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ABSTRACT Purine nucleoside phosphorylase
(PNP) deficiency is associated with a severe defect
in thymus-derived (T)-lymphocyte function combined
with normal bone marrow-derived (B)-lvmphocyte
function. To investigate the role of this enzyme
deficiency in the resulting immune dysfunction, we
measured the levels of ribonucleoside and deoxy-
ribonucleoside triphosphates in erythrocytes from two
unrelated PNP-deficient, T-lymphocyte-deficient pa-
tients. Both PNP-deficient patients have abnormally
high levels of deoxyguanosine triphosphate (deoxy-
GTP) in their ervthrocytes (5 and 8 nmol/ml packed
ervthrocytes). In contrast, normal controls and adeno-
sine deaminase-deficient, immunodeficient patients
do not have detectable amounts of deoxyGTP (<0.5
nmol/ml packed erythrocytes). We propose that
deoxyguanosine, a substrate of PNP, is the potentially
lvmphotoxic metabolite in PNP deficiency. The
mechanism of toxicity involves phosphorylation of
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deoxyguanosine to deoxyGTP, which acts as a po-
tent inhibitor of mammalian ribonucleotide reductase.

INTRODUCTION

Deficiencies in either adenosine deaminase (ADA)! or
purine nucleoside phosphorvlase (PNP), two enzyvmes
which act sequentially in the purine salvage pathway
(Fig. 1), are associated with immunodeficiency
diseases (1, 2). Whereas ADA deficiency results in
combined bone marrow-derived (B)- and thymus-
derived (T)-lymphocyte deficiency, PNP-deficient pa-
tients exhibit T-cell dysfunction with normal B-
lymphocyte function. While there are a number of
proposed mechanisms to explain the association of
lvmphotoxicity with ADA deficiency (3-7), the cause
of the T-cell deficiency associated with the absence
of PNP activity has received less attention. It was
postulated that an accumulation of the PNP sub-
strate, inosine, inhibited ADA activity causing func-
tional ADA deficiency (8). Subsequently, orotic
aciduria was found in two PNP-deficient patients,

VAbbreviations used in this paper: ADA, adenosine
deaminase; deoxyATP, deoxyvadenosine triphosphate; deoxy-
CTP, deoxycytidine triphosphate; deoxyGTP, deoxyguano-
sine triphosphate; GTP, guanosine triphosphate; HGPRT,
hypoxanthine-guanine phosphoribosyl transterase; HPLC,

high-performance liquid chromatography; PNP, purine
nucleoside phosphorylase.
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FIGURE 1
olism.

Enzymes involved in purine nucleoside metab-

indicating that pyrimidine starvation might exist in some
of the tissues of the patients (9). However, oral uridine
therapy did not significantly improve their immune
function but did eliminate the orotic aciduria (9).

Recently, strikingly high levels of deoxyadenosine
triphosphate (deoxyATP) were found in erythrocytes
from several ADA-deficient, immunodeficient pa-
tients (10). Since deoxyATP is a known inhibitor
of ribonucleotide reductase (11), it was suggested that
an accumulation of deoxyATP in the patients’ lympho-
cytes is the cause of the immunodeficiency in ADA-
deficient children (10).

Deoxyguanosine is one of the four PNP substrates
which accumulate in the urine of PNP-deficient
children (12). Human lymphocytes are capable of
phosphorylating deoxyguanosine to deoxyguanosine
triphosphate (deoxyGTP) (13), which like deoxyATP
can inhibit mammalian ribonucleotide reductase (11).

Thus, we measured deoxyGTP levels in erythrocytes
from PNP-deficient patients and normal controls, and
we now demonstrate that deoxyGTP is present in
erythrocytes from PNP-deficient patients but not in
normal control erythrocytes.

METHODS

Materials. Nucleotide and deoxynucleotide standards
were purchased from Sigma Chemical Co., St. Louis, Mo.
DNA-dependent DNA plymerase and calf thymus DNA
were purchased from Miles Laboratories Inc., Elkhart,
Ind. [PBH]JTTP (60 Ci/mmol) was purchased from New
England Nuclear, Boston, Mass. All other reagents were of
the highest grades commercially available.

Patients. The two immunodeficient children, patient 1 (2)
and patient 2 (14), with inherited deficiencies of PNP
have been previously described. The ADA-deficient child
with combined B- and T-lymphocyte deficiency has also
been described previously (10) as has the adult male
deficient in erythrocyte hypoxanthine-guanine phosphori-
bosyl transferase (HGPRT) (12). The control subjects in-
cluded normal children and adults and two immunodeficient
children. One immunodeficient child has a severe com-
bined immunodeficiency while the other has only a T-
lymphocyte deficiency, but both children have normal
activities of ADA and PNP in their erythrocytes. None of
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the immunodeficient patients had been transfused or was
receiving drugs betore study.

