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Abstract

In past reports of hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRT) deficiency a marked degree of molecular het-
erogeneity has been noted. We have previously described two
apparently unrelated subjects with partial HPRT deficiency,
G.S. and D.B., who have a mutant form of HPRT with remark-
ably similar alterations in physical and kinetic properties. The
mutation in G.S. is a serine to leucine substitution at amino
acid 110 as determined by amino acid sequence analysis. This
mutant enzyme has been designated HPRTngon-

We have examined HPRT c¢cDNA from D.B. using two dif-
ferent methods to determine if the similar properties of mutant
HPRT from these two subjects are the result of a common
mutation. HPRT cDNA clones were obtained by routine clon-
ing techniques and by polymerase chain reaction amplification
of single-stranded cDNA reverse transcribed from mRNA de-
rived from subject D.B. Dideoxynucleotide sequencing re-
vealed a single mutation, a C to T transition at bp 329 in clones
generated by both methods. This mutation in D.B. predicts the
identical amino acid substitution described in HPRT4n40n.

A C to T nucleotide transition at 329 in D.B. creates an
Hpa I site in exon 4 of the HPRT gene. Southern blot analysis
of genomic DNA isolated from lymphoblasts derived from G.S.
and D.B. revealed that both have this additional Hpa I site,
indicating that the similarly altered protein sequence is due to
the identical transition in the HPRT gene.

Introduction

Hypoxanthine-guanine phosphoribosyltransferase (HPRT)' is
a purine salvage enzyme that catalyzes the conversion of hypo-
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xanthine and guanine to inosine monophosphate and guano-
sine monophosphate, respectively. Partial deficiency of HPRT
results in hyperuricemia, hyperuricaciduria, uric acid nephro-
lithiasis, and precocious gout (1). Virtually complete defi-
ciency of HPRT causes the Lesch-Nyhan syndrome (2). In
addition to hyperuricemia and hyperuricaciduria, this disease
is characterized by growth and mental retardation, spasticity,
choreoathetosis, and compulsive self-mutilation (3).

Previous evidence suggests that new and independent mu-
tations sustain these disorders in the population (4). We have
previously examined this hypothesis by analyzing 24 unrelated
HPRT-deficient patients with regard to HPRT enzyme activ-
ity and intracellular concentration, physical and kinetic prop-
erties, mRNA levels, and restriction fragment length polymor-
phisms. Substantial heterogeneity was demonstrated with 67%
of cases studied representing different mutations (5).

On the basis of these observations, HPRT-deficient sub-
jects were classified into 16 types (5). 3 of these 16 categories
(types I, XI, and XVI) contain more than one mutant. Type I
has recently been shown to be heterogeneous by cDNA se-
quencing (6, 7), and definition of the mutations in type XI at
the nucleotide level should result in further subdivision of this
group.

Similarities between D.B. and G.S., the two partially defi-
cient subjects with type XI HPRT deficiency, extend beyond
DNA haplotype and the presence or absence of HPRT
mRNA. Analyses of HPRT from these subjects are similar
with respect to enzyme activity, intracellular concentration,
kinetic and catalytic parameters, and physical properties. The
amino acid substitution in HPRT purified from cultured cells
derived from G.S. (HPRT4n40n) has been determined to be a
serine to leucine substitution at position 110 (8).

The phenotypic similarity of these two mutant proteins
raised the question of genotypic identity. Therefore, we have
cloned HPRT sequences from mRNA isolated from EBV-
transformed lymphocytes derived from subject D.B. Addi-
tionally, we have examined the entire coding sequence using
the polymerase chain reaction (PCR) to amplify single-
stranded cDNA reverse transcribed from D.B.’s mRNA. Di-
deoxynucleotide sequencing of the HPRT ¢cDNA from D.B.
revealed a C to T transition at base position 329 that causes a
serine to leucine substitution at amino acid 110. This ‘point
mutation creates an Hpa I site in the HPRT gene that allows
confirmation at the genomic DNA level that both HPRT ond0n
and HPRT from patient D.B. have identical mutations.

