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ABSTRACT Three point mutations on theNpb allele of the
purine nucleoside phosphorylase locus in the mouse have been
recovered by male germ cell mutagenesis. The mutants were
backcrossed, 12–14 generations, and are designated in in-
creasing order of severity of enzyme deficiency and phenotype:
B6-NPE, Met-87 3 Lys; B6-NPF, Ala-228 3 Thr; and B6-
NPG, Trp-16 3 Arg. A marked decline in total cell numbers
per thymus occurs between 2 and 3 months for the more severe
B6-NPF and B6-NPG mutants (35% and 52%, respectively)
and by 8 months for the less severe B6-NPE mutation. The
thymocyte population is thereafter characterized by a 3- or
8-fold expanded precursor, CD42CD82 double-negative pop-
ulation and 15% or 55% reduced CD41CD81 double-positive
cells for the B6-NPF and B6-NPG strains, respectively. Spleen
lymphocyte Thy-11 cells are reduced by 50% and spleen
lymphocyte response to T cell mitogen and interleukin 2 is
reduced by 80%. Increases of thymocyte dGTP pools of 5- and
2.5-fold for B6-NPF and B6-NPG mutants, respectively, are
observed. The purine nucleoside phosphorylase-deficient
mouse exhibits age-dependent progressive perturbations in
thymocyte differentiation, reduced numbers of thymocytes,
and reduced splenic T cell numbers and response. The pro-
gressive T cell deficit is similar to the human disorder.

Purine nucleoside phosphorylase (PNP) catalyzes the revers-
ible phosphorolysis of inosine and guanosine and their de-
oxyribose counterparts to hypoxanthine and guanine and
ribose- or deoxyribose-1-phosphate. PNP deficiency was first
described in man in association with an autosomal recessive
form of cellular immunodeficiency (1) in which patients gen-
erally present with recurrent infections and severe lymphope-
nia within the first 2 years. PNP-deficient patients have
reduced T cell numbers and function, whereas B cell function
is preserved in most cases (2–5). The thymus is absent on a
chest x-ray, which showed only a vague cortex and poorly
formed Hassall’s corpuscles (6). Autoimmune hemolytic ane-
mia, autoimmune neutropenia, and systemic lupus erythema-
tosus (5, 7, 8) and B cell lymphomas (9) have been observed
in PNP-deficient patients. Presenting features in PNP defi-
ciency have also included neurologic abnormalities. These
encompass spastic tetraparesis and diplegia, developmental
delay with motor involvement and hypotonia, behavioral ab-
normalities, and variable mental retardation (2, 5, 7, 10–12).
In PNP deficiency, the nucleoside substrates accumulate,

and there is a corresponding decrease in uric acid (2–4). There
is no evidence for mammalian kinases capable of phosphory-
lating the PNP ribonucleoside substrates inosine or guanosine
(13). Deoxyguanosine, however, may be converted to dGMP

by deoxyguanosine kinase andyor deoxycytidine kinase (13–
16). Minimal increases in dGTP are found in erythrocytes and
peripheral blood lymphocytes of PNP-deficient patients (4, 10,
17–19) compared with the marked increase in dATP of
adenosine deaminase-deficient patients (12). dGTP has been
proposed nonetheless to interfere with ribonucleotide reduc-
tase and indirectly impair DNA synthesis.
Interpretation of the selective toxicity of deoxyguanosine to

lymphoid cells has been based upon their relatively high
deoxyguanosine kinase activity (20, 21). Further, the specific
T cell rather than B cell impairment characteristic of human
PNP deficiency has been attributed to the protective effect of
relatively high dNMP nucleotidase activity in B cells as com-
pared with T cells (22). The net result would be the accumu-
lation of dGTP in T but not B cells. Unstimulated human
thymocytes do accumulate dGTP but not tonsillar T cells or
peripheral blood lymphocytes (23). In vitro studies have indi-
cated T suppressor cell function is sensitive to deoxyguanosine
toxicity, whereas helper activity is not (24).
We previously described the recovery of two PNP-deficient

mutants from the progeny of mutagen-treated male mice (25).
Five PNP mutants were recovered in total, representing three
distinct mutations. We report here the molecular character-
ization of these mutants and describe their physiological
consequence. The present findings reveal an age-dependent
progressive deficit in thymocyte numbers, a disruption of an
early event in T cell differentiation, and decreased spleen
leukocyte response in PNP-deficient mice. A significant but
minimal accumulation of dGTP in thymocytes was character-
istic of the more severely deficient mutants.

