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A B S T R A C T Wehave developed a method for the
direct analysis of a hypoxanthine-guanine phosphori-
bosyltransferase (HPRT) allele associated with a de-
ficiency of enzyme activity and an early onset of gout.
The functionally abnormal enzyme coded for by this
mutant allele (HPRTToronto) differs from the normal
enzyme by an arginine-to-glycine substitution at po-
sition 50. A single base change in the codon for argi-
nine 50 can explain this substitution. Direct analysis
of this point mutation is based on the observation that
it abolishes a Taq I recognition site in HPRTDNA.
As predicted, DNA from individuals with the
HPRTToro,,to allele exhibited an abnormal restriction
pattern when digested with Taq I and probed with
HPRT complimentary DNA: a normal 2.0-kb frag-
ment is replaced by a 4.0-kb fragment. The 4.0/2.0-
kb restriction fragment variation was used to detect
the HPRTToronto allele in a heterozygote that was oth-
erwise normal with respect to the classical techniques
used to diagnose heterozygosity in HPRTdeficiency.

INTRODUCTION

Many inherited diseases are caused by defects at single
genetic loci. These disorders are usually diagnosed by
direct assay of the mutant gene product or by bio-
chemical analysis of the metabolic aberrations that
result from the primary defect in protein function. A
more recent approach to diagnosis, which has been
developed for several alleles at the ,B-globin locus, in-
volves detection of the mutation of interest with spe-
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cific DNA probes. Prenatal diagnosis of sickle cell
anemia by direct analysis of DNAin amniotic cells is
the most widely celebrated example of this elegant
technology. Several approaches have now been de-
scribed (reviewed in reference 1). Segregation analysis
of restriction fragment length polymorphisms linked
to the ,#-globin gene has been used to identify the sickle
cell allele in certain families. Restriction enzymes
whose recognition sequences are altered by the sickle
cell mutation can be used to directly identify the mu-
tant gene from small quantities of DNA. More re-
cently, Conner et al. (2) utilized synthetic oligonucle-
otides to specifically probe for the sickle cell mutation.

Several inborn errors of metabolism, including a
deficiency of hypoxanthine-guanine phosphoribosyl-
transferase (HPRT),' should also be amenable to de-
tection at the level of genomic DNA. HPRTdeficiency
is an X-linked recessive disorder that can lead to an
early onset of gout (3) or, in its most severe form, the
Lesch-Nyhan syndrome (4). DNAprobes for the hu-
man HPRTgene are now available (5, 6). Nussbaum
et al. (6) recently described an indirect DNAhybrid-
ization method for the detection of HPRTdeficiency.
Silent BamHl restriction fragment length polymor-
phisms within the HPRTstructural gene were used in
selected kindreds as markers for chromosomes that
carry deleterious HPRTalleles. More direct gene as-
says can be designed for diagnosis of HPRTdeficiency
in those families in which the molecular basis of the
disease has been defined. Mutations in the HPRTstruc-
tural gene can be detected directly by selective hy-

' Abbreviations used in this paper: APRT, adenine phos-
phoribosyltransferase; HPRT, hypoxanthine-guanine phos-
phoribosyltransferase.
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bridization to complementary oligonucleotide probes
or by restriction endonucleases whose recognition sites
are altered by the mutation.

HPRTToronto is a structural variant isolated from a
patient with a partial deficiency of enzyme activity
who presented with gout and uric acid nephrolithiasis
at an early age (7, 8). This mutant enzyme differs from
normal by an arginine-to-glycine amino acid substi-
tution at position 50 (9). The deficiency of HPRTac-
tivity in this patient is caused by decreased levels of
enzyme protein (7, 8) as well as increased inhibition
of enzyme activity by the product guanosine mono-
phosphate (GMP) (9). Analysis of the nucleotide se-
quence of HPRT complimentary (c)DNA indicated
that the amino acid substitution in HPRTToronto can be
explained by a single base change in codon 50. Fur-
thermore, this point mutation abolishes a Taq I rec-
ognition site in the HPRTDNA. Wedescribe, in this
report, the use of the restriction enzyme Taq I to detect
the HPRTToronto mutation from genomic DNA. The
utility of this approach in the detection of heterozy-
gotes and the prenatal diagnosis of HPRTdeficiency
are discussed.

METHODS
Enzymeassays. Hemolysateswerepreparedfromfreshly

drawn blood as described (7). Previously described radio-
chemical techniques were used to assay HPRT (7) and ad-
enine phosphoribosyltransferase (APRT) (10).

