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Abstract

The genetic and functional basis of phosphoribosylpyro-
phosphate synthetase (PRS) superactivity associated with
purine nucleotide inhibitor-resistance was studied in six
families with this X chromosome-linked purine metabolic
and neurodevelopmental disorder. Cloning and sequencing
of PRS1 and PRS2 cDNAs, derived from fibroblast total
RNA of affected male patients by reverse transcription and
PCR amplification, demonstrated that each PRS1 cDNA
contained a distinctive single base substitution predicting a
corresponding amino acid substitution in the PRS1 isoform.
Overall, the array of substitutions encompassed a substan-
tial portion of the translated sequence of PRS1 cDNA. Plas-
mid-mediated expression of variant PRS1 ¢cDNAs in Esche-
richia coli BL21 (DE3/pLysS) yielded recombinant mutant
PRS1s, which, in each case, displayed a pattern and magni-
tude of purine nucleoside diphosphate inhibitor-resistance
comparable to that found in cells of the respective patient.
Kinetic analysis of recombinant mutant PRS1s showed that
widely dispersed point mutations in the X chromosome-
linked PRPSI gene encoding the PRS1 isoform result in
alteration of the allosteric mechanisms regulating both en-
zyme inhibition by purine nucleotides and activation by in-
organic phosphate. The functional consequences of these
mutations provide a tenable basis for the enhanced produc-
tion of phosphoribosylpyrophosphate, purine nucleotides,
and uric acid that are the biochemical hallmarks of PRS
superactivity. (J. Clin. Invest. 1995. 96:2133-2141.) Key
words: gout ¢ point mutation ¢ purine-pyrimidine metabo-
lism, inborn errors ¢ allosteric regulation ¢ ribosephosphate
pyrophosphokinase

Introduction

Phosphoribosylpyrophosphate (PRPP)’ is a substrate in and an
allosteric regulator of the synthesis of purine and pyrimidine
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nucleotides (1). Synthesis of PRPP from ATP and Rib-5-P is
catalyzed by PRPP synthetase (PRS; EC 2.7.6.1) in a reaction
requiring inorganic phosphate (Pi) and Mg?* both as cofactors
and as activators(2—4). PRS activity is inhibited by purine,
pyrimidine, and pyridine nucleotide products of the multiple
pathways of PRPP utilization as well as by the products of the
PRS reaction and certain additional phosphorylated compounds
(1, 4) and synthetic nucleotide analogs (5, 6).

PRS superactivity is an X chromosome-linked purine meta-
bolic defect in humans (7), characterized by gout and uric
acid overproduction (8) resulting from accelerated synthesis of
PRPP and purine nucleotides (9, 10). Kinetic defects underly-
ing PRS superactivity include: (a) regulatory defects character-
ized by purine nucleotide inhibitor-resistance, sometimes asso-
ciated with increased apparent affinity of PRS for Pi (9, 11—
14); (b) catalytic defects in which maximal reaction velocity
is increased but substrate and activator affinities and inhibitor
responsiveness are normal (15-19); (¢) combined regulatory
and catalytic defects (20, 21); and (d) increased affinity for
the substrate Rib-5-P (22). Although regulatory defects com-
prise all or a part of the kinetic aberrations resulting in PRS
superactivity in only 6 of the nearly 30 affected families studied
in detail, infantile or childhood onset and neurodevelopmental
impairment accompany hyperuricemia and gout in five of these
families (12, 13, 20, 23), but are rare in families with other
defects (17, 24). Our aims were to define and characterize
specific genetic aberrations leading to PRS superactivity with
regulatory defects and to apply the resulting information to an
understanding of the determinants of expression of PRS activity.

Prior studies (25, 26) have identified two X chromosomal
loci (PRPSI and PRPS2) encoding highly homologous PRS
cDNAs (PRS1 and PRS2 cDNAs, respectively, which have
81% nucleotide identity in the 954-bp translated regions) and
PRS proteins (95% predicted amino acid identity) (27, 28).
Human PRPS genes each encompass ~ 35-kb of DNA and
contain seven exons (Becker, M.A., unpublished data) and
proximal S5'-untranscribed sequence consistent with a
housekeeping function (29). PRPSI maps to the interval Xq22-
q24 and PRPS?2 to Xp22.2-p22.3 (26). Although there are tis-
sue-specific differences in expression of PRS1 and PRS2 tran-
scripts (30) and in the kinetic and physical properties of PRS1
and PRS2 isoforms (31), little is known about the functional
significance of these differences in vivo.

Cloning and sequencing of PRS1 and PRS2 cDNAs derived
from two unrelated affected hemizygous male children estab-
lished that the genetic basis of PRS superactivity associated
with purine nucleotide inhibitor resistance in some families at
least is point mutation in the PRPSI gene (32). We have now
extended the analysis of X chromosome—encoded PRS cDNAs
and their respective isoforms to all six families with regulatory
defects in PRS activity. In each affected family, a distinctive
point mutation in the translated region of the PRPSI gene has
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been identified, and the respective mutant PRS1 isoforms have
been expressed in Escherichia coli and compared to recombi-
nant normal PRS1 with regard to enzymatic and physical prop-
erties. Our studies show that amino acid substitutions over a
fairly wide stretch of PRS1 subunit primary structure result in
alteration of the allosteric regulatory properties of the enzyme,
notably affecting both purine nucleotide inhibitory and Pi acti-
vating mechanisms.

