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Abstract
Lesch–Nyhan disease is a neurogenetic disorder caused by mutation of the HPRT1 gene on the X
chromosome. There is significant variation in the clinical phenotype, with more than 300 different
known mutations. There are few studies that have addressed whether similar mutations result in
similar phenotypes across different patients because hypoxanthine–guanine
phosphoribosyltransferase (HGprt) deficiency is rare, and most mutations are unique or limited to
individual families. However, recent studies have revealed multiple unrelated patients with similar
mutations, providing an opportunity to examine genotype–phenotype correlations. We found
significant variation among the clinical features of 10 patients from 8 unrelated families all
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carrying a mutation replacing guanine with adenine at base position 143 (c.143G>A) in the
HPRT1 gene. This mutation results in replacement of arginine by histidine at amino acid position
48 (p.arg48his) in the HGprt enzyme. Biochemically, the enzyme exhibits reduced thermal
integrity, a mechanism that may explain clinical variation. The literature reveals similar clinical
variation among other patients with similar mutations, although the variation is relatively minor
across the whole population of patients. Identifiable sources of clinical variation include known
limitations of clinical ascertainment and mechanisms that affect residual enzyme activity and
stability. These results are helpful for understanding genotype–phenotype correlations and
discordance and likely are applicable to other neurogenetic disorders where similar variation
occurs.

Introduction
Lesch–Nyhan disease (LND) is a genetic disorder of purine metabolism in which the
enzyme, hypoxanthine–guanine phosphoribosyltransferase (HGprt), is defective (Lesch and
Nyhan 1964; Seegmiller et al. 1967). The etiology involves a mutation of the HPRT1 gene,
which is on the long arm of the X chromosome (Jinnah et al. 2000, 2004). The HGprt
protein functions as a dimer or tetramer. It is involved in the purine salvage pathway
whereby purine bases are recycled into nucleotides (Jinnah and Friedmann 2001).

Different HPRT1 mutations result in varied levels of residual HGprt enzyme activity as well
as a spectrum of disease characteristics. Classic features of LND include hyperuricemia and
its sequelae (gout, nephrolithiasis, and tophi), motor disability (dystonia, chorea, and
spasticity), intellectual impairment, and self-injurious behavior (Jinnah et al. 2006). In
addition to this classic presentation, milder forms of the disease exist in which some clinical
features are attenuated or absent (Emmerson and Thompson 1973; Jinnah et al. 2010; Puig et
al. 2001). Although there is a continuous spectrum of severity, patients can be clustered into
three groups. The most severely affected group has all the classic features of LND. Those in
the least severely affected group, HGprt-related hyperuricemia (HRH), exhibit only signs
and symptoms related to uric acid overproduction. An intermediate group, HGprt-related
neurologic dysfunction (HND), has hyperuricemia and varying neurological abnormalities
but no self-injurious behavior (Jinnah et al. 2010).

Although the HPRT1 gene and HGprt protein have been widely studied, few reports have
addressed whether similar mutations result in similar phenotypes across different patients
(Hladnik et al. 2008; Sarafoglou et al. 2010). The reason for the paucity of such studies is
that HGprt deficiency is rare, and most mutations are unique or limited to individual
families. In recent studies, multiple unrelated patients with similar mutations were found,
providing an opportunity to examine genotype–phenotype correlations (Jinnah et al. 2010).
Here we compare the clinical features of ten patients from eight unrelated families with the
c.143G>A mutation, which may have arisen independently many times because it is at a
CpG motif, where cytosines are frequently methylated and then deaminated to 5-
methylcytosine to generate thymine (O'Neill and Finette 1998). We also examine the
consequences of the p.arg48his substitution on HGprt enzyme function, and discuss
potential mechanisms for genotype–phenotype correlation and discordance.

