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Selective Expression of Phosphoribosylpyrophosphate Synthetase
Superactivity in Human Lymphoblast Lines
Michele J. Losman, David Rimon, Mitchel Kim, and Michael A. Becker
Rheumatology Section, Department of Medicine, The University of Chicago Pritzker School of Medicine, Chicago, Illinois 60637

Abstract

Phenotypic expression of 5-phosphoribosyl 1-pyrophosphate
(PRPP) synthetase superactivity was examined in lymphoblast
lines derived from six unrelated male patients. Fibroblasts from
these individuals have increased rates of PRPPand purine nu-

cleotide synthesis and express four classes of kinetic derangement
underlying enzyme superactivity: increased maximal reaction
velocity (catalytic defect), inhibitor resistance (regulatory defect);
increased substrate affinity (substrate binding defect); and com-

bined catalytic and regulatory defects.
Lymphoblast lines from three patients with catalytic defects

and from three normal individuals were indistinguishable with
respect to enzyme activities, PRPPconcentrations and genera-

tion, and rates of purine synthesis. Enzyme in lymphoblasts from
a patient with combined defects also showed normal maximal
reaction velocity but expressed purine nucleotide inhibitor re-

sistance. A second regulatory defect and a substrate binding de-
fect were also demonstrable in lymphoblasts and were identical
to the enzyme defects in fibroblasts from the respective patients.
Regulatory and substrate binding defects in lymphoblasts were

accompanied by increased rates of PRPPand purine nucleotide
synthesis.

Among explanations for selective expression of enzyme su-

peractivity, reduced concentrations of catalytically superactive
enzymes seemed unlikely: immunoreactive PRPPsynthetase was

comparable in normal-derived and patient-derived cells. Acti-
vation of normal enzyme in transformed lymphocytes was also
unlikely because absolute specific activities of lymphoblast PRPP
synthetases corresponded to those of normal fibroblast and
erythrocyte enzymes. Abnormal electrophoretic mobilities and
thermal stabilities, identified in certain catalytically superactive
fibroblast PRPPsynthetases, were not found in the corresponding
lymphoblast enzymes. Thus, lymphoblast PRPP synthetases
from patients with catalytic superactivity appeared to differ
structurally and functionally from their fibroblast counterparts.

Introduction

Superactivity of 5-phosphoribosyl 1-pyrophosphate (PRPP)'
synthetase (EC 2.7.6.1), the enzyme catalyzing synthesis of the
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1. Abbreviations used in this paper: CRM, immunoreactive PRPPsyn-

thetase; DPBS, Dulbecco's phosphate-buffered saline; EB virus, Epstein-

purine regulatory intermediate PRPPfrom ATP and ribose-5-
phosphate (ribose-5-P) (1), is an inherited disorder in which ex-
cessive enzyme activity is associated with uric acid overproduc-
tion and gout (2-12). Erythrocytes and cultured fibroblasts from
affected individuals show increases in PRPPconcentration and
generation as well as excessive rates of PRPP-dependent purine
synthetic reactions (4-8, 13-15). Increased rates of purine syn-
thesis de novo have been shown both in affected males in vivo
(2-4, 6-8, 10, 11, 16) and in their fibroblasts in vitro (3-5, 7,
11, 14, 15). Uric acid overproduction in individuals with PRPP
synthetase superactivity seems to result from increased PRPP
availability with consequent acceleration of purine nucleotide
synthesis. (14, 17).

Amongthe heterogeneous kinetic defects underlying PRPP
synthetase superactivity are: (a) catalytic defects due to increased
maximal reaction velocity (6-8, 11, 18); (b) regulatory defects
due to diminished responsiveness to purine nucleotide inhibitors
of enzyme activity ( 14, 19); (c) substrate binding defects resulting
in increased affinity for ribose-5-P (4); and (d) combined catalytic
and regulatory defects (5). Studies of superactive enzymes in
each of these classes (4-8, 14, 18, 19) have provided evidence
for structural alteration underlying superactivity. Furthermore,
enzyme superactivity is transmitted as an X chromosome-linked
trait (20, 21), and the structural gene for the single PRPPsyn-
thetase subunit (22) has been localized to the long arm of the X
chromosome (23). Thus, even though demonstration of an al-
tered primary structure of the enzyme protein has not, to date,
been achieved for any superactive variant, structural gene mu-
tation as the basis of enzyme superactivity is strongly suggested.

Wehave studied expression of PRPPsynthetase superactivity
in lymphoblast lines derived from peripheral blood B lympho-
cytes of affected male patients and have found that regulatory
and substrate binding defects in PRPPsynthetase are expressed
in lymphoblast lines but catalytic defects are not. Absence of
expression of this class of defects in lymphoblasts seems to be
selective and is accompanied by absence in the cells of metabolic
properties and in the enzyme of physical and immunochemical
properties which in fibroblasts and erythrocytes distinguish su-
peractive variant and normal phenotypes.