Methods

Cell lines. Fibroblast strains were initiated and propagated from skin
biopsies obtained from four normal individuals and from six unrelated
hemizygous male patients with PRS superactivity associated with im-
paired purine nucleotide inhibitor responsiveness (9, 12, 13, 20), includ-
ing patients NB and SM whose PRS ¢cDNAs have previously been
studied (32). Cultures were grown in monolayer in Eagle’s MEM sup-
plemented with 10% FBS, 2 mM L-glutamine, and nonessential amino
acids. Cells were studied when cultures had reached late log phase and
were lightly confluent. Cell monolayers were washed twice in serum-
free medium before extraction of total RNA for reverse transcription
and PRS cDNA amplification. To prepare cell-free extracts
for PRS activity assay or protein analysis, cultures were rinsed three
times in serum-free medium before treatment with trypsin-EDTA, as
described (20).

RNA isolation and PCR amplification of PRS cDNA. Total cellular
RNA was isolated from 3 to 5 X 107 fibroblasts (33), and PCR amplifi-
cation of PRS ¢cDNA was accomplished as described (32). Briefly,
reverse transcription of RNA into cDNA was primed with a PRS1- or
PRS2-specific antisense primer, and a portion of the incubation mixture
was diluted and subjected to amplification of PRS cDNAs in PCRs
catalyzed by Tagl DNA polymerase (34) and primed with appropriate
oligodeoxynucleotide primer pairs corresponding to the respective 5'-
and 3’-untranslated sequences of normal human PRS1 and PRS2 cDNAs
(32). By this approach, the entire translated regions of the PRS1 and
PRS2 cDNAs were amplified for the initial sequencing and cloning
studies described below.

Sequencing. Sequencing of amplified PRS1 and PRS2 cDNAs was
carried out directly from PCR mixtures by means of a modification of the
dideoxynucleotide chain termination method (34, 35). The translated
regions of both strands of PRS1 and PRS2 cDNAs were fully sequenced
using both the amplification primers and series of PRS consensus se-
quencing primers that hybridized to PRS1 and PRS2 coding sequences
internal to the PCR amplification primers (32). In subsequent sequenc-
ing experiments confirming the fidelity and orientation of PRS1 cDNA
sequences in the plasmid pSPRBS expression vector, internal PRS se-
quencing primers as well as appropriate plasmid primer sequences were
utilized to sequence both strands of the PRS1 cDNAs, and standard
dideoxynucleotide sequencing was used (34).

Expression of normal and mutant PRSI cDNAs. A standardized
method of preparation of PRS1 cDNAs for expression, differing from
previous procedures (32), was developed. A portion of each PRS1 PCR
amplification mixture, prepared as described above, served as template
for a second round of 30 cycles of PCR utilizing a nested pair of primers
that incorporated EcoRI (sense strand) and Xhol (antisense strand)
restriction sites into the sequence of PRS1 cDNA immediately upstream
to the 5' translation initiation codon and 44-bp downstream of the 3’
termination codon, respectively. Primer sequences were: 5'GTTGGA-
ATTCATGCCGAATATCAAAATCTTCAGCGG3'; and 5'GCTACA-
CTCGAGCAAGCCGGGTC3'. Products of the second amplification
reactions were digested with EcoRI and Xhol and cloned into the corre-
sponding restriction sites in the multiple cloning region of pSPRBS
(32), a previously described plasmid expression vector derivative of
pSP72 containing a ribosomal binding site immediately upstream of the
EcoRlI restriction site and downstream of the T7 phage RNA polymerase
promoter (36). Recombinant plasmids bearing normal or mutant human
PRS1 cDNA-translated sequences were then used to transform E. coli
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strain DHSa, and bacterial colonies surviving growth on ampicillin
were screened for the presence of the recombinant vector by restriction
analysis and by sequencing of the human PRS1 cDNA translated and
adjacent regions.

Once correct orientation and, where appropriate, the presence of
the respective mutation in the PRS1 cDNA were verified by dideoxy
sequencing, the plasmid was used to transform E. coli BL21 (DE3/
pLysS), a strain lysogenized with DE3 phage bearing the T7 RNA
polymerase gene under the control of the isopropylthiogalactoside
(IPTG)-inducible lac UV5 promoter (37). Bacterial colonies surviving
growth on ZB plates (36) containing ampicillin and chloramphenicol
were incubated in ZB/M9 medium (36) in the presence of antibiotics
and were grown at 37°C to an absorbance of 0.4 at 600 nm before
addition of 0.4 mM IPTG and 2 h of additional incubation. Bacterial
cells were harvested, resuspended in a lysis buffer, and disrupted, all
as previously described (31). After centrifugation at 10,000 X g for
10 min, samples of the supernatant layers of the cell extracts were
electrophoresed on 12% SDS-PAGE slab gels (38) and on 4.5% poly-
acrylamide-9.2 M urea isoelectric focusing (IEF) gels (39) and were
assayed for PRS activities and kinetic properties. In certain instances,
recombinant PRSIs were purified to near homogeneity as previously
described (31).