Methods

Cell lines. Lymphoblastoid cell lines from patients G.S., D.B., and
subjects with normal HPRT activity were established and maintained
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as described (9). GM 1416, which is tetraploid for the X chromosome,
was obtained from the Human Mutant Cell Repository, Camden, NJ.

RNA isolation, cDNA cloning, and PCR amplification. RNA was
extracted from B lymphoblasts by guanidium isothiocyanate (10). Poly
(A)* mRNA was purified by oligo d(T) cellulose column chromatogra-
phy (11).

10 ug of poly (A)* mRNA derived from D.B. was used to synthesize
an oligo d(T)-primed cDNA library. The first strand was synthesized
according to Okayama and Berg (12), followed by treatment with 20
U/ml RNase H, 40 U/ml Escherichia coli DNA ligase, 100 U/ml E.
coli DNA polymerase holoenzyme, and 90 uM dNTPs (13). This
method yielded ~ 1.0 ug of double-stranded (ds) cDNA with an aver-
age length of 1.8 kb (range 0.7 to 3.0 kb). One third of the dSDNA was
tailed with 15-20 d(C) residues using terminal deoxynucleotidyltrans-
ferase (14). Pst I-cut, d(G)-tailed pBR322 was annealed to the poly-
d(C)-tailed dscDNA. E. coli (strain RR1) were transformed with re-
combinant plasmids as described (15).

Approximately 23,000 recombinants were transferred to nitrocel-
lulose paper disks and screened with human HPRT cDNA sequences
labeled with [a-3?P]JdCTP by the hexadeoxynucleotide priming
method of Feinberg and Vogelstein (16). One positive recombinant,
pHDBI, was isolated, cut with Pst I, mapped with Hae IIl and Hind
III, and recloned into M13mp18 for dideoxynucleotide sequencing
(17) using HPRT-specific primers and the universal primer (6).

PCR-amplified cDNA clones of D.B. were generated by reverse
transcribing (12) 1 ug total cellular RNA using an HPRT-specific re-
verse transcriptase primer and taking one-fifth of this reaction up in a
buffer containing 40 mM KCl, 0.01% gelatin, 2 mM DTT, 1.0 ug of
each PCR primer, and 1 U Taq polymerase in 50 ul total reaction
volume. The sequences of the PCR primers and HPR T-specific primer
for the first-strand reaction are given in Fig. 1. Each cycle of the PCR
reaction, which was repeated 30 times, consisted of a 1-min denatura-
tion step at 94°C followed by a 3-min annealing and extension step at
72°C. After 30 cycles a 10-min extension step at 72°C was done. These
experiments were performed in a Perkin Elmer Cetus thermocycler
(Perkin Elmer Cetus, Norwalk, CT) (18).

The PCR-amplified products were gel purified, cleaved with Eco RI
and Bam HI, and cloned into M13mp18 and M13mp19. The recombi-
nant clones were sequenced in both orientations as previously de-
scribed (6).

Genomic DNA isolation and analysis. Genomic DNA was isolated
from B lymphoblast cell lines G.S., D.B.,, GM1416 (4X), and J.R.
(normal) and digested with Hind III and Hpa 1. The DNA was then
fractionated by electrophoresis in 0.8% agarose gels and blotted onto
nitrocellulose (19). Genomic blots were probed with 32P-labeled nor-
mal HPRT cDNA sequences.

Determination of probability of B-turn occurrence. The relative
probability (P,) of 8-turn occurrence from amino acids 104 to 114 was
calculated as P, = f; X (f41) X (fi+2) X (fi+3) where £, fi1,, i, and fi, 3 are
the frequencies of occurrence of a certain residue at the first, second,
third, or fourth positions of a tetrapeptide sequence of a 8-turn (20).

HPRT1 GAACTGATAG
975 965
HTPCR1
CACGAATTCCTCCTCCTGAGCAGTCAGCCCGCGC
67 94
HTPCR2

GTGGGATCCAGATGTTTCCAAACTCAACTTGAACTCTC
02 771

Figure 1. HPRT-specific PCR primers far the reverse transcriptase
reaction (HTPCR3) and for PCR (HTPCR1 and HTPCR?2). The
bold type indicates Eco RI and Bam HI sites, added to the 5' end of
the primers for directional cloning into M13 for sequencing. The nu-
cleotides in each primer that anneal to HPRT sequences are indicated.