Methods

Materials. [8-'4C]adenine (55 mCi/mmol) and Omnifluor scintillator
were purchased from New England Nuclear (Boston, MA); ['4C]formic
acid, sodium salt (55 mCi/mmol), and '25I-Na, carrier-free (1.9 Ci/mmol)
were purchased from Amersham Corp. (Arlington Heights, IL). RPMI
1640 medium, Eagle's minimal essential medium, trypsin-EDTA, L-glU-
tamine, nonessential amino acids, penicillin, streptomycin, and Dul-
becco's phosphate-buffered saline (DPBS) were obtaind from Gibco

Barr virus; FGAR, formylglycinamide ribotide; GDP, guanosine di-
phosphate; MeSno, 6-methylthioinosine; PHA, phytohemagglutinin; Pi,
inorganic phosphate; PRPP, 5-phosphoribolsyl l-pyrophosphate; ribose-
5-P, ribose-5-phosphate.
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Laboratories (Grand Island, NY), and fetal bovine serum was a product
of KC Biological Co. (Lenexa, KS). (Where appropriate, serum was di-
alyzed for 5 d at 4VC agairnst 20 vol 0.9% NaCI with daily changes of
dialysate before filtration through a 0.2-gm Millipore filter.) Ficoll-Paque
and Sephadex G-25 were purchased from Pharmacia Fine Chemicals
(Piscataway, NJ); phytohemagglutinin M/P (PHA) was obtained from
Difco Laboratories, Inc. (Detroit, MI). DE-52 DEAE-cellulose ion-ex-
changer was obtained from Whatman, Inc. (Clifton, NJ) and cellulose
thin-layer chromatography plates with fluorescent indicator were obtained
from Eastman Kodak Co. (Rochester, NY). Precoated polyethylenimine-
cellulose thin-layer chromatography sheets were products of E. Merck
(Cincinnati, OH). Ribose-5-P and all nonradioactive purine compounds
were products of Sigma Chemical Co. (St. Louis, MO). Azaserine was
purchased from Calbiochem-Behring Corp. (La Jolla, CA). All other
reagents were purchased commercially and were of the highest grade
generally available. Epstein-Barr (EB) virus was kindly provided by Dr.
Elliot Kieff, The University of Chicago.

Patients and controls. Lymphoblast lines were established from six
unrelated male patients with purine overproduction and superactive forms
of PRPPsynthetase previously shown in fibroblasts and/or erythrocytes
(3-5, 10, 11; and Becker, M. A., M. J. Losman, E. W. Holmes, I. Mehl-
man, A. L. Rosenberg, and H. A. Simmonds, manuscript submitted for
publication). A catalytic defect is the sole kinetic abnormality demon-
strable in the enzymes from three of the patients (T.B., M.C., and A.D.)
(3, 1 1; and Becker, M. A., et al., manuscript submitted for publication),
and the enzyme from a fourth patient (N.B.) (10; and Becker, M. A., et
al., manuscript submitted for publication) shows only a regulatory defect.
Fibroblast PRPPsynthetase from a fifth patient (S.M.) shows combined
catalytic and regulatory defects (5). In the sixth patient (B.P.), the only
kinetic abnormality is a substrate (ribose-5-P) binding defect (4). Lym-
phoblast lines established from three individuals (C.L., K.C., and L.S.)
with normal purine metabolism served as controls. C.L. and K.C. were
entirely healthy at the time of initiation of the lymphoblast line, while
lymphocytes from L.S. were cultured during an episode of infectious
mononucleosis. All six patients served as donors of skin biopsy material
for initiation of fibroblast cultures; fibroblast cultures derived from the
skin of four normal individuals served as controls in the respective fi-
broblast studies.

Cell cultures. Lymphoblast lines were initiated from mononuclear
cells isolated from 10 to 25 ml of fresh venous blood by centrifugation
through Ficoll-Paque (24). Cells were washed three times in RPMI 1640
medium supplemented with 2 mML-glutamine, 15% fetal bovine serum,
50 U/ml penicillin, and 50 ,g/ml streptomycin (medium A) and were
counted on a hemocytometer before resuspension in medium A at a
density of 1.2 X 106 cells/ml. Portions of the cell suspensions (5 ml each)
from patients T.B., M.C., A.D., and S.M. and from controls C.L. and
K.C. were transferred to each of several 25-cm2 Falcon flasks, also received
1 ml of medium A containing 100,000 U of B95-8 EB virus. After a 1-
h incubation in a water bath at 37°C, cultures were incubated at 37°C
in a humidified atmosphere of 5%CO2in air and, thereafter, were treated
as previously described (25). Upon establishment of cultures, the fetal
bovine serum concentration in the medium was reduced to 10% (medium
B). Cultures were propagated in medium B at cell densities between 0.25
and 1.5 X 106/ml in 75 cm2 Falcon flasks containing no more than 60
ml per flask.

