <1.5 (2) <0.5
D.M. <0.1 (2) <0.7 <1.5 (3) <0.5
HPRT.,,,,,"Il <0.1 (2) <0.7 240±29 (6) 72
B.S. <0.1 (2) <0.7 <1.5 (3) <0.5
K.T. <0.1 (4) <0.7 304±50 (8) 92
GM2292 <0.1 (2) <0.7 <1.5 (2) <0.5
GM1899 <0.1 (2) <0.7 5.4, 3.6 1.3
GM6804 <0.1 (2) <0.7 <1.5 (2) <0.5
McA <0.1 (2) <0.7 <1.5 (2) <0.5

Gout
D.B. 10.0±2.2 (5) 69 172 52
P.C. <0.1 (4) <0.7 15.2, 12.0 4
HPRTA.. Ajb.Or 1.5±0.2 (4) 10 37±3 (6) 11
B.D. <0.1 (4) <0.7 5.1, 6.7 2
J.M. 0.2±0.1 (6) 1.4 10.8, 10.0 3
HPRTTo,,ml 4.8±0.3 (4) 33 172±20 (6) 52
HPRTLOOd.O 8.6±0.6 (6) 59 116±11 (7) 35
R.T. <0.1 (6) <0.7 2.9, 2.7 0.8
HPRTM.,"ch11 0.4±0.1 (6) 3 263±17 (6) 79

* Mean± I SD for three control lymphoblast cell lines, taken from reference I 1.
* Mean; (n) = number of determinations.
§ Mean± I SD; (n) = number of determinations.
"I Obtained from reference 11.

DNAwas isolated from cultured lymphoblasts as described (21). DNA
was digested to completion with one of several restriction endonucleases
under conditions recommended by the manufacturer (Bethesda Research
Laboratories, Gaithersburg, MD, and New England Biolabs, Beverly,
MA). Restricted DNAwas fractionated in 0.8% agarose gels, transferred
to nitrocellulose paper, and probed with 32P-labeled DNAas described (16).

Results

HPRTenzyme activity and immunoreactive protein. Lympho-
blast cell lines were established from 24 unrelated HPRT-defi-
cient patients. 15 patients presented with the Lesch-Nyhan syn-
drome and 9 patients presented with gout and/or nephrolithiasis.
Previous studies have demonstrated unique mutant forms of
HPRT in five of these patients (11-15, 19).2 These variants
have been named HPRTItinswon, HPRTAnn Arbor, HPRTToronto,
HPRTLondon, and HPRTMunich-

Levels of HPRTenzyme activity and immunoreactive pro-
tein are summarized in Table I. Activity assays were carried out
in the presence of hypoxanthine and PRPPconcentrations that
exceed the normal Michaelis constants by 60-fold and 120-fold,
respectively. HPRTenzyme activity was undetectable (<0.7%
of control) in all Lesch-Nyhan patients, while HPRT immu-

2. Two patients described by Yang et al. (16) were also included in our
study; lymphoblast cell lines McAand GM6804 correspond to Yang et
al's fibroblast cell lines RJK 853 and GM1662, respectively.
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noreactive protein was undetectable (<0.5% of control) in 11 of
15 Lesch-Nyhan patients; a low level of enzyme protein was
measured in cell line GM1899 (1% of control) while substantially
higher levels were measured in patients D.G. (50% of control),
HPRTKIcSSOfl (72% of control), and K.T. (92% of control). Patients
who presented with gout exhibited a broad range of activity from
undetectable (patients R.T., P.C., and B.D.) to 69% of control
(patient D.B.). HPRTimmunoreactive protein was detected in
each patient with gout; however, the range of enzyme concen-
tration was wide (from 0.8 to 79% of control).