The values for f, of residues at these positions were determined by
Chou and Fasman (20). The cutoff value for predicting a S-turn was
chosen as P, = 1.0 X 1074 (21).

Results

pHPDBI1 contains all but 198 bp of coding sequence and
differs from the normal HPRT sequence at a single nucleotide.
At base position 329 in exon 4, a C to T transition was found
that predicts a serine to leucine substitution at amino acid 110.
To obtain the remainder of the coding sequences and confir-
mation of the mutation in multiple independent clones of
D.B., PCR amplification was done as described in Methods
and Fig. 1. PCR-amplified sequences from D.B. confirmed the
C to T substitution at 329 found by cDNA cloning. No other
deviations from normal sequence were noted.

This transition, which creates an Hpa I site (GTCAAC to
GTTAACQ), allows confirmation at the genomic level that the
serine to leucine substitutions in G.S. and D.B. are due to the
same mutations. Southern blot analysis showed that a 4.9-kb
Hind 1II fragment that contains exon 4 (22, 23) is cleaved by
Hpa 1 in genomic DNA from both G.S. and D.B. (Fig. 2, lanes
1 and 3) but not from a normal cell line (lane 4) or GM1416
(lane 2).

The P, values for normal HPRT and HPRT from D.B. and
G.S. were determined and plotted for the region surrounding
the serine to leucine substitution (Fig. 3). In the case of normal
HPRT there are three sites for which the probability of 8-turn
occurrence is > 1 X 107* (solid line). The serine to leucine
substitution dramatically affects the probability of B-turn oc-
currence in two of the three sites (dashed line).

Discussion

We previously demonstrated that HPRT ,,490n and HPRT
from subject D.B. constitute a distinct HPRT phenotype (5, 8).
In this study we show that the genetic basis for this observation

Figure 2. Southern blot of Hind
I1I/Hpa 1-digested genomic DNA
demonstrating the presence of an
additional Hpa I site in G.S. and
D.B. Lanes /-4 correspond to
DNA from G.S., GM1416 (4X),
D.B,, and J.R. (normal), respec-
tively. The X-related 4.9-kb Hind
I1I fragment containing exon 4 is
cleaved by Hpa I in G.S. and D.B.
DNA only.

Hypoxanthine-Guanine Phosphoribosyltransferase Mutations ~ 2165



Figure 3. Probability of 8-turn
N occurrence from amino acids
" 104 to 114 for normal HPRT
| protein (——) and HPRT
“ from G.S. and D.B. (- - -).
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The probability value of a tet-

rapeptide composed of i-i + 3
N is plotted against i, where i
represents the amino acid se-
quence number. A cutoff value
of 1 X 107* s represented by
the horizontal line.

Amino acid sequence number

is an identical mutation within the HPRT coding sequence. In
view of the striking heterogeneity of HPRT mutations this
genotypic identity is remarkable.

There are three possible explanations for the origin of this
mutation in these two individuals: (@) common ancestry of the
affected individuals (a single mutational event); (b) indepen-
dent events at a mutational “hot spot”; and (c¢) coincidental
independent mutational events. Unfortunately we cannot de-
termine if this mutant allele is shared by G.S. and D.B. because
of common ancestry since G.S. is adopted. In the case of D.B.
there is no family history of gout or kidney stones, suggesting
that this mutation arose within a recent generation. Muta-
tional hot spots are most often found in GC-rich areas, with
transitions occurring in a CpG or CpC dinucleotide context
(24-26). No CpC or CpG dinucleotide exists at the transitional
position in HPRT} gng4on (CAGTCAACA). Thus the classifica-
tion of codon 110 in the HPRT gene as a hot spot for transi-
tional mutations is unlikely in the context in which nucleotide
329 is found. The frequency of spontaneous mutations occur-
ring at this position can only be addressed by a more extensive
survey.