Materials and methods
Expression vector for HPRT1

The biochemical properties of the c.143G>A mutation leading to p.arg48his were compared
with normal human HGprt following expression and purification in vitro. PCR primers for
HPRT1 were first designed to add an N-terminal tag containing six histidines for protein
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purification and cloned into an intermediate vector (pENTRY/nHisHGPRT) using the
TOPO™ cloning system (Invitrogen, Carlsbad, CA, USA). The cDNA was then cloned into
the pET24d(+) expression vector (Novogen, New Canaan, CT, USA) to create the final
vector (pET24d(+)/nHisHGPRT). The c.143G>A mutation was introduced into the parent
vector by site-directed mutagenesis with the PCR-based Quick-Change kit from Stratagene
(La Jolla, CA, USA), with primers designed via the QuickChange Primer Design Program
(http://www.stratagene.com). All coding sequences were confirmed before protein
expression.

Protein expression and purification
Escherichia coli BL21(DE3) cells were transformed and cultured, and protein expression
was induced by isopropyl β-D-1 thiogalactopyranoside (IPTG) for 5 h at 37°C. Bacteria were
lysed by sonication and enzymatic digestion. The lysate was then passed through a nickel-
based affinity column, which bound the polyhistidine tag. The column was washed with 50
mM Tris–HCl, pH 7.4, 300 mM NaCl, 5% glycerol, 10 mM β-mercaptoethanol and stepwise
increasing concentrations of 75 and 100 mM imidazole to eliminate non-specific binding.
Purified protein was eluted with 250 mM imidazole, and salts were removed using a PD-10
column (GE Healthcare, Piscataway, NJ, USA). The final protein was concentrated using
Amicon ultra centrifugal filter tubes (Millipore, Billerica, MA, USA). Purity was determined
by SDS-PAGE followed by staining with Coomassie blue. Protein quantification was carried
out using the Bradford method.

Enzyme kinetics
The enzymatic activities of the normal and p.arg48his mutant were tested in vitro. To
examine the kinetics towards hypoxanthine or guanine, a total of 200 ng of purified enzyme
was tested with 1 mM phosphoribosylpyrophosphate (PRPP) and varying concentrations of
hypoxanthine (0–100 μM) or guanine (0–100 μM) at 37°C in a 200 μl reaction volume
containing 100 mM Tris–HCl and 12 mM MgCl2 at pH 7.4. To examine kinetics towards
PRPP, the reaction contained saturating amounts of hypoxanthine (200 μM) or guanine (200
μM) and varying concentrations of PRPP. Reactions were monitored in quadruplicate in a
96-well UV compatible microplate with a SpectraMax M5e spectrophotometer (Molecular
Devices, Sunnyvale, CA, USA). Production of IMP from hypoxanthine or GMP from
guanine was measured at 245 and 257 nm, respectively. The change in extinction coefficient
for hypoxanthine to IMP is 1,770 M−1 cm−1 and for guanine to GMP is 5,146 M−1 cm−1.
The Michaelis–Menton Km and Vmax were calculated with SigmaPlot (Systat Software Inc.,
San Jose, CA, USA) by non-linear regression of initial velocities at each substrate
concentration. Enzymes were tested independently three times, and kinetic parameters were
averaged and compared via Student's t test with p < 0.05 as the level of significance.

Thermal stability
The thermal stabilities of normal HGprt and the p.arg48his mutant were compared by
measuring residual activity after incubation at 37 or 55°C over 32 h. An aliquot of the
protein at a concentration of 20 μg/mL was heated to the target temperature and enzyme
activity was tested at specific time points in triplicate with of 250 ng of protein, 1 mM
PRPP, and 100 μM guanine in 100 mM Tris–HCl with 12 mM MgCl2, pH 7.4.

Results
Clinical features associated with c.143G>A

We identified ten patients from eight different families all with the c.143G>A mutation
(Table 1). All exhibited signs of uric acid overproduction. Nine were classified as HND
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because of evidence for motor or cognitive impairment, while one was classified as HRH.
The age at presentation varied from infancy to 28 years. Six presented with motor delay, two
presented with renal problems, and one with tophi. Eight had motor impairments, while two
did not. Most had low-normal or borderline intelligence. Although none had self-injury, four
showed impulsive or oppositional behaviors similar to those of classic LND. Clinical tests
for enzyme activity revealed no activity in erythrocyte lysates, but higher levels in intact
erythrocytes or cultured fibroblasts.