SDS-PAGE gels were analyzed by staining with 0.1% Coomassie
brilliant blue, or, alternatively, subjected to electrotransfer of proteins to
polyvinylidenedifluoride (PVDF) membranes for immunoblot analysis
(31) utilizing the IgG fraction of the serum of rabbits immunized with
highly purified human erythrocyte PRS (15). IEF gels contained 0.6
ml of ampholytes (0.1 ml pH 5-8; 0.1 ml pH 6-7; 0.4 ml pH 3.5-10)
per 10 ml gel solution. Upon completion of electrophoresis, portions of
IEF gels were subjected to staining with Coomassie blue, immunoblot-
ting with rabbit PRS antiserum, and fractionation for verification of the
pH gradient of the gel.

PRS assays were performed by a two-step procedure previously
described (15), except that the pH of the first step reaction mixture was
adjusted to 8.0 and dilutions of the bacterial extract supernatant layers
were in lysis buffer containing 50 mM Tris-HCI1 (pH 8.0), an appro-
priate sodium Pi concentration, and 1 mg/ml BSA (32). Recombinant
human PRS1s in bacterial cell extracts were analyzed with regard to
affinity for substrates (15), Pi activation (13), and inhibition by ADP
and GDP (32, 40). In all studies of the kinetics of recombinant PRS1s,
controls for bacterial PRS activities were included, utilizing extracts of
bacterial cells transformed with pSPRBS devoid of a human PRS1
cDNA. Substrate affinity and nucleotide inhibitor studies were carried
out at 1.0 mM Pi, a concentration at which E. coli PRS activity is
virtually undetectable (32). At each Pi concentration tested in the Pi
activation studies, bacterial PRS activity was < 2% of the total PRS
activity measured in bacterial cells transformed with a vector containing
a human PRS1 c¢DNA. Protein concentrations of cell extracts were
measured by the method of Lowry et al. (41), with BSA as standard.
Specific activities of PRS are expressed as units (micromoles of PRPP
formed per min) per milligram of protein.

Results

PRSI and PRS2 cDNA sequences. The entire translated se-
quences of PRS1 and PRS2 cDNAs from normal individuals
and each of the six unrelated male patients were directly ascer-
tained from PCR pools after reverse transcription of total fibro-
blast RNA and 30 cycles of cDNA amplification primed by
appropriate PRS1- and PRS2-specific amplification primers. All
normal and patient PRS2 cDNA sequences were identical
throughout the translated region. However, the PRS1 cDNA
sequence derived from each of the six affected patients differed
from the others and from normal PRS1 cDNA sequence by a
single base substitution, predicting replacement of the corre-
sponding amino acid residue of normal PRS1 with a different



Table 1. Mutations in PRSI in Patients with PRS Superactivity
and Purine Nucleotide Inhibitor Resistance

Base Type of Deduced amino
Patient Substitution mutation acid replacement
0oG G154-C Transversion Asp51 — His
NB A341-G Transition Asnl13 — Ser
RD C385—A Transversion Leul28 — Ile
SM G547-C Transversion Aspl82 — His
AL C569-T Transition Alal89 — Val
VRG C579-G Transversion His192 — Gin

As described in Methods, the entire translated regions of PRS1 cDNAs,
prepared by PCR amplification from the total RNA of normal and patient
fibroblasts, were sequenced and compared. A unique base substitution
relative to normal PRS1 cDNA was demonstrated in each patient-de-
rived PRS1 cDNA on at least two occasions. The substitutions indicated
for SM and NB PRS1 cDNAs agree with those previously described
(32). Nucleotides are numbered relative to the A residue of the ATG
initiation codon. In mature PRS1, NH,-terminal Met has been removed.
As a consequence, amino acid residues are numbered relative to the
NH,-terminal Pro residue corresponding to nucleotides 4—6.

amino acid residue (Table I). Each altered PRS1 cDNA se-
quence was confirmed on both strands of the respective cDNA.
RNA isolation, reverse transcription, amplification, and se-
quencing of PRS1 and PRS2 c¢cDNAs derived from the fibro-
blasts of each patient and control were carried out on at least
two occasions, and the identical base substitution was identified
in the respective patient-derived PRS1 cDNA on all occasions.
In addition to confirmation of an A to G transition at nucleotide
position 341 in patient NB PRS1 cDNA and a G to C transver-
sion at nucleotide position 547 in patient SM PRS1 cDNA (32),
new base substitutions (three transversions and one transition)
were demonstrated in the PRS1 cDNAs of the other four patients
by this approach.

Open reading frames of 954 bp from the ATG translation
initiation codon to the TTA codon preceding the chain termina-
tion TAA signal were demonstrated for all normal- and patient-
derived PRS1 cDNAs. Specifically, no deletions, additions,
frameshifts or premature chain termination signals were de-
tected, so that PRS1 cDNA sequencing predicted mature poly-
peptides of 317 amino acid residues (NH,-terminal Met
cleaved) and molecular masses of ~ 34.7 kD for all mature
PRSIs.

The single amino acid residue changes in PRS1 primary
structure predicted from the nucleobase substitutions in PRS1
cDNAs (Table I) ranged from conservative replacements (for
example, Ile for Leu in patient RD PRS1) to those resulting in
the substitution of a basic residue (His) for an acidic amino
acid (Asp) in both patients SM and OG PRS1s. Moreover, the
predicted amino acid substitutions encompassed a region nearly
half the length of the 317 amino acid sequence of the PRS1
polypeptide, extending from the Asp51His substitution in pa-
tient OG PRS1 to the His192GIn replacement predicted for
VRG PRS1.