Four additional lymphoblast lines, two from affected patients (T.B.
and B.P.) and two from normal individuals (K.C. and L.S.), were estab-
lished after addition of rehydrated PHA (0.1 ml) (26) to 5-ml portions
of the cell suspensions prepared in medium A, as described above. Al-
though not exposed to exogenous EB virus, these cultures were otherwise
treated and propagated as above. Lymphoblasts from patient N.B. (10)
were provided by Dr. H. Anne Simmonds, Guy's Hospital, London,
England.

Fibroblast cultures were initiated from skin biopsy specimens and
were propagated in monolayer as previously described (27). The growth
medium was Eagle's minimal essential medium containing 2 mML-
glutamine, 10% fetal bovine serum, nonessential amino acids, penicillin
(50 U/ml), and streptomycin (50 ,g/ml).

Preparation of cell extracts. Lymphoblasts in log phase growth were
resuspended in their medium, and, after cell density was determined, an
appropriate volume of cell suspension was centrifuged at 800 g for 5
min. The cell pellet was washed three times in calcium-free DPBS, and
cells were resuspended at an appropriate density (usually either 2 X 107
cells/ml or 1.5 X 108 cells/ml) in an extraction buffer at pH 7.4 containing
2 mMsodium inorganic phosphate (Pi), 1 mMdithiothreitol, and 1 mM
EDTA. The cell suspension was then frozen in liquid nitrogen and either
stored at -70'C or immediately subjected to further extract preparation
and PRPPsynthetase assay as described below.

On the day of enzyme assay, cell suspensions were thawed and sub-
jected to two additional cycles of freezing in liquid nitrogen and thawing.
Extracts were then centrifuged at 48,000 g for 20 min at 4VC. The su-
pernatant layer (crude extract) was alternatively: dialyzed at 4VC for 120
min against 200 vol of extraction buffer before assay (dialyzed extract);
or chromatographed on Sephadex G-25 (5) in extraction buffer at 4VC,
and the material eluted at the excluded volume of the column (chro-
matographed extract) was assayed. On several occasions, lymphoblast
PRPPsynthetases were partially purified (10-fold to 30-fold) by treatment
of crude extracts of - 5 to 8 X I0O cells as previously described (5).

Fibroblasts, harvested from subconfluent monolayers by treatment
with trypsin and EDTA (5), were washed three times in DPBS, resus-
pended at densities ranging from 1 to 6 X 107 cells/ml, and extracted,
dialyzed, and assayed for PRPPsynthetase activity as described for lym-
phoblasts. Dialyzed extracts of peripheral blood mononuclear cells were
prepared as described above after a portion of the mononuclear cells
isolated from the Ficoll-Paque gradient were washed three times in DPBS.
On one occasion, a previously described procedure (28) was applied to
four blood mononuclear cell populations (one patient, three control),
by which the resulting cell preparations were enriched to between 50
and 62% B lymphocytes before extract preparation.

Measurement of PRPPsynthetase activities. Activities of PRPPsyn-
thetase in cell extracts were determined by a modification (5) of the two-
step assay procedure of Hershko et al. (29). For all lymphoblast lines
and fibroblast strains studied, maximal velocities of the PRPPsynthetase
reaction were measured at eight or more Pi concentrations ranging from
0.2 to 32.2 mM. Kinetic constants of lymphoblast PRPPsynthetases
were determined at 1.0 mMPi as previously described (5): dissociation
constants (KD) for substrates and Mg"2; and responses to purine nucleotide
feedback inhibitors (10.5). Inhibitors studied were ADP, guanosine di-
phosphate (GDP), and 6-methylthioinosine (6-methylmercaptopurine
ribonucleoside; MeSno) monophosphate (5, 30). The latter compound
was synthesized, purified, and characterized as previously described (30).

Measurements of PRPPand purine nucleotide metabolism in lym-
phoblasts. Lymphoblast PRPPconcentrations were determined as de-
scribed by Hershfield and Seegmiller (31). In lymphoblasts harvested
during log phase growth and resuspended in medium B containing 10%
dialyzed bovine serum (medium C), rates of PRPPgeneration were cal-
culated (5, 15) from simultaneously determined values for PRPPcon-
centrations and rates of incorporation of ['4C]adenine into intracellular
purine compounds (32, 33).

