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ABsTrRACT The mutation in a young gouty male
with a partial deficiency of hypoxanthine-guanine phos-
phoribosyltransferase has been evaluated. The serum
uric acid was 11.8 mg/100 ml, and the urinary uric
acid excretion was 1,279 mg/24 h. Erythrocyte hypo-
xanthine-guanine phosphoribosyltransferase was 34.2
nmol/h/mg, adenine phosphoribosyltransferase was 36.5
nmol/h/mg and phosphoribosylpyrophosphate was 2.6
#M. Hypoxanthine-guanine phosphoribosyltransferase
from peripheral leukocytes and cultured diploid skin
fibroblasts was within the normal range, but enzyme
activity in rectal mucosa was below the normal range.

Initial velocity studies of the normal enzyme and the
mutant enzyme from erythrocytes with the substrates
hypoxanthine, guanine, or phosphoribosylpyrophosphate
showed that the Michaelis constants were similar.
Product inhibition studies distinguished the mutant en-
zyme from the normal enzyme. Hyperbolic kinetics with
increasing phosphoribosylpyrophosphate were converted
to sigmoid kinetics by 0.2 mM GMP with the mutant
enzyme but not with the normal enzyme.

The mutant erythrocyte hypoxanthine-guanine phos-
phoribosyltransferase was inactivated normally at 80°C
and had a normal half-life in the peripheral circulation.
The mol wt of 48,000 was similar to the normal enzyme
mol wt of 47,000. With isoelectric focusing, the mutant
erythrocyte enzyme had two major peaks with iso-
electric pH’s of 5.50 and 5.70, in contrast to the iso-
electric pH’s of 5.76, 5.82, and 6.02 of the normal iso-
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zymes. Isoelectric focusing of leukocyte extracts from
the patient revealed the presence of the mutant enzyme.

Cultured diploid fibroblasts from the propositus ap-
peared to function normally, as shown by the inability
to grow in 50-100 M azaguanine and by the normal
incorporation of [“C]hypoxanthine into nucleic acid.
In contrast, erythrocytes from the patient displayed
abnormal properties, including the increased synthesis
of phosphoribosylphyrophosphate and elevated func-
tional activity of orotate phosphoribosyltransferase and
orotidylic decarboxylase.

These unique kinetic, physical, and functional prop-
erties provide support for heterogeneous structural gene
mutations in partial deficiencies of hypoxanthine-gua-
nine phosphoribosyltransferase.

INTRODUCTION

Studies of the metabolic basis of the primary hyper-
uricemias have revealed many regulatory properties of
the purine pathways and provided a model for the
molecular pathology associated with inherited abnor-
malities in man (1, 2). In particular, the demonstration
of an X-linked deficiency of hypoxanthine-guanine
phosphoribosyltransferase in the Lesch-Nyhan syn-
drome and in some patients with gout has contributed
essential information on the control of purine biosyn-
thesis de novo and on the critical role of this reutiliza-
tion pathway in central nervous system function (3-8).
Structural enzyme alterations, reflecting genetic hetero-
geneity in these disorders, are expressed by abnormali-
ties of enzyme kinetic properties and physical proper-
ties (9-17).

Our studies of a patient with gout and uric acid
overexcretion have recently delineated a structural dis-
order of hypoxanthine-guanine phosphoribosyltransfer-
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ase manifested by both abnormal kinetic properties and
an altered isozyme pattern of the erythrocyte enzyme.

CASE SUMMARY

A 34-yr-old male schoolteacher of Macedonian origin first
developed episodes of acute monarticular arthritis at age
22. He had a history of renmal colic and hematuria. The
maternal grandfather was reported to have had tophaceous
gout. At the time of diagnosis the serum uric acid was
11.4 mg/100 ml, and the urine uric acid was 1,200 mg/24 h.
He was treated with 300 mg allopurinol/day for 10 yr and
became free of acute attacks of arthritis. Physical exami-
nation showed a normal man without tophi or chronic
joint changes. Blood pressure was 150/100. Central nervous
system evaluation was entirely normal.

Laboratory studies revealed a hemoglobin of 150 g/
100 ml, hematocrit of 48%, normal erythrocyte morphology,
sodium 145 meq/liter, fasting blood sugar 95 mg/100 ml,
creatinine 1.2 mg/100 ml, and creatinine clearance 105 ml/
min. On a purine-free diet his serum uric acid was 11.7
mg/100 ml, urine uric acid was 1,279 mg/24 h, and uric
acid clearance was 7.6 ml/min. On 300 mg allopurinol/day,
serum uric acid was 5.1 mg/100 ml, urine uric acid was
305 mg/24 h, and urine oxypurine was 4,408 umol/24 h.
Urine protein was 0.6 g/24 h. Roentgenograms of the chest,
hands, and feet were unremarkable.