Expression of recombinant normal and patient-derived
PRS1 isoforms. To establish the relationship between the single
base substitutions identified in the patient-derived PRS1 cDNAs
and the aberrant kinetic properties of the respective PRSs pre-
viously detected in cultured cells from the affected individuals,

Genetic Basis of Phosphoribosylpyrophosphate Synthase Superactivity

normal and patient PRS1 cDNAs were cloned into pSPRBS.
After the sequences of both strands of the cloned cDNAs were
confirmed, the plasmid and recombinant derivatives were used
to transform E. coli BL 21 (DE3/pLysS) (Recombinant plas-
mids bearing human PRS1 cDNA translated sequences are de-
noted pSPRS1 with a suffix indicating the human PRS1 cDNA
incorporated.) Under conditions of induction with IPTG, normal
and mutant PRS1 cDNAs were expressed at high levels in the
bacterial strain, with recombinant human PRS1 representing 3
to 12% of total bacterial cell extract protein as assessed by
PRS1 specific activity (31) and the results of SDS-PAGE and
immunoblot analyses (Fig. 1). In contrast to extracts of bacte-
rial cells transformed with pSPRBS alone, extracts of cells
transformed with vector containing a normal or patient-derived
PRS1 cDNA (except patient OG PRS1 cDNA ) showed a promi-
nent protein corresponding to 34.5 kD on SDS-PAGE gels
stained with Coomassie blue (Fig. 1 A). The identity of this
protein as recombinant human PRS1 was confirmed by immu-
noblotting, which showed that the IgG fraction of serum from
rabbits immunized to purified human PRS reacted with the 34.5-
kD protein (Fig. 1 B), but unimmunized rabbit IgG did not
(not shown). The findings for recombinant PRS1 are in good
agreement with the molecular mass of the normal human PRS1
isoform subunit predicted from the cDNA sequence (34.7 kD)
(27) and estimated for the human erythrocyte PRS subunit by
physical methods (34.5 kD) (3).

Expression of one of the six mutant PRS1 cDNAs (patient
OG PRS1 cDNA) consistently resulted in production of a re-
combinant protein displaying PRS1 enzymatic activity and im-
munoreactivity but with reduced apparent molecular mass
(~ 33.8 kD) (Fig. 1) despite the normal length of patient OG
PRS1 cDNA. The apparently smaller recombinant patient OG
PRS1 was also identifiable when patient OG PRS1 cDNA-trans-
formed E. coli cells were pelleted immediately after IPTG in-
duction and were extracted with boiling SDS-PAGE sample
buffer and when patient OG fibroblasts were subjected to the
same treatment. These findings could reflect either aberrant mo-
bility of an intact PRS1 isoform under denaturing conditions or
a proteolytic cleavage event not shared with normal and other
mutant PRS1 isoforms. In either case, the point mutation re-
sulting in a substitution of His for Asp at PRSI residue 51
seems likely to be a key determinant of this finding. When
patient OG PRS1 was purified to > 90% homogeneity and was
subjected to gas phase protein sequencing, the NH,-terminal 20
residues of patient OG PRS1 were identical to those of normal
PRS1 (27, 31), dismissing NH,-terminal cleavage as the basis
of the reduced apparent molecular mass of patient OG PRS1.

