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Thymidine Catabolism by Normal and Leukemic Human
~ Leukocytes *

JouN C. MARSH { AND SEYMOUR PERRY
(From the Medicine Branch, National Cancer Institute, Bethesda, Md.)

The pyrimidine deoxyribonucleoside, thymidine,
is converted enzymatically to the free pyrimidine,
thymine, in a variety of tissues, including liver,
spleen, and bone marrow (1-4). Little informa-
tion is available concerning human leukocyte ca-
tabolism of thymidine, although it has been used
extensively in isotopic form to study leukocyte
DNA synthesis (5-8).

While investigating the influence of various
leukocyte homogenates on the uptake of tritiated
thymidine (H®*TdR) by isolated leukocytes from
patients with chronic myelocytic leukemia (CML),
we obtained data that suggested the presence of
thymidine phosphorylase activity. This report
presents the evidence for activity of this enzyme
in human leukocytes and the values obtained for
this enzyme activity in different types of leuko-

cytes.
Methods

Leukocyte isolation. Whole blood was drawn from
patients with various hematologic disorders and from
normral volunteers. Leukocytes were isolated by a modi-
fication of the method of Fallon and associates (9).
Streptokinase-streptodornase was not used. The iso-
lated cells were washed once with 10 ml of 5% glucose,
resuspended in the same volume, and counted in an elec-
tronic cell counter.! The cells were then centrifuged for
15 minutes at 2,100 X g and resuspended in the appropri-
ate solution at the desired concentration. Cells to be
assayed for thymidine phosphorylase were resuspended
in isotonic saline for counting. Aspirated bone marrow
specimens were treated in a similar fashion.

Lymph 2 was obtained by cannulation of the thoracic
duct of a patient with a malignancy who was being stud-
ied for circulating tumor cells. It was collected in
heparin (1,000 U per 50 ml of lymph) on ice and cen-
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t Present address: Department of Medicine, Uni-
versity of Utah, College of Medicine, Salt Lake City,
Utah.

1 Coulter Electronics, Inc., Chicago, Ill.

2Kindly provided by Dr. George Irvin, Surgery
Branch, National Cancer Institute, Bethesda, Md.

trifuged at 2,100 X g for 15 minutes. The sample con-
tained only 3 erythrocytes per 100 leukocytes and mno
tumor cells. Further separation of erythrocytes and leu-
kocytes was not attempted, and the sample was homoge-
nized directly for enzyme assay.

Leukocyte preparations. Homogenates for incubation
with intact CML cells were made in a homogenizer 3 at
5,000 rpm for 15 minutes in the cold, with 10° to 10° leu-
kocytes per milliliter of 0.1 M phosphate buffer, pH 7.2,
and 0.25 g of glass beads (average diameter, 0.2 mm)
per 10° cells. The mixture was centrifuged for 20 min-
utes at 37,000 X g and 4° C, and the supernatant fluid
was refrigerated overnight and used the following day.

Supernatant solutions from leukocytes were prepared
by incubating normal or CML cells, 10° per ml, in
phosphate buffer for 2 hours at 37° C, and centrifuging
at 37,000 X g. Homogenates of the residual cells were
made as above in a concentration of 10° leukocytes per
milliliter.

Homogenates for thymidine phosphorylase assay were
prepared as above, with 1.25 X 10® cells per milliliter of
0.15 M Tris-HCI buffer, pH 7.1, and 0.5 g of glass
beads. Assays were performed on the day of prepara-
tion.