To estimate rates of purine synthesis de novo in lymphoblasts, rates
of incorporation of ['4C]formate either into the pathway intermediate
formylglycinamide ribotide (FGAR) in the presence of the glutamine
antagonist azaserine (27, 34, 35) or into intracellular purines and purines
excreted into the incubation medium (31, 36) were determined. Cultures
incubated overnight in medium C were centrifuged at 800 g for 5 min,
and cells were resuspended in medium C lacking glutamine. Cell sus-
pensions containing 2 X 106 lymphoblasts in 425 Ml of the above medium
supplemented with 4 mMglycine with or without 0.1 mMazaserine
were then prepared; each suspension was exposed to 5%CO2in air, and
tubes were sealed and incubated in a water bath-shaker at 37°C for 15
min. ['4C]Formate (25 uCi; final concentration, 1 mM)and glutamine
(final concentration, 10 mM)were then added to each cell suspension
in 75 ,l of medium C, and incubation was continued for 1 h before
centrifugation of the cell suspensions at 800 g for 5 min. Supernatant
layers were removed and, where appropriate, saved. Cell pellets were
rapidly washed four times with medium C. For cells incubated in the
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presence of azaserine, FGARwas extracted from cell pellets with 80%
ethanol, separated from other label-containing compounds, and counted
(35). In the case of suspensions incubated in the absence of azaserine,
label in intracellular purines was measured after thin layer chromato-
graphic analysis (33) of the supernatant layers of neutralized perchloric
acid-treated extracts, and radioactivity in purines excreted into the me-
dium was measured after precipitation of purine compounds with silver
nitrate as previously described (36, 37). On two occasions, the above
technique was modified (37) to utilize cell suspensions of 20 ml containing
20 X 106 cells, which were incubated with ['4C]formate (10 ACi; final
concentration, 10 MM) for 2 h at 370C before separation of cells and
medium for determination of radioactivity in purine compounds.

Other methods. Lymphoblast content of PRPPsynthetase was mea-
sured by a specific radioassay for immunoreactive enzyme (CRM) pre-
viously described in detail (38). In each study, a standard line relating
displacement of '25I-PRPP synthetase from rabbit antibody to the purified
erythrocyte enzyme by a series of concentrations of unlabeled purified
erythrocyte PRPP synthetase was generated. Displacement of labeled
enzyme by multiple dilutions of dialyzed extracts of each lymphoblast
line was tested in duplicate over a three- to fourfold range of labeled
enzyme displacement on at least two separate occasions. Slopes of lines
relating labeled enzyme displacement by purified erythrocyte PRPPsyn-
thetase and by dialyzed lymphoblast extracts agreed to within 3%, in-
dicating that enzymes from each extract and from normal erythrocytes
had similar affinities for the antibody. Enzyme absolute specific activity
(activity per unit enzyme protein) was calculated from the results of
radioimmunoassay and enzyme activity determinations carried out in
parallel in identical extracts. All determinations of protein concentrations
were carried out by the method of Lowry et al. (39), using bovine serum
albumin as standard.

Electrophoresis of crude lymphoblast and fibroblast extracts was car-
ried out on cellulose acetate gel strips in three different buffer solutions
at pH 8.5 as previously described (18, 21, 40). Electrophoretic migration
of PRPPsynthetase was examined with an activity stain dependent upon
reversal of the usual PRPPsynthetase reaction (40). Staining in the pres-
ence and absence of PRPPassured specific identification of the enzyme.
Thermal inactivation of lymphoblast and fibroblast PRPPsynthetases
was studied at 57°C as described (18). The major histocompatibility
antigens (HLA-A and HLA-B) on fibroblasts and lymphoblasts derived
from patients T.B., M.C., and A.D. were determined by the Tissue Typing
Laboratory of the University of Illinois Medical Center, Chicago, utilizing
a complement-dependent cytotoxicity assay (41).

Results

Characteristics of lymphoblast cultures. Cells derived from nor-
mal individuals and patients did not differ in the time required
for outgrowth of lymphoblasts after EB virus stimulation (2-6
wk) or PHAexposure (6-9 wk) of blood mononuclear cells. Log
phase doubling times for lymphoblast lines ranged from 28 to
43 h, and periodic variations in the doubling times of individual
cultures were again noted (42). The comparisons described below
among cell lines were made utilizing cultures with doubling times
differing by no more than 3 h. Cell lines were propagated from
both PHA-treated and EB virus-stimulated lymphocytes of one
normal individual (K.C.) and one patient (T.B.). Lectin-treated
and virus-treated cultures derived from the same persons were
indistinguishable with regard to biochemical and physiological
characteristics. Consequently, the studies presented below in-
clude data obtained from both lectin-stimulated and virus-stim-
ulated cultures. The HLA-A and HLA-B antigens (four speci-
ficities in each case) expressed by the lymphoblasts from each
patient tested were identical to those expressed by the fibroblasts
from the respective patient, assuring that the cultures of the
different cells were derived from the same patient source.