Immunoblot analysis was applied to recombinant PRS1s in
bacterial cell expression extracts or to purified recombinant
PRSI preparations after electrophoresis on polyacrylamide-urea
IEF gels (Fig. 2). In this system, recombinant normal PRS1
was identifiable as a doublet, the two bands showing pls of
~ 6.8 (rat and human PRS1s are identical in amino acid se-
quence (27, 42); nevertheless, different pIs have been reported
for recombinant rat (42) and human (31) PRS1s. Both values
are substantially lower than that determined for the recombinant
normal PRS1 in this study, which, in turn, agrees closely with
the pI of PRS1 (6.8), predicted from the amino acid sequence.)
A doublet of identical mobility was detectable in crude extracts
of cultured normal human fibroblasts. In the latter case, how-
ever, PRS1 bands were accompanied by additional bands corre-
sponding in mobility to those of purified recombinant normal
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Figure 1. SDS-PAGE analysis by protein staining (A ) and immunoblot-
ting (B) of supernatant fractions of crude extracts from E. coli BL21
(DE3/pLysS) transformed with the indicated constructs and induced
for 2 h with 0.4 mM IPTG, as described in Methods. Locations of
molecular mass standards are indicated. (A) Lane I, pSPRS1-N1 (nor-
mal); lane 2, pSPRS1-SM1; lane 3, pSPRS1-NBI; lane 4, pSPRS1-N2
(normal); lane 5, pSPRS1-HB1 (PRS1 cDNA derived from a patient
with catalytic PRS superactivity ); lane 6, pSPRS1-VRG1; lane 7,
pSPRS1-RD1; lane 8, pSPRS1-ALLI; lane 9, pSPRS1-OG1; lane 10,
pSPRBS. Each lane contained 30 ug of crude extract protein, and pro-
teins were stained with 0.1% Coomassie brilliant blue. The arrow indi-
cates location of a protein band at 34.5 kD, appearing in extracts of
pSPRS1-transformed cells (lanes 1-8) but not in extracts of pSPRBS-
transformed cells. Although the 34.5-kD band is not seen in lane 9, a
band of with slightly increased mobility and greater intensity than in
corresponding regions of the other lanes is present at ~ 33.8 kD. (B)
Lane 1, pSPRBS; lane 2, purified recombinant normal PRS1 (20 ng);
lane 3, pSPRS1-N1; lane 4, pSPRS1-SM1; lane 5, pSPRS1-NB1; lane
6, pSPRS1-AL1; lane 7, pSPRS1-RD1; lane 8, pSPRS1-VRGI,; lane 9,
pSPRS1-OG1; lane 10, pSPRS1-HB1. Lanes other than lane 2 contained
1-3 pg of crude extract protein. After electrophoretic separation, pro-
teins were electroblotted onto a PVDF membrane, which was incubated
with rabbit anti-human PRS IgG (15) and then horseradish peroxidase-
linked donkey anti—rabbit Ig (Amersham Life Science). The membrane
was washed, immersed in ECL Western Blot detection reagent (Amer-
sham Life Science, Arlington Heights, IL) and exposed to x-ray film
for 30 s. A specific immunoreactive band (34.5 kD) with electrophoretic
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Figure 2. Immunoblot
analysis of supernatant
fractions of crude ex-
tracts from E. coli BL21
(DE3/pLysS)
transformed with the in-
dicated plasmid con-
structs and induced for 2
h with 0.4 mM IPTG, as
described in Methods.
After electrophoresis of
cell extract samples
(1.5-4.0 pg of protein) on a polyacrylamide-urea IEF gel and electro-
transfer of protein to a PVDF membrane, immunoblotting was carried
out, as described in Fig. 1 except that exposure to x-ray film was for 5
s. Lane /, purified recombinant PRS1 (60 ng); lane 2, purified recombi-
nant PRS2 (60 ng) (34); lane 3, pSPRS1-N1; lane 4, pSPRS1-SM1;
lane 5, pSPRS1-NB1; lane 6, pSPRS1-AL1; lane 7, pSPRS1-RD1; lane
8, pSPRS1-VRGI; lane 9, pSPRS1-OG1. Normal PRS1 migrates as a
doublet of immunoreactive bands with pls near 6.8. Additional weakly
immunoreactive bands that migrate with more acidic pls are visible in
some lanes but are detectable in all extracts of cells transformed with
pSPRS1-containing vectors when sample protein concentration is in-
creased. pH values corresponding to regions of the IEF gel after electro-
phoresis are indicated.

1234567829
7.0—

-

-
6.8— -
6.6—
6.4—

human PRS2 with which the PRS antibodies cross react (31).
Although recombinant normal, NB, AL, and RD PRS1s showed
bands of identical mobility on isoelectric focusing gels, altered
mobility was shown by the PRS1s from the other three affected
patients (Fig. 2). Both recombinant PRS1 bands from patients
SM and OG showed reduced (more basic) isoelectric mobility,
with the OG PRS1 bands retarded slightly more than those of
SM PRS1. These variant PRS1s have the same amino acid
substitution (His for Asp) at different residues, so that the dif-
ferential effect of this substitution on the isoelectric points of
the respective PRS1s may be a consequence of the mechanism
responsible for the reduced apparent molecular mass of OG
PRS1. In addition, recombinant VRG PRS1 bands showed
slightly increased mobility on isoelectric focusing gel indicative
of a more acidic pl for this variant PRS1, consistent with the
replacement of His by Gln at amino acid residue 192.

Kinetic properties of recombinant mutant PRSIs.Kinetic
features of the PRS reaction catalyzed by recombinant PRS1s
in bacterial cell expression extracts are summarized in Tables
II and III. Michaelis constants for the substrates Rib-5-P and
MgATP were similar for all recombinant normal and mutant
PRS1s (Table II), and double reciprocal plots for substrate
saturation were linear. In contrast, all patient-derived recombi-
nant PRS1s were resistant to inhibition of activity by ADP (Fig.
3 A) and, especially, by GDP (Fig. 3 B), as determined by
measurement of inhibitory constants Is (Table III). There

mobility of purified recombinant normal PRS1 (lane 2) is seen in all
lanes (except lane 9) corresponding to extracts of cells transformed
with pSPRS1-containing vectors. No specific immunoreactive band is
seen in the extract of pSPRBS-transformed cells (lane ). A single
immunoreactive band (33.8 kD) is seen in lane 9, representing an extract
of cells transformed with pSPRS1-OG1. In an identical immunoblotting
procedure in which normal (unimmunized) rabbit IgG replaced rabbit
anti-human PRS IgG, no specific immunoreactive bands were seen.