Patients and DNA isolation. The clinical, genetic, and
biochemical features of the P. family have been described
(11-12). A partial pedigree of this kindred is shown in Fig.
1. DNA from a number of other individuals was screened
for variation in Taq I restriction fragments. These DNAwere
obtained from 95 control individuals,2 10 unrelated Lesch-
Nyhan patients, and 3 previously described HPRT-deficient
patients with different amino acid substitutions in the HPRT
enzyme. DNAwas also isolated from a cultured lymphoblast
cell line derived from an individual with four X chromo-
somes (GM 1416, Human Mutant Cell Repository, Cam-
den, NJ).

High-molecular-weight DNAwas isolated from leukocytes
or, when possible, cultured lymphoblasts as described (6).

cDNA probe for human HPRT. The isolation and char-
acterization of HPRTcDNA from a human fetal liver cDNA
library has been described (6). The recombinant used in this
study, pHPT30, contains a 972-kb cDNA insert in the Pst
I site of the plasmid vector pKT218. This HPRTcDNAcon-
tains 80 base pairs (bp) of 5'-noncoding sequence, the entire
translated region, and -250 bp of 3'-noncoding sequence.
The cDNA was excised from the plasmid by digestion with
Pst I and was isolated from 1% low-melting agarose gels
(Bethesda Research Laboratories, Rockville, MD) after elec-
trophoresis. cDNA probes were labeled by nick translation
under conditions recommended by the manufacturer (Be-
thesda Research Laboratories) with [32P]deoxycytidine-
triphosphate (3,000 Ci/nmol; Amersham Corp., Arlington

2 Control patients were clinically normal with respect to
symptoms associated with a deficiency of HPRT.

I~~~

1 ~2
FIGURE 1 Pedigree of the P. family. Inheritance of the
HPRTToronto mutation is indicated: hemizygote, shaded sym-
bol; heterozygotes, one-half of symbol shaded; normal in-
dividuals, open symbols. Patients unavailable for study are
indicated by the dot in the upper portion of the symbol; the
propositus is indicated by the arrow.

Heights, IL) in the presence of unlabeled deoxyadenosine
triphosphate/deoxyguanosine triphosphate/deoxythymi-
dine triphosphate to a specific activity of 1-3 X 10'
cpm/,ug.

Blot hybridization analysis of genomic DNA. High-mo-
lecular-weight DNA was digested to completion with Taq
I under conditions recommended by the manufacturer (Be-
thesda Research Laboratories). Restriction digests were frac-
tionated in 0.8% agarose gels, and DNA fragments were
transferred to nitrocellulose paper by the method of South-
ern (13) and probed with 32P-labeled cDNA under the fol-
lowing conditions. Filters were prehybridized in 5X SSPE
(IX SSPE is 10 mMNaH2PO4, pH 7.4 plus 0.18 MNaCl and
1 mMEDTA), containing 5X Denhardt's solution (IX Den-
hardt's solution contains 1 mg/ml of Ficoll, polyvinylpyr-
rolidone, and bovine serum albumin), 35% (vol/vol) form-
amide, and sheared and denatured salmon sperm DNA(250
yg/ml), and were hybridized in 5X SSPE containing IX
Denhardt's solution, 35% (vol/vol) formamide, 10% dextran
sulfate, and sheared and denatured salmon sperm DNA(100
,ug/ml) mixed with the 32P-labeled probe. Prehybridization
and hybridization were performed at 42°C. Washes were
performed twice at room temperature in 2X standard saline
citrate (IX standard saline citrate is 0.15 M NaCl/0.015 M
sodium citrate, pH 7.4) and twice at 65°C in 2X standard
saline citrate containing IX Denhardt's solution.

RESULTS

Activity of HPRTand APRT in erythrocytes from
the P. family. Table I summarizes the activity of
HPRTand APRT in hemolysates obtained from the
P. family. The propositus exhibited a decreased activ-
ity of HPRTand an increased activity of APRT; his
unaffected brother had normal levels of both enzymes.
His mother, a known heterozygote, exhibited an in-
termediate deficiency of HPRTand an elevated ac-
tivity of APRT, while his daughter, an obligate het-
erozygote, was normal with respect to both HPRTand
APRT.
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TABLE I
Activity of HPRTand APRT in the P. Family

Subjects HPRTactivity APRTactivity

mU/mg % control mU/mg % control

Control 1.75±0.25 (15)' 100 0.46±0.07 (12)1 100

Propositus (II-2) 0.44 25 0.70 152
Mother (1-2) 1.52 87 0.67 146
Brother (11-3) 1.82 104 0.35 76
Daughter (III-2) 1.80 103 0.40 87

e Mean±1 SD for 15 determinations of four control subjects.
t Mean±1 SD for 12 control subjects. Taken from reference 10.

Detection of the HPRTTOTOntO mutation with the
restriction enzyme Taq I. Deficiency of HPRT ac-
tivity in the P. family is caused by a single amino acid
substitution, arginine to glycine, at position 50 of the
enzyme (9). An analysis of the nucleotide sequence of
HPRTCDNA(5) indicated that the proposed substi-
tution can be explained by a single nucleotide change
in the codon for arginine-50. Furthermore, we predict
that this point mutation would obliterate a recognition
site for the endonuclease Taq I (Fig. 2).