Characteristics of PRPPsynthetase activities in lymphoblasts.
Maximal velocities of the PRPPsynthetase reaction in dialyzed
blood mononuclear cell, fibroblast, and lymphoblast extracts
assayed at a Pi concentration of 32.2 mMare shown in Table
I. Enzyme activities in mononuclear cells and fibroblasts from
patients with catalytically altered erythrocyte PRPPsynthetases
were twofold or more greater than those in the respective control
cells. Extracts of B lymphocyte-enriched mononuclear cells from
patient A.D. showed enzyme activity 2.2-fold greater than the
mean value in three such extracts from normal individuals (A.D.,
727 nmol/h per mg; mean normal value, 321 nmol/h per mg).
The relative increase in enzyme activity at each Pi concentration
from 0.2 to 32.2 mMwas constant in fibroblasts and mono-
nuclear cells from each patient with a catalytically altered enzyme
(not shown). In contrast, maximal PRPPsynthetase activities
were comparable at all Pi concentrations in lymphoblasts cul-
tured from each of these patients and from normal individuals
(Table I; and Fig. 1). In fact, enzyme activities at saturating
substrate concentrations were indistinguishable among all lym-
phoblast lines when the Pi concentration exceeded 1.5 mM.
Increased maximal reaction velocity, the hallmark of catalytically
aberrant PRPPsynthetase (6-8, 11, 18), was thus not demon-
strable in lymphoblast lines even though peripheral blood
mononuclear cell populations from which at least two of these
cell lines were derived showed increased maximal reaction ve-
locities.

Fig. 1 (inset) shows that enzyme activities were increased at
Pi concentrations below 1.5 mMfor dialyzed lymphoblast ex-
tracts from patients S.M. and N.B. Responses of PRPPsynthe-
tases to the addition of the inhibitors ADP, GDP, and MeSno
monophosphate were then measured at 1 mMPi in chromato-
graphed lymphoblast extracts. The ranges of values for 10.5 de-
termined for inhibitors in extracts of control cell lines were:
ADP, 68-83 gM; GDP, 90-117 uM; and MeSno monophos-
phate, 138-177 gM. 10.5 for these compounds fell within the
above ranges for lymphoblast PRPPsynthetases from patients

Table L. Maximal Velocities of PRPPSynthetases*

Enzyme activity in dialyzed extracts of:

Enzyme Mononuclear
Group defect cells Fibroblasts Lymphoblasts

nmol/h/mg nmol/h/mg nmol/h/mg
protein protein protein

Normal None 260-327 (4) 290-457 (4) 298-351 (3)

Patient
T.B. Catalytic 669 1,523 357
M.C. 1,090 326
A.D. 799 1,140 346
N.B. Regulatory 268 288
B.P. Affinity 384 317
S.M. Combined 898 352

* Enzyme activities were determined by a two-step reaction (5) utiliz-
ing saturating substrate concentrations (MgATP, 500 ,M; ribose-5-P,
350 ,uM) and a Pi concentration of 32.2 mM. Values for normal ex-
tracts represent ranges of determinations made in duplicate, and pa-
rentheses indicate number of normal extracts tested. Values for fibro-
blast and lymphoblast extracts are means of at least two determina-
tions, each in duplicate.
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Figure 1. Activation of lymphoblast PRPPsynthetases by Pi in di-
alyzed extracts. Inset, enzyme activities over the range of from 0.2 to
2.2 mMPi in greater detail. Stippled area denotes range of enzyme ac-
tivities in extracts of lymphoblast derived from three normal individu-
als. T.B. extract, n; M.C. extract, A; A.D. extract, a; S.M. extract, 0;
N.B. extract, *. Results obtained with B.P. extract have been omit-
ted, but all values fell in the normal range. Note sigmoidal enzyme ac-
tivation in all extracts except those of S.M. and N.B. lymphoblasts.
Sigmoidal activation reflects normal responsiveness of the enzyme to
nucleotide inhibitors (29), incompletely removed by the limited di-
alysis employed (1 1). Hyperbolic activation in S.M. and N.B. extracts
suggests diminished inhibitor responsiveness (5, 11, 19). Note also
similarity in maximal enzyme activities of all extracts at Pi concentra-
tions > 1.5 mM.

with catalytic and substrate binding defects. Patient S.M. lym-
phoblast PRPPsynthetase showed increased resistance to inhi-
bition by all three nucleotides (1o.5 for: ADP, 195 ,qM; GDP, 355

ttM; MeSno monophosphate, 540 ,gM). In contrast, N.B. lym-
phoblast enzyme showed increased resistance to the noncom-
petitive inhibitors GDP(18, 43) and MeSno monophosphate
(30) (10.5, respectively, 610 jiM and 840 jiM) but not to the
competitive inhibitor ADP(18, 43). These patterns of inhibitor
resistance were also observed when assays were carried out using
partially purified preparations of lymphoblast PRPPsynthetases
(not shown).