MATERIALS AND METHODS

Mutant Production and Congenic Strain Development.
Blood samples from the first-generation offspring of mutagen-
treated male mice were screened by quantitative enzyme assay
and isoelectric focusing (25), through a cooperative mutant
screening program (26). Putative carrier mutant mice were
mated to C57BLy6J and congenic strains developed for the
B6-NPF and B6-NPE variants, now 12–14 generations back-
crossed for this study. The B6-NPGmutation, also successively
backcrossed 14 generations, was rescued from a DBAy2J
lineage and is presently at the equivalent of a third-generation
C57BLy6J backcross. Carrier status at each generation was
determined by quantitative PNP assay with erythrocytes. Mice
were maintained on autoclaved bedding and in cages equipped
with filter caps (25).
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PNP and Deoxyguanosine Kinase Assays. Enzyme assays
were performed on cell homogenates using [14C]inosine or
[3H]deoxyguanosine as described (25, 27).
Fluorescence-Activated Cell Sorter (FACS) Analysis. Single

cell suspensions of thymocytes and spleen leukocytes from
mutant and C57BLy6J mice were prepared in Dulbecco’s
phosphate-buffered saline containing fetal calf serum (5%).
Cells were incubated with antibodies for 20 min on ice and
washed twice. The antibodies used were from Cedarlane
Laboratories: f luorescein isothiocyanate-conjugated Thy 1.2
and CD4, phycoerythrin-conjugated CD8, and biotin-tagged
CD3 for use with streptavidin PerCP (Becton Dickinson), and
fluorescein isothiocyanate-conjugated IA (Boehringer Mann-
heim). Analyses were done on a FACScan equipped with an
argon laser using LYSYS II software (Becton Dickinson).
T Cell Stimulation. Thymocytes or spleen leukocytes were

cultured in the presence or absence of concanavalin A (con A;
Pharmacia) and human recombinant interleukin 2 (IL-2; Am-
ersham) at a density of 0.5 3 106 cells per 0.2 ml for 48 hr
followed by a pulse, 3 hr for thymocytes or 1.5 hr for spleen
leukocytes, with 0.4 mCi [3H]thymidine (5 Ciymmol; Amer-
sham; 1 Ci 5 37 GBq). Cells were harvested and washed on
glass fiber filters essentially as described (30) with a cell
harvester (PHD, Cambridge, MA).
Total thymocyte and spleen leukocyte counts were deter-

mined by quantitative preparation of cells as described above.
Cell counts were determined with a Coulter counter (model
ZB1).
Cellular dGTP and dCTP Analyses. Thymocyte lysates were

prepared as described previously for HPLC analysis of nucle-
otides (27). The enzymatic assay for dNTPs employed syn-
thetic oligonucleotides as templates for dGTP (59-TTTCTTT-
CTTTCTTTCTTTCGGCGGTGGAGGCGG) or dCTP (59-
TTTGTTTGTTTGTTTGTTTGGGCGGTGGAGGCGG)
and the universal primer (59-CCGCCTCCACCGCC), as de-
scribed by Sherman and Fyfe (28) with modifications (29). The
0.050-ml reaction contained 0.5 units of Sequenase 2.0 and the
supplied buffer (United States Biochemical): 6 mM [3H]dATP,
8.4 Ciymmol (Amersham), 10 mM template and 10 mM
universal primer, and 0.005–0.010 ml of extracted lysate.
Standards contained 2–10 pmol of dGTP or dCTP, respec-
tively.
Sequencing and Molecular Analysis. Primers flanking the

PNP coding region, (59Npnc1, dAGCGAAAGGGCAGGA-
ATTCG; 39Npnc1, dAAGGGTAAGCTTCTCTTTCC) were
used to produce 1035-bp PCR products from cDNA generated
from each of five mutant strains as described (30). Products
were subcloned into pBluescript and sequenced (30, 31).
The codon changes were confirmed by PCR–restriction