Kinetic properties of enzyme variants. Cultured lymphoblasts
with >10% residual HPRTprotein were further characterized
with respect to the kinetic properties of the residual HPRTpro-
tein. Included in this group were cell lines expressing the five
known HPRT variants and three previously undescribed cell
lines, D.B., D.G., and K.T. Table II summarizes the measured
Michaelis constants for hypoxanthine and PRPP, and the cal-
culated maximal velocity of each variant. Significant kinetic ab-
normalities were detected in all variants except HPRTTOnlODO.
These data confirm earlier kinetic analyses of HPRTKin.Son (22),
HPRTMUnich (23), HPRTTOTOfltO (24), and enzyme from D.B. (25),
isolated from either erythrocytes or fibroblasts. HPRTfrom pa-
tient D.B. was indistinguishable from HPRTLfndOn in terms of
kinetic dysfunction; both enzymes exhibited a slight increase in
V., and a sixfold increase in Km-hypoxanthine. Enzyme activity
was undetectable in extracts from D.G. and K.T., precluding
kinetic analysis of the mutant enzymes.

Electrophoretic analysis of enzyme variants. The previously
undescribed enzyme-positive patients were further characterized
with respect to the electrophoretic properties of the residual
HPRTprotein. Membrane-free extracts were subjected to poly-
acrylamide gel electrophoresis, in the presence or absence of
SDS, and HPRTenzymes were detected immunochemically us-
ing the protein blot technique.

Table II. Kinetic Properties of HPRTVariants

Michaelis constants
Maximal

Mutant Hypoxanthine PRPP velocity*

MM MM mU14gCRM

Controls 3.5±2.4 (3)t 16.0±7.0 (3)t 44 (3)t
HPRTToronto 4.6±2.1 (4)§ 14.5±7.7 (3) 28
HPRTLofdon 20.2±4.3 (12) 10.2±5.0 (6) 74
HPRTAnn Ae0or 33 (31, 34)" 38±13 (6) 41
HPRTMuniCh 261±53 (4) 5.9±2.4 (3) 2.6¶
HPRTKintlon 555±107 (3) 2,025 (2,100, 1,950) 50¶
D.B. 20.2±3.2 (4) 11.9±4.0 (3) 58
D.G. NM** NM NM
K.T. NM NM NM

* Defined as the maximum enzymatic activity divided by the total
quantity of HPRTenzyme as measured by radioimmunoassay (see
Methods).
f Mean± 1 SD; (n) = number of normal lines studied.
§ Mean± 1 SD; (n) = number of determinations.

Average of two separate determinations. Individual values enclosed
in parentheses.
¶ Extrapolated to maximum values from assays in which PRPPwas
saturating but hypoxanthine was not.
** NM, not measured because the enzyme variant had no detectable
catalytic activity.

Differences in the net charge of HPRTvariants were assessed
by nondenaturing polyacrylamide gel electrophoresis. The
known HPRTvariants have been classified previously into three
groups based on this electrophoretic parameter (I 1): normal mi-
gration, HPRTLod.f and HPRTAnf Arbor; cathodal migration,
HPRTKinstOf and HPRTMUnsch; and anodal migration, HPRTTX,tO.
Membrane-free extracts of the previously uncharacterized pa-
tients, D.B., K.T., and D.G., were subjected to similar electro-
phoretic analysis, as shown in Fig. 1. Enzyme from D.B. was
indistinguishable from normal HPRT(lane N), while HPRT
from D.G. was more anodal than normal (but indistinguishable
from HPRTTorono), and HPRTfrom K.T. was more cathodal
than normal (but similar to the other known cathodal variants
HPRTKjnston and HPRTMunich).

Differences in the apparent subunit molecular weight of the
variant enzymes were identified by comparing their relative mi-
gration during SDS-polyacrylamide gel electrophoresis. Previous
experiments demonstrated an essentially normal apparent sub-
unit molecular weight for all of the known variants except
HPRTLondon, which exhibited a slightly lower apparent subunit
molecular weight (11, 19). The protein blot technique was em-
ployed to quickly screen for marked alterations in apparent sub-
unit molecular weight.