Enzyme kinetics
The methods for producing the normal HGprt and p.arg48his mutant reliably generated at
least 1 mg/mL of protein with a single major band on SDS-PAGE at the expected molecular
weight of 26 KD and approximate purity of 95%. An unpaired t test was conducted to
compare the kinetic parameters of freshly prepared mutant enzyme with normal HGprt (Fig.
1; Table 2). There were no significant differences between the normal and the p.arg48his
mutant in the Km for either hypoxanthine (p = 0.40) or guanine (p = 0.98). However, the
Vmax for p.arg48his was decreased by 33% for hypoxanthine (p < 0.05) and by 37% for
guanine (p < 0.002). Kinetic studies varying PRPP concentrations with saturating amounts
of hypoxanthine or guanine revealed similar small reductions in Vmax only.

The small decrease in activity of freshly prepared mutant p.arg48his enzyme contrasts with
the much larger decreases in activity obtained from cultured fibroblasts or erythrocytes
reported from clinical diagnostic testing of the patients (Table 1). One explanation for this
discrepancy is an unstable protein that loses activity more rapidly than the normal enzyme
over time. The thermal integrity of freshly prepared enzyme therefore was tested. Compared
to the normal enzyme, the p.arg48his mutant demonstrated more rapid loss of activity over
time after incubation at 37 or 55°C. After 32 h, the p.arg48his mutant displayed only 16% of
its starting activity at 37°C and undetectable activity at 55°C whereas the normal HGprt
enzyme retained 63% of its starting activity at 37°C and 53% of its activity at 55°C (Fig. 2).
These results demonstrate poor thermal stability of the p.arg48his mutant.

Discussion
Understanding how specific genetic changes correlate with clinical phenotypes is a
fundamental goal in human genetics. Genotype–phenotype correlations are important for
their prognostic value, as well as for understanding basic mechanisms of pathogenesis.
Historically, HPRT1 mutations provided one of the first models for studying genotype–
phenotype correlations (Stein and Morrison 1985; Stout and Caskey 1985). Although early
studies suggested that mutations encoding the active site of the enzyme would be associated
most closely with disease, subsequent studies demonstrated that mutations were spread
throughout the gene and upstream regulatory sequences (Jinnah et al. 2000, Jinnah et al.
2004). Presumably, mutations distant from the active site affect enzyme activity by
interfering with protein expression, stability, dimerization or by causing other deleterious
conformational changes (Duan et al. 2004). While there is no obvious correlation between
the location of gene mutations and the clinical phenotype, the predicted consequence of the
mutation does correlate with clinical phenotype (de Gemmis et al. 2010; Jinnah et al. 2000,
2004; Jurecka et al. 2008). Specifically, mutations that predict null enzyme are most often
are associated with the most severe phenotype (LND), while mutations that may permit
residual enzyme activity typically are associated with attenuated clinical phenotypes (HND
or HRH). In view of these observations, efforts to advance understanding of genotype–
phenotype correlations for HPRT1 have moved beyond the gene to the biochemical
consequences of mutations.
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Beyond genotype–phenotype correlations
In general, clinical severity appears inversely correlated with residual enzyme activity in
studies of living cell preparations that most closely mimic the natural state in vivo
(Fairbanks et al. 1987; Page et al. 1981; Puig et al. 2001). Less than 1.5% of normal enzyme
activity typically is found among patients with the most severe phenotype (LND), while
>8% activity more typically is associated with the mildest phenotype (HRH). Intermediate
activity is seen in the intermediate phenotypes (HND). These studies have provided good
evidence that HPRT1 mutations cause disease primarily through their influence on HGprt
enzyme activity, with only minor influence from other factors (Jinnah and Friedmann 2001).