fragment length polymorphism analysis. The nucleotide sub-
stitution at position 260 for B6-NPE was confirmed by NdeI
digestion of an independently amplified 1035-bp PCR product
from cDNA which gave two fragments for C57BLy6J DNA of
298 and 737 bp, but B6-NPE DNA was refractory to digestion.
Genomic DNA from B6-NPF, B6-NPH, B6-NPI, and
C57BLy6J was amplified using the primers previously de-
scribed (59Npc2, dGGTTTGGAGCTCGTTTTCCGTGC;
39Npnc2, dAGCAGCGGAGCTCTCCATTGC), which give
800-bp products that contain 381 bp of exon. The substitution
at nucleotide 682 in these mutants was verified by a MaeIII
restriction site present in the mutant strains and absent in
C57BLy6J. The nucleotide substitution for the B6-NPG mu-
tant at base pair 46 was verified by amplification of a 191-bp
product from cDNA using primer 59Npnc1 and 39Npc150
(dGTAGTCAAAGATCTGAGCCTCC). The B6-NPG prod-
uct contains an Fnu4HI site, resulting in 104- and 87-bp
fragments not present in C57BLy6J DNA.

RESULTS

Molecular Analysis of Mutants. Among the progeny of a
C57BLy6J 3 C3HyHeHa cross in which the male was muta-
gen-treated (26), five heterozygous mutant mice were identi-
fied by quantitative enzyme assay or isoelectric focusing and
histochemical staining for PNP. The overall frequency of
mutations at the PNP locus was approximately 5 per 2500 test
progeny. All of the mutations were on the C57BLy6J allele,
which we previously designated Npb (30, 31). cDNA sequence
analysis revealed that three of the mutations were identical,
B6-NPF, B6-NPI, and B6-NPH, presumably arising from a
single founder male (Fig. 1A). Thus three unique mutations
were recovered on the Npb allele, and these mutations have
been designated B6-NPE, B6-NPF, and B6-NPG, in increasing
order of severity (Table 1). The nucleotide substitutions and
the corresponding amino acid changes for each of the three
unique mutations are given in Table 1, and their verification by
reverse transcription–PCR restriction analysis is shown in Fig. 1.
Thymocyte Numbers and Subset Analysis in PNP Defi-

ciency. To eliminate other mutations and produce congenic
stocks, the three unique mutations were backcrossed 12–14
generations before the homozygous PNP-deficient mice used
in this study were produced. Gross pathology of the mice at
6–8 weeks was normal, and all three mutants exhibited a
normal lifespan to greater than 16 months. Assessment of total
cell numbers in the thymus revealed a marked and progressive
decline in mice homozygous for the two severe mutations
between 2 and 3 months, whereas the more leaky mutation,

FIG. 1. PCR–restriction fragment length polymorphism analyses of
nucleotide substitutions found in PNP-deficient mice. (A) Genomic
DNA isolated from brain was amplified with 59Npc2 and 39Npnc2
primers to produce a fragment of approximately 800 bp containing 391
bp of exon. C57BLy6J, expressing the Npb allele, has a single MaeIII
restriction site within an intron, resulting in 485- and 315-bp fragments.
The G3A substitution at nucleotide 682 in the B6-NPF, B6-NPI, and
B6-NPH variant strains produces an additional restriction site at base
pair 678, resulting in digestion of the 485-bp fragment to 268- and
217-bp fragments. (B) C57BLy6J and B6-NPE cDNAs were amplified
with 59Npnc1 and 39Npnc2 primers, producing a 1035-bp product.
C57BLy6J contains a single NdeI site at nucleotide 257, resulting in
737- and 298-bp fragments. B6-NPE has lost this site as a result of the
T 3 A substitution at nucleotide 260. (C) C57BLy6J and B6-NPG
cDNAs were amplified with 59Npnc1 and 39Npc150 primers, produc-
ing a 191-bp fragment. B6-NPG contains a single Fnu4HI site at base
pair 46 due to the T3 C substitution at nucleotide 46, resulting in 104-
and 87-bp fragments. This site is absent in C57BLy6J, resulting in an
undigested 191-bp band.
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B6-NPE, did not show a decline in thymocytes until 8 months
of age (Fig. 2). Cell numbers per thymus, which were essen-
tially normal at 2 months, declined to 41% and 26% of those
of control mice by 4 months for B6-NPF and B6-NPG mice,
respectively.
Analysis of thymocyte subpopulations in 8- to 10-month-old

PNP-deficient mice was carried out by flow cytometry using
the surface markers CD4, CD8, CD3, and Thy-1. A minor
decrease in the number of Thy-11 cells of the B6-NPG mutant
was apparent (Table 2), and Thy-1 fluorescence exhibits a
broadening of the peak for the positive population. The
CD42CD82 T cell precursor population is 8.3-fold increased
in the more severe B6-NPG mutant, a trend which is evident
but less pronounced in the other mutants (Table 2 and Fig. 3).
A representative analysis for B6-NPG (Fig. 3) shows that this
change is due to a decrease in the CD41CD1CD3lo/int double-
positive cells and an increase in the pre-T population of
double-negative CD42CD82 cells. The relative proportion of
CD3 expression was essentially normal among the four
CD4CD8 subsets. Compared with the background strain,
C57BLy6J, there are significant decreases in the CD41CD81

fraction, 16% and 57% for B6-NPF and B6-NPG mice, re-
spectively. Examination of these parameters at an earlier
window of 5–6 months for B6-NPG revealed the same pattern
with less severity: increased CD42CD82 (366%) and de-
creased CD41CD81 (71%) relative to C57BLy6J.
Combining the subset distribution pattern and the total cell

counts per thymus reveals an absolute increase in the
CD42CD82 double-negative population for B6-NPF and B6-
NPG mice (Fig. 4). There is a corresponding decrease in
double-positive cells that is statistically significantly (P5 0.05)
for all three mutants. For B6-NPG mice, the number of
double-positive cells was only 14% of that for controls. An
essentially constant and near normal proportion of single-
positive CD41CD82 and CD42CD81 thymocytes is preserved
in all three mutant strains.
Decreased Numbers and Response of Spleen T Cells in PNP

Deficiency. The proportion of B cells (IA1) in the spleen
leukocyte population was equivalent for B6-NPE and B6-
NPG, or marginally greater for B6-NPF than that of the
background strain (Table 3). The proportion of Thy-11 cells
was significantly decreased for the B6-NPF and B6-NPG
mutations to approximately 50% of the proportion for the
control (Table 3). No significant differences were noted for
total spleen leukocyte numbers between control and mutant
animals at the various ages examined in Fig. 2 (data not
shown). Single-positive CD4 or CD8 spleen leukocytes were
present in normal proportions for B6-NPE mice. In contrast,
there were changes for the other two mutations with the
number of CD42CD81 cells being 57% and 41% of the
number for control mice for B6-NPF and B6-NPG mice,
respectively (Table 3).
Spleen leukocyte response to con A and IL-2 was signifi-

cantly impaired, being only 18–20% of normal for B6-NPG
and 17–28% of normal for B6-NPF (Fig. 5). The less severe
mutation, B6-NPE, showed a partial reduction in response at
60–69% of that for control mice. Even with adjustment of
these responses for the reduction in Thy-11 cells, the mutants

have a decreased overall response to con A and IL-2, 35–57%
for B6-NPF and 34–38% for B6-NPG spleen leukocytes as
compared with levels for the controls. The severity of depres-
sion in peripheral T cell numbers (Table 3) and response (Fig.
5) shows a positive correspondence with the degree of decrease
in PNP enzyme activity (Table 1).
dGTP in Thymocytes of PNP-Deficient Mice. Attempts to

examine changes in cellular dGTP levels in the PNP-deficient
mice were initially carried out by liquid chromatography (27).
Although no gross increase in dGTP was apparent, the meth-
odology was not sufficiently sensitive to measure the back-
ground levels in control mice. We have examined dGTP levels
using a sensitive nucleotide-specific oligonucleotide template–
DNA polymerase method (28). These results reveal no change
in thymocyte dGTP for the B6-NPEmutation; however, dGTP
was increased 5- and 2.5-fold for the B6-NPF and B6-NPG
mutations, respectively, as compared with C57BLy6J (Table
4). Examination of dCTP levels in thymocytes showed no
significant change among the mutants as compared with the
parental background strain.

DISCUSSION

Three independent point mutations at the PNP locus in the
mouse have been recovered following mutagenesis and, by
extensive backcross, have been isolated from other potentially
extraneous mutational events. None of the three deduced
amino acid substitutions (Table 1) were active site determi-
nants when compared with the assignments for human PNP, as
determined by x-ray structure analysis (32). The B6-NPE
mutation, Met-873 Lys, is next to His-86, a reversible proton
donor involved in the catalytic site, and Tyr-88 may be involved
in binding ribose (32). The B6-NPF and B6-NPG substitutions
Ala-2283 Thr and Trp-163 Arg are located in a helices and
may destabilize these structures as each are poorer helix-

FIG. 2. Number of cells per thymus in PNP-deficient mice as a
function of age. Total thymocyte numbers are the mean 6 SD as
determined from three or four male mice, and a comparison was made
for each month by the Student–Newman–Keuls test at P5 0.05, where
the letters indicate significant differences among strains.

Table 1. Molecular characterization of three PNP mutants

Strain Allele
Erythrocytic
PNP activity*

Mutation
site

Codon
change Residue

Amino acid
substitution

Restriction
site

C57BLy6J Npb 41.0 6 3.1
B6-NPE Npb-m260 1.89 6 0.11 260 ATG to AAG 87 Met 3 Lys NdeI (2)
B6-NPF Npb-m682 0.58 6 0.05 682 GCA to ACA 228 Ala 3 Thr MaeIII (1)
B6-NPG Npb-m46 0.42 6 0.20 46 TGG to CGG 16 Trp 3 Arg Fnu4HI (1)

The mutation sites are given relative to the initiation of translation. Each mutation resulted in the loss (2) or gain (1) of a restriction enzyme
site.
*PNP activity is expressed in nanomoles per minute per milligram of protein as the mean 6 SD for three to eight mice.
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forming residues than the native residue. Congruent with this
information, the Km values for nucleoside and phosphate were
not substantially altered for the B6-NPE and B6-NPF muta-
tions, and these proteins were previously shown to be markedly
more labile than the normal enzyme (25). The B6-NPF and
B6-NPG mutations are substantially more severe, , 1%
residual PNP activity, than the B6-NPE mutation, 5% (Table
1 and refs. 25 and 27).
T cell development in the thymus proceeds from

CD42CD82 precursors through double-positive CD41CD81

intermediates into single-positive CD41CD82 and
CD42CD81 mature T cells (33, 34). The majority of thymo-
cytes (80–85%) are normally the immature or pre-T cells that
coexpress both the CD4 and the CD8 accessory molecules and
reside in the cortex. The phenotypic consequence of PNP
deficiency in the B6-NPF and B6-NPG mutants is an increase
in the steady-state numbers of CD42CD82 double-negative
precursors to 170–240% of the numbers for the control and a
marked deficit of CD41CD81 double-positive thymocytes to
14–50% of that for the control (Table 2 and Fig. 4). Histopa-
thology of the thymus in PNP-deficient mice reveals a nar-
rowing of the cortex and a reduction in size in proportion to
the medullary compartment (A. Pinto and F.F.S., unpublished
observations).

In comparison, a complete deficiency of adenosine deami-
nase in the mouse results in death around birth due to severe
liver cell degeneration (35, 36). A less severe phenotype is
produced by inhibition of adenosine deaminase activity by
deoxycoformycin, which causes a reduction in CD41CD81

double-positive thymocytes (37), as in the PNP-deficient mice;
however, only in PNP-deficient mice were the double-negative
precursor cells increased. Mature single-positive thymocytes
were nonetheless essentially normal for both PNP deficiency
(Fig. 4) and the pharmacological model of adenosine deami-
nase deficiency (37). In the PNP-deficient mice, excessive loss
of double-positive CD41CD81 thymocytes during productive
T cell receptor rearrangement and transition to mature T cells
may be sufficient to account for the observed changes either
alone or in combination with constraints on the transition of
precursor double-negative cells to double-positive thymocytes.
The mouse model shares several similarities with human

PNP deficiency where affected individuals have a small thy-
mus, decreased numbers of T cells, and poor response to
mitogens with normal levels of B cells (5, 12). There is also
evidence of progressive loss of T cell function that may be
normal at birth but decreases with age (3–5). The cellular
features of the PNP-deficient mice include a progressive
age-dependent decline in total thymocytes, with the marked
decrease occurring during the 2- to 3-month period for the
more severely deficient mutants (Fig. 2). This time period is
not characterized by significant developmental changes in
thymocyte or spleen leukocyte PNP or deoxyguanosine kinase

FIG. 3. Flow cytometric analysis of thymocyte phenotype in
control and B6-NPG PNP-deficient mice. Fluorescence-activated
cell sorter analysis of CD3, CD4, and CD8 expression in thymocytes
from control and B6-NPG PNP-deficient mice at 8 months. The
gates for CD3 were as follows: CD32, CD3lo and CD3int, CD3hi.

FIG. 4. Numbers of CD4yCD8 cell subsets per thymus in PNP-
deficient mice as compared with C57BLy6J mice. From the total
number of cells per thymus (Fig. 2) and the relative CD4yCD8 subset
distribution (Table 2), the relative number of cells in each CD4yCD8
subset was determined as percentage of that for C57BLy6J. The cell
numbers are reported as the mean 6 SD. Letters indicate significant
difference (P 5 0.05) among strains and from the C57BLy6J control
(group a).

Table 2. Phenotype and number of thymocytes in PNP-deficient mice

Surface
Antigen

C57BLy6J
(n 5 10)

B6-NPE
(n 5 4)

B6-NPF
(n 5 4)

B6-NPG
(n 5 3)

Thy-11 99.8 6 0.3a 99.8 6 0.4a 98.7 6 1.4a 93.7 6 4.2b

CD42CD82 2.9 6 0.6a 3.9 6 2.3a 8.7 6 3.6a 24.0 6 9.8b

CD41CD81 88.0 6 2.8a 86.1 6 4.0ab 75.9 6 7.7b 42.6 6 18.4c

CD41CD82 6.3 6 1.9a 7.0 6 2.9a 9.0 6 1.4a 23.6 6 9.2b

CD42CD81 2.8 6 1.0a 3.0 6 1.1a 6.3 6 3.0b 9.8 6 1.4c

Results are the mean 6 SD for the number of mice given in parenthesis between 8 and 10 months of
age. Multiple comparisons among means were made using the Student–Newmann–Keuls test (P 5 0.05).
Letters indicate significant differences (P 5 0.05) among strains for each surface antigen subtype.
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activities (38). Spleen leukocyte response to mitogen and IL-2
was also shown to be decreased for the B6-NPF and B6-NPG
mutants (Fig. 5). Thus the age-dependent decrease in thymo-
cyte numbers and significant decrease in Thy-11 spleen leu-
kocytes (Table 3) for the two severe mutations are parallel
features to the human disorder and reflect a reduced rate of
production of mature thymocytes.
There is ample evidence that deoxyguanosine does induce

thymocyte death and perturb T cell development in the mouse.
In embryonic thymus organ culture models, deoxyguanosine
pretreatment is used to deplete the organ of thymocytes and
bone marrow-derived precursor cells (39). Suppressor T cell
development in the mouse is also impaired by deoxyguanosine
(40, 41). Among the PNP substrates, only deoxyguanosine has
been shown to induce DNA strand breaks in mouse thymo-
cytes, whereas inosine and guanosine do not (42). As yet, the
mechanism whereby these effects are achieved has not been
established; however, somatic cell mutants defective in deoxy-
cytidine kinase do show reduced sensitivity to deoxyguanosine,
thereby implicating dGTP in the mechanism of toxicity (16,
43).
We previously showed that PNP-deficient mice excrete PNP

substrates in proportion to the severity of the enzyme defi-
ciency, with B6-NPE mutants excreting the combination of
inosine and guanosine at 10-fold the normal level and B6-NPF
excreting these substrates plus deoxyguanosine and deoxy-
inosine at a total of 100-fold greater than the level of control
mice (25). Cellular GTP was not changed in the PNP-deficient
mutants (27), but the methodology was not sufficiently sensi-
tive to evaluate the nearly 100-fold lower dGTP concentration.
Using a sensitive DNA polymerase assay, an increase in
thymocyte dGTP pools was observed for the B6-NPF and
B6-NPG mutations; however, the magnitude of the change is
not great (Table 4). Minimal changes are also apparent in a
pharmacological model in which the combined administration
of both a PNP inhibitor and deoxyguanosine in the rat
produced a less than 2-fold increase in dGTP, and this only in
thymocytes (44). The minimal change in dGTP is not surpris-
ing in view of the secondary deficiency of deoxyguanosine
kinase observed in homozygous PNP-deficient mice (27). The

reduction in deoxyguanosine kinase appears to be a compen-
satory phenomenon that prevents the detrimental accumula-
tion of dGTP, rather than exacerbating the metabolic conse-
quence of the primary mutation. The recent cloning of human
deoxyguanosine kinase (45, 46) will facilitate clarification of
the role of this enzyme and that of deoxycytidine kinase in
phosphorylating deoxyguanosine. dGTP is believed to regulate
the levels of dCTP through ribonucleotide reductase (12);
however, there was no distortion in dCTP pools (Table 4). The
possibility remains, however, of there being markedly greater
increases in dGTP and reduced dCTP in a differentiating
subset that is masked by the total thymocyte population. A link
among PNP deficiency, the minimal increase in thymocyte
dGTP, and the observed perturbations in T cell maturation
remains to be established. Increases in the dGTP pools could
be deleterious to the template-independent N region compo-
nent of T cell receptor gene rearrangement (47, 48), which
involves terminal deoxynucleotidyltransferase (49) and is pre-
sumably responsive to endogenous dNTP pool sizes.

FIG. 5. Response of spleen leukocytes from PNP-deficient mice to
con A and IL-2. Spleen leukocytes were stimulated alone or in
combination with con A (0.5 mgyml) andyor IL-2 (6.5 or 60 unitsyml).
Results are the mean 6 SD for the following numbers of animals:
C57BLy6J, 7; B6-NPE, 3; B6-NPF, 6; B6-NPG, 4. Letters indicate
significant differences (P 5 0.05) among strains for each set of
conditions.

Table 3. Phenotype and number of spleen leucocytes for PNP-deficient mice

Surface
Antigen

C57BLy6J
(n 5 9)

B6-NPE
(n 5 4)

B6-NPF
(n 5 4)

B6-NPG
(n 5 3)

IA1 44.4 6 7.7a 49.5 6 4.2a 61.4 6 3.5b 47.9 6 9.0a

Thy-11 49.7 6 11.5a 45.3 6 11.0ab 24.4 6 12.8b 25.9 6 13.9b

CD42CD82 55.2 6 9.5a 59.6 6 3.3a 72.0 6 2.1b 56.7 6 8.5a

CD41CD81 0.4 6 0.2a 0.2 6 0.2a 0.3 6 0.1a 0.5 6 0.3a

CD41CD82 30.2 6 6.1a 26.7 6 0.5ab 19.6 6 3.1b 37.0 6 7.0a

CD42CD81 14.3 6 3.8a 13.6 6 2.7a 8.2 6 3.7b 5.8 6 2.1b

Results are the mean 6 SD for the number of mice given in parenthesis for 8- to 10-month-old mice.
Letters indicate significant differences (P 5 0.05) among strains.

Table 4. Thymocyte dGTP and dCTP concentrations in
PNP-deficient mice

Strain
dGTP,

pmoly106 cells
dCTP,

pmoly106 cells

Ratio to
C57BLy6J

dGTP dCTP

C57BLy6J 1.63 6 0.82a 4.52 6 1.13
B6-NPE 1.84 6 0.86a 4.54 6 0.65 1.13 1.00
B6-NPF 8.72 6 4.10b 5.32 6 0.70 5.35 1.18
B6-NPG 4.15 6 0.23b 3.60 6 0.95 2.55 0.80

Three mice were examined for each strain except B6-NPF (n 5 4).
Male mice were 2 months of age (C57BLy6J, B6-NPE, and B6-NPF)
or 4 months of age (B6-NPG). Statistical comparison was male by the
Student–Neumann–Keuls (P 5 0.05) test; letters represent significant
differences. There were no significant differences among strains for
dCTP.
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The association of autoimmune disease with PNP deficiency
has been thought to reflect a B cell hyperactivity phenomenon,
possibly resulting from a loss of suppressor (CD8) T cell
function (12). Of relevance, there appears to be a preferential
deficit of CD8 cells in the periphery for both B6-NPF and
B6-NPG mice, 57% and 41% of control levels, respectively,
whereas in general terms, the CD4 fraction is not so substan-
tially altered (Table 3). High titer antibodies to 120- and
.200-kDa nuclear proteins have been detected by immuno-
blotting in the B6-NPF mutant, providing preliminary evi-
dence for autoreactivity in the PNP-deficient mouse (M. J.
Fritzler, personal communication).
Analysis of three mutations at the PNP locus in the mouse

revealed impaired T cell differentiation in proportion to the
severity of the enzyme deficiency. Significant metabolic and
physiological phenotypic criteria have now been defined for
the PNP-deficient mouse against which metabolite, enzyme,
and gene therapy approaches may be tested.
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