Taq I digests of DNA isolated from several normal
male subjects were analyzed by the method of South-
ern and were probed with near full-length HPRT
cDNA (Fig. 3, lanes B and C). This cDNAprobe clearly
hybridized to restriction fragments of 4.6, 3.7, 2.0, 1.5,
1.1, and 0.7 kb in length. Fainter bands were also con-
sistently detected at 16.0 and 0.5 kb. Previous studies
have identified autosomal sequences that are recog-
nized by the HPRTcDNA (6). DNAfrom an individ-
ual with four X chromosomes was analyzed in parallel
with the XY controls to help define Taq I restriction
fragments that are X-linked and therefore derived
from the HPRTgene (lane A). Relative band inten-
sities were quantitated by scanning densitometry (data

Normal HPRT

HPRTToronto

50
Ala Arg
GCfI CGA

Asp
GAT

Ala Gly Asp
GCT GGA GAT

FIGURE 2 Predicted alteration in Taq I recognition site from
HPRTTOTO.tO DNA. Nucleotide sequence of normal HPRT
cDNA was taken from reference (6). The Taq I recognition
site in normal HPRTDNAis indicated by the rectangle. A,
adenine; C, cytosine; G, guanine; T, thymine.

4A6-
3

2.0-I.
1.5-

1.1-

0.7-

FIGURE 3 Autoradiogram of Taq I digested normal and
mutant DNA. DNAwas digested with Taq I and analyzed
for restriction fragments that hybridized to HPRTcDNA as
described in Methods. Electrophoresis was performed in an
8 X 16-cm agarose gel; -5 ug of DNAwas loaded into each
well. Lane A-cultured lymphoblasts (GM 1416) of a patient
with four X chromosomes; lanes B and C cultured lympho-
blasts of two control patients; lane D-cultured lymphoblasts
from the propositus; lane E-leukocytes from the propositus;
lane F-leukocytes from the unaffected brother; lane G-
leukocytes from the mother; and lane H-leukocytes from
the daughter. Restriction fragments that demonstrate vari-
ation are indicated by an open (2.0 kb) and closed (4.0 kb)
arrow, respectively. Restriction fragment lengths, which are
indicated along the left border, were determined by com-
parison with DNA fragments of known size.

not shown). Restriction fragments of 2.0 and 1.5 kb
in length clearly exhibited an increased signal, con-
sistent with the dosage of X chromosomes.

Restriction maps of DNA isolated from the propos-
itus differed from normal by the absence of the 2.0-kb
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fragment and the appearance of a new fragment of
4.0 kb in length. This variation was demonstrated in
two different tissues from the propositus: cultured lym-
phoblasts (lane D) and peripheral blood leukocytes
(lane E). The restriction map of the unaffected brother
(lane F) was identical to normal, while the mother
(lane G) and daughter (lane H) had both the normal
(2.0-kb) and variant (4.0-kb) fragments.

A large number of unrelated subjects were screened
for variation in Taq I restriction fragments. These ex-
periments were performed on a microscale to conserve
time and resources. A total of 108 individuals have
been tested without detectable variation in Taq I re-
striction fragment lengths (data not shown). This in-
dicates that the 4.0/2.0-kb restriction fragment length
variation detected in the P. family is probably not a
polymorphism.

DISCUSSION

Direct identification of mutant genes by hybridization
to DNAprobes has been used in the diagnosis of several
genetic disorders including certain hemoglobinopa-
thies and thalassemia syndromes (reviewed in refer-
ence 1) and more recently a form of diabetes mellitus
caused by a mutant insulin (14). Wedescribe in this
report a sensitive assay for a mutant allele of HPRT
that codes for a functionally abnormal enzyme
(HPRTToronto) and is associated with a deficiency of
enzyme activity and an early onset of a severe form
of gout.

The assay for this mutation is based on the obser-
vation that it abolishes a Taq I restriction endonuclease
recognition site in HPRTDNA. Southern blot analysis
of DNAdigested with Taq I and probed with HPRT
cDNA provided a direct and sensitive method for de-
tecting the HPRTTo,onto allele. Several important fea-
tures of the Taq I assay are worth mentioning. The
successful demonstration of Taq I restriction fragment
length variation in this patient provided independent
confirmation of the arginine-to-glycine substitution at
position 50, previously identified by protein sequenc-
ing (9). In addition, due to the ease and sensitivity of
this assay, it will now be possible to screen rapidly a
large population of gouty individuals for the same
mutation. Finally, as described below, the Taq I assay
provided a direct approach for detection of subjects
heterozygous for this allele.