TaBLE I
The P. Family: Serum Uric Acid and Erythrocyte
Hypoxanthine-Guanine Phorphoribosyl-
transferase Activity (HGPRT)

Urine
Erythrocyte Serum uricacid/
Relationship HGPRT uric acid creatinine
nmol/h/mg mg /100 ml
Normal 87.3+16.6% <6.0 (females)§ <0.75||
<7.0 (males)§
Propositus IV-1 34.24+6.1 (5) 11.8 0.67
Brother IV-2 78.6 7.1
Mother III-1 51.3, 51.5 5.1 0.49
Grandmother II-1 72.2 6.4%
Cousin III-4 76.4 4.3 0.47
Cousin IV-5 66.4 5.3 0.32
Cousin III-6 82.8 3.5 0.52
Cousin IV-6 77.9 4.0 0.56
Cousin IV-7 77.8 6.6 0.42
Cousin I1I-7 73.7 5.4 0.55
Cousin IV-8 72.6 7.3 0.40
Cousin III-9 84.4 5.4 0.47
Cousin IV-11 96.1 5.4
Cousin IV-12 101.4 3.8 0.54
Cousin III-11 85.9 7.4 0.45
Cousin IV-14 96.5 5.3
Cousin IV-15 96.2 4.7
Cousin III-14 70.9 5.3
Cousin IV-17 109.9 4.2
Cousin 1V-18 70.3 6.0
Cousin I1V-19 84.3 4.0
Cousin IV-20 74.5 6.2
Cousin III-15 95.8 6.2

* Patient has Waldenstrém's macroglobulinemia.
1 Normal value based on 265 patients.

§ Wyngaarden et al. (1).

|| From Kaufman et al. (59).
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The patient’s family was studied with reference to serum
urate, urinary uric acid, and erythrocyte hypoxanthine-
guanine phosphoribosyltransferase. The results are given
in Table I and Fig. 1.

METHODS

Radioactive isotopes, including [8-*C]hypoxanthine (57
wCi/umol or adjusted to 3.0 uCi/pmol with hypoxanthine),
[8-*C]adenine (54 uCi/umol or 6.5 uCi/umol), [carboxyl-
*CJorotic acid (10 uCi/umol), and [8-*C]guanine (60 nCi/
pmol or adjusted to 6 wuCi/umol with guanine), were pur-
chased from New England Nuclear, Boston, Mass. Tetra-
sodium phosphoribosylpyrophosphate (PP-ribose-P),* di-
sodium AMP, disodium GMP, disodium IMP, disodium
ribose-5-P,a-chymotrypsinogen A, ovalbumin, cytochrome ¢
(type III), and disodium ATP were obtained from Sigma
Chemical Company, St. Louis, Mo. XMP, dithiothreitol,
disodium p-nitrophenyl-P, and crystalline bovine serum
albumin were obtained from Calbiochem, San Diego, Calif.
Methylphthalate and di-n-butylphathalate came from J. T.
Baker Chemical Co., Phillipsburg, N. J. Ampholine, pH
3.5-7, was obtained from LKB Instruments Ltd. Stock-
holm, Sweden. Sephadex G-100 and blue dextran were
obtained from Pharmacia (Canada) Ltd.,, Montreal, Quebec.
All other regents were of the highest quality commercially
available.

Peripheral circulating leukocytes were obtained by sedi-
mentation in 6% dextran in 0.87% saline, lysis of erythro-
cytes in 0.58% ammonium chloride, and washing in 0.87%
saline. Peripheral circulating erythrocytes were washed
twice in 0.87% saline. The cells were stored at —70°C.
Cultured diploid fibroblasts were harvested by trypsiniza-
tion, washed in phosphate-buffered saline, and lysed by
freezing and thawing twice in acetone and dry ice. Rectal
mucosa was obtained by suction biopsy, washed in 0.87%
saline, and frozen at — 70°C. Before assay, the tissue was
manually homogenized in 1 ml of 10 mM Tris-HCl pH 7.4.

Enzyme assays were performed on extracts dialyzed for
2 h at 4°C against 1 mM Tris-HC], pH 7.4, and 0.1 mM
EDTA. Hypoxanthine-guanine phosphoribosyltransferase
and adenine phosphoribosyltransferase were assayed in
hemolysates by a previously described radiochemical tech-
nique (5). With leukocyte and fibroblast extracts, enzyme
specific activity was calculated from the sum of the nucleo-
tide and nucleoside products. PP-ribose-P synthetase was
assayed by a two-step radiochemical method (18). Erythro-
cyte acid phosphatase was measured by the rate of p-nitro-
phenol formation at optical density 410 nm from 3 mM
p-nitrophenyl-P in 50 mM sodium acetate buffer, pH 5.0,
in a total volume of 300 ul. The latter reaction was allowed
to proceed for 60 min at 37°C and was terminated by the
addition of 700 ul of 0.2 N sodium hydroxide.