On the other hand, there are individuals in which the clinical phenotype does not correlate
with apparent HGprt enzyme activity. Some individuals with the classic LND phenotype and
greater than expected residual HGprt activity have been reported (Holland et al. 1976;
Rijksen et al. 1981) as have other individuals with attenuated phenotypes and no detectable
HGprt activity (Cossu et al. 2002; Hersh et al. 1986). These discrepancies typically arise
when HGprt is measured via assays that do not replicate the natural state of the enzyme in
vivo (Jinnah et al. 2004). For example, mutations resulting in enzymes that are structurally
unstable outside of the normal cellular environment may yield unnaturally low activity when
measured via assays employing cell lysates (Bakay et al. 1979; Dancis et al. 1973; Fairbanks
et al. 1987). Similarly, mutations that reduce the affinity of HGprt towards its substrates may
result in artificially high activity when measured via assays employing substrate
concentrations that exceed physiological levels (McDonald and Kelley 1972; Zoref-Shani et
al. 2000). When cases evaluated with HGprt assays that are susceptible to artifactual results
are excluded and more naturalistic assays are considered, there is a good correlation between
residual enzyme function and clinical severity (Fairbanks et al. 1987; Page et al. 1981; Puig
et al. 2001).

Genotype–phenotype discordance and clinical ascertainment
If residual HGprt enzyme activity is the primary determinant of the clinical phenotype, then
it seems reasonable to expect that identical HPRT1 mutations will cause the same clinical
phenotype. Indeed, the majority of recurrent mutations produce a similar phenotype even in
unrelated patients, with little variability. However, there are instances of the same mutation
producing discordant phenotypes (Hladnik et al. 2008; Jinnah et al. 2010; Sarafoglou et al.
2010). These exceptions might indicate that factors other than HGprt activity can influence
the phenotype.

Any potential explanation for discordant phenotypes first must acknowledge several
limitations of clinical ascertainments. The first involves the rigor of clinical evaluations.
Subtle neurological defects frequently are missed without a formal neurological evaluation,
and cognitive impairments often elude clinical detection without neuropsychological testing.
Some of our cases would readily have been misclassified as HRH without formal
neurological and cognitive evaluation that revealed significant impairments (Table 1).

A second limitation of clinical ascertainment involves age at evaluation. Mild deficits in
motor or cognitive skills are difficult to measure in very young children, so very young
patients are prone to misclassification. These skills also change with age. A recent example
is three patients from the same family with a c.500G>T mutation. Apparent variations in
their motor skills might be attributable to comparing toddlers with adults (Sarafoglou et al.
2010). The discordant phenotype in 1 of 13 cases with the c.508C>T stop mutation provides
another example (Jinnah et al. 2000). The only boy who did not engage in self-injurious
behavior was 11 years old at the time of the report. Since self-injury can emerge later, the
original phenotypic classification might change as the patient ages.
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Another problem of clinical ascertainment involves the classification of patients. Although
they are clustered into three distinct groups for heuristic reasons, the reality is a more
continuous and graded spectrum (Jinnah et al. 2010). This spectrum means that some
patients may fall between rather than within groups. For example, there are patients with
late-onset self-injury, or whose self-injury is so mild that it is interpreted as accidental
(Jinnah et al. 2010). These patients may be misclassified as HND rather than LND. A recent
example involves the discordant phenotypes observed among five members of one family
carrying a c.485+2T>C splicing mutation (Hladnik et al. 2008). All had severe gait
disability, although four could walk with some difficulty. Only one had overt self-injury,
though it was unusually late in onset (age 20). Two suffered repeated injuries to their chins
from falls. The observation that injuries were limited to the chin raises questions regarding
whether these injuries were entirely accidental, since fall-related injuries should occur at
random sites. Similar suspicions regarding accidental versus self-injurious tendencies have
been reported for patients with multiple recurrent injuries from “bad wheelchair driving”
since such injuries are not common among other developmentally disabled people (Jinnah et
al. 2010). Thus, even the definition of self-injurious behavior sometimes falls into question.
These examples demonstrate the challenges of classifying patients with a continuously
graded spectrum of severity into specific subgroups. Thus, “discordant” phenotypes must be
judged only after careful consideration of the methods used for clinical ascertainment and
classification.

Biological mechanisms for genotype–phenotype discordance
Biological explanations for discordant phenotypes involve both genetic and non-genetic
modifiers in addition to the original HPRT1 mutation. These modifiers may act independent
from HGprt, but some may act by modifying HGprt activity itself. In fact, this mechanism
has been established for HPRT1 splicing mutations, where a major mRNA species
corresponding to HPRT1 is either absent or incorrect in size (De Gregorio et al. 2005;
Hunter et al. 1996; O'Neill et al. 1998; Torres et al. 2010). However, a small proportion of
correctly spliced transcripts may occur due to variation in the fidelity of splicing machinery.
Since splicing machinery is inherited independently from HPRT1, the proportion of normal
transcripts for HGprt and subsequent residual enzyme activity may vary among individuals
carrying the same splicing mutation. This mechanism may explain why clinical variation is
more common with splicing mutations (Hladnik et al. 2008; Jinnah et al. 2000).