Table II. Kinetic Constants for the PRS1 Reaction Catalyzed by
Normal and Mutant rPRSI1s

K, for: Activation constants for Pi
Recombinant
PRS1 ATP Rib-5-P K, ny
uM mM

Normal* 23+3 54+5 0.88+0.1 3.1+0.3
0G 20 52 0.26 23
NB 28 56 0.32 2.1
RD 26 49 0.15 1.7
SM 19 51 0.14 2.1
AL 22 55 0.13 2.1
VRG 21 50 <0.10% —

Normal and mutant rPRS1s in bacterial expression extracts were diluted
in a stabilization buffer at pH 8.0, containing: 50 mM Tris-HCI; 0.3
mM ATP; 1 mM DTT; 6 mM MgCl,; 1 mM EDTA; 0.1 mM PMSF;
and 1 mg/ml BSA. When the K,, for ATP was studied, ATP concentra-
tion in the stabilization buffer was 0.03 mM, and final ATP concentration
was varied in the reaction mixture from 7.5 to 100 uM, with Rib-5-P
concentration at 350 uM. When the K, for Rib-5-P was studied, Rib-
5-P concentration was varied from 0 to 200 uM, with ATP concentration
at 500 uM. In both studies, Pi concentration was 1.0 mM. Pi activation
was tested over a range of Pi concentrations from 0.025 to 8.0 mM,
with ATP and Rib-5-P concentrations of 500 and 350 uM, respectively.
* Hill coefficient; * Values for normal rPRS1 are the average+1SD of
three determinations each for normal rPRS1s from three normal individ-
uals. All other values represent the means of at least three determinations
on separate occasions, with agreement to within 15 percent. ! K, value
of VRG rPRS1 for Pi is provisional, because only one point below the
K, could be measured. rPRS1, recombinant PRS1.

Table III. Inhibition of Normal and Mutant rPRSI and Fibroblast
Total PRS Activities by ADP and GDP

I s for:

Source ADP GDP

of PRS

activity rPRS1 Fibroblast PRS rPRS1 Fibroblast PRS

uM

Normal 21 31 52 74
oG 75 58 225 161
NB 78 46 790 230
RD 128 91 >1,000 267
SM 150 92 810 251
AL 69 52 565 222
VRG 141 106 770 204

Normal and mutant rPRS1s in bacterial expression extracts were diluted
in stabilization buffer at pH 8.0 (Table II legend) containing sufficient
KP; (pH 8.0) to give a final Pi concentration of 1.0 mM in the reaction
mix. Concentrations of ATP and Rib-5-P were 500 and 350 uM, respec-
tively and the ranges of ADP and GDP concentrations in the assay were
0-500 M and 0—1,000 uM, respectively. Chromotographed fibroblast
extracts, prepared as previously described (20), were also assayed at
pH 8.0 in 1.0 mM Pi with identical ATP and Rib-5-P concentrations.
Ranges of ADP and GDP concentrations in the assay were 0—-250 uM
and 0-500 uM, respectively. All values are the means of at least two
experiments, with agreement to within 15 percent.
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Figure 3. Inhibition of recombinant normal (0), OG (e), RD (O), AL
(a), and VRG (v) PRS1s by ADP (A) and GDP (B). Supernatant
fractions of transformed E. coli BL21 (DE3/pLysS) extracts were as-
sayed for PRS activity at 1.0 mM Pi and the indicated concentrations
of the respective inhibitors, as described in Table III. Specific activities
(U/mg of protein) of the recombinant PRS1s in the absence of ADP
and GDP were: normal, 0.51; OG, 0.67; RD, 0.48; AL, 0.69; VRG,
0.39. Specific activity of bacterial PRS at 1.0 mM Pi, determined in
extracts of cells transformed with pSPRBS, was 0.003 U/mg. Purified
recombinant normal PRS1 had a specific activity of 13.1 U/mg at 1
mM Pi. Data for recombinant SM and RD PRS1s have previously been
presented (32).

were, in addition, differences in the patterns and magnitudes of
purine nucleoside diphosphate inhibitor resistance among the
mutant enzymes. For example, NB and AL PRS1s showed rela-
tively slight resistance to inhibition by ADP but were substan-
tially more resistant to GDP. Recombinant OG PRS1 was also
among the least resistant to ADP inhibition and was consider-
ably less resistant to GDP than the other recombinant mutant
PRS1s. RD, SM, and VRG PRS1s exhibited prominent resis-
tance to both ADP and GDP. Each recombinant PRS1 was
compared with fibroblast PRS from the corresponding patient
with respect to inhibition of enzyme activity by the purine nucle-
otides (Table IIT). Overall, the pattern of inhibitor respon-
siveness was similar for recombinant PRS1 and fibroblast PRS
activities from each patient. In all instances, however, the re-
combinant mutant PRS1 isoform showed greater ADP and GDP
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Figure 4. Double reciprocal plots of the inhibition of purified recombinant PRS1s by ADP (A and B) and GDP (C and D) at varying ATP
concentrations. (A) Recombinant normal PRS1. ADP concentrations were: O, (0); 10 uM, (e); 20 uM, (O); and 30 uM, (m). (B) Recombinant
OG PRS1. ADP concentrations were: O, (0); 10 uM (e); 30 uM, (O); SO uM, (m). (C) Recombinant normal PRS1. GDP concentrations were:
0, (0); 10 uM, (e); 50 uM, (O); 100 uM, (m). (D) Recombinant OG PRS1. GDP concentrations were: O, (0); 100 uM, (e); 250 uM (D). K,
slope values, calculated from secondary plots of the slopes determined in panels A and B versus ADP concentrations, were 3 and 6 uM for normal
and OG PRSls, respectively. The corresponding K; slope value for purified SM PRS1 was 6 M. The K; intercept value for normal PRS1 was