The impact of the serine to leucine substitutions at 110 on
enzymatic function is probably a result of steric or polar alter-
ations within the putative hypoxanthine binding site (27). Our
calculations predict that proper folding may be impaired due
to an alteration in the 8-turn structure near the hypoxanthine
binding pocket. This may in turn affect protein stability, which
could account for the lower than normal amounts of HPRT
protein in G.S. and D.B. (5, 28).

c¢DNA cloning and PCR amplification of HPRT mRNA
have been used in this study to determine a point mutation in
a patient with partial HPRT deficiency. Since ~ 90% of
HPRT-deficient subjects show no gross alterations in the
HPRT gene, have normal amounts of HPRT-specific mRNA,
and have low levels of HPRT protein, these techniques provide
a direct means for determination of nucleotide substitutions
causing altered protein structure and function. The ease and
rapidity with which the PCR technique can be done make it
particularly useful for further defining structural mutations in
HPRT.

2166

Acknowledgments

The authors are grateful to David Ginsburg, Howard Hughes Medical
Institute, University of Michigan, for help in designing and synthesiz-
ing the PCR primers. The authors also express their appreciation to
Ms. Ardith Listeman for expert secretarial assistance and Ms. Mary
Elizabeth Van Antwerp for technical assistance.

This work was supported by National Institutes of Health grant
RO1 DK-19045. Dr. Palella is the recipient of an Arthritis Foundation
Investigator Award.

References

1. Kelley, W. N., F. M. Rosenbloom, J. F. Henderson, and J. E.
Seegmiller. 1967. A specific enzyme defect in gout associated with
overproduction of uric acid. Proc. Natl. Acad. Sci. USA. 57:1735-
1739.

2. Seegmiller, J. E., F. M. Rosenbloom, and W. N. Kelley. 1967.
Enzyme defect associated with a sex-linked human neurological dis-
order and excessive purine synthesis. Science (Wash. DC). 155:1682-
1684.

3. Lesch, M., and W. L. Nyhan. 1964. A familial disorder of uric
acid metabolism and central nervous system function. Am. J. Med.
36:561-570.

4. Haldane, J. B. S. 1935. The rate of spontaneous mutation of a
human gene. J. Gener. 31:317-326.

S. Wilson, J. M., J. T. Stout, T. D. Palella, B. L. Davidson, W. N.
Kelley, and C. T. Caskey. 1986. A molecular survey of hypoxanthine-
guanine phosphoribosyltransferase in man. J. Clin. Invest. 77:188-
195.

6. Davidson, B. L., M. Pashmforoush, W. N. Kelley, and T. D.
Palella. 1988. Genetic basis of hypoxanthine-guanine phosphoribosyl-
transferase deficiency in a patient with the Lesch-Nyhan syndrome
(HPRTg;ny). Gene. 63:331-336.

7. Davidson, B. L., T. D. Palella, and W. N. Kelley. 1988. Human
hypoxanthine-guanine phosphoribosyltransferase: a single nucleotide
substitution in cDNA clones isolated from a patient with Lesch-Nyhan
syndrome (HPR Tpgigiana). Gene. 68:85-92.

8. Wilson, J. M., G. E. Tarr, and W. N. Kelley. 1983. Human
hypoxanthine-guanine phosphoribosyltransferase: an amino acid sub-
stitution in a mutant form of the enzyme isolated from a patient with
gout. Proc. Natl. Acad. Sci. USA. 80:870-873.

9. Wilson, J. M., B. W. Baugher, P. M. Mattes, P. E. Daddona, and
W. N. Kelley. 1982. Human hypoxanthine-guanine phosphoribosyl-
transferase. Demonstration of structural variants in lymphoblastoid
cells derived from patients with a deficiency of the enzyme. J. Clin.
Invest. 69:706-715.

10. Chirgwin, J. M., A. E. Pryzbyla, R. J. McDonald, and W. J.
Rutter. 1979. Isolation of biologically active ribonucleic acid from
sources enriched in ribonuclease. Biochemistry. 18:5294-5299.