Kinetic studies with hemolysate were performed with
initial velocity and product inhibition experiments. These
experiments were repeated on at least four occasions with
a different normal hemolysate for comparison. Up to 10%
of the substrate was utilized, except for the lowest con-
centrations of hypoxanthine and guanine, where up to 25%
substrate was consumed. Assays were found to be linear
with time at the concentrations of substrates and inhibitors
used in the kinetic studies. The apparent Km’s of sub-
strates were determined from double reciprocal plots. The
apparent Ki's of inhibitors were determined from plots of

* Abbreviations used in this paper: OMP, orotidine-5'-
phosphate ; PP-ribose-P, phosphoribosylpyrophosphate.
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k] Deficient HGPRT Activity
™M Hyperuricemia

[d Reliably reported

z Deceased

to have gout W, Propositus

Ficure 1 Pedigree of family with a partial deficiency of hypoxanthine-guanine phosphoribo-
syltransferase. The proband is indicated by the arrow. The dot in the upper left quadrant

indicates that no assay was performed.

inhibitor concentration versus the reciprocal of the velocity.
Hill coefficients were determined from a log-log graph
with Vm.x estimated from the plots described above. Simi-
lar kinetic studies of extracts of dialyzed cultured diploid
fibroblasts were made inaccurate by the large quantities of
5’-nucleotidase. Assays included 5 mM AMP to inhibit
this latter enzyme. The velocity of the reaction was calcu-
lated from the sum of the nucleotide and nucleoside
products.

Hypoxanthine-guanine phosphoribosyltransferase stability
was evaluated. For studies of thermal inactivation, lysed
erythrocytes were diluted 1:4 with 10 mM Tris-HCl, pH
7.4. A 50-ul aliquot was heated at 80°C for 0-8 min. 950
ul of the same buffer was added, and 50 ul was removed
for assay. Half-life in peripheral circulating erythrocytes
was evaluated by a modification of the fractionation method
of Danon and Marikovsky (19), with mixtures of dibutyl-
phthalate and dimethylphthalate with densities of 1.084,
1.088, and 1.092.

Isoelectric focusing was performed according to the
method of Vesterberg and Svensson (20), with an LKB
8100 ampholine electrofocusing column. Hemolysate 0.5 ml
was dialyzed for 16 h against 1% glycine and mixed with
0% sucrose solution. Alternatively, leukocytes were iso-
lated from 80 ml of fresh blood, lysed by freezing and
thawing, and dialyzed for 4 h against 1% glycine. A 110-ml
linear gradient from 0% to 40% sucrose was poured con-
taining 1% ampholytes, pH 3.5-7. 600 V was applied for
approximately 70 h at 4°C. The initial current was 3.5 mA,
and this decreased to 0.8 mA by 24 h. The column was
eluted from below with a Buchler multistatic pump (Buch-
ler Instruments Div., Searle Analytic Inc., Fort Lee, N. J.)
at the rate of 60 ml/h. The pH of every other fraction (1
ml) was measured at 4°C with a Radiometer 22 pH meter
with a scale expander (Radiometer Co., Copenhagen, Den-
mark). Protein was quantitated by reading the absorbance
at 280 nm with a Beckman DB-G spectrophotometer (Beck-
man Instruments, Inc., Fullerton, Calif.). Enzyme activity
was quantitated as described above.

Gel filtration was carried out at 4°C with Sephadex
G-100 on a column 60 by 1.6 cm, previously equilibrated
with 10 mM Tris-HCl, pH 74, 0.1 mM EDTA, and 0.5
mM dithiothreitol. A 1-ml sample was applied, and 1.1-ml
fractions were collected. The void volume, as quantitated
by blue dextran elution, was 39.5 ml. The column was cali-
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brated by using 5 mg/ml ovalbumin, 5 mg/ml «-chymo-
trypsinogen A, 2 mg/ml cytochrome ¢, and adenine phos-
phoribosyltransferase. 0.2 ml hemolysate was prepared for
chromatography by adding 0.8 ml of the equilibrating buffer
and centrifuging at 5,000 g for 10 min at 4°C. The super-
natant protein solution was applied to the column. Elution
of protein peaks was recorded by the absorbance at 280
nm by a LKB Uvicord II 8300 with an LKB 6520 recorder.
The column fractions were assayed for adenine and hypo-
xanthine-guanine phosphoribosyltransferase activity. The
Stokes radius for adenine phosphoribosyltransferase was
249 A (21). The distribution coefficients (Ki) were cal-
culated for the standard proteins and the normal and mu-
tant hypoxanthine-guanine phosphoribosyltransferase (22).
Standards separable from hemoglobin eluted from the col-
umn at the same volume whether they were applied alone
or mixed with diluted hemolysate.

Sucrose gradients of 13 ml were prepared according to
the method of Martin and Ames (23). Hemolysate was
diluted 1:19 with 10 mM Tris-HCl, pH 7.4, and 100 ul
of this solution was applied to the top of the gradient.
Preparative ultracentrifugation was performed with an SW-
41 rotor in a Beckman L2-65B ultracentrifuge (Beckman
Instruments, Inc., Spinco Div. Palo Alto, Calif.) at 39,000
rpm for 17 h at 4°C. The sucrose gradient was collected
into fractions of 250 ul. Hemoglobin (sz,w 4.1) and adenine
phosphoribosyltransferase (sx»,w 3.35) (21) were used as
the reference proteins and were quantitated by reading the
absorbance at 420 nm and by enzyme assay, respectively.