Membrane-free extracts from a normal cell line, the three
previously uncharacterized enzyme-positive cell lines, and se-
lected known HPRTvariants, were electrophoresed in the pres-
ence of SDS, and the HPRTenzymes were detected immuno-
chemically as described (Fig. 2). A single predominate molecular
species with an apparent subunit molecular weight equal to
25,000, as well as multiple additional nonpredominate bands,
were detected in each cell line studied. Several observations in-
dicate that the multiple nonpredominate bands are due to non-
specific binding of antibody, and that the 25,000-mol-wt species
represents bonafide HPRT. All bands except the 25,000-mol-wt
band are present when (a) control serum is used in place of
HPRTantiserum (data not shown), or (b) extracts from enzyme-
deficient cell lines lacking detectable HPRT immunoreactive

pG
N DBI -S° N KT (/'N_. ....~~~~~~
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Figure 1. Protein blot analysis of lymphoblast HPRTafter nondena-
turing polyacrylamide gel electrophoresis. Lymphoblast extracts were
electrophoresed in nondenaturing polyacrylamide gels and analyzed
for HPRTimmunoreactive protein as described in the Methods sec-
tion. Similar quantities of cellular extract (500-250 ,g protein) were
electrophoresed in each lane. Lane N represents extract from a lym-
phoblast cell line derived from a normal control.
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Figure 2. Protein blot analysis of lymphoblast HPRTafter SDS-poly-
acrylamide gel electrophoresis. Lymphoblast extracts were electropho-
resed under denaturing conditions in polyacrylamide gels containing
SDS, and HPRTimmunoreactive protein was detected in situ. Each
lane contained similar quantities of cellular extract (500-250 ,g total
protein). Lane N represents extract from a lymphoblast cell line de-
rived from a normal control. The arrow indicates the location of
HPRT.

protein were analyzed (data not shown). The apparent subunit
molecular weight of HPRT from K.T. and D.G. is indistin-
guishable from normal HPRT(lane N). However, the migration
of HPRTfrom D.B. appears to be slightly faster than normal
HPRTand, therefore, the apparent subunit molecular weight
somewhat lower.

Weattempted to confirm the subtle decrease in apparent
subunit molecular weight of HPRTfrom D.B. using an alter-
native method. HPRTfrom D.B. and from a normal lympho-
blastoid cell line was labeled in culture with [35S]methionine
and purified to homogeneity by immunoprecipitation. The ra-
diochemically homogeneous enzymes were subjected to SDS-
polyacrylamide gel electrophoresis and directly visualized by
autoradiography (Fig. 3). The apparent subunit molecular weight
of HPRTfrom D.B. was decreased as compared with the normal
enzyme (lane N). This subtle difference in subunit molecular
weight was better illustrated by demonstrating partial resolution
of the normal and variant enzyme when co-electrophoresed (lane
N+ D.B.).

Analysis of HPRTmRNA. Northern analysis revealed es-
sentially normal concentrations of HPRTmRNAin 12 of 15

No-

Figure 3. SDS-polyacrylamide gel electrophoresis of labeled lympho-
blast HPRT. Lymphoblast HPRTlabeled in culture with
[35S]methionine was denatured and subjected to SDS-polyacrylamide
gel electrophoresis. Radiolabeled HPRTwas identified by autoradiog-
raphy. Lane N, purified enzyme from a normal lymphoblast cell line;
lane DB, purified enzyme from D.B.; and lane N+ DB, a mixture of
purified enzyme from normal and D.B.

Lesch-Nyhan patients and 8 of 9 gouty patients (Fig. 4). Cell
lines from McA (Lesch-Nyhan), W.E. (Lesch-Nyhan), GM2292
(Lesch-Nyhan), and B.D. (gout) had no detectable HPRT
mRNA, even after longer autoradiographic exposures (Fig. 4).
Weestimate the sensitivity of this technique to be >5%normal
HPRTmRNAconcentration.