Dissociation constants for substrates and magnesium were
also determined in chromatographed preparations of each lym-
phoblast PRPP synthetase. The ranges of values of KD for
MgATP, ribose-5-P, and Mg2", respectively, were 11-17 jiM,
18-29 jM, and 41-49 tiM in extracts of the control cell lines.
The only abnormal value detected among patients' extracts was
a threefold reduced KD (6 jiM) of the enzyme in cells derived
from patient B.P. for the substrate ribose-5-P. The patterns and
magnitudes of inhibitor resistance shown by S.M. and N.B. lym-
phoblast PRPPsynthetases and the increased affinity of the BP
lymphoblast enzyme for ribose-5-P were quite similar to the
specific defects shown by the fibroblast enzymes from the re-
spective patients (5, 44; and Becker, M. A., et al., manuscript
submitted for publication). Thus, both regulatory and substrate
binding defects in PRPPsynthetases were demonstrable in lym-
phoblasts, while catalytic defects were not. In fact, S.M. lym-
phoblasts expressed the regulatory defect but not the catalytic
defect previously demonstrated to co-exist in fibroblasts from
this patient (5).

PRPPand purine nucleotide synthesis in lymphoblasts. PRPP
concentrations and rates of PRPPgeneration in lymphoblast
lines are presented in Table II. No significant differences in PRPP
concentrations or generation were detected between normal
lymphoblast lines and lines derived from patients with catalyt-
ically altered fibroblast PRPPsynthetases. In contrast, PRPP
concentrations and generation were increased in lymphoblasts
from patients S.M., N.B., and B.P. Similarly, rates of purine
synthesis de novo were increased only in lymphoblasts from these
patients (Table II). Lymphoblast lines bearing regulatory and
substrate binding defects in PRPP synthetase excreted an in-

Table II. PRPPConcentrations and Rates of PRPPGeneration and of Purine Synthesis de novo in Lymphoblast Lines*

PRPP ["Ciformate incorporation into:

Group Enzyme defect Concentration Generation FGAR Total purines Medium purines

pmol/lO6 cells pmol/h per 106 cells (cpm/h per 106 cells) X 10-J %of total purines

Normal None 22-31 460-595 2.5-4.0 7.4-10.4 5.8-10.1

Patient
T.B. Catalytic 29 480 2.8 11.2 9.1
M.C. 24 571 4.2 9.2 7.1
A.D. 33 636 3.2 10.1 9.6
N.B. Regulatory 54 1,221 8.5 18.5 31.1
B.P. Affinity 52 1,092 8.2 17.7 22.7
S.M. Combined 61 1,330 11.5 29.5 41.1

* Lymphoblast PRPPconcentrations were determined as described above (31). Incorporation of ['4CJadenine into purine compounds (5, 32, 33)
and incorporation of labeled formate into FGAR(35) and into total purines (31, 36, 37) were measured as described previously and in Methods.
PRPPgeneration was calculated by the formula described (15), which takes into account incorporation of ['4C]adenine and PRPPconcentrations
at each of several incubation times as well as the concentration of PRPPat zero min. In the determinations of purine synthesis, the proportion of
total labeled purines detected in the medium (last column) agreed within -5% for each cell line by the two procedures employed (36, 37). Values
for normal groups are presented as ranges of determinations in three cell lines. All values presented are the means of at least two separate determi-
nations.

1660 M. J. Losman, D. Rimon, M. Kim, and M. A. Becker



creased proportion of newly synthesized purines into the me-
dium. Overall, there was a close correlation in lymphoblast lines
between increased rates of intracellular PRPPand purine syn-
thesis and demonstrable kinetic derangement of PRPPsynthetase
in vitro.

Properties of lymphoblast PRPPsynthetases. The uniform
and apparently specific absence of phenotypic expression of cat-
alytic superactivity in lymphoblasts suggested that PRPPsyn-
thetases in at least some lymphoblast lines might differ substan-
tially in amounts, absolute specific activities, and/or additional
properties relative to the respective enzymes previously studied
in detail in erythrocytes and fibroblasts. Certain immunochem-
ical and physical properties of lymphoblast PRPP synthetases
were, therefore, examined.