The apparent molecular weight of hypoxanthine-guanine
phosphoribosyltransferase was estimated from the observed
values for the Stokes radius and the sedimentation co-
efficient (22).

Serum uric acid and urine uric acid were measured by
the uricase assay (24). Urinary total oxypurines were
quantitated by an enzymatic spectrophotometric method
(25). Creatinine was measured by the method of Brod
and Sirota (26). Erythrocyte PP-ribose-P was quantitated
in fresh cells chilled immediately to 4°C by a radiochemical
method (27). Protein was estimated by the method of
Lowry et al. (28) with crystalline bovine serum albumin
as a standard. The concentrations of compounds used in
these studies were based on the description or assay pro-
vided by the manufacturer.

Diploid fibroblasts were grown in Falcon 30-ml tissue
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culture flasks (Falcon Plastics, Div. of BioQuests, Ox-
nard, Calif.) in alpha minus medium supplemented with
15% fetal calf serum. Cell strains were established from
two patients with partial hypoxanthine-guanine phosphori-
bosyltransferase and nine other patients with normal hypo-
xanthine-guanine phosphoribosyltransferase. For studies of
azaguanine resistance, cells were trypsinized and counted
in a Coulter counter (Coulter Electronics Inc., Hialeah,
Fla.), and 2X 10* cells were plated in 4-oz Sani-glas
bottles (Brockway Glass Co., Inc, Brockway, Pa.) to
begin growth studies. 8-Azaguanine in concentrations of
0, 5, 10, 50, or 100 uM was added after 24 h of culture.
Cells were fed every 2nd day and counted in duplicate in
a Coulter counter after 7 days’ growth. For studies of
[*C]lhypoxanthine incorporation into nucleic acids, cultures
were innoculated in duplicate with 1 X 10° cells and incu-
bated for 30 h in standard medium. The medium was then
aspirated from each culture and replaced by standard
medium containing 0.1 mM [*Clhypoxanthine adjusted to
0.1 uCi/uM. At the end of 3 days, the cells were harvested
by trypsinization, washed, and precipitated in 5% cold tri-
chloroacetic acid. The precipitate was collected on a 0.45
uM Millipore filter (Millipore Corp., Bedford, Mass.),
which was washed with cold 5% trichloroacetic acid and
cold water, dried, and counted in a Packard 2425 liquid
scintillation spectrometer system (Packard Instrument Co.,
Inc., Downers Grove, Ill.).

Fresh peripheral erythrocytes for in vitro studies were
collected at 4°C from the propositus and 18 normal sub-
jects and washed in 0.87% saline. 20 ul of packed erythro-
cytes were incubated in a total volume of 100 xl containing
5.5 mM glucose, 10 mM inorganic phosphate, 154 mM sa-
line, and 67 mM Tris-HCl, pH 7.4. The cell suspension
was incubated for 1 h at 37°C. PP-ribose-P formation was
quantitated by a two-step radiochemical assay (27). Al-
ternatively, the incorporation of [“C]Jorotic acid into nucleo-
tide was measured by incubation of 10 uM [*C]orotic acid

under the same conditions. The [*C]CO: released by oro-
tidylic decarboxylase was collected onto a filter paper, moist-
ened with 200 ul of hyamine, and placed in a polyethylene
well. The reaction was stopped by the addition of 200 ul of
10% trichoroacetic acid, and the mixture was incubated for
30 min longer. The filter paper was removed and counted.

RESULTS
Family study

Erythrocyte hypoxanthine-guanine phosphoribosyl-
transferase was decreased in two members of the three
generations of the family (Fig. 1, Table I). The propo-
situs had enzyme activity 39% of normal, while his
mother (III-1) had enzyme activity 59% of normal.
Her serum uric acid was 5.1 mg/100 ml, and urine
uric acid was 289 mg/24 h. No other persons assayed
had a deficient enzyme. Four other family members
(IV-2, 1I-1, IV-8, and III-11) were hyperuricemic,
but their values for the serum uric acid were below
7.5 mg/100 ml. Two of these family members (IV-8
and III-11) had uric acid-to-creatinine ratios of 0.40
and 0.45 on a spot urine. Cousin III-11 had a urine uric
acid of 401 mg/24 h. The maternal grandmother (II-1)
had a secondary hyperuricemia related to Walden-
strém’s macroglobulinemia. The maternal grandfather
had a history of tophaceous gout.