Previously described methods for detecting hetero-
zygotes for a deficiency of HPRT are indirect and
fraught with difficulties. Random inactivation of the
X chromosome in HPRT-deficient heterozygotes pro-
duces cells with either normal or diminished HPRT
activity. One approach to heterozygote detection is
based on the demonstration of this mixed population

of cells in possible carriers. Mosaicism with respect to
HPRT activity can be demonstrated in cultured fi-
broblasts by measuring the incorporation of radiola-
beled hypoxanthine into nucleic acids (15) or the rel-
ative cellular sensitivity to toxic purine analogues (16).
Mosaicism can also be demonstrated by analysis of hair
roots (17). Although these techniques have been suc-
cessful in detecting heterozygotes for the Lesch-Nyhan
syndrome, they lack the sensitivity necessary to dif-
ferentiate normal cells from cells with a partial defi-
ciency of HPRT, and therefore have proven to be in-
adequate in the diagnosis of some patients that are
hemizygous or heterozygous for the partial enzyme
defect. Another indirect approach to heterozygote de-
tection, which also has had limited application, is the
assay of HPRTin peripheral blood (erythrocytes and
leukocytes). It appears that hemopoietic precursor cells
with a marked deficiency of HPRTare unable to pro-
liferate in the presence of cells with HPRT activity
(18). As a result, HPRTactivity is normal in peripheral
blood of Lesch-Nyhan heterozygotes (19). Several in-
vestigators have measured intermediate levels of HPRT
activity in hemolysates from subjects heterozygous for
the partial enzyme defect, indicating that selection
against HPRT-deficient cells in bone marrow is not
always complete (reviewed in reference 20). Hemo-
lysate HPRTand APRT activity measurements may
therefore help in diagnosing the heterozygous state in
certain individuals.3 Normal enzyme activity, how-
ever, does not exclude heterozygosity since there exists
tremendous inter- and intrafamily variation (21).

Previous attempts at identifying heterozygotes for
the HPRTToronto allele illustrate the limitations of the
current technology. Fox et al. (11) demonstrated that
cultured fibroblasts derived from the propositus are
indistinguishable from normal fibroblasts with respect
to incorporation of [3H]hypoxanthine into nucleic acids
and relative sensitivity to azaguanine. Detection of
heterozygotes by conventional analysis of fibroblasts
was therefore impossible. Indirect evidence that the
mother of the propositus is heterozygous for the
HPRTToronto allele was first provided by electrophoretic
analysis of her hemolysate, which demonstrated the
existence of the mutant enzyme (12). Enzyme activity
measurements are consistent with this observation;
hemolysate frorn the mother exhibited an intermediate
decrease in HPRTactivity and an associated elevation
in APRT. However, the daughter of the propositus, an
obligate heterozygote, had normal levels of HPRTand
APRT activity in hemolysate. Several investigators

s Weand others have shown that a deficiency of HPRT
activity in erythrocytes is always associated with an elevation
in the activity and concentration of APRT (reviewed in ref-
erence 20).
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have noted similar intrafamily variation in HPRTand
APRT activity of obligate HPRT-deficient heterozy-
gotes (32). Direct analysis of the HPRT structural
genes in these family members by the Taq I assay
provided direct and unequivocal evidence for the ge-
notype of the propositus, the heterozygotes (mother
and daughter), and the unaffected brother.

Detection of mutant HPRTalleles by DNAhybrid-
ization provides an alternative approach for prenatal
diagnosis of the more severe form of HPRTdeficiency,
the Lesch-Nyhan syndrome. Nussbaum et al. (6) re-
cently described the use of silent restriction fragment
length polymorphisms as markers for the indirect iden-
tification of deleterious HPRTalleles. Wehave illus-
trated in this report a direct approach for identifying
mutations that affect restriction endonuclease recog-
nition sites. A powerful technique, which may have
application in the detection of other defined mutations
at the HPRTlocus, is the differential hybridization of
complementary oligonucleotide probes. An important
feature of direct gene analysis, as it relates to prenatal
diagnosis, is the sensitivity of the technique. In contrast
to the conventional methods of prenatal diagnosis of
HPRTdeficiency, which require propagation of am-
niotic cells in vitro for several weeks, analysis of mu-
tant alleles by DNAhybridization can be performed
directly on cells obtained from 5-10 ml of amniotic
fluid. Taq I analysis of DNA isolated from amniotic
fluid of two normal fetuses has in fact been done.4

In conclusion, we have developed a DNA hybrid-
ization assay for detecting the HPRTToronto mutation
from small quantities of genomic DNA. This provided
independent confirmation of the mutation in this vari-
ant allele, previously defined by protein sequence anal-
ysis. Finally, we used this assay to detect a heterozy-
gote that was otherwise normal with respect to the
classical techniques used to diagnose heterozygosity in
HPRTdeficiency.
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