11. Aviv, H., and P. Leder. 1972. Purification of biologically active
globin mRNA by chromatography on oligothymidylic acid-cellulose.
Proc. Natl. Acad. Sci. USA. 69:1408-1412.

12. Okayama, H., and P. Berg. 1982. High efficiency cloning of full
length cDNA. Mol. Cell. Biol. 2:161-170.

13. Gubler, U., and B. J. Hoffman. 1983. A simple and very effi-
cient method for generating cDNA libraries. Gene. 25:263-269.

14. Deng, G., and R. Wu. 1981. An improved procedure for utiliz-
ing terminal transferase to add homopolymers to the 3’ termini of
DNA. Nucleic Acids Res. 9:4173-4188.

15. Hanahan, D. 1983. Studies on transformation of Escherichia
coli with plasmids. J. Mol. Biol. 166:557-580.

16. Feinberg, A. P., and B. Vogelstein. 1984. A technique for ra-
diolabeling DNA restriction endonuclease fragments to high specific
activity (addendum). Anal. Biochem. 137:266-267.

17. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA se-

B. L. Davidson, S.-J. Chin, J. M. Wilson, W. N. Kelley, and T. D. Palella



quencing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA. 74:5463-5467.

18. Saiki, R. K., D. H. Gelfand, S. Stoffel, S. J. Scharf, R. Higuchi,
G. T. Horn, K. B. Mullis, and H. A. Erlich. 1988. Primer-directed
enzymatic amplification of DNA with a thermostable DNA polymer-
ase. Science (Wash. DC). 239:487-491.

19. Fuscoe, J. C., R. G. Fenwick, Jr., D. H. Ledbetter, and C. T.
Caskey. 1983. Deletion and amplification of the HGPRT locus in
Chinese hamster cells. Mol. Cell. Biol. 3:1086-1096.

20. Chou, P. Y., and G. D. Fasman. 1978. Empirical predictions of
protein conformation. Annu. Rev. Biochem. 47:251-276.

21. Murakami, M. 1985. Mutations affecting the 12th and 61st
amino acids of p21 protein result in decreased probability of S-turn
occurrence around the mutation positions: a prediction. J. Theor. Biol.
114:193-198.

22. Patel, P. 1., P. E. Framson, C. T. Caskey, and A. C. Chinault.
1986. Fine structure of the human hypoxanthine phosphoribosyl-
transferase gene. Mol. Cell. Biol. 6:393-403.

23. Patel, P. I, R. L. Nussbaum, P. E. Framson, D. H. Ledbetter,

C. T. Caskey, and A. C. Chinault. 1984. Organization of the HPRT
gene and related sequences in the human genome. Somatic Cell Mol.
Genet. 10:483-493.

24. Barker, D., M. Schafer, and R. White. 1984. Restriction sites
containing CpG show a higher frequency of polymorphism in human
DNA. Cell. 36:131-138.

25. Chehab, F. F., G. R. Honig, and Y. W. Kan. 1986. Spontaneous
mutation in S-thalassaemia producing the same nucleotide substitu-
tion as that in a common hereditary form. Lancet. i:3-4.

26. Youssoufian, H., H. H. Kazazian, Jr., D. G. Phillips, S. Aronis,
G. Tiiftis, V. A. Brown, and S. E. Antonarakis. 1986. Recurrent mu-
tations in haemophilia A give evidence for CpG mutation hotspots.
Nature (Lond.). 324:380-382.

27. Argos, P., M. Hanai, J. M. Wilson, and W. N. Kelley. 1983. A
possible nucleotide-binding domain in the tertiary fold of phosphori-
bosyltransferases. J. Biol. Chem. 258:6450-6457.

28. Craig, S., M. Hollecker, T. E. Creighton, and R. H. Pain. 1985.
Single amino acid mutations block a late step in the folding of 8-lac-
tamase from Staphylococcus aureus. J. Mol. Biol. 185:681-687.

Hypoxanthine-Guanine Phosphoribosyltransferase Mutations 2167