Enzyme deficiency and disordered metabolism

The propositus was found to have evidence of uric
acid overproduction, with an output of 1,279 mg/24 h
on a purine-free diet. The urine uric-acid-to-creatinine

TaBLE II
Metabolic Parameters in the Propositus and his Mother

Parameter studied Propositus Mother Normal

Urine

Uric acid, mg/24 h 1,279 289 <590%

Hypoxanthine/xanthine* 1.4 <1.0§
Erythrocyte

Adenine phosphoribosyl-

transferase, nmol/h/mg 36.5 28.8 24.446.8 (265)

PP-ribose-P synthetase,

nmol /h/mg 46.5 449 43.8+11.3 (240)

PP-ribose-P, uM 2.6 44418
Hypoxanthine-guanine

phosphoribosyltransferase

Leukocyte, nmol/h/mg 95.4 113.1 143.24:36.8 (115)

Fibroblast, nmol/h/mg 47.2 70.2+12.0 (9)

Rectal mucosa, nmol/h/mg 19.1 62.1 (36.5-89.7) (5)

Figures in parentheses indicate number of subjects.

* On allopurinol 300 mg/day.
1 From Seegmiller et al. (60).
§ From Sweetman and Nyhan (61).
|| From Fox and Kelley (62).
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ratio was 0.67. No other family member had clinical
evidence of excessive production of uric acid. In eryth-
rocytes the propositus had normal PP-ribose-P levels
of 2.6 uM, normal PP-ribose-P synthetase level of 46.5
nmol/h/mg and a modest elevation of adenine phos-
phoribosyltransferase of 36.5 nmol/h/mg.

Hypoxanthine-guanine phosphoribosyltransferase in
extracts from peripheral circulating leukocytes and cul-
tured diploid skin fibroblasts was 95.4 and 47.2 nmol/
h/mg, respectively, at the lower limits of normal
(Table II). Enzyme activity in rectal mucosa, 19.1
nmol/h/mg, was diminished as compared to the range
of normal established in five patients. The heterozygote
(I1I-1) had normal activity in leukocytes and fibro-
blasts.

Properties of the deficient erythrocyte enzyme

The presence of a partial deficiency of erythrocyte
enzyme activity that was nevertheless easy to detect
provided a unique opportunity for study. We attempted
to distinguish whether or not the abnormal quantity of
enzyme was the result of a structural gene mutation.

Ki1NETIC PROPERTIES

Initial velocity studies were performed with the three
enzyme substrates, PP-ribose-P, guanine, and hypo-
xanthine, The apparent Kw’s derived from double-re-
ciprocal plots were found to be the same for the normal
and the mutant as follows: 0.2 mM and 0.1 mM for
PP-ribose-P, 2 ¢M and 2 uM for hypoxanthine, and 2
M and 2 &M for guanine.

The effects of inhibition by GMP was evaluated with
variable PP-ribose-P concentrations (Fig. 2). With
the mutant enzyme, 0.2 mM GMP converted the hyper-
bolic kinetics to sigmoid kinetics, while this was not
the case for the normal enzyme, as has been shown
previously (29, 30). The corresponding Hill plots dem-
onstrate that GMP converted the Hill coefficient of the
mutant enzyme from 1.0 to 2.2, while the Hill co-
efficient for the normal enzyme remained unchanged.
These changes were the same when either hypoxan-
thine or guanine was used as a substrate, Linear inhibi-
tion kinetics with 0.2 mM GMP were observed with
variable hypoxanthine or guanine and a fixed saturating
concentration of PP-ribose-P. Sigmoid kinetics could
not be demonstrated with 0.2 mM GMP in extracts of
cultured diploid fibroblasts from the propositus.

Inhibition kinetics were then studied with varying
concentrations of GMP, XMP, IMP, and AMP. These
compounds differ by substitution at the 2 and 6 posi-
tions of the purine ring, The inhibitory effects of GMP
were distinctly different for the mutant enzyme. Linear
inhibitory kinetics were found for the normal enzyme
while cooperative inhibition of the mutant enzyme was

Hypoxanthine-Guanine Phosphoribosyltransferase Deficiency

A. Mutant Enzyme B. Normal Enzyme
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FiGure 2 Inhibition of hypoxanthine-guanine phosphoribo-
syltransferase by GMP. Dialyzed mutant or normal he-
molysate, 17.2 or 20.5 pg, was incubated for 20 min at
37°C with variable concentrations of PP-ribose-P without
GMP (H—N) and with 0.2 mM GMP (@—@). Other con-
ditions were as described in the Methods. The lower parts
of the figure are substrate-velocity plots of the normal
(A) and mutant (B) enzymes. The upper half of the
figure contains the corresponding Hill plots and coefficients

(n).

observed. The Hill coefficient was 2.2 for the mutant
and 0.9 for the normal enzyme, The Ios for the normal
and mutant enzymes were 0.15 mM and 0.06 mM, re-
spectively. An equal mixture of hemolysate from the
propositus with normal hemolysate resulted in the ex-
pected intermediate level of activity and linear inhibi-
tion in the presence of varying concentrations of GMP,
Under the same conditions, a mixture of normal and
mutant enzyme hemolysate of equivalent activity re-
sulted in a median level of activity and modified co-
operative inhibition, as reflected by an increase of the
Hill coefficient to 43% above the normal enzyme value,
The hemolysate from the obligate heterozygote dis-
played normal linear kinetics with GMP. The effect
of XMP was considerably less than the effect of GMP,
although cooperative kinetics were observed for mutant
as compared to the normal enzyme with the Hill co-
efficients being 1.3 and 0.9, respectively. With IMP the
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mutant and normal enzymes were both inhibited line-
arly with an apparent K: of 0.35 mM. Neither enzyme
was inhibited by AMP.