7 uM.

inhibition resistance than the corresponding fibroblast PRS. This
finding most likely reflects coexpression in fibroblasts of PRS1
and PRS2 (30), with total PRS activity representing a compos-
ite of the independent activities of PRS1 and the normally less
purine nucleotide-sensitive PRS2 isoform (31). The demonstra-
tion that, for each family, a single base substitution in PRS1
cDNA results in a recombinant PRS1 with enzymatic properties
recapitulating those found in cells from the respective affected
individual reinforces the view that mutation in a region of
PRPS]I encoding PRS1 structure provides the genetic basis for
PRS superactivity associated with purine nucleotide inhibitor
resistance.

The mechanisms of ADP and GDP inhibition of human
PRS1s were studied at 1.0 mM Pi in purified preparations of
the recombinant normal, OG (Fig. 4), and SM (data not shown)
isoforms. These mutant PRS1s were chosen as representatives
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of the less and more severely inhibition-impaired recombinant
isoforms, respectively. ADP inhibition of normal PRS1 was
kinetically complex, appearing to involve both noncompetitive
and competitive (with respect to ATP) mechanisms (Fig. 4 A).
In contrast, inhibition of purified OG (Fig. 4 B) and SM PRS1s
by ADP was best explained by a purely competitive mechanism.
The K; slopes for ADP competitive inhibition of the two recom-
binant mutant PRS1s were indistinguishable and were not sub-
stantially different from the estimated K; slopes and K; intercepts
for purified normal PRS1 (Fig. 4 legend). GDP inhibition of
normal PRS1 (Fig. 4 C) was also complex, displaying features
suggesting a strong mechanism of noncompetitive inhibition as
well as a weaker component of uncompetitive inhibition. Only
the latter mechanism was apparent, though reduced in magni-
tude, when GDP inhibition of the recombinant mutant enzymes
was studied (Fig. 4 D); in the case of the mutant PRS1s, the
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Figure 5. Pi activation of recombinant human PRS1s in supernatant
fractions of crude extracts from E. coli BL21 (DE3/pLysS) transformed
with normal and mutant pSPRS1 vectors and assayed as described in
Table II. PRS activities are expressed relative to maximal activities at
8.0 mM Pi. At all Pi concentrations tested, bacterial PRS activity in
extracts of cells transformed with pSPRBS were < 2% those measured
in extracts expressing human PRS1s. Inset provides an expanded scale
to display contours of Pji activation curves more clearly. Normal PRSI,
(0); OG PRSI, (e); NB PRSI, (m); RD PRSI, (O0); SM PRS1, (2);
AL PRS1 (a). VRG PRS1 is not shown.

noncompetitive mechanism of inhibition by GDP was not de-
tectable.

Pi activation of recombinant normal PRS1s was sigmoidal,
with apparent activation constants (KX, ) ranging from 0.8 to 1.0
mM (Table II). In contrast, half-activation of all recombinant
mutant PRS1s by Pi occurred at substantially lower concentra-
tions. Recombinant NB and OG PRS1s, like normal PRS1s,
were clearly activated in a sigmoidal fashion, with apparent
K, of 0.32 and 0.26 mM, respectively (Fig. 5). Sigmoidal Pi
activation of recombinant RD, SM, AL, and VRG PRS1s was
less readily apparent in the range of Pi that could be tested, but
double-reciprocal plots of Pi activation for these enzymes (Fig.
5 inset) displayed cooperative activation with apparent K, of
0.15, 0.14, 0.13, and < 0.10 mM, respectively. Increased sensi-
tivity to Pi activation shown by mutant PRS1s was accompanied
by a decrease in the apparent degree of cooperativity in response
of mutant isoforms to Pi, as assessed by measurement of Hill
coefficients (43) (Table IT). In general, the increased sensitivity
of a mutant PRS1 isoform to activation by Pi did not closely
parallel the degree of nucleotide inhibitor resistance displayed
by that mutant isoform.

Discussion

The present work expands the analysis of mutations and molec-
ular mechanisms underlying PRS superactivity associated with
purine nucleotide inhibition resistance to all four previously
described affected families (9, 12, 13, 20) and to two additional
families. Cloning and sequencing of PRS1 cDNAs derived from
affected male members of these families demonstrate a distinc-
tive point mutation in the X chromosome-linked PRPSI gene
in each family. Expression of the mutant PRS1 cDNAs in E. coli
establishes that the functional consequence of each mutation is
a purine nucleotide inhibitor-resistant PRS1 capable of mediat-
ing the accelerated PRPP and purine synthesis that constitute
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the biochemical hallmarks of PRS superactivity in the cells of
affected individuals (9, 10). Whether or not other PRS isoforms
are coexpressed, the aberrant PRS1 isoforms identified here
function as dominant negative mutations with regard to the
allosteric regulation of total PRS activity and directly account
for both the X-linked pattern of inheritance of this disorder
(7, 44) and the metabolic aspects of the clinical phenotype:
hyperuricemia and gout with uric acid overproduction (1, 8).
On the other hand, the present studies provide no comparably
compelling mechanistic explanation for the neurodevelopmental
manifestations of PRS superactivity, which, together with early
childhood-onset metabolic consequences, are expressed in all
of the patients studied here except for OG. Although recombi-
nant OG PRSI displays the least prominent overall purine nu-
cleotide feedback-resistance among the mutant enzymes stud-
ied, formulation of a direct relationship between the magnitude
of PRS overactivity with increased nucleotide synthesis on the
one hand and the severity of phenotypic expression on the other
is clearly premature. For example, maximal erythrocyte PRS
activities in all male patients with regulatory defects in PRS
except OG (8) are markedly deficient (8, 12, 20, Becker, M.A.,
unpublished data), probably as a result of increased enzyme
lability (20). This raises an alternative possibility, namely that
neurological and developmental consequences of PRPSI muta-
tions may reflect PRS1 deficiency in tissues mainly populated
by postmitotic cells with little PRS2 expression (30).