GM6804was the only cell line in which the HPRTmRNA
exhibited altered electrophoretic properties; this abnormal
mRNAmigrated at an abnormally slow rate, consistent with an
increase in molecular size from 1.6 to 1.8 kb. Similar findings
have been reported in fibroblasts derived from this patient (16).

Southern blot analysis of the HPRTgene. DNAfrom each
cell line was examined by the method of Southern for alterations

RT EC BD DA
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Figure 4. Northern blot analysis of
lymphoblast HPRTmRNA. Total
RNA(50 ,g/lane) was electropho-
resed in agarose, transferred to ni-
trocellulose, and probed with 32p_
labeled HPRTcDNA. Results
from D.B., P.C., and HPRTAflf Abo
are not shown.
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in HPRTgene structure using restriction endonucleases. The
presence of linked BamHI and Taq I restriction fragment length
polymorphisms (RFLPs) were determined with HPRT and
DSX- I0 probes, respectively.

The human HPRTgene is composed of nine exons distrib-
uted over >40 kb of DNA(8; 9; T. Patel, personal communi-
cation). The integrity of the HPRTstructural gene in mutant
cell lines was assessed as recently described by Yang et al. (16);
DNAwas analyzed according to the method of Southern (26)
using full-length HPRTcDNAas a probe. Using this approach,
we demonstrated that the majority of these patients (13 out of
15 Lesch-Nyhan patients and 9 out of 9 patients with gouty
arthritis) have mutations that do not involve major gene rear-
rangements (data not shown). An abnormal fragment, of low
molecular weight, is consistently seen in Southern blots of Bam
H1 digested DNAfrom GM1899 (data not shown). Abnormal
fragments are not detected with other enzymes; hence, this rep-
resents either a rare BamHI RFLP or the detection of the mu-
tation. Three mutations, previously reported, which are detect-
able by Southern analysis include GM6804, McA, and
HPRTTOOntO. Analysis of DNA from GM6804 (lymphoblast
culture from pt. GM1662) suggests an internal duplication of
the HPRTgene involving exons 2 and 3 (16). DNAfrom McA
(lymphoblast culture from pt. RJK853) demonstrates no X-spe-
cific fragments that hybridize to HPRTcDNA, indicative of a
total gene deletion (16). Detection of the point mutation in exon
3 of HPRTTOrOnt,, by Southern analysis of DNAhas been de-
scribed (27).

Two HPRT-linked RFLPs have been described. Nussbaum
reported a three-allele Bam H1 RFLP that occurs within the
HPRTgene (28). These alleles are expressed phenotypically on
Southern blots as three distinct pairs of fragments: a 22-kb,
25-kb pair; a 12-kb, 25-kb pair; and a 22-kb, 18-kb pair. An
additional two-allele Taq I RFLPhas been reported for an anon-
ymous sequence (DXS- 10) separate from, but closely linked to
(95% confidence limits 0 < 15 cM), the HPRTlocus (29). These
alleles are represented as 5 or 7 kb fragments on Southern anal-

AC BS

44 \. I.-

ysis. These RFLPpatterns can be combined to establish six hap-
lotypes, four of which are represented in this group of patients
(Fig. 5). The most frequent haplotype (68%) was that combining
the 22-kb, 25-kb Bam H I allele and the 5-kb Taq I allele (22,
25/5). While 13% of all patients had the 22, 25/7 pattern, the
22, 18/5 and 12, 25/5 patterns were each seen in single patients.
Therefore, 9% of patients have gene defects identifiable by
Southern analysis.

Discussion

The inborn errors of metabolism are examples of disorders that
are often caused by aberrations in the function or expression of
single macromolecules. Wehave undertaken a comprehensive
molecular analysis of a large population of patients with a de-
ficiency of the enzyme HPRT, in an attempt to illustrate the
spectrum and prevalence of genetic aberrations that underlie
this prototype-inherited disease.