Sigmoid kinetics for the normal enzyme have been
previously reported with respect to PP-ribose-P when
Mg was 0.05 mM (31). Studies with equimolar GMP
and MgCl: (0.2 mM) were the same as the kinetics
with GMP alone. In the presence of 0.05 mM MgCle,
the kinetics for the normal and mutant enzymes were
both sigmoidal at PP-ribose-P concentrations below
0.25 mM. With the concentration of PP-ribose-P con-
stant at 0.25 mM, the apparent Km for MgCl: was 0.4
mM for the mutant and normal enzymes.

PHYSICAL PROPERTIES

Stability. Enzyme stability, as assessed by thermal
inactivation at 80°C and the activity in density-frac-
tionated peripheral circulating erythrocytes, was in-
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Ficure 3 Isoelectric focusing of hemolysate. Hemolysate
from a normal male (A) and the propositus (B) were
studied as described in Methods. pH @—@, protein O—Q,
hypoxanthine-guanine phosphoribosyltransferase B—M, ade-
nine phosphoribosyltransferase [J—[7J, and acid phospha-
tase A—A.
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distinguishable from the similar studies on the normal
enzyme.

Electrical charge. Isoelectric focusing of hemolysate
was used to assess the electrical charge properties of
the mutant hypoxanthine-guanine phosphoribosyltrans-
ferase as compared to the normal enzyme. Fig. 3A
demonstrates the results of a study on hemolysate from
a man with normal enzyme activity. The isoelectric
pH’s of the hypoxanthine-guanine phosphoribosyltrans-
ferase isozymes were 5.76, 5.82, and 6.02 with a few
minor components at pH 5.4-5.6. Adenine phosphori-
bosyltransferase had an isoelectric pH of 4.58. These
were comparable to the values reported by Arnold and
Kelley (15, 32) and Der Kaloustian et al. (33). One
acid phosphatase peak had a pl of 5.54, and PP-
ribose-P synthetase exhibited an isoelectric pH of 4.47.
Hemolysate containing the mutant enzyme was iso-
focused twice under identical conditions (Fig. 3B).
Adenine phosphoribosyltransferase, acid phosphatase,
and PP-ribose-P synthetase had the same pI as normal
hemolysate. Two major peaks of hypoxanthine-guanine
phosphoribosyltransferase were evident with isoelectric
pH’s of 5.50 and 5.70 with a shoulder at pH 54, a
distinct difference from normal. Isoelectric focusing of
the hemolysate from the patient’s mother gave a series
of major enzyme peaks with isoelectric pH’s of 5.35,
5.48, 5.58, 5.65, and 5.82. A shoulder was evident at
pH 6.0. Enzyme from a normal woman had two major
peaks, at pH 5.61 and pH 5.69, and minor components
at pH 5.31 and pH 5.95.

Isoelectric focusing of leukocyte extract was com-
parable to that of the hemolysate. In leukocytes from
a normal man the isoelectric pH’s were 4.53 for adenine
phosphoribosyltransferase and 5.88 for hypoxanthine-
guanine phosphoribosyltransferase. Isoelectric pH’s of
leukocytes from the propositus were 4.55 for an ade-
nine phosphoribosyltransferase and 5.40, 5.59, and 5.67
for hypoxanthine-guanine phosphoribosyltransferase.

The purified peaks of the mutant enzyme from hemo-
lysate were pooled separately and studied in the pres-
ence of increasing GMP concentrations. The results
were comparable to studies in hemolysate, with the
Hill coefficient being 1.5 and 1.7 for peak I (pI 5.50)
and peak IT (pI 5.70), respectively.

Apparent molecular weight. The apparent molecular
weights, as estimated from the Stokes radius and the
sedimentation coefficient, were 48,000 for the mutant
enzyme and 47,000 for the normal enzyme (Table IIT).
These observations would appear to indicate that the
human erythrocyte enzyme is composed of two subunits
of about 25,000 daltons (34-36). In the presence of
0.5 mM MgCls and GMP no alteration in Stokes radius
could be documented with either the normal or mutant
hypoxanthine-guanine phosphoribosyltransferase.
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TaBLE III

- Estimation of the Apparent Molecular Weight of Erythrocyte
Hypoxanthine-Guanine Phosphoribosyltransferase

Apparent
Stokes molecular
520,0% radius} weight
X101 s 4 daltons
Mutant 4.0 29.0 48,000
Control 3.9 29.0 47,000

* Estimated from sucrose gradient ultracentrifugation.
I Estimated from gel filtration studies.