CML cell uptake of H*TdR. Two X 10" freshly iso-
lated CML cells in 0.2 ml of 5% glucose were added to
0.3 ml of autologous heparinized plasma (500 U of
heparin per 25 ml blood), 1.2 ml of Robinson’s salt mix-
ture (10), pH 7.4, supplemented with 100 mg glucose
per 100 ml and 209 mg sodium bicarbonate per 100 ml,
and 0.2 ml of the leukocyte homogenate being tested or
0.1 M phosphate buffer as a control. After incubation
for 1 hour at 37° C in a screw-top vial, 1 uc of H*TdR
(SA, 0.36 ¢ per mmole)#4 in 0.1 ml of isotonic saline was
added and the incubation continued for an hour. In
some experiments, hereafter referred to as “preincuba-
tion experiments,” the H*TdR was incubated first with
the leukocyte homogenate and Robinson’s solution for
an hour. The CML cells and plasma were then added
and the incubation continued for another hour. All
incubations were performed in duplicate. The incubations
were terminated by placing the vials in ice, after which
the contents were transferred quantitatively with 2 ml of
isotonic saline to test tubes that were centrifuged at
1,400 X g for 10 minutes at 4° C. The cells were washed
three times with saline, which was sufficient to remove

3 MSE homogenizer, Measuring and Scientific Equip-
ment, Ltd,, London, England.
4 Schwarz BioResearch, Inc., Orangeburg, N. Y.
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extracellular radioactivity. They were then dissolved
in 0.5 ml of 5% sodium hydroxide at 60° C for 15 min-
utes, and 0.1 ml of the resulting solution was added to 18
ml of a scintillation mixture, 70% toluene, 30% methanol
containing 3 g of 25-diphenyloxazole (PPO) and
0.050 g of 1,4-bis-2-(4-methyl-5-phenyloxazolyl) benzene
(dimethyl POPOP) per L. After 48 hours at —5° C,
the samples were counted in duplicate in a liquid scintil-
lation spectrometer.5 Quenching was found to be negligi-
ble with the use of internal standards.

In one experiment, the residual media from incuba-
tion were treated with 0.2 ml of 70% perchloric acid in
the cold to precipitate protein and centrifuged at 2,100 X g
for 10 minutes. The supernatant fluid was neutralized
with 0.38 ml of 6 N potassium hydroxide and recentri-
fuged. Two-tenths ml of the resulting supernatant
fluid was applied to Whatman 3 MM filter paper for
descending chromatography.

Distribution of intracellular radioactivity. The method
of Williams and Schilling (11) was used to separate the
acid soluble fraction, protein, RNA, and DNA {from
cells incubated as described above with the following
modifications: 1) Centrifugation was at 2,100 X g at
4° C for 10 minutes. 2) RNA was hydrolyzed by sus-
pending the precipitated nucleic acid in 0.5 ml of 0.3 N
sodium hydroxide and incubating 1 hour at 37° C. 3)
DNA was precipitated by chilling and adding 0.5 ml of
cold 0.5 N hydrochloric acid. 4) The protein residue
and DNA were dissolved in 0.5 ml 0.5 N sodium hy-
droxide by heating at 80° C for 15 minutes. 5) Radio-
activity was determined as above.

Incubation of H*TdR with cell-free leukocyte prepa-
rations. Mixtures were prepared with 1.2 ml of Robin-
son’s solution, supplemented with glucose and sodium bi-
carbonate as above, 150 ug of thymidine, 1 uc of H*TdR,
and 0.2 ml of either the supernatant solution from in-
cubation of leukocytes in phosphate buffer or the ho-
mogenate prepared from the original cells. The mix-
tures were shaken gently at 37° C for 1 hour and the
reaction stopped by boiling for 5 minutes. The leuko-
cyte preparations were added at the time of boiling in
the control tubes. After centrifugation at 2,100 X g for
10 minutes, 0.1 ml of each sample was chromatographed
in several systems on Whatman 3 MM filter paper.

Paper chromatography. The solvents employed for
descending chromatography were butanol, water, and
ammonia (60:30:10) (12), ethyl acetate, water, and
formic acid (60:35:5) (13), and isobutyric acid, water,
and ammonia (66:33:1) (14).