Westudied 24 unrelated HPRT-deficient patients; 15 patients
presented with the Lesch-Nyhan syndrome, while 9 patients
presented with either gout or nephrolithiasis. A comprehensive
analysis of the HPRTenzyme, mRNA, and gene provided the
basis for the molecular classification summarized in Table III
and Fig. 6.

Approximately 33% of all HPRT-deficient patients retained
>5% residual HPRTimmunoreactive protein. These patients,
referred to as the enzyme-positive (CRM+) group, provide many
examples of an enzyme deficiency state caused by an abnormality
in enzyme function. Five of these eight patients have been de-
scribed previously, four of which have been shown to contain
unique enzyme variants that differ from the normal enzyme by
a single amino acid substitution. Patients D.B., D.G., and K.T.
have not been described previously. HPRTenzymes from D.G.
and K.T. exhibit unique constellations of electrophoretic and
catalytic properties and therefore have been assigned the follow-
ing names based on the geographical residence of the patients:
HPRTNewHaven (D.G.) and HPRTy8IC (K.T.). In both cases, unique

-O c
~ ~~~~~~~~o

DG DM WE HD JH : KT 2292 JM RT EC BD DA F CS PC 1899 6804
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Figure 5. Southern blot analysis of
selected lymphoblast HPRTDNA.
(A) (top) DNAwas digested to
completion with BamHI, electro-
phoresed through 0.8% agarose,
transferred to nitrocellulose, and

g PC 6804 0 probed with full-length 32P-labeledHPRTcDNA. The portion of the
autoradiograph demonstrating the

E t;. : polymorphisms is shown. (B) (bot-
B4 - tom) DNAwas digested to comple-
3k tion with Taq I, electrophoresed

through 0.8% agarose, transferred
'[m zto nitrocellulose, and probed with

32P-labeled DXS-1 DNA.
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Table III. Molecular Heterogeneity of HPRTMutations

Protein analysis
Nucleic acid analysis

Electrophoretic
Patients CRM Kinetic properties properties mRNA DNAhaplotype* Type

%control kb

Lesch-Nyhan
D.A., A.C., E.C.,

H.D., J.H., D.M. <0.6 NMt ND§ + 22, 25/5 I
B.S. <0.6 NM ND + 12, 25/5 II
GM1899 1.3 NM ND + 22, 25/511 III
GM6804 <0.6 NM ND Variant¶ Duplication/5** IV
McA <0.6 NM ND - Deletion/7tt V
W.E. <0.6 NM ND - 22, 25/7 VI
GM2292 <0.6 NM ND - 22, 25/5 VII
K.T. (HPRTY¢e) 92 NM Cathodal + 22, 25/7 VIII
HPRT1cinaon 72 TKm Hx and PRPP Cathodal + 22, 18/5 IX
D.G. (HPRTNeWHaven) 50 NM Anodal + 22, 25/7 X

Gout
P.C., R.T., J.M. 4-0.8 NM ND + 22, 25/5 XI
B.D. 2 NM ND - 22, 25/5 XII
HPRTAnnArbor 11 TKm Hx and PRPP Neutral + 22, 25/5 XIII
HPRTToronto 52 Normal Anodal + 22, 25/5 XIV
HPRTMUniCh 79 TKmHx and I V.. Cathodal + 22, 25/5 XV
HPRTLflndin and D.B. 35-52 TKmHx Neutral and + 22, 25/5 XVI

lapparent size

* DNAhaplotype: BamHI polymorphisms/DXS-10 polymorphisms. t NM, not measured because of limited catalytic activity of the residual
enzyme. § Not determined due to limited residual enzyme protein. "A rare BamH1 polymorphism linked to the HPRTgene results in the
production of low molecular weight restriction fragment. ¶ This mRNAis slightly larger than normal. ** Internal duplication of exons 2 and 3.
j4 The entire structural gene has been deleted.

structural gene mutations have rendered the enzymes completely
incompetent and have resulted, clinically, in the Lesch-Nyhan
syndrome. HPRT from D.B. appears identical to HPRTL,,d00
in terms of its electrophoretic and catalytic properties, despite
the fact that patients D.B. and G.S. share no apparent common
heritage. Molecular studies are needed to determine if D.B. has
the identical missence mutation of HPRTLOJdOO(Ser 109 - Leu).