Metabolism of intact cells

Fibroblasts. Cultured diploid fibroblasts from the
propositus, two normal subjects, and one patient with
a severe partial deficiency of hypoxanthine-guanine
phosphoribosyltransferase were grown in different con-
centrations of azaguanine. The two normal cell lines
and the fibroblasts from the propositus had substantially
decreased growth with azaguanine 50-100 xM, while
the patient with the severe deficiency was resistant to
the effect of azaguanine (Table IV).

Cultured diploid fibroblasts from the propositus, four
normal subjects, and one patient with a severe partial
deficiency of hypoxanthine-guanine phosphoribosyl-
transferase were grown in the presence of [“C]lhypo-
xanthine. The normal cell lines incorporated 0.15-0.27
wmol hypoxanthine into nucleic acid/mg protein. The
cell line from the propositus incorporated 0.21 wmol/
mg, while those from the patient with the severe de-
ficiency incorporated 0.05 umol/mg (Table V).

Erythrocytes. Fresh peripheral erythrocytes from
the propositus and normal subjects were studied for
PP-ribose-P production and [*C]Jorotic acid incorpora-
tion in vitro (Table VI). The erythrocytes from the

propositus demonstrated substantially increased produc-
tion of PP-ribose-P and elevated incorporation of [*C]-
orotic acid into pyrimidine nucleotides, as compared to
the erythrocytes with normal hypoxanthine-guanine
phosphoribosyltransferase. Increased activity of orotate
phosphoribosyltransferase and OMP decarboxylase has
been observed in erythrocytes from patients with the
Lesch-Nyhan syndrome (37).

DISCUSSION

Hypoxanthine-guanine phosphoribosyltransferase cata-
lyzes the transfer of the 5-phosphoribosyl moiety of
PP-ribose-P to the 9 position of guanine, hypoxan-
thine, or xanthine to form GMP, IMP, or XMP, re-
spectively. The enzyme is present in many tissues in
man, with the highest specific activities in brain, pla-
centa, gonads, erythrocytes, fibroblasts, and leukocytes
(6). Although the actual physiological role of the en-
zyme is unclear, it is known to have a salvage function
allowing the conservation of purine bases that might
otherwise be further degraded to uric acid (38).

Deficiency of hypoxanthine-guanine phosphoribosyl-
transferase has profound effects in man (2-8). There
is a striking overproduction of uric acid resulting in
gouty arthritis, tophi, and renal calculi. Central ner-
vous system dysfunction, including self-mutilation, cho-
reo-athetosis, spasticity, and mental retardation, has
been associated in variable degrees with this enzyme
deficiency. The severest forms of these abnormalities
are associated with a complete deficiency of hypoxan-
thine-guanine phosphoribosyltransferase in erythrocytes
(5) and have been described as an X-linked, recessive
syndrome by Lesch and Nyhan (3). Partial deficiencies
of this enzyme with only mild or no neurological dis-
ease were later observed by Kelley et al. as an X-
linked disorder (39). The patient described in this
article and patients described by others (13, 40-43)
fit into this latter category.

TaBLE IV
Evaluation of Azaguanine Resistance in Cultured Diploid Fibroblasts
Azaguanine
Cell
line HGPRT 0 xM 5 uM 10 uM 50 uM 100 pM
cells X 104
Ns Normal 25.3 61.4 67.0 5.7 1.9
N, Normal - 24.2 18.2 17.0 1.5 0.7
D, Severe deficiency 23.9 34.5 34.0 52.2 39.5
D* Normal 25.6 27.0 28.7 4.1 1.0

Fibroblasts, 2 X 10* cells/medium, were plated and grown in increasing concentrations

of azaguanine as described in methods.

* D, is the cell line derived from the propositus’ hypoxanthine-guanine phospho-

ribosyltransferase (HGPRT).
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TABLE V

Incorporation of [MC]Hypoxanthine in.o Nucleic
Acids by Fibroblast Strains

Hypoxanthine-guanine

phosphoribosyl- Hypoxanthine

Cell strain transferase incorporation
wmol /mg
protein
N Normal 0.27
N, Normal 0.15
D; Normal 0.27
Ds Normal 0.17
D, Severe deficiency 0.05
D, (Propositus) Normal 0.21

N and D denote different cell lines in our laboratory.