Point mutations dispersed over a major portion of the PRS1
subunit result in diminished responsiveness to ADP and GDP,
indicating a complex and probably extensive allosteric nucleo-
tide inhibitory mechanism and implying that most or all of these
mutations alter the transmission of allosteric effects to the active
site of PRSI rather than the primary structure of nucleoside
diphosphate-binding residues in the allosteric site. In fact, the
identity of nucleotide binding residues in neither the active
(presumably ATP/ADP binding) site nor the allosteric site of
PRSI are known. Of the three regions of PRS1 sequence pro-
posed as potential ATP binding segments (45), only the His
192 residue is altered among the mutant PRS1s demonstrated
here (patient VRG), but the K, for ATP is normal for VRG
PRS1. The results of a recent study using chimeric rat PRS
isozymes (46) demonstrated a critical role for the Lys-4 residue
of PRS1 in the sensitivity of the enzyme to GDP and, to a lesser
degree, ADP inhibition. Additional sites of sequence divergence
between PRS1 and PRS2 also contributed to the differential
sensitivities of the isozymes to nucleotide inhibitors (46), con-
firming both the complexity of the allosteric inhibitory mecha-
nism and the likelihood that GDP and ADP inhibit at least in
part by a common molecular process. Each of the mutations
identified in the current study occurs at an amino acid residue
identical in normal human PRS1 and PRS2 isozymes.

The allosteric regulation of PRS1 activity is complex. Inhi-
bition of purified recombinant normal human PRS1 by ADP
appears to involve noncompetitive as well as competitive mech-
anisms (Fig. 4 A) (40), but only a competitive mechanism of
ADP inhibition is demonstrable for recombinant OG (Fig. 4 B)
and SM (40) PRS1s. Moreover, the apparent potency of ADP
competitive inhibition is comparable for recombinant normal
and mutant enzymes when K; slope values are determined even
though SM and OG PRS1s are clearly resistant to inhibition
(increased I 5) by both ADP and the ‘‘noncompetitive’’ inhibi-
tor GDP (4) in the presence of saturating concentrations of
ATP (Table IIT). These findings are best reconciled by the

2139



view that point mutations in PRS1 resulting in ADP and GDP
resistance disrupt at least a major noncompetitive component of
the allosteric nucleotide inhibitory mechanism (32, 40) without
altering the ATP substrate binding (catalytic) region, the pre-
sumed site of ADP competitive inhibition (4). This view is
reinforced by the observation that the K|, values for ATP are
essentially the same for all six mutant enzymes as for the normal
PRS1. The fact that cells with mutations abolishing the allosteric
mechanism of ADP (and GDP) inhibition overproduce PRPP
and purine nucleotides despite an intact competitive ADP inhi-
bition process makes it unlikely that the latter mechanism is
important in exerting control on PRS1 activity under physiologi-
cal conditions in which ATP concentrations are substantially
saturating for the enzyme. The complex kinetics encountered
in the study of GDP inhibition of recombinant PRS1s (Fig. 4,
C and D) suggest, however, that the allosteric nucleotide inhibi-
tory process may involve mechanisms that, while largely non-
competitive, still have some dependence on ATP concentration.

For each of the six recombinant mutant PRS1s studied,
decreased sensitivity to purine nucleotide inhibitors is also asso-
ciated with increased sensitivity to allosteric activation by Pi
(Table IT). All of the mutant PRS1s are activated at Pi concen-
trations lower than those activating normal PRS1 and show
reduced cooperativity in response to this effector. Nevertheless,
no consistent quantitative correlation between the effects of
individual mutations on Iy s for ADP and GDP and K, for Pi is
apparent. For example, recombinant SM and OG PRS1s differed
much more prominently in the magnitudes of their purine nucle-
otide inhibitor resistance (Table III) than in their respective
sensitivities to Pi activation (Table II). Although delineation
of the physical determinants of the effects of purine nucleotide
inhibitors and Pi on PRSI activity will await structural analysis
of PRS and its interactions with effector molecules, a model
for the relationship between these allosteric mechanisms can be
suggested. In this model, nucleotide and Pi alterations of PRS1
activity reflect a shared mechanism in which inhibited confor-
mations favored by nucleotide binding are in equilibrium with
more active conformations favored by Pi binding. Under these
circumstances, the various mutant PRS1s would seem likely
to be altered in residues that are involved in stabilizing the in-
hibited conformations, rather than directly in Pi or nucleotide
binding.
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