Preparation of samples. Whole blood (2-3 ml) was
withdrawn from patients into heparinized syringes and
promptly centrifuged (10,000 g for 2 min) at ambient
temperature. The plasma was removed, and an equal
volume of ice-cold 2 N perchloric acid was added to the
erythrocvte pellet. The chilled mixture was again centri-
fuged (10,000 g for 2 min) to remove the precipitated pro-
tein, and the supernate was neutralized to pH 6 to 8 with
5 N KOH, to precipitate potassium perchlorate. After chilling
on ice, the supernatant solutions were centrifuged to re-
move the potassium perchlorate, frozen, and when neces-
sary, shipped to San Francisco, Calif. for analysis.

High performance liquid chromatography. High per-
formance liquid chromatography was pertormed utilizing an
Altex metering system with a 20-ul UV analyzer (Altex
Scientific Inc., Berkeley, Calif.), as described previously (10).

Enzymatic determination of deoxyGTP. The concentra-
tion of deoxyGTP in erythrocyte extracts was determined
by the method of Solter and Handschumacher (15), utiliz-
ing the dependence of the DNA polymerase reaction upon
the presence of the triphosphates of all four deoxyribonucleo-
sides. The reactions were carried out for 60 min in the
presence of saturating amounts of deoxycytidine triphos-
phate (deoxyCTP) (2 uM), deoxyATP (2 uM) and [PH]TTP
(0.6 uCi, 2 uM). The reaction was dependent upon, and linear
with, the volume of added erythrocyte extract. deoxyGTP
standards added to normal erythrocyte extracts could not be
detected at concentrations corresponding to less than 0.5
nmol/ml of packed ervthrocytes.

RESULTS

The levels of nucleoside triphosphates in erythrocyte
extracts from ADA- and PNP-deficient patients, and
from normal controls, were determined with high-
performance liquid chromatography (HPLC). Erythro-
cytes from PNP-deficient patients contain a significant
amount of deoxyGTP, which is not present in erythro-
cytes from either normal controls or ADA-deficient
patients (Fig. 2). In contrast, erythrocytes from ADA-
deficient patients contain deoxyATP, which is not
present in either normal controls or PNP-deficient
erythrocytes (10) (Fig. 2).

The concentrations of nucleoside triphosphates in
erythrocytes from normal controls, ADA-deficient,
PNP-deficient, and HGPRT-deficient patients are sum-
marized in Table I. deoxyGTP levels are more than
10-fold higher in erythrocyte extracts from the two
PNP-deficient patients, compared to the other con-
trols and patients. While the ATP levels of all the
extracts tested are comparable, guanosine triphosphate
(GTP) concentrations are two-four times lower in
extracts from either PNP-deficient or HGPRT-deficient
patients, compared to normal controls. This decrease
in GTP concentration is presumably the result of im-
paired guanine salvage capability caused by the ab-
sence of either PNP or HGPRT; however, other
mechanisms are certainly possible.

To confirm the presence of deoxyGTP in PNP-
deficient erythrocytes, we assayed deoxyGTP in the
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FIGURE 2 HPLC of nucleoside triphosphates in erythro-
cytes of normal controls, and PNP- (PNP-/-) and ADA-
(ADA-/-) deficient patients. Aliquots (100 ul) of neutralized
perchloric acid extracts of erythrocytes were applied to a
Whatman Partisil 10-SAX column (Whatman, Inc., Clifton,
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TABLE I
Ribonucleoside-Triphosphate and Deoxyribonucleoside-
Triphosphate Concentrations in Erythrocyte Extracts
from Controls, PNP-, ADA-, and HGPRT-
Deficient Patients

Subjects ATP dATP GTP dGTP
nmol/ml packed erythrocytes
Controls 1,150+100 <20 74+20 <0.5
PNP-deficient
(patient 1) 1,260 <20 26 5
PNP-deficient
(patient 2) 1,320 <20 19 8
ADA-deficient 1,100 1,100 60 <0.5
HGPRT-deficient 1,080 <20 32 <0.5

The values were determined by high-performance liquid
chromatography as described in the legend to Fig. 1 and in
Methods. The control values are averages of seven samples
including five normal children and adults, and two immuno-
deficient children with nucleoside triphosphate concentra-
tions indistinguishable from the normal controls. The values
recorded for the enzyme-deficient patients are means of
independent duplicates which differed by less than 8%.

extracts from both PNP-deficient patients and normal
controls with the DNA-dependent DNA polymerase
reaction (15). The results obtained by HPLC and by the
DNA polymerase assay agree. The control extracts
contain deoxyGTP at a concentration of less than 0.5
nmol/ml of packed erythrocytes, but the erythrocytes
from PNP-deficient patients 1 and 2 contained 7 and 10
nmol of deoxyGTP/ml of packed erythrocytes, respec-
tively, by the DNA polymerase assay.