Among six normal-derived and patient-derived lymphoblast
lines, PRPPsynthetase CRMdiffered by <20% (Table III). Ab-
solute specific activities of PRPPsynthetase (Table III) were very
similar for all lymphoblast lines tested and were in the range of
values for PRPPsynthetase absolute specific activities measured
in erythrocytes and fibroblasts from normal individuals (38).

In additional studies, aberrant electrophoresis and thermal
stability properties of the enzyme, previously associated with
phenotypic expression of some catalytic defects in fibroblasts
(1 8, 2 1; and Becker, M. A., et al., manuscript submitted for
publication), were sought in lymphoblasts. Cellulose acetate gel
electrophoresis studies of fibroblast extracts (2 1, 4 1) showed re-
duced electrophoretic mobilities of PRPPsynthetases from two
patients (T.B. and A.D.) with catalytic overactivity (Fig. 2). In
contrast, PRPPsynthetases in lymphoblast extracts from normal
individuals and from all patients with catalytic or combined
defects in the enzyme (including T.B. and A.D.) migrated with
the same electrophoretic mobility, one which was indistinguish-
able from that of normal fibroblast PRPPsynthetase. Studies of
the thermal stabilities of fibroblast and lymphoblast PRPPsyn-
thetases at 570C showed a similar discordance: as previously
demonstrated (5, 18) S.M., and T.B. fibroblast PRPPsynthetases
showed reduced thermal stability; PRPP synthetases from all

Table III. Characterization of Lymphoblast PRPPSynthetase

PRPPsynthetase*

Enzyme Specific Absolute
Group defect activity CRM specific activity

nmot//z per mg ug/mng protein nmol/h per mg
protein CRM

Normal
C.L. None 320 1.38 232,000
L.S. 305 1.17 261,000

Patient
T.B. Catalytic 355 1.34 265,000
M.C. 340 1.39 245,000
A.D. 336 1.23 273,000
S.M. Combined 320 1.16 278,000

*Enzyme activity at Pi concentration of 32.2 mM(5) and CRM(39)
were measured as described, and absolute specific activities of PRPP
synthetase were calculated from these data. Values presented as means
of at least two determinations, each carried out in duplicate over a
three- to fourfold range of radiolabeled PRPPsynthetase displace-
ment.
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Figure 2. Schematic representation of cellulose acetate strip electro-
phoresis of lymphoblast (L) and fibroblast (F) PRPPsynthetases.
Crude cell extracts (11- 1 3.5 gsg of protein) were applied to duplicate
cellulose acetate strips (Biomedica; Millipore Corp., Bedford, MA),
and electrophoresis was carried out at 40C for 45 min in a buffer sys-
tem at pH 8.5 as previously described (2 1). After electrophoresis, one
strip of each pair was stained at 370C (4 1) with PRPPin the staining
solution (+). The duplicate strip was stained in an identical solution
from which PRPPwas omitted (-) to identify nonspecific staining.
Bands seen only after development in the presence of PRPPrepresent
PRPPsynthetase. Since control strips for all other fibroblast and lym-
phoblast extracts showed the patterns seen for normal extracts in the
top and bottom strips, respectively, additional control strips have been
omitted.

lymphoblast lines were, however, indistinguishable with respect
to thermal stability (data not shown).

Discussion

Long-term lymphoblastoid lines have been used increasingly in
recent years to study biochemical and genetic mechanisms in
the regulation of human purine metabolism (25, 26, 31, 45-52).
Many studies have employed the splenic B lymphocyte-derived
WI-L2 cell line (53) and mutant cell lines selected from WI-L2,
including those deficient in hypoxanthine phosphoribosyltrans-
ferase (25, 31, 46, 48-5 1), adenosine kinase (46, 47), and adenine
phosphoribosyltransferase (47). In addition, lymphoblastoid lines
derived directly from B lymphocytes of patients with inborn
errors of purine metabolism have been studied (25, 26, 5 1), most
notably cell lines from patients with partial (25) or severe defi-
ciencies of hypoxanthine phosphoribosyltransferase (26, 54). The
elegant work of Wilson and Kelley (25) has established the suit-
ability of lymphoblastoid cell lines as a source of cells for the
detection, isolation, and characterization of structural variants
of human HPRT. This work has, in turn, reinforced the view
that lymphoblastoid lines provide both a convenient and reliable
system for the study of inborn errors of human metabolism (5 5).