Standards of thymine, thymidine, 5'-thymidine triphos-
phate (TTP), dihydrothymine (DHT),® and B-ureido-
isobutyric acid (BUIB) were chromatographed with the
samples. BUIB was prepared from DHT and dilute
alkali, and both compounds were identified by spraying
the dried chromatogram with dilute alkali followed by
p-dimethylaminobenzaldehyde (15). The other com-

5 Packard Instrument Co., La Grange, Iil.
6 All obtained from California Corp. for Biochemical
Research, Los Angeles, Calif.
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pounds were located by inspection with an ultraviolet
lamp. The chromatograms were cut into small sections,
placed in scintillation vials, and counted in the usual
manner. Recovery of radioactivity when H*TdR was
chromatographed was 85 to 90%.

Thymidine phosphorylase assay. Assay of thymidine
phosphorylase activity was performed by arsenolysis (3),
with 32 umoles of thymidine per milliliter of 0.1 M ar-
senate and 0.42 M succinate buffer, pH 5.9, as a substrate
solution. The assay mixture consisted of 0.1 ml of the
enzyme preparation in Tris buffer added to 0.1 ml of the
substrate solution. The final pH was 5.9. Fifteen
minutes at 37° C was the optimal time for routine as-
say. At the end of the incubation, 0.5 ml of cold 3%
perchloric acid was added, and the mixture was al-
lowed to stand at least 1 hour in the cold. After cen-
trifugation at 2,100 X g for 15 minutes, 0.5 ml of the
supernatant fluid was added to 2 ml of 0.3 N sodium
hydroxide. The differences in ODs, between the ex-
perimental and control tubes, to which the perchloric
acid had been added before the enzyme, were measured
in a spectrophotometer (16). All assays were per-
formed in duplicate, and correction was made for any
increase in absorption in the absence of thymidine.
Under these conditions, the molar extinction coefficient
for thymine is 3.62 X 10°. One unit of enzyme was de-
fined as that quantity which catalyzed the formation of
1 wmole of thymine per hour. Results were expressed
as units per 10° leukocytes and as units per milligram
of protein. Protein was determined by the method of
Lowry, Rosebrough, Farr, and Randall (17), using bo-
vine serum albumin? as a standard and correcting for
absorption by Tris.

Statistics. The significance of the differences of
means of enzyme activity and of the inhibition of H*TdR
uptake was calculated by the ¢ test (18).

Results

Inhibition of thymidine uptake. When CML
cells were incubated with various leukocyte homo-
genates for 1 hour, H®*TdR added, and the
mixture incubated an additional hour, inhibi-
tion of isotope uptake in varying degrees was
observed (Table I). Since the homogenates were
prepared at different concentrations of cells per
unit volume of buffer, comparison of the effect
was made by calculating the percentage of inhibi-
tion per 107 cells used to prepare the homogenate.
The normal leukocyte homogenates inhibited
H3*TdR uptake by 7.2 to 16.3%, CML homoge-
nates by 4.1 to 6.1%, and chronic lymphocytic leu-
kemia (CLL) homogenates by O to 2.5%. The
difference of the mean inhibitory effects between
normal and CML is significant (p < 0.05), as is

7 Armour Pharmaceutical Co., Kankakee, Ill.
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TABLE 1
Inhibition of CML cell H3TdR uptake by leukocyte homogenates*

Preincuba-
Inhibition tion inhibi-
Inhibition per 107 tion of
Concentration of HSTdR cells of H3TdR
- Type Patient of homogenatet uptaket homogenate Mean - uptake§
% % % %
Normal
1 1.16 X 108 38 16.3 95
2 2.7 X 108 73 13.5
3 3.0 X 108 43 7.2 99
12.3
CML 1 1.0 X 108 10.8 54
2 2,7 X 108 33 6.1 98
3 6.0 X 108 49 4.1 98
4 1.0 X 10° 89 4.5 50 98
CLL 1 1.0 X 108 1 0.5
2 2.7 X 108 0 0 98
3 6.0 X 108 30 2.5 0 88
1.