DISCUSSION

deoxyGTP is synthesized in mammalian cells either
via the reduction of guanosine diphosphate by ribo-
nucleotide reductase (11), or by phosphorylation of
deoxyguanosine (16). Since nondividing cells do not
have ribonucleotide reductase activity (17), the phos-
phorylation route is the source of deoxyGTP in the
erythrocytes from PNP-deficient patients. PNP-de-
ficient patients cannot degrade deoxyguanosine, and
thus, deoxyguanosine can either be phosphorylated
to deoxyGTP or secreted in the urine of these pa-

N. J.) and eluted with 0.4 M potassium phosphate, pH
3.6, at a flow rate of 1 ml/min. These tracings represent
the 254-nm absorbance profiles of the eluted ATP, deoxy-
ATP, GTP, and deoxyGTP. The sample injection points are
indicated by the left-most broken vertical line. Relatively
low sensitivity (0.02 OD/cm) was used to detect ATP and
deoxyATP, while high sensitivity (0.0005 OD/cm) was used
to detect GTP and deoxyGTP. The retention times of ATP,
deoxyATP, GTP, and deoxyGTP were 18, 24, 31, and 37
min, respectively.
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tients, or both. PNP-deficient patients do secrete
large amounts of deoxyguanosine in their urine (12).
We now have evidence that children who lack PNP
also accumulate an excess of deoxyGTP in their
erythrocytes. Since deoxyGTP is a known inhibitor
of cytidine diphosphate reduction in mammalian cells
and promotes the reduction of ADP (11), the ac-
cumulation of high levels of deoxyGTP in dividing
cells probably causes deprivation of deoxyCTP and
thereby inhibits DNA synthesis. Although the levels
of deoxynucleotides in normal erythrocytes are not
detectable, studies with S49 mouse T-lymphoma
cells in culture have demonstrated that these cells
are starved for deoxyCTP after incubation in the
presence of deoxyguanosine.?

It is conceivable that abnormally high levels of
deoxyGTP accumulate in the T lymphocytes of PNP-
deficient children and cause the observed T-lympho-
cyte killing. Since T lymphocytes are absent in PNP-
deficient patients, it is not possible to measure deoxy-
GTP pools directly in these cells. However, it is
intriguing that the thymus has the highest activity
of deoxycytidine kinase (18), which also phosphory-
lates deoxyguanosine (16).2 Moreover, of the human
fetal tissues examined by Carson et al., the thymus
and spleen exhibit the highest deoxyguanosine phos-
phorylating activity (19). Thus, in the PNP-deficient
patients, these tissues would be expected to have
even higher deoxyGTP levels than do their erythro-
cytes. These observations can explain the tissue
specificity of PNP deficiency because elevated
deoxyGTP levels and the resulting cytotoxicity
should correlate with deoxyguanosine phosphorylation.

This hypothesis also explain‘s the clinical similarities
in the ADA- and PNP-deficient, immunodeficient pa-
tients; a deficiency in ADA results in failure to degrade
deoxyadenosine which is then phosphorylated to
deoxyATP (10, 13), and a deficiency in PNP leads
to an accumulation of deoxyguanosine which is phos-
phorylated to deoxyGTP (13, 16). In both types of
enzyme deficiencies, the accumulation of the phos-
phorylated deoxyribonucleoside could cause the
inhibition of ribonucleotide reductase, subsequent
deoxynucleoside triphosphate starvation, and inhibi-
tion of DNA synthesis. The differences in the pheno-
types of ADA- and PNP-deficient patients may be
understood when more is known about the tissue
distributions of specific kinase activities.

Finally, human lymphoid tissues can phosphorylate
all four deoxynucleosides (13). Thus, a possible therapy
for both ADA and PNP deficiencies would be ad-

2 Gudas, L. J., B. Ullman, A. Cohen, and D. W. Martin, Jr.
1978. Deoxyguanosine toxicity in cultured lymphocytes
and its relationship to purine nucleoside deficiency and the
associated immunodeficiency disease. Submitted for publi-
cation.
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ministration of the deoxynucleosides, particularly
deoxycytidine, the triphosphates of which are depleted
in these tissues. Deoxycytidine is not toxic in a number
of model systems,? and in fact, deoxyCTP does not
appear to play a role in the allosteric regulation of
ribonucleotide reductase (11,20).
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