The results of the current study show selectivity in the
expression of PRPPsynthetase superactivity in lymphoblast lines.
Lymphoblasts derived from patients N.B. and B.P. showed ki-
netic defects in the enzyme identical to those found in fibroblasts
from the respective patient (4, 44; and Becker, M. A., et al.,
manuscript submitted for publication) and also possessed met-
abolic properties previously shown in fibroblasts to be charac-
teristic of cells bearing superactive PRPP synthetases (4, 5, 7,
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14, 15). In contrast, neither increased enzyme maximal reaction
velocity nor abnormalities of PRPPand purine nucleotide syn-
thesis were demonstrable in lymphoblasts derived from three
patients with isolated catalytic superactivity of erythrocyte and
fibroblast PRPPsynthetases. PRPPsynthetase in lymphoblasts
from these patients also showed immunochemical and physical
properties indistinguishable from those of the normal lympho-
blast enzyme, in some cases failing to confirm differences in
electrophoresis and thermal stability properties observed in fi-
broblast strains from the respective patients (18, 21; and Becker,
M. A., et al., manuscript submitted for publication). In lym-
phoblasts from these individuals, then, no evidence for pheno-
typic expression of enzyme superactivity was detected. Between
the extremes of full expression and nonexpression, an inter-
mediate case was encountered for patient S.M., whose fibroblast
enzyme is altered in both catalytic and regulatory properties (5)
and whose lymphoblasts showed a feedback resistant enzyme
and excessive rates of PRPPand purine synthesis unaccompa-
nied by increased enzyme maximal reaction velocity. Thus, cat-
alytically superactive PRPPsynthetase was unexpressed in lym-
phoblasts from all four patients in whomcatalytic defects in the
fibroblast enzyme had been established (4, 5; and Becker,
M. A., et al., manuscript submitted for publication), even in the
setting of a co-existing regulatory defect which was expressed.

On the basis of these findings, it seems likely that the reli-
ability of lymphoblast lines for studies of the genetic bases of
PRPPsynthetase superactivity may well be limited to cell lines
in which kinetic abnormalities in enzyme activity and evidence
for alteration in PRPPand purine nucleotide synthesis are iden-
tifiable. The absence of catalytic defects in lymphoblast lines
derived from patients with such defects in fibroblasts raises
questions about the nature of this class of inherited PRPPsyn-
thetase superactivity and the determinants of its expression.
Among potential explanations for absence of expression of cat-
alytic superactivity, the results of immunochemical studies (Table
III) made unlikely the possibility that differences in concentra-
tions of PRPPsynthetases among cell lines were obscuring dif-
ferences in absolute specific activities of individual forms of the
enzyme. These studies also provided evidence against selective
activation of normal PRPP synthetase as an explanation for
comparable catalytic activity in normal-derived and patient-de-
rived lymphoblasts. These and additional studies of physical
properties of the enzymes favored the suggestion that lympho-
blast PRPPsynthetases from patients with catalytic superactivity
are structurally different from their enzyme counterparts in fi-
broblasts and erythrocytes. Moreover, since increased PRPP
synthetase activities were found in extracts of freshly isolated
peripheral blood mononuclear cells from the two patients with
catalytic superactivity tested, expression of catalytic defects in
B cells before transformation into lymphoblasts seems likely.
Thus, the selective loss of expression of catalytic superactivity
in lymphoblasts appears to reflect an event occurring in (or
missing from) transformed lymphocytes, which specifically ef-
fects the structure of the enzyme. At which level between the
structural gene coding for PRPPsynthetase and the active en-
zyme product such alteration is effected is uncertain.

We believe that the data presented make unlikely several
possible explanations for absence of expression of catalytic su-
peractivity in lymphoblasts. These include spontaneous reversion
to normal of all and only the genetic defects underlying catalytic
superactivity and the existence of a structural gene for lympho-

blast PRPPsynthetase different from that coding for the eryth-
rocyte and fibroblast forms of the enzyme. Similarly, absolute
specific activities of lymphoblast PRPPsynthetases provide no
support for a model, suggested by the work of Martin and col-
leagues (56, 57), in which catalytically superactive PRPPsyn-
thetase is an induced and activated form in untransformed cells,
with loss of the catalytically superactive phenotype representing
conversion of normal enzyme to the induced and activated form
during lymphocyte transformation.

Posttranslational modification of the enzyme is another
mechanism by which the structure and activity of lymphoblast
PRPPsynthetase may differ from that of the enzyme in other
cells. If, for example, expression of catalytic superactivity requires
a posttranslational alteration unique to these genetically altered
forms of the enzyme, an activity mediating this modification
may not be expressed in lymphoblasts. The possibility of such
a mechanism must remain speculative in the absence of evidence
to affirm or deny its operation. Nor is it possible to exclude with
certainty an alternative hypothesis in which the primary genetic
defect underlying catalytic superactivity resides in the gene cod-
ing for a posttranslational modifier of structurally normal PRPP
synthetase. Studies aimed at establishing the precise nature of
inherited defects underlying PRPPsynthetase superactivity and
at evaluating the possibility of posttranslational modification of
the enzyme will likely provide insight into the selective expression
of enzyme superactivity in lymphoblasts.
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