Our studies of the p.arg48his mutant provide evidence for another mechanism whereby
genetic and non-genetic factors may influence the clinical phenotype through modifications
of HGprt enzyme activity. The mechanisms responsible for thermal instability of the
p.arg48his mutant are not known, but it is in an alpha-2 helix at the interface between
dimerization of the protein, where it may destabilize subunit aggregation required for
enzymatic activity. An increase in monomers that may be more prone to thermal
denaturation may affect overall enzyme stability. For a thermally unstable protein, enzyme
activity will depend on mechanisms responsible for synthesis of new protein, as well as
turnover or repair of damaged protein. Since these mechanisms are inherited independently
from HPRT1, different individuals may exhibit different levels of HGprt activity even with
the same mutation. It is interesting to speculate on potential environmental influences
mediated through modification of HGprt activity for a thermally unstable protein.
Specifically, a patient with many severe or prolonged febrile episodes may suffer more rapid
loss of a thermally unstable protein, and thereby have lower HGprt enzyme activity during a
critical period of early development. In contrast, another patient with the same mutation but
without severe or frequent febrile episodes may retain relatively higher HGprt activity and
therefore be spared the pathophysiological consequences of low HGprt activity during early
development. Thus, the physiological consequences of the same mutation may be influenced
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by childhood infections. This mechanism is not likely to be unique to the p.arg48his mutant,
as others also have described thermally unstable HGprt mutants (Snyder et al. 1984;
Uitendaal et al. 1978).

Conclusions
In general, similar clinical phenotypes result from similar mutations in the HPRT1 gene,
with relatively minor variations. This relationship between genotype and phenotype most
likely is determined by the effect the gene mutation has on residual HGprt enzyme function.
Discordant phenotypes from the same mutation may be related to limitations of clinical
ascertainment and classification, and from the fact that some mutations interact with other
biological processes to influence final HGprt enzyme activity.

These observations are important for guiding counseling regarding prognosis. A new patient
who is found to have a previously described mutation is likely to have a phenotype
resembling that associated with the previously found mutation. The prognosis for novel
mutations not previously described is more challenging, unless the mutation has a
predictable effect on enzyme function, such as an early nonsense mutation or one that alters
the reading frame to produce a null protein. Testing residual enzyme activity may therefore
be needed in some cases, provided that the method avoids artifacts associated with unnatural
conditions.
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Fig. 1.
Kinetic properties of the human HGprt enzyme. The normal enzyme is shown with solid
lines and the p.arg48his mutant with dashed lines. This is one of three representative plots
used to generate average values shown in Table 2. a, b Michelis–Menten and Lineweaver–
Burke plots for hypoxanthine; c, d similar plots for guanine. Each data point was determined
in quadruplicate, and the symbols reflect average ± SD

Sampat et al. Page 10

Hum Genet. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Thermal integrity of the human HGprt enzyme and the p.arg48his mutant. The normal
enzyme is shown with solid lines and the mutant with dashed lines after various time points
of incubation at 37 or 55°C. Each data point was determined in triplicate, and symbols depict
average ± SD
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Table 2
Apparent enzyme kinetics

Km (μM) Vmax (μM/min/mg protein)

Hypoxanthine

 Normal HGprt 5.6 ± 1.9 8.0 ± 2.1

 p.arg48his 6.8 ± 2.4 5.3 ± 1.9*

Guanine

 Normal HGprt 7.9 ± 0.5 18.0 ± 3.1

 p.arg48his 7.8 ± 2.0 11.3 ± 2.3*

Kinetic properties of the normal and p.arg48his mutant HGprt enzyme were determined from three independent assays and combined to give
average values ± SD. Asterisks denote significant differences after unpaired t tests (p < 0.05)
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