The majority of HPRT-deficient patients demonstrate no

15
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z
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Ua.
0

zr
G

z

H

rIi

CRM+ CRM- CRM-
mRNA+ mRNA-

Figure 6. Molecular classification of HPRT-deficient patients. o, gout;
o, Lesch-Nyhan.

detectable HPRTprotein. Quantification of HPRTmRNAfur-
ther subdivided this large group of patients into those with HPRT
mRNA(CRM- mRNA+)and those without detectable HPRT
mRNA(CRM- mRNA-). The former group, comprising 50%
of all patients, represents those for which the genetic lesion has
affected either the function of mRNA(i.e., efficiency of trans-
lation) or the stability of the translation product. Mutations that
have a selective effect on the efficiency of mRNAtranslation
without affecting the stability of either the mRNAor its trans-
lation product are, to the best of our knowledge, without prec-
edent in mammalian systems. The alternative and more likely
explanation is that the native enzyme is relatively intolerant to
slight perturbations so that minor structural changes, such as
amino acid substitutions, may frequently affect enzyme stability
and thereby lead to an accelerated intracellular degradation of
enzyme protein. A first step in understanding the molecular pa-
thology of this large group of patients is to define the specific
mutations involved.

The final category of patients, comprising only 17% of all
patients studied, includes those with undetectable HPRTprotein
and mRNA(CRM- mRNA-). This molecular form of HPRT
deficiency is analogous to the thalassemia syndromes, which are
a heterogeneous collection of genetic diseases that result from
defects in the organization and/or expression of globin genes.
In a previous study, Yang et al. demonstrated deletion of major
sections of the HPRTstructural gene in three of four patients
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who were void of detectable HPRTmRNA(1 6).3 Identical anal-
yses failed to identify abnormalities in the HPRTgene of the
three new CRM- mRNA- patients described in this study.
However, small deletions or insertions may have inperceptible
changes in restriction fragment mobility and therefore may be
missed when analyzed according to the method of Southern.

The molecular and clinical characterization of 24 unrelated
HPRT-deficient patients summarized above provides direct ev-
idence for the existence of 12 unique mutations at the HPRT
locus. Indirect evidence for even greater genetic heterogeneity
in this population was provided through the study of linked
RFLPs. Neutral haplotype analysis permits the identification of
genetic backgrounds on which HPRT mutational events oc-
curred, thus expanding the number of documented independent
mutations. Several HPRT-deficient patients who were previously
indistinguishable now become identifiable as unique mutational
events. Characterization of the clinical biochemical and molec-
ular properties of the 24 unrelated HPRT-deficient patients, in
concert with haplotype analysis, provides indirect evidence for
the existence of 16 unique aberrant genes in this population.
Pertinent data that define these unique mutations are summa-
rized in Table III. This marked molecular heterogeneity provides
further support for the concept originally proposed by Haldane,
that X-linked recessive disorders are sustained in the population
by the constant introduction of new mutations. Furthermore,
the present study demonstrates that each category of mutation,
as outlined in Fig. 6, is represented in both clinical syndromes.
However, mutations with less deleterious effects on enzyme
function in vivo (e.g., most amino acid substitutions that affect
enzyme function but not enzyme concentration) are more often
associated with patients who are spared the devastating neuro-
logic and behavioral abnormalities of Lesch-Nyhan syndrome.

In conclusion, we analyzed a large population of unrelated
HPRT-deficient patients with respect to abnormalities in the
HPRTenzyme, mRNA, and gene. This study provides insight
into the spectrum and prevalence of mutations that underlie
this heterogeneous disorder and illustrates the kind of mutations
that can lead to inherited disease in man.
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