* CML = chronic myelocytic leukemia; H3TdR = tritiated thymidine; CLL = chronic lymphocytic leukemia.

1 Cells per ml of buffer.

1 CML cells and 0.2 m] homogenate incubated together; H’TdR added 1 hour later.
§ H3TdR and 0.2 ml homogenate incubated together; CML cells added 1 hour later.

that between normal and CLL (p < 0.02), and
CML and CLL (p < 0.01).

Some of the homogenates were also tested in
preincubation experiments. Under these condi-
tions, there was nearly complete inhibition (88 to
98%) of isotope uptake (Table I), and differ-
ences in inhibitory capacity between the different
types of homogenates were not evident.

These results suggested differing capacities of

different types of leukocyte homogenates to in-
hibit H3TdR uptake by intact CML cells when
competing for isotope simultaneously with them,
in contrast to the virtually complete inhibitory
capacity shown by all three types of homogenates
under preincubation conditions.

In one experiment in which the three types of
homogenates, prepared at identical concentrations,
were tested simultaneously, duplicate incubation

TABLE II

Effect of leukocyte homogenates on uptake of H*TdR by CML cells, intracellular
isotope distribution, and residual radioactivity in the medium*

Residual radio-
activity in
Distribution of cell radioactivity medium}
Cell radioactivity DHT
Type of _— Acid- Thy- Thymi- or
homogenatet Inhibition DNA RNA soluble  Protein mine dine BUIB
. ) cpm % % % % % % % %
Regular incubation§
Control 981 90.2 2.2 6.5 1.1 45 45 10
Normal 265 73 95.3 0.5 1.9 2.3 71 4 25
CML 662 33 94.1 1.3 3.8 0.8 85 4 11
CLL 1,065 (1] 91.2 6.9 1.3 0.6 77 2 21
Preincubation ||
Control 1,317 52 40 8
Normal 10 99 76 2 22
CML 22 98 71 2 27
CLL 26 98 70 2 28

* H3TdR = tritiated thymidine

BUIB = B-ureidoisobutyric acid.
12.7 X 108

o

cells per ml of buffer.

I'fthyl acetate :water :formic acid chromatography system (13).

cells and 0.2 ml homogenate incu
H?TdR and 0.2 ml homogenate incubated toge

bated

; CML = chronic myelocytic leukemia; CLL = chronic lymphocytic leukemia; DHT = dihydrothymine;

mﬁether; H3TdR added 1 hour later.
ther; CML cells added 1 hour later.
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mixtures were analyzed for distribution of intra-
cellular radioactivity and for identification of
radioactive compounds in the residual medium
(Table II). DNA contained 90 to 95% of the
intracellular radioactivity in all samples under the
first incubation conditions. In the preincubation
experiment the total intracellular radioactivity was
very small, and the accuracy of the cell fractiona-
tion method was not adequate to permit conclu-
sions concerning its distribution. Chromatog-
raphy of the residual media in the ethyl acetate:
water: formic acid system demonstrated radio-
active peaks corresponding to the positions of thy-
mine and DHT or BUIB, as well as thymidine.
Little thymidine remained in the media to which
homogenates had been added. In the butanol: wa-
ter :ammonia system, radioactive peaks corre-
sponded to the positions of thymidine, thymine,
and BUIB. The deproteinization process used
(treatment with perchloric acid followed by po-
tassium hydroxide) would have converted any
DHT to BUIB. No radioactivity corresponding
to the position of the thymine nucleotides (TMP,
TDP, or TTP) was found when the media were
chromatographed in the isobutyric acid: water:
ammonia system. These results suggested that
the inhibitory effect of the homogenates was pro-
duced by the conversion of thymidine to thymine
and, perhaps, to additional products of thymine
catabolism. The CML cells in the absence of
homogenates also seemed to carry out these re-
actions, but to a lesser