Structural alterations of hypoxanthine-guanine phos-
phoribosyltransferase mutants have been described in
circulating erythrocytes (10-17) and cultured cells (9,
44-47). These observations provide evidence that the
mutations are on the structural gene coding for the
enzyme, although the possibility of a regulator gene mu-
tation has recently been suggested (48). The mutant
enzyme studied in this report had two characteristics
that distinguished it from the normal enzyme. Firstly,
in hemolysate it was kinetically different by its ab-
normal sensitivity to inhibition by GMP. GMP was an
allosteric inhibitor of the mutant enzyme and converted
the hyperbolic kinetics with increasing PP-ribose-P
concentrations to sigmoid kinetics. Altered kinetic prop-
erties of mutant enzymes have been previously de-
scribed as substrate Km and feedback inhibitor abnor-
malities (10, 14, 16,- 17). Secondly, these kinetic ab-

TaBLE VI
Selected Studies of Purine and Pyrimidine Metabolism
in Intact Erythrocytes

Incorpora-
PP-ribose-P tion of
Subject production Subject orotic acid
nmol [k /ml [CH]CO:
~nmol /h/mi
Propositus 48.0, 45.5 Propositus 214, 220
A 27.8 I 9.6
B 20.7 J 7.9
C 11.2 K 9.0
D 30.0 L 9.7
E 22.7 M 10.3
F 10.7 N 9.9
G 26.2 (o] 13.2
H 27.5 P 8.4
Q 6.6
R 5.8
Mean of nermals 22.1 9.0
+SD +7.5 +2.1
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normalities were accompanied by a discernible charge
difference of the mutant enzyme protein from erythro-
cytes and leukocytes. The normal enzyme has been
shown to have three isozymes (32, 33) on the basis of
a nongenetic alteration of the enzyme protein (15).
Multiple molecular forms have also been described in
mouse and human cultured cell extracts (49). In this
study the mutant enzyme from the patient had an ab-
normal isozyme pattern by isoelectric focusing, while
the enzyme from the patient’s mother appeared to have
a series of isozymes that included the mutant and
normal forms.

The complete deficiency of hypoxanthine-guanine
phosphoribosyltransferase has been found in the brain,
liver, fibroblasts, and erythrocytes (6). A discrepency
between erythrocyte and leukocyte activity in one study
has been attributed to enzyme lability in the absence of
protein synthesis in the former (50). This hypothesis
may not completely explain the discrepancy, since no
correlation has been found between enzyme heat sta-
bility in vitro and enzyme degradation rates in vivo in
a series of cell lines with mutant hypoxanthine-guanine
phosphoribosyltransferase (51). Molecules of mutant
hypoxanthine-guanine phosphoribosyltransferase are de-
graded much faster than the normal enzyme in mam-
malian cells (51). Therefore, the level of mutant en-
zyme specific activity of a particular tissue may be
dependent upon the relative balance of synthesis and
degradation of the mutant protein. In the patient evalu-
ated, hypoxanthine-guanine phosphoribosyltransferase
was partially deficient in erythrocytes and rectal mucosa
but was normal in leukocytes and cultured diploid fibro-
blasts. The enzyme deficiency in erythrocytes was asso-
ciated with increased synthesis of PP-ribose-P and in-
creased functional activity of orotate phosphoribosyl-
transferase and orotidylic decarboxylase. In spite of a
normal specific activity in leukocytes, the mutant en-
zyme was demonstrated by its abnormal electrical
charge. The normal enzyme activity in fibroblasts was
associated with sensitivity to growth in increasing con-
centrations of azaguanine and normal incorporation of
hypoxanthine into nucleic acid. In contrast, intact
fibroblasts from another patient with a more severe
partial deficiency of hypoxanthine-guanine phosphori-
bosyltransferase had reduced enzyme function, as shown
by resistance to the toxic effect of azaguanine and by
a diminished incorporation of hypoxanthine into nu-
cleic acid. Azaguanine is known to select for deficien-
cies of this enzyme and related disorders (44, 47, 52—
55).

Other biological implications of these combined struc-
tural and functional alterations of the hypoxanthine-
guanine phosphoribosyltransferase should be considered.
(a) The different inhibitory properties of purine nu-
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cleoside monophosphates substituted at the 2 and 6
positions (GMP and XMP) as compared to the 6-sub-
stituted compounds (IMP and AMP) suggest that the
mutant enzyme may be altered near the binding site for
the former compounds. (b) The presence of normal
intracellular PP-ribose-P levels and increased synthesis
of this compound in the erythrocytes of the propositus
demonstrates a more subtle abnormality of PP-ribose-P
metabolism. Increased turnover of this compound has
been described in the erythrocytes from gouty patients
(56) and has been associated with overproduction of
uric acid (57). A direct inverse relationship between
enzyme deficiency and erythrocyte PP-ribose-P levels
has been demonstrated (58) and accounts for the nor-
mal concentration of this compound in the erythrocytes
from the propositus. (¢) Neurological disorders and
erythrocyte enzyme specific activities are associated
only poorly. A spinocerebellar syndrome, mental de-
ficiency spasticity, and choreo-athetosis have been ob-
served with erythrocyte hypoxanthine-guanine phos-
phoribosyltransferase activity as high as 5-119% of
normal with hypoxanthine as a substrate and 1-29, of
normal with guanine as a substrate (39, 43). Neuro-
logical disease has not been reported with erythrocyte
enzyme activity above these values. However, a num-
ber of patients have been described with normal central
nervous system function and less than 19 of normal
activity (39-43, 50). Accordingly, our patient would
not be expected to have neurological abnormalities.
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