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A B S T R A C T The association of a human genetic defi-
ciency of adenosine deaminase activity with combined
immunodeficiency prompted a study of the effects of
adenosine and of inhibition of adenosine deaminase ac-
tivity on human lymphocyte transformation and a de-
tailed study of adenosine metabolism throughout phyto-
hemagglutinin-induced blastogenesis. The adenosine de-
aminase inhibitor, coformycin, at a concentration that
inhibited adenosine deaminase activity more than 95%,
or 50 uM adenosine, did not prevent blastogenesis by
criteria of morphology or thymidine incorporation into
acid-precipitable material. The combination of coformy-
cin and adenosine, however, substantially reduced both
the viable cell count and the incorporation of thymidine
into DNA in phytohemagglutinin-stimulated lympho-
cytes.

Incubation of lymphocytes with phytohemagglutinin
for 72 h produced a 12-fold increase in the rate of deami-
nation and a 6-fold increase in phosphorylation of adeno-
sine by intact lymphocytes. There was no change in the
apparent affinity for adenosine with either deamination
or phosphorylation. The increased rates of metabolism,
apparent as early as 3 h after addition of mitogen, may
be due to increased entry of the nucleoside into stimu-
lated lymphocytes. Increased adenosine metabolism was
not due to changes in total enzyme activity; after 72 h in
culture, the ratios of specific activities in extracts of
stimulated to unstimulated lymphocytes were essentially
unchanged for adenosine kinase, 0.92, and decreased for
adenosine deaminase, 0.44. As much as 38% of the initial
lymphocyte adenosine deaminase activity accumulated
extracellularly after a 72-h culture with phytohemag-
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glutinin. In phytohemagglutinin-stimulated lymphocytes,
the principal route of adenosine metabolism was phos-
phorylation at less than 5 FM adenosine, and deamina-
tion at concentrations greater than 5 WM. In unstimu-
lated lymphocytes, deamination was the principal route
of adenosine metabolism over the range of adenosine
concentrations studied (0.5-250 MM). These studies
demonstrate the dependence of both the unstimulated and
stimulated lymphocyte on adenosine deaminase activity
for the metabolism of adenosine and may account for
the observed sensitivity of mitogen-stimulated lympho-
cytes to the toxic effects of exogenously supplied adeno-
sine in the presence of the adenosine deaminase inhibitor
coformycin.

A single case of immunodeficiency disease has been
reported in association with purine nucleoside phos-
phorylase deficiency. The catabolism of guanosine was
also found to be enhanced in stimulated normal lympho-
cytes; phosphorolysis of guanosine to guanine by in-
tact lymphocytes increased six fold after 72-h culture
with phytohemagglutinin. The specific activity of purine
nucleoside phosphorylase in extracts, with guanosine as
substrate, was essentially the same in stimulated and
unstimulated lymphocytes after 72 h of culture.

INTRODUCTION

Two inherited disorders of purine metabolism, adeno-
sine deaminase (1-4) and purine nucleoside phosphory-
lase (5) deficiency, have recently been associated with
immunodeficiency diseases. The concurrence of adeno-
sine deaminase deficiency and severe combined immuno-
deficiency in at least 14 patients has suggested the pos-
sibility of a causal relationship between the enzyme de-
ficiency and the immunological disorder. The report of
a single case of purine nucleoside phosphorylase de-
ficiency with defective T-cell immunity (5) adds fur-
ther impetus to the investigation of purine nucleoside
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metabolism in relation to lymphocyte function. Adeno-
sine is known to inhibit growth of and be ultimately
toxic to mammalian cells in culture, and the inhibition
of murine lymphocyte-mediated cytolysis by adenosine
was potentiated by an inhibitor of adenosine deaminase
(6). Work in this laboratory has shown the inhibition
of lymphocyte transformation by adenosine to be poten-
tiated by inhibitors of adenosine deaminase activity in
concanavalin A-stimulated (7), and in the present study,
phytohemagglutinin-stimulated human lymphocytes.

The present work describes changes of adenosine me-
tabolism in both lysates and intact cells during phyto-
hemagglutinin-induced transformation of human lympho-
cytes. The presently available description of adenosine
metabolism during lymphocyte transformation is limited
to observations of a 10-20-fold increase in the rate at
which adenosine and guanosine are incorporated into
RNA after 48 h culture with phytohemagglutinin (8).
The metabolic pathways of adenosine and other purine
nucleosides and bases are outlined in Fig. 1. Adenosine
may either be phosphorylated to AMPby adenosine ki-
nase or converted to inosine by the aminohydrolase
adenosine deaminase. Adenosine is also a potential pre-
cursor of adenine (9). The metabolism of a second nu-
cleoside, guanosine, has also been examined in phyto-
hemagglutinin-stimulated human lymphocytes because
the hereditary deficiency of purine nucleoside phosphory-
lase activity, for which guanosine and inosine are sub-
strates, has been associated with immunodeficiency
disease (5).

METHODS
Chemicals. Radioactive bases and nucleosides were pur-

chased from Amersham/Searle Corp. (Arlington Heights,
Ill.): [8-'4C]adenine, 58 mCi/mmol; [8-14C]adenosine, 59
mCi/mmol; [8-14C]hypoxanthine, 59 mCi/mmol; [8-14C] -
guanosine, 38.5 mCi/mmol; sodium [14C] formate, 59 mCi/
mmol; and from Schwarz/Mann Div., Becton, Dickinson
& Co. (Orangeburg, N. J.), [8-14C]guanosine, 49 mCi/
mmol, and [methyl-3H] thymidine, 6 Ci/mmol. Coformycin
was kindly provided by Dr. H. Umezawa, Institute for
Microbial Chemistry, Tokyo, Japan; 6-((4-nitrobenzyl)-
thio) -9-f8-D-ribofuranosylpurine (nitrobenzylthioinosine)1 was
provided by Dr. A. R. P. Paterson of the University of
Alberta Cancer Research Unit, Edmonton, Canada. ATP,
adenosine, adenine, inosine, hypoxanthine, guanosine, guanine
and D-ribose-5-phosphate disodium salt were obtained from
Sigma Chemical Co. (St. Louis, Mo.) and 5-phosphoribo-
syl-l-pyrophosphate (PP-ribose-P), magnesium salt, from
P-L Biochemicals, Inc. (Milwaukee, Wis.). Difco Lab-
oratories (Detroit, Mich.) phytohemagglutinin P or Bur-
roughs Wellcome purified phytohemagglutinin (Burroughs
Wellcome Co., Research Triangle Park, N. C.), were used
in these studies.

1Abbreviations used in this paper: EHNA, erythro-9-
(2-hydroxy-3-nonyl) adenine; nitrobenzylthioinosine, &6((4-
nitrobenzyl) -thio) -9-,8--ribofuranosylpurine; PP-ribose-P,
ribosylpyrophosphate 5-phosphate.

Purification and culture of lymphocytes. Human lym-
phocytes were purified from 400 ml blood of healthy donors
as previously described by Mendelsohn et al. (10, 11). The
preparative steps involve: (a) defibrination with glass beads,
which removes platelets and many polymorphonuclear leu-
kocytes; (b) sedimentation in 1% dextran, followed by
centrifugational banding on an aqueous solution of Ficoll
and Hypaque sodium to remove erythrocytes; (c) passage
through a nylon fiber column at 20°C to remove granulo-
cytes and monocytes. The final cell population contained
95-99%o small lymphocytes, with the remaining nucleated
cells consisting of monocytes or granulocytes; the ratio of
erythrocytes to lymphocytes was approximately 4: 100 and
platelets were not present.

Purified lymphocytes were resuspended at a density of
0.7-2.0 X 106 cells/ml in Eagle's minimum essential medium
containing 10% horse serum (Flow Laboratories, Inc., Rock-
ville, Md.), 4 mMglutamine, 100 U/ml penicillin, and 100
,ug/ml streptomycin. Cell counts were measured by hemo-
cytometer and Coulter counter model ZBI (Coulter Elec-
tronics, Inc., Hialeah, Fla.). Tests of cell viability, mitogen-
induced incorporation of [3H] thymidine into acid-insoluble
material, and morphologic transformation identified two lots
of horse serum suitable for utilization in these studies. Be-
fore use, the horse serum was heated at 56°C for 2 h. The
cultures were stimulated by addition of phytohemagglutinin
at concentrations producing optimal stimulation: 5 ug/ml
(Difco) or 1 ,ug/ml (Burroughs Wellcome) (10, 11).

All assays were performed in duplicate. For studies of
purine base and nucleoside metabolism, 0.2 or 0.4 ml of
lymphocyte suspension was added to 10 x 75-mm plastic
tubes (Falcon Plastics, Div. of BioQuest, Oxnard, Calif.);
for thymidine labeling, 0.5 or 1.0 ml of lymphocyte sus-
pension in 16 x 125-mm plastic tubes; and 2.0-5.0 ml of
lymphocyte suspension/50-ml growth flask (Falcon Plastics)
was used for enzyme assays on subsequent cell extracts or
PP-ribose-P determinations. Cell suspensions were main-
tained in a 37°C incubator without agitation in an atmos-
phere of 5% C02 and 95% air. During assays with intact
cells, the short-term incubations with radioactive precursors
were performed for convenience in a 370C water bath with
gentle shaking, with tubes previously gassed with 10%
CO2 and stoppered.

Preparation of cell extracts and enzyme assays. At ap-
propriate times, cells were harvested by transferring 5 or
10 ml cell suspensions from culture flasks to prechilled 50-
ml conical centrifuge tubes, and rinsing the culture flask
three times with 2 ml phosphate-buffered saline (Dul-
becco's), containing 5 mg/ml bovine serum albumin. Cells
were collected from the combined fractions by centrifugation,
resuspended in phosphate-buffered saline lacking albumin
(1.5-2.5 ml), transferred to 10 x 75-mm tubes, washed, and
resuspended in 0.3-0.6 ml of phosphate-buffered saline at
a final cell density of approximately 5-10 X 107 lympho-
cytes/ml. Lysates were prepared at 0°C by three 5-s pulses
with a Biosonik sonifier (Will Scientific, Inc., Rochester,
N. Y.) at 50-75% of maximum intensity; 5-IAI samples
were examined under the microscope for complete disrup-
tion. The extracts were centrifuged at 20,000 g for 40 min
at 4°C in the Sorvall RC2B centrifuge (DuPont Instru-
ments, Sorvall Operations, Newtown, Conn.) and super-
nates were used for enzyme assays.

The following radiochemical assays were devised to
minimize the amount of cellular extract required, and have
these features in common: the final assay mix contained
the equivalent of 5-20 x 0l cells/ml; the total assay volume
or aliquot removed after appropriate periods of incubation
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at 37°C from 10 X 75-mm plastic tubes was 0.050 ml; assays
were terminated by the addition of 10 Ml cold 8 M formic
acid; and 25-,ul aliquots were spotted for chromatographic
analysis of products. Separated compounds were cut out
and counted in Liquifluor toluene (Pilot Chemicals, Water-
town, Mass.). Activities were calculated from a minimum
of three time points during the linear portion (0-15 min)
of the assay. Protein was determined according to the
method of Lowry et al. (12).

Adenine phosphoribosyltransferase and hypoxanthine-gua-
nine phosphoribosyltransferase activities were determined
essentially as described by Fields and Brox (13) with
assay mixtures containing 50 mMTris-chloride (pH 7.4),
5 mMmagnesium chloride, 0.5 mMPP-ribose-P, 66 ,uM
[8-1'C]hypoxanthine or 50 MuM [8-14C]adenine and extract.
Reactions were terminated by addition of formic acid, and
25-ml aliquots were spotted on polyethyleneimine cellulose
thin layers (Polygram Cel 300, Brinkman Instruments,
Inc., Westbury, N. Y.), and developed overnight in metha-
nol: water (1: 1) to remove unreacted bases from the
origin where nucleotides remain. Nucleotides remaining at
the origin were subsequently cut out and counted (13, 14).

Adenosine deaminase was assayed in 100 mMpotassium
phosphate (pH 7.0) with 300 MuM [8-14C]adenosine (15 mCi/
mmol) and extract. After the reaction was stopped with
formic acid, aliquots were spotted on cellulose thin layers
(Eastman Kodak Co., Rochester, N. Y.) for separation of

adenine, adenosine, hypoxanthine, inosine, and nucleotides,
as previously described (9, 15). Due to the presence of
purine nucleoside phosphorylase activity, the sum of radio-
activity in inosine and hypoxanthine was used in determining

ATP

11
ADP g$YLO-

ADENYLAf

adenosine deaminase activity.
Adenosine kinase was assayed in a reaction mixture con-

taining 100 mMsodium phosphate (pH 5.8), 5 mMATP,
1.0 mMMgC12, 40 AM [8-'C]adenosine (59 mCi/mmol),
1 ,g/ml coformycin, and extract. The assay conditions were
optimized with respect to ATP, MgC12, adenosine concen-
trations, and pH with human lymphocyte lysates. The use of
erythro-9- (2-hydroxy-3-nonyl) adenine (EHNA) (16) and
coformycin (9, 15) in studying adenosine phosphorylation
has previously been reported; these compounds prevent
substrate depletion by inhibition of adenosine deaminase
activity. Aliquots of formic acid-terminated assay mixtures
were spotted on cellulose thin layers and developed as be-
fore (9) to measure nucleotide formation and monitor sub-
strate deamination.

Adenosine cleavage was assayed in 100 mMpotassium
phosphate (pH 7.0) with 300 MM [8-14C]adenosine, 1 Mg/ml
coformycin, and extract. Adenosine was separated from
adenine as described (9), and radioactivity in adenine was
used in determining adenosine cleavage.

Purine nucleoside phosphorylase activity was assayed by
the conversion of guanosine to guanine. The assay mixture
contained 100 mMpotassium phosphate (pH 7.0), 200 AM
[8-14C]guanosine (10 mCi/mmol), and extract. Formicacid-
terminated aliquots, 25 ul, were spotted on cellulose thin
layers and chromatographed in acetonitrile: 0.1 M ammo-
nium acetate: ammonia (60: 30: 10) to separate guanosine,
guanine, and nucleotides (14). Purine nucleoside phosphor-
ylase activity was calculated from the radioactivity in the
free base guanine.

With modification of a previously reported assay (17),
PP-ribose-P synthetase activity was measured by the ribose-
5-phosphate-dependent conversion of [14C]adenine to AMP.
The assay mixture contained 50 mMpotassium phosphate
(pH 7.0), 5 mMmagnesium chloride, 1 mMribose-5-phos-
phate, 5 mMATP, and 65 MM [8-14C]adenine. The order of
substrate additions was important in this assay (R. C.
Willis, personal communication); assays were started by
the simultaneous addition of ATP and [8-14C]adenine after
preincubation of extract and ribose-5-phosphate at 37°C
for 10 min. Formic acid-terminated aliquots were spotted on
polyethyleneimine cellulose thin layers and developed as in
the phosphoribosyltransferase assays. This assay exhibited a
lag period of 0-10 min and rates were therefore calculated
from the linear 10-60 min interval.

Extracellular adenosine deaminase activity in culture me-
dium was determined with 50-MAl aliquots of medium from

FIGURE 1 Pathways of purine metabolism.

Enzyme
Number in Commission

figure Trivial name Systematic name number

1 Adenosine deaminase Adenosine aminohydrolase 3.5.4.4
2 Adenosine kinase ATP: adenosine 5'-phosphotransferase 2.7.1.20
3 Adenosine cleavage
4 Purine nucleoside Purine-nucleoside: ortho phosphate

phosphorylase ribosyltransferase 2.4.2.1
5 Adenine phosphori- AMP: pyrophosphate phosphoribosyl-

bosyltransferase transferase 2.4.2.7
6 Hypoxanthine-guanine IMP: pyrophosphate phosphoribosyl-

phosphoribosyl- transferase
transferase 2.4.2.8
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which cells had been removed (see below), to which 5 dl
1.0 M potassium phosphate (pH 7.0) and [8-"C]adenosine
were added. Parallel assays with complete incubation me-
dium unexposed to cells were used as background. Incuba-
tions were carried out for 30 min at 37°C, reactions were
stopped with 10 AI 8 Mformic acid addition and 25 Al aliquots
were spotted on cellulose thin layers as described for the
adenosine deaminase assay. These procedures were also
followed in studies of ['Cladenosine metabolism by human
and horse serum.

Determination of intracellular PP-ribose-P concentration.
PP-Ribose-P was measured by a modification of the method
of Henderson and Khoo (18). At various times cell sus-
pensions containing 4-8 X 10. cells were transferred from
culture flasks to 10 x 75-mm glass tubes on ice. Culture
flasks were rinsed three times with 0.5 ml of phosphate-
buffered saline containing 5 mg/ml bovine serum albumin
and combined fractions were centrifuged for 3 min at 600 g.
The supernate was poured off, tubes were rapidly dried
with a swab, and -the cell pellets were immediately re-
suspended in 0.200 ml of cold 100 mMTris-chloride, pH
7.4, containing 1.0 mMEDTA, and extracted by placing
the tubes in a boiling water bath for 30 s and then returning
them to ice. After a further centrifugation, additions were
made so that the final assay mixture contained 5 mMmag-
nesium chloride, 100 AM [S-'C]adenine, and partially puri-
fied adenine phosphoribosyltransferase (prepared essentially
free from 5'-nucleotidase activity from WI-L2 cultured
lymphoblasts by Dr. R. C. Willis). Incubations were car-
ried out to completion at 37°C for 30-45 min, and 50-,ul
aliquots were spotted on polyethyleneimine cellulose thin
layers for separation of nucleotides from unreacted adenine
as described. Results are expressed in terms of cell count
per culture determined on the initial day.

Metabolism of radioactive precursors by intact lympho-
cytes. Because of the appearance of extracellular activity
capable of metabolizing adenosine, the medium was changed
immediately before assays involving radioactve nucleoside
precursors. Lymphocyte suspensions were centrifuged for 3
min at 650 g at 250C, 0.100 ml of the medium was removed
for assay of extracellular adenosine deaminase activity, and
the remainder poured off: the tubes were quickly dried
with swabs and the cells were resuspended in fresh pre-
warmed complete incubation medium containing 10%o horse
serum, gassed with 10%o CO2, stoppered, and incubated at
370 C. After these manipulations, a 30-min recovery period
was allowed before initiation of assays by the addition
of radioactive precursors.

Incubations were terminated by addition of 10 ,ul cold
4.4 M perchloric acid/0.200 ml culture; the mixture was
vortexed and placed on ice. After centrifugation, 0.100 ml
of the supernate was neutralized by transfer to a tube
containing 5 ,ul of 4.2 M KOHon ice, and after a further 5
min the potassium perchlorate was removed by centrifuga-
tion and 25-,gl aliquots were spotted on cellulose for chro-
matography. The metabolism of [14C] adenosine was fol-
lowed by chromatography of extracts to separate adenine,
adenosine, hypoxanthine, inosine, and nucleotides as pre-
viously described (9, 15). The phosphorolysis and possible
phosphorylation of ["C]guanosine were followed by chro-
matographic separation of guanosine, guanine, and nucleo-
tides, as described for the purine nucleoside phosphorylase
assay. These assays exhibit linear rates over 90 min in
control and phytohemagglutinin-stimulated cultures, and 30
min was used as the standard assay period.

The metabolism of purine bases was followed by incuba-
tion of lymphocytes with ["C]adenine or hypoxanthine as
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FIGuRE 2 The metabolism of ["C] adenosine in Eagle's
minimum essential medium containing 10%o human ( )
or 10% horse (---- ) serum at 37°C was followed by
removing samples at various times, deproteinizing and
chromatographing on cellulose thin layers to separate aden-
osine (*), inosine (EO), hypoxanthine (0) and adenine
(A)-
described for nucleoside metabolism. Neutralized aliquots
of the perchloric acid extracts, 25 Al, were spotted on
polyethyeneimine cellulose thin layers for separation of
GTP, ATP, GDP, ADP, GMP, XMP, IMP, AMP, and
NAD as previously described (14). Radioactivity in each
compound was determined and results are expressed as
nanomoles per 109 cells.

As a measure of de novo purine and nucleic acid syn-
thesis, the incorporation of sodium ["C]formate into nucleic
acid adenine and guanine was measured by a modification of
a previous method (19). To 0.400-ml lymphocyte suspen-
sions, 20 MCi sodium ["C]formate was added and after 120
min incubation at 37°C, 40 ,l 4.4 M perchloric acid was
added. The acidified material was quantitatively transferred
to 1.0-ml glass ampules, acid-insoluble material was washed
three times with 1.0 ml 0.4 M perchloric acid and dried in
vacuo, 0.100 ml of 1 N hydrochloric acid was added, and
ampules were sealed and placed in a boiling water bath
for 60 min. Portions of the nucleic acid hydrolysates, 50 ul,
were chromatographed on cellulose thin layers, as for the
adenosine deaminase assay, to separate adenine and gua-
nine.

Assays of lymphocyte transformation. After 64-72 h of
incubation, the mitogenic effects of phytohemagglutinin were
assayed by morphologic criteria and by ['H]thymidine in-
corporation into acid-insoluble material. Aliquots of phyto-
hemagglutinin-stimulated and control cells were tested for
viability by the trypan blue method; cells were incubated
with 0. 1%o trypan blue for 5 min and scored for their
ability to exclude dye. Microscopic slide preparations for
morphologic studies were made with a Shandon cytocen-
trifuge (Shandon Southern Instruments, Inc., Sewickley,
Pa.), and after staining with Wright's stain, the percent
blast transformation was determined by counting 400 cells.
Cells scored as transformed were enlarged to over 15 ,um
in diameter, with nucleus: cytoplasm ratios less than 1: 1;
diffuse rather than condensed nuclear chromatin staining;
and increased cytoplasmic basophilia. Phytohemagglutinin-
stimulated and control cultures were incubated in triplicate
for 4 h with [3H]thymidine (6 Ci/mM, 2 ACi/ml), then
washed with saline by centrifugation, precipitated in 5%'o
trichloroacetic acid, disrupted by sonication for 15 s at
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TABLE I
Effect of Adenosine and Inhibition of Adenosine Deaminase upon Parameters of Human

Lymphocyte Blastic Transformation

Acid-soluble
nucleotide synthesis
from purine bases

[14C]Formate incorporation
Relative into nucleic acid purines [E4C] PRPP

Morphologic thymidine [E4C] Hypoxan- concen-
Additions PHA transformation incorporation Adenine Guanine Adenine thine tration

%blasts (cPm sample! cpm/109 cells/120 min nmol/109 cells/120 mi nmol/10'
cPm PHA) cells

X 100 ±SEM
None + 40-70 100 5,532 8,783 752 897 52
Coformycin + 40-75 102 +15 5,301 7,562 768 857 68
Adenosine + 35-70 101±421 698 1,820 476 621 14
Coformycin

+adenosine + 30-35 5.1 ±1.9 754 1,700 <5 46 2
None - <4 2.641.2 440 794 130 156 6
Coformycin - < 4 1.0±i0.9
Adenosine - <4 1.3 40.7
Coformycin

+adenosine - < 4 0.4±i0.1

Adenosine, 50 ,uM; or coformycin, 1 gig/ml, were added to lymphocyte cultures concurrenit with phytohemagglutinin at the
initiation of incubation. WNhere adenosine was added in combination with coformycin, the cells were preincubated with inhibitor
for 15 min. Cultures were harvested and assayed for incorporation of [3H]thymidine after 66 h of incubation, as described in
Methods. The relative incorporation is the percent of thymidine incorporated into acid-precipitable material of test cul-
tures, relative to the phytohemiiagglutiniin-stinmulated cultures receiving no other additions. The absolute values of thymidine
incorporation as acid-insoluble cpm per 1.0 ml culture were 66,400±16,900 for phytohemagglutinini-stimulated cultures anld
1,780± 1,162 for unstimulated cultures. The total number of viable cells per culture was calculated as per cent viable cells X total
cell number. In control cultures the number of viable cells remained constant within±-5%. Although the cell count is difficult
to assay accurately in phytohemagglutinin-stiimiulated cultures due to clumping, estimates of reductions in the total number of
viable cells in the series of phytohemagglutinin-stimulated cultures (relative to phytolhenmagglutinin witlhout any other addi-
tions) are as follows: coformycin, adenosine, 15-20%O reduced; coformycin + adenosine, 65% reduced. The data are from four
experiments. Acid-soluble nucleotide synthesis from 100 ,uM [E4C]adenine or hypoxanthine, 0.8 mnMsodium ['4C]formate in-
corporation into nucleic acid adenine and guaninie and intracellular PP-ribose-P concentrationis were measured after 66 h inlcu-
bation as described in MIethods and are the average of duplicate determinations.

maximal intensity, and collected on glass fiber disks for
liquid scintillation counting (10, 11).

RESULTS
Freshly purified human lymphocytes were cultured in
Eagle's minimum essential medium supplemented with
10% horse serum because of the negligible adenosine
deaminase activity in serum from this source compared
to human or fetal calf serum. Less than 5% of 50 AM
["4C]adenosine was metabolized after 30 h incubation at
37°C in medium containing 10% horse serum (Fig. 2),
compared to over 95% deamination to inosine and sub-
sequent phosphorolysis to hypoxanthine after 9 h incu-
bation in complete medium containing 10% human se-
rum (Fig. 2). After 72 h of incubation in medium con-
taining 10%° horse serum, 90-95% of control and phyto-
hemagglutinin-stimulated cells were viable. By morpho-
logical examination, the unstimulated culture contained
2-3% blastic-transformed cells, whereas phytohemag-

glutinin-stimulated cultures had 40-70% blasts. In stim-
ulated cultures, [3H]thymidine incorporation into acid-
precipitable material showed a 20- to 50-fold increase
and the incorporation of ["4C]formate into nucleic acid
adenine and guanine increased more than 10-fold (Ta-
ble I).

Effect of inihibitiont of adenosine deaminiase and effect
of cxogcniouis adenlosin-e owl phytoheinaggliut inin-iiznduced
transformiation. Because of the immunological disorders
associated with a gross deficiency of adenosine deami-
nase activity (1-4), it was of interest to determine
whether inhibition of this activity could prevent mito-

gen-induced transformation of human lymphocytes. The
structure and synthesis of coformycin (20) and EHNA
(21), two potent inhibitors of adenosine deaminase ac-

tivity, have recently been reported, as have examples of
their utility in studying adenosine metabolism (6, 9, 15,
16, 22, 23). A concentration of 50 mM adenosine has
been found to suppress growth of the WI-L2 cultured
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TABLE II
Effect of Nucleoside Transport and Adenosine Deaminase Inhibitor on Adenosine

Metabolism in Intact Lymphocytes

Deamination Phosphorylation

-PHA +PHA -PHA +PHA
Additions Oh 72 h 72 h Oh 72 h 72 h

nmol/109 cells/30 min

None 566 2,612 8,473 108 188 525
Coformycin, 1 pg/ml * 51 <10 * 183 190
Nitrobenzylthioinosine

3 nM 488 2,709 7,099 90 130 387
30 nM 420 2,768 6,887 55 125 454
300 nM 262 2,136 5,708 40 98 328
3,000 nM 252 2,199 2,446 22 82 104

At various times lymphocytes were resuspended in fresh medium with or without inhibitor,
after 30 min incubation, 250 gM ('4C)adenosine was added and after a further 30 min cells
were extracted and radioactivity in the products of deamination, inosine plus hypoxanthine,
and phosphorylation, acid-soluble nucleotides, were measured.
* Activities were not measured for these samples.

human lymphoblast line, when the nucleoside is added
together with either of the adenosine deaminase inhibi-
tors coformycin or EHNA, which have little effect on
growth when added singly.2 The effects of these growth-

'Snyder, F. F., and J. E. Seegmiller. 1976. The adeno-
sine-like effect of exogenous cyclic AMP upon nucleotide
and PP-ribose-P concentrations of ultured human lympho-
blasts. FEBS (Fed. Eur. Biochem. Soc.) Lett. In press.

inhibitory concentrations of coformycin and adenosine
on phytohemagglutinin-induced lymphocyte transforma-
tion were therefore examined (Table I).

In the presence of coformycin (1 iAg/ml), essentially
no changes were observed in transformation to a blastic
morphology, [5H] thymidine incorporation into DNA,
["4C]formate incorporation into nucleic acid purines, or
nucleotide synthesis from purine bases. When stimulated

TABLE III
Effect of Phytohemagglutinin-Induced Transformation on Lymphocyte Enzyme Activities

Activities
Ratio, 72-h,

Enzyme 0 h (n) 72 h -PHA (n) 72 h + PHA (n) +PHA/ -PHA

nmol/mg protein/min

A.
Adenosine deaminase 45.0+10.0 (3) 54.2±7.6 (6) 24.1±4.6 (6) 0.44
Adenosine kinase 5.50 (1) 5.78±1.78 (3) 5.3240.88 (3) 0.92
"Adenosine cleavage" 0.07 (1)
Purine nucleoside phosphorylase 55.8±10.5 (3) 58.3±7.0 (5) 52.8±5.9 (5) 0.91

B.
Adenine phosphoribosyltransferase 6.8 (1) 9.2±1.2 (3) 7.2±1.3 (3) 0.78
Hypoxanthine-guanine

phosphoribosyltransferase 1.82±0.13 (2) 2.7140.44 (3) 4.64±0.32 (3) 1.71
PP-ribose-P synthetase 0.84±0.34 (3) 1.3440.58 (3) 1.42 ±0.74 (3) 1.06

Extracts were made of freshly prepared lymphocytes or lymphocytes which had been incubated for 72 h in the presence
and absence of 1 ,ug/ml phytohemagglutinin and enzyme activities were assayed on the day of harvesting. Enzyme
activities are reported as the mean ±41 SD where n is the number of lymphocyte donors. The term "adenosine cleav-
age" refers to the conversion of adenosine to adenine; purine nucleoside phosphorylase activity was measured using
guanosine as substrate and hypoxanthine-guanine phosphoribosyltransferase activity using hypoxanthine. The
20,000 X g supernatant of 109 freshly prepared lysed lymphocytes was equivalent to approximately 27 mg protein;
after 72 h culture supernatant protein was 2.9-fold greater in stimulated than unstimulated lymphocyte lysates
whereas cell number remained approximately constant in control and stimulated cultures.
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activities of adenosine kinase and purine nucleoside
phosphorylase showed less than 10% change and the
specific activity of adenosine deaminase was reduced ap-
proximately 55% in lymphocytes incubated with mito-
gen, compared to unstimulated lymphocytes (Table
IIIA). In these experiments, phytohemagglutinin caused
approximately a 2.9-fold increase in protein per culture
lysate after 72 h; thus, the actual amount of adenosine
deaminase activity increased slightly per culture but de-
creased with respect to specific activity measurements.
Of the three possible routes of adenosine metabolism
(Fig. 1), the ratio of specific enzyme activity for adeno-

HOURS

FIGURE 3 Effect of phytohemagglutinin on accumulation
ot extracellular adenosine deaminase activity. Lymphocytes
were incubated with ( ) and without (---- ) 1 Lg/ml
phytohemagglutinin in Eagle's minimum essential medium
with 10%o horse serum. At various times cells were re-
moved from the medium by centrifugation and adenosine de-
aminase activity in the medium was assayed as described in
Methods. Results are the mean--1 SD of duplicate deter-
minations on lymphocyte cultures from three donors.

or unstimulated intact lymphocytes were incubated with
coformycin (1 ,ug/ml) for either 0.5 (Table II) or 72 h,
the deamination of ["4C]adenosine was inhibited by over

95%. Incubation with adenosine (50 FAM) also caused no

change in morphologic transformation or thymidine in-
corporation into DNA. Adenosine decreased nucleotide
synthesis from purine bases and ["4C]formate incorpora-
tion into nucleic acid purines, presumably because adeno-
sine provided a preformed purine and also competed for
PP-ribose-P after sequential deamination and phos-
phorolysis to hypoxanthine. Addition of coformycin to
lymphocyte cultures concurrently with adenosine, how-
ever, resulted in 65% cell death, as indicated by a de-
crease in cell count and a marked rise in cells unable
to exclude trypan blue. There was also a reduction in the
percent transformed blasts, accompanied by a 95% in-
hibition of [3H]thymidine incorporation into acid-pre-
cipitable material. In unstimulated cultures, [3H]thymi-
dine incorporation was suppressed in the presence of
coformycin plus adenosine, but cell death was not ob-
served. These results demonstrate that low concentra-
tions of adenosine are toxic to lymphocytes stimulated
to divide in the presence of the adenosine deaminase in-
hibitor, coformycin.

Enzyme activities in lymphocyte extracts. As a first
approach to characterize changes in adenosine metabo-
lism during phytohemagglutinin-induced lymphocyte
transformation, the specific activities of several enzymes
were determined in lymphocyte lysates after 72 h incu-
bation, when maximal changes in activities due to pro-
tein synthesis have been attained (24, 25). The specific
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FIGuRE 4 Phytohemagglutinin-induced changes in the rate
of deamination (A) and phosphorylation (B) of adenosine
in intact lymphocytes. At various times after culture in the
presence (-) or absence (--- -) of 1 /Ag/ml phytohem-
agglutinin, cells were resuspended in fresh medium and
incubated for 30 min with 85 j,M ["Cladenosine. Radio-
activity in the products of deamination (A), inosine plus
hypoxanthine, and phosphorylation (B), acid-soluble nu-

cleotides, were measured and results are the mean+1 SD
of duplicate determinations on lymphocytes from three
donors. There was less than 10% deviation from the mean
in duplicate results from lymphocytes of a single donor.
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FIGURE 5 Effect of adenosine concentration on rate of deamination (A) and phosphorylation
(B) of adenosine. Freshly prepared cell suspensions (0) or cells incubated in the presence
(A) and absence (A) of 1 ug/ml phytohemagglutinin for 68 h were resuspended in fresh
medium and incubated for 30 min with varying concentrations of [14C]adenosine. Radioactivity
in the products of deamination (A), inosine plus hypoxanthine, and phosphorylation (B), acid-
soluble nucleotides, were measured, and the results are the average of duplicate cultures.

sine cleavage: adenosine kinase: adenosine deaminase,
was 0.0015: 0.12 :1.0 at the initiation of cultures.

Accumulation of extracellular adenosine deaminase ac-
tivity. Extracellular adenosine deaminase activity ac-
cumulated in the lymphocyte culture medium during the
72-h culture (Fig. 3). As much as 38% of the initial
cellular adenosine deaminase activity could be found
in the medium of cultures exposed to phytohemagglu-
tinin, compared to approximately 10% of total cellular
activity for control cultures. Extracellular adenosine
deaminase activity could reflect a greater loss in via-
bility of stimulated than unstimulated cells, but there was
more than 90% viability in both cultures by criterion of
dye exclusion. Further studies were performed with
lymphocytes cultured in the presence of 10% autologous
human serum rather than horse serum. The human
serum was heated for 2 h at 60°C to substantially inacti-
vate serum adenosine deaminase activity. Lymphocytes
cultured in human serum also exhibited the accumula-
tion of extracellular adenosine deaminase activity, with
release of up to 30% of total cellular activity from
phytohemagglutinin-stimulated lymphocytes after 72 h
of culture.

Adenosine metabolism in intact lymphocytes. The rel-
ative rates of deamination and phosphorylation of adeno-
sine may be simultaneously measured in intact cells dur-
ing short-term incubations with [14C]adenosine (9), and
these methods are applied here to the metabolism of
adenosine in human lymphocytes. To prevent extracellu-
lar metabolism of ["4C]adenosine by adenosine deaminase
activity accumulated in the medium, lymphocytes were
resuspended in fresh prewarmed medium 30 min before

incubation with radiolabeled nucleoside. The 72-h incu-
bation with phytohemagglutinin produced approximately
a 12-fold increase over the initial rate of deamination
of adenosine, and the increase was apparent as early as
3 h after addition of mitogen (Fig. 4). The phosphory-
lation of adenosine exhibited similar stimulation in re-
sponse to phytohemagglutinin (Fig. 4), the overall in-
crease being about six-fold. Both deamination and phos-
phorylation of adenosine appeared to be approaching a
maximal rate by 48 h of incubation, the change during
the last 24 h being smaller than during the previous
48-h interval. These studies were performed at a con-
centration of 85 iAM adenosine, which gave near-optimal
rates for both adenosine phosphorylation and deamina-
tion (Fig. 5).

The substrate dependence of deamination and phos-
phorylation on adenosine concentration was examined
in freshly purified lymphocytes and after 68 h incubation
in the presence or absence of phytohemagglutinin (Fig.
5A and B). Approximately equivalent adenosine con-
centrations produced half-maximal rates of deamination
and phosphorylation in stimulated and unstimulated
lymphocytes. As seen in Fig. 5A and B, a significant
increase in adenosine metabolism was observed in con-
trol cultures at 68 h versus 0 h control lymphocytes, sug-
gesting a degree of stimulation that was not mitogen-
specific and may be attributable to incubation of lympho-
cytes with 10% horse serum.

The metabolism of nucleosides by the intact lympho-
cyte is potentially regulated not only by the relative
activities of each enzyme, but also by the uptake of the
nucleoside by the cell. Nitrobenzylthioinosine is a po-
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FIGURE 6 Effect of phytohemagglutinin on the ratio of
adenosine phosphorylation to deamination in intact lympho-
cytes as a function of adenosine concentration. Lymphocytes
cultured in the presence (0) and absence (0) of 1 pg/ml
phytohemagglutinin for 72 h were incubated for 30 min with
various concentrations of ["C]adenosine. Radioactivity in
the products of phosphorylation and deamination were mea-
sured as described for Figs. 2 and 3, and the ratio of phos-
phorylation to deamination is given as a function of adeno-
sine concentration.

tent inhibitor of nucleoside transport (26, 27), with an
apparent dissociation constant of 1.1 nM for the hu-
man erythrocyte (28). Nitrobenzylthioinosine inhibited
both the deamination and phosphorylation of adeno-
sine to the same respective basal level in intact lympho-
cytes previously incubated in the presence and absence
of phytohemagglutinin (Table II). The residual unin-
hibitable activity may reflect an uptake mechanism for
which nitrobenzylthioinosine lacks specificity or may be
due to a loss of viability in a small portion of the cells,
since 5-10% of the lymphocyte population gave positive
trypan blue staining after 72 h of culture. The highest
concentration of nitrobenzylthioinosine employed (3
yM) inhibited adenosine deaminase activity by less than
1% in lymphocyte extracts. These findings indicate the
increased rates of deamination and phosphorylation of
adenosine principally result from increased entry of the
nucleoside into stimulated lymphocytes.

Further studies have examined the relative rates of
adenosine phosphorylation and deamination during
phytohemagglutinin stimulation, as a function of adeno-
sine concentrations. The ratio of adenosine phosphoryla-
tion to deamination showed a dependence on adenosine
concentration in phytohemagglutinin-stimulated lympho-
cytes but not in unstimulated lymphocytes (Fig. 6).
Thus, in mitogen-stimulated cells, a greater proportion
of adenosine was phosphorylated at low adenosine con-

centrations than at high substrate concentrations, and
phosphorylation was the principal route of adenosine
metabolism at less than 5 #M adenosine. In unstimu-
lated lymphocytes, deamination was an average of 20
times greater than phosphorylation over the entire range
of adenosine concentrations.

Because of the possible association of purine nucleo-
side phosphorylase deficiency with immunological dis-
ease, the metabolism of guanosine was also examined. A
comparison of phytohemagglutinin-induced changes in
deamination of adenosine and phosphorolysis of guano-
sine for parallel lymphocyte cultures is given in Table
IV. The phosphorolysis of guanosine also increased ap-
proximately six fold after 72 h of culture with phyto-
hemagglutinin.

Purine base metabolism in lymphocytes. Adenosine
may be converted to hypoxanthine, by the sequential ac-
tion of adenosine deaminase and purine nucleoside phos-
phorylase, and may possibly also be a precursor of ade-
nine (Fig. 1). The phosphoribosyltransferases convert
these purine bases directly to nucleotides in PP-ribose-
P-dependent reactions. The activities of the phosphori-
bosyltransferases and of the enzyme producing PP-ri-
bose-P were measured in cell extracts after 72 h of
culture. The ratio of enzyme activities for stimulated to
unstimulated cultures were: 0.78, adenine phosphori-
bosyltransferase; 1.71, hypoxanthine phosphoribosyl-
transferase; and 1.06, PP-ribose-P synthetase (Table
III B); other studies have indicated no apparent change
in specific activity of these enzymes (29, 30). In intact
lymphocytes, the rate of nucleotide synthesis from ade-
nine and hypoxanthine increased to 10-fold over the
initial rate after 72 h of incubation with mitogen. A
comparison of stimulated to unstimulated cultures after
66 h of incubation showed more than five fold increase
in nucleotide synthesis from adenine and hypoxanthine
(Table I). The intracellular concentration of PP-ri-

TABLE IV
Effect of Phytohemagglutinin on Rates of Purine Nucleoside

Metabolism in Intact Lymphocytes

Guanosine phosphorylase Adenosine deaminase

Incu- Relative Relative
PHA bation activity activity

nmol/109 cells/30 min
- 0 932 1.0 592 1.0
- 72 1,972 2.1 2,670 4.5
+ 72 5,430 5.8 6,994 11.8

The deamination of 300 ;,M [14C]adenosine and phosphorolysis of 200 ;AM
[14C]guanosine was measured during a 30-min incubation of lymphocytes
resuspended in fresh medium before and after 72 h incubation in presence
and absence of 1 pug/ml phytohemagglutinin. Radioactivity in products of
adenosine deaminase (inosine plus hypoxanthine) and guanosine phos-
phorylase (guanine) were measured and results are the average of duplicate
determinations.
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bose-P, co-substrate for purine phosphoribosyltransfer-
ases, was 8.7-fold greater in stimulated than unstimu-
lated lymphocytes after 66 h of culture (Table I); simi-
lar increases in PP-ribose-P have been reported (29).

DISCUSSION

In view of the known abnormalities of lymphocyte func-
tion in patients with adenosine deaminase deficiency,
which include depressed expression of both humoral and
cellular immunity (4), the pathways of adenosine me-
tabolism were examined in normal stimulated human
lymphocytes. The conversion of adenosine to adenine
was very low in lymphocyte extracts (Table IIIA) and
not detected in human serum (Fig. 2), showing cleavage
of the glycosidic bond to be the minor route of adenosine
metabolism. The rates of adenosine phosphorylation by
adenosine kinase and deamination to inosine by adeno-
sine deaminase were examined in both cell lysates and
intact lymphocytes. In lysates the ratios of adenosine
deaminase to adenosine kinase-specific activities were
9.4 and 4.5 for unstimulated and stimulated lymphocytes,
respectively (Table IIIA).

Of the activities examined, only the specific activity of
adenosine deaminase markedly decreased in lysates of
phytohemagglutinin-stimulated lymphocytes (Table III).
However, mitogen-stimulated cultures had a 1.7-fold net
increase in adenosine deaminase activity if the extracel-
lular activity (Fig. 3) and increase in cellular protein
per culture are included in calculating total activity.
Activities of other enzymes that remained at approxi-
mately constant specific activity, such as adenosine
kinase and purine nucleoside phosphorylase, increased
in total activity corresponding to the increase in cell
protein per culture (i.e., 2.9-fold). Other studies in phy-
tohemagglutinin-stimulated human lymphocytes showed
a 7% decrease in adenosine deaminase activity, reported
as a function of cell number (31). In previous work
from the same laboratory (32), a 2.6-fold increase in
protein content of stimulated to unstimulated cultures
was also noted at 72 h, which renders their results com-
parable to the specific activity measurements in the
present work. Decreases in the activities of adenosine
deaminase have also been noted in lymphocyte prepara-
tions from patients with chronic lymphocytic leukemia
(33) and in some but apparently not all cases of acute
lymphocytic leukemia (33, 34). Other studies during
antibody production in sheep have suggested that lymph-
oid tissues may be an important source of serum adeno-
sine deaminase activity (35), and elevated levels of se-
rum adenosine deaminase activity have been observed
in cases of infectious mononucleosis (36). The present
studies of lymphocyte transformation indicate adenosine
deaminase is apparently subject to a different rate of
synthesis or catabolism from several other enzymes.

Additional studies of adenosine metabolism were con-
ducted with intact lymphocytes, because activities mea-
sured in cell extracts may have little correspondence to
rates of metabolism in the intact cell. In lymphocytes in-
cubated for 72 h with phytohemagglutinin, the rates of
phosphorylation and deamination of exogenously added
adenosine increased 6- and 12-fold, respectively, over
initial rates (Fig. 4). These increases may be princi-
pally due to increased entry of adenosine into the cell.
Evidence for this view includes the following observa-
tions: the increased rates of deamination and phosphory-
lation were not attributable to changes in total enzyme
activity (Table III), since the rate of metabolism by in-
tact lymphocytes was never greater than 25% of the ac-
tivity measured in lysates; the increases in adenosine
metabolism were detectable as early as 3 h and clearly
established at 12 h after addition of mitogen (Fig. 4);
the overall maximal velocity was increased and the ap-
parent affinity for deamination and phosphorylation of
adenosine remained essentially unchanged (Fig. 5); and
the increased rates of adenosine metabolism could be re-
duced to that in unstimulated lymphocytes by the nucleo-
side transport inhibitor, nitrobenzylthioinosine (Table
II). A phytohemagglutinin-induced increase in the ve-
locity of uridine transport in bovine lymphocytes has
also been reported (37).

The ratio of the amount of adenosine phosphorylation
to deamination varied as a function of adenosine con-
centration in lymphocytes cultured in the presence of
mitogen (Fig. 6). These results are consistent with the
Michaelis constant for adenosine, lower with adenosine
kinase, 2 /AM (38, 39), than with adenosine deaminase,
25-40 ,M (38, 40-42), and the relative amounts of each
activity (Table III). Previous studies in other cells
(9, 38) have also shown that the relative contribution
of the alternate routes of adenosine metabolism depends
on adenosine concentration. In unstimulated lympho-
cytes, however, deamination was approximately 20 times
greater than phosphorylation at all concentrations of
adenosine examined (0.5-250 jtM). The differences in
adenosine metabolism between phytohemagglutinin-stim-
ulated and unstimulated cultures may represent a charac-
teristic difference between transformed and nondividing
lymphocytes.

The phosphorolysis of guanosine to guanine also in-
creased approximately 6-fold in phytohemagglutinin-
stimulated lymphocytes (Table IV), while there was no
change in the specific activity of purine nucleoside
phosphorylase in stimulated lymphocytes (Table III).
Both inosine and guanosine are substrates for purine
nucleoside phosphorylase, and the absence or low ac-
tivity of human inosine and guanosine kinase(s) (43),
when coupled with the hereditary deficiency of purine
nucleoside phosphorylase activity (5), would effectively
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block further metabolism of any inosine or guanosine
formed. Inosine and guanosine are known inhibitors of
human adenosine deaminase, having Kt's of 116 and
140 ALM, respectively (40), suggesting the possibility of
a relationship between the immunological disorders as-
sociated with adenosine deaminase and purine nucleoside
phosphorylase deficiencies. Purine nucleoside p'hos-
phorylase is important both in purine catabolism and in
facilitating the reutilization of the purine base and ri-
bose moieties of nucleosides for nucleotide synthesis.

The present studies have described increases in the
rates of adenosine metabolism during lymphocyte trans-
formation. The role of adenosine deaminase remains ob-
scure, however, to the extent that the intracellular turn-
over of adenosine and the concentration of extracellular
adenosine that lymphocytes encounter in vivo are not
known. It is of interest that the hereditary deficiency of
adenosine deaminase apparently results in a loss of this
activity in all tissues (44). This enzyme may be im-
portant for the metabolism of purines ingested in the
diet, since the highest levels of human adenosine deami-
nase activity have been found in the duodenum, stomach,
and small intestine (45), and the presence of adenosine
deaminase activity in plasma and erythrocytes also con-
tributes to the metabolism of adenosine. The selective
dysfunction of lymphocytes resulting in the combined
immunodeficiency state, found in a disease characterized
by generalized absence of adenosine deaminase activity,
may reflect a unique sensitivity of the lymphoid system
to adenosine.

An increasing amount of experimental evidence indi-
cates that inhibition of adenosine deaminase activity
potentiates inhibition of lymphocyte transformation and
function by adenosine. High concentrations of adenosine
(5 mM) were initially shown to inhibit the incorpora-
tion of thymidine into DNA of phytohemagglutinin-
stimulated lymphocytes (46); however, this concentra-
tion of adenosine may inhibit thymidine incorporation
at the level of a common nucleoside transport system.
In studies of concanavalin A-induced lymphocyte trans-
formation, noninhibitory concentrations of the adeno-
sine deaminase inhibitor, EHNA, potentiated the in-
hibitory effects of adenosine on leucine and thymidine
incorporation into acid-insoluble material (7). Adeno-
sine (37.5 ,sM) inhibited mouse lymphocyte-mediated
cytolysis and the inhibitory effects of adenosine were
potentiated by the adenosine deaminase inhibitor EHNA
(6). The supression of cytolysis by adenosine and con-
current increase in cyclic AMP concentrations were
transitory, however, disappearing in hours (6). In the
present study, there were no long-term effects of adeno-
sine (50 AM) upon the response of freshly obtained hu-
man lymphocytes to phytohemagglutinin by criteria of
thymidine incorporation into DNA and morphologic

transformation, measured 72 h after addition of the
mitogen and nucleoside. Early transitory effects were
not assessed. The results also suggest that more than
95% inhibition of adenosine deaminase activity with
coformycin does not block lymphocyte transformation.
The combination of adenosine and coformycin, however,
produced a substantial reduction in both the viable cell
count and the incorporation of thymidine into nucleic
acids (Table I).

The present and other results from this laboratory
(7) are consistent with the hypothesis that the heredi-
tary deficiency of adenosine deaminase may potentiate
the growth-inhibitory and toxic effects of adenosine on
human lymphocytes. The mechanism whereby adenosine
exerts these effects is not known. Adenosine is known
to rapidly increase cyclic AMPconcentrations in several
tissues, including lymphocytes (6), but adenosine is
also an inhibitor of adenylate cyclase activity (47, 48).
Adenosine also increases cellular glycogen (49, 50) and
adenine nucleotide concentrations (50-52), and de-
creases pyrimidine nucleotide concentrations (49, 50,
53). In the present studies, incubation with adenosine
resulted in a marked inhibition of the phytohemagglu-
tinin-stimulated rise in PP-ribose-P concentrations, and
with coformycin also present, PP-ribose-P levels were
lower than in unstimulated cultures (Table I); the re-
duced availability of this co-substrate may explain the
observed inhibition of nucleotide synthesis from purine
bases and of [14C] formate incorporation into nucleic
acid purines (Table I). Recent studies with a cultured
lymphoblast line indicate that an adenosine-mediated
reduction in cellular PP-ribose-P concentrations may
effectively inhibit PP-ribose-P-dependent reactions of
nucleotide synthesis necessary for lymphocyte prolifera-
tion and function.2

ACKNOWLEDGMENTS
WVe wish to thank Michael M. Multer and Rebecca J. Traf-
zer for excellent technical assistance.

This work was supported in part by U. S. Public Health
Service grants CA 11971, RCDA CA 70891, AM-13622,
AM-05646, and GM-17702 and by grants from the Na-
tional Foundation and the Kroc Foundation.

REFERENCES
1. Giblett, E. R., J. E. Anderson, F. Cohen, B. Pollara,

and H. J. Meuwissen. 1972. Adenosine-deaminase de-
ficiency in two patients with severely impaired cellular
immunity. Lancet. 2: 1067-1069.

2. Scott, C. R., S.-H. Chen, and E. R. Giblett. 1974. De-
tection of the carrier state in combined immunode-
ficiency disease associated with adenosine deaminase
deficiency. J. Clin. Invest. 53: 1194-1196.

3. Yount, J., P. Nichols, H. D. Ochs, S. P. Hammar, C.
R. Scott, S-H. Chen, E. R. Giblett, and R. J. Wedge-
wood. 1974. Absence of erythrocyte adenosine deaminase
associated with severe combined immunodeficiency. J.
Pediatr. 84: 173-177.

664 F. F. Snyder, J. Mendelsohn, and J. E. Seegmiller



4. Meuwissen, H. J., R. J. Pickering, B. Pollara, and I. H.
Porter, editors. 1975. Combined Immunodeficiency Dis-
ease and Adenosine Deaminase Deficiency. A Molecular
Defect. Academic Press, Inc., New York.

5. Giblett, E. R., A. J. Ammann, D. W. Wara, R. Sand-
man, and L. K. Diamond. 1975. Nucleoside-phosphoryl-
ase deficiency in a child with severely defective T-cell
immunity and normal B-cell immunity. Lancet. 1: 1010-
1013.

6. Wolberg, G., T. P. Zimmerman, K. Hiemstra, M. Win-
ston, and L.-C. Chu. 1975. Adenosine inhibition of lym-
phocyte-mediated cytolysis: possible role of cyclic aden-
osine monophosphate. Science (Wash. D. C.). 187: 957-
959.

7. Carson, D. A., and J. E. Seegmiller. 1976. Effect of
adenosine deaminase inhibition upon human lymphocyte
blastogenesis J. Clin. Invest. 57: 274-282.

8. Lucas, Z. J. 1969. Recent studies on the regulatory con-
trol of pyrimidine nucleotide synthesis in lymphocytes.
In Proceedings of the Third Annual Leukocyte Culture
Conference. W. 0. Rieke, editor. Appleton-Century-
Crofts, New York. 655-668.

9. Snyder, F. F., and J. F. Henderson. 1973. Alternative
pathways of deoxyadenosine and adenosine metabolism.
J. Biol. Chem. 248: 5899-5904.

10. Mendelsohn, J., Sr., A. Skinner, and S. Kornfeld. 1971.
The rapid induction by phytohemagglutinin of increased
a-aminoisobutyric acid uptake by lymphocytes. J. Clin.
Invest. 50: 818-826.

11. Mendelsohn, J., M. M. Multer, and R. F. Boone. 1973.
Enhanced effects of prostaglandin E1 and dibutyryl
cyclic AMP upon human lymphocytes in the presence
of cortisol. J. Clin. Invest. 52: 2129-2137.

12. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and
R. J. Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193: 265-275.

13. Fields, T., and L. Brox. 1974. Purine and pyrimidine
pool sizes and purine base utilization in human lympho-
cytes and cultured lymphoblasts. Can. J. Biochem. 52:
441-446.

14. Crabtree, G. W., and J. F. Henderson. 1971. Rate-
limiting steps in the interconversion of purine ribo-
nucleotides in Ehrlich ascites tumor cells in vitro. Can-
cer Res. 31: 985-991.

15. Lomax, C. A., and J. F. Henderson. 1972. Phosphoryla-
tion of adenosine and deoxyadenosine in Ehrlich ascites
carcinoma cells resistant to 6-(methylmercapto)purine
ribonucleoside. Can. J. Biochem. 50: 423-427

16. Krenitsky, T. A., R. L. Miller, and J. A. Fyfe. 1974.
Levels of nucleoside and nucleotide kinases in Rhesus
monkey tissues. Biochem. Pharmacol. 23: 170-172.

17. Hershko, A., A. Razin, and J. Mager. 1969. Regula-
tion of the synthesis of 5-phosphoribosyl-1-pyrophosphate
in intact red blood cells and in cell-free preparations.
Biochim. Biophys. Acta. 184: 64-76.

18. Henderson, J. F., and M. K. Y Khoo. 1965. Synthesis of
5-phosphoribosyl 1-pyrophosphate from glucose in Ehr-
lich ascites tumor cells in vitro. J. Biol. Chem. 240:
2349-2357.

19. Snyder, F. F., and J. F. Henderson. 1973. A kinetic
analysis of purine nucleotide synthesis and intercon-
version in intact Ehrlich ascites tumor cells. J. Cell.
Physiol. 82: 349-361.

20. Ohno, M., N. Yagisawa, S. Shibahara, S. Kondo, K.
Maeda, and H. Umezawa. 1974. Synthesis of coformy-
cin. J. Am. Chem. Soc. 96: 43264327.

21. Schaeffer, H. J., and C. F. Schwender. 1974. Enzyme
inhibitors. 26. Bridging hydrophobic and hydrophilic
regions on adenosine deaminase with some 9- (2-hy-
droxy-3-alkyl) adenines. J. Med. Chem. 17: 6-8.

22. Lomax, C. A., and J. F. Henderson. 1973. Adenosine
formation and metabolism during adenosine triphosphate
catabolism in Ehrlich ascites tumor cells. Cancer Res.
33: 2825-2829.

23. Lomax, C. A., A. S. Bagnara, and J. F. Henderson.
1975. Studies of the regulation of purine nucleotide
catabolism. Can. J. Biochem. 53: 231-241.

24. Lucas, Z. J. 1967. Pyrimidine nucleotide synthesis. Reg-
ulatory control during transformation of lymphocytes
in vitro. Science (Wash. D. C.). 156: 1237-1240.

25. Ito, K., and H. Uchino. 1973. Control of pyrimidine
biosynthesis in human lymphocytes. J. Biol. Chem. 248:
389-392.

26. Paterson, A. R. P., and J. M. Oliver. 1971. Nucleoside
transport. II. Inhibition by p-nitrobenzylthioguanosine
and related compounds. Can. J. Biochem. 49: 271-274.

27. Cass, C. E., and A. R. P. Paterson. 1972. Mediated
transport of nucleosides in human erythrocytes. Acceler-
ative exchange diffusion of uridine and thymidine and
specificity toward pyrimidine nucleosides as permeants.
J. Biol. Chem. 247: 3314-3320.

28. Cass, C. E., L. A. Gaudette, and A. R. P. Paterson.
1974. Mediated transport of nucleosides in human eryth-
rocytes. Specific binding of the inhibitor nitrobenzyl-
thioinosine to nucleoside transport sites in the erythro-
cyte membrane. Biochim. Biophys. Acta. 345: 1-10.

29. Cox, R. P., M. R. Krauss, M. E. Balis, L. C. Yip, V.
Jansen, and J. Dancis. 1974. Incorporation of hypoxan-
thine by PHA-stimulated HPRT-deficient lymphocytes.
Exp. Cell Res. 88: 289-294.

30. Wood, A. W., K. H. Astrin, M. E. McCrea, and M. A.
Becker. 1973. Purine metabolism in human lymphocytes
during phytohemagglutinin (PHA) induced blastogene-
sis. Fed. Proc. 32: 652. (Abstr.)

31. Hirschhorn, R., and V. Levytska. 1974. Alterations in
isozymes of adenosine deaminase during stimulation of
human peripheral blood lymphocytes. Cell. Immunol.
12: 387-395.

32. Hirschhorn, R., K. Hirschhorn, and G. Weissmann. 1967.
Appearance of hydrolase rich granules in human lym-
phocytes induced by phytohemagglutinin and antigens.
Blood. 30: 84-102.

33. Scholar, E. M., and P. Calebresi. 1973. Identification
of the enzymatic pathways of nucleotide metabolism in
human lymphocytes and leukemia cells. Cancer Res. 33:
94-103.

34. Zimmer, J., A. S. Khalifa, and J. J. Lightbody. 1975.
Decreased lymphocyte adenosine deaminase activity in
acute lymphlocytic leukemic children and their parents.
Cancer Res. 35: 68-70.

35. Hall, J. G. 1963. Adenosine deaminase activity in lym-
phoid cells during antibody production. Aust. J. Exp.
Biol. Med. Sci. 41: 93-98.

36. Koehler, L. H., and E. J. Benz. 1962. Serum adenosine
deaminase: Methodology and clinical applications. Clin.
Chem. 8: 133-140.

37. Peters, J. H., and P. Hausen. 1971. Effect of phyto-
hemagglutinin on lymphocyte membrane transport. I.
Stimulation of uridine uptake. Eur. J. Biochem. 19:
502-508.

38. Meyskens, F. L., and H. E. Williams. 1971. Adenosine
metabolism in human erythrocytes. Biochim. Biophys.
Acta. 240: 170-179.

Adenosine Metabolism in PHA-Stimulated Human Lymphocytes 665



39. Schnebli, H. P., D. L. Hill, and L. L. Bennett, Jr.
1967. Purification and properties of adenosine kinase
from human tumor cells of type H. Ep. No. 2. J. Biol.
Chem. 242: 1997-2004.

40. Agarwal, R. P., S. M. Sagar, and R. E. Parks, Jr.
1975. Adenosine deaminase from human erythrocytes:
Purification and effects of adenosine analogs. Biochem.
Pharmacol. 24: 693-701.

41. Osborne, W. R. A., and N. Spencer. 1973. Partial puri-
fication and properties of the common inherited forms
of adenosine deaminase from human erythrocytes. Bio-
chem. J. 133: 117-123..

42. Rossi, C. A., A. Lucacchini, U. Montali, and G. Ronca.
1975. A general method of purification of adenosine de-
aminase by affinity chromatography. Int. J. Protein Pep-
tide Res. 7: 81-89.

43. Friedmann, T., J. E. Seegmiller, and J. H. Subak-
Sharpe. 1969. Evidence against the existence of guano-
sine and inosine kinases in human fibroblasts in tissue
culture. Exp. Cell Res. 56: 425429.

44. Hirschhorn, R., V. Levytska, B. Pollara, and H. J.
Meuwissen. 1973. Evidence for control of several dif-
ferent tissue-specific isozymes of adenosine deaminase
by a single genetic locus. Nat. New Biol. 246: 200-202.

45. Ma, P. F., and T. A. Magers. 1975. Comparative
studies of human adenosine deaminases. Int. J. Biochem.
6: 281-286,

46. Hirschhorn, R., J. Grossman, and G. Weissmann. 1970.
Effect of cyclic 3',5'-adenosine monophosphate and the-

ophylline on lymphocyte transformation. Proc. Soc. Exp.
Biol. Med. 133: 1361-1365.

47. McKenzie, S. G., and H. P. Bar. 1973. On the mecha-
nism of adenylcyclase inhibition by adenosine. Can. J.
Physiol. Pharmacol. 51: 190-196.

48. Fain, J. N., R. H. Pointer, and W. F. Ward. 1972.
Effects of adenosine nucleosides on adenylate cyclase,
phosphodiesterase, cyclic adenosine monophosphate ac-
cumulation and lipolysis in fat cells. J. Biol. Chem.
247: 6866-6872.

49. Kaukel, E., U. Fuhrmann, and H. Hilz. 1972. Divergent
action of cAMP and dibutyryl cAMP on macromolecu-
lar synthesis in HeLa S3 cultures. Biochem. Biophys.
Res. Commun. 48: 1516-1524.

50. Hilz, H., and E. Kaukel. 1973. Divergent action mecha-
nism of cAMPand dibutyryl cAMP on cell proliferation
and macromolecular synthesis in HeLa S3 cultures.
Mol. Cell. Biochem. 1: 229-239.

51. Yushok, W. D. 1971. Control mechanisms of adenine
nucleotide metabolism of ascites tumor cells. J. Biol.
Chemn. 246: 1607-1617.

52. Snyder, F. F., and J. F. Henderson. 1973. Effects of
elevated intracellular ATP and GTP concentrations on
purine ribonucleotide synthesis and interconversion. Can.
J. Biochem. 51: 943-948.

53. Green, H., and T.-S. Chan. 1973. Pyrimidine starvation
induced by adenosine in fibroblasts and lymphoid cells:
Role of adenosine deaminase. Science (Wash. D. C.).
182: 836-837.

666 F. F. Snyder, 1. Mendelsohn, and J. E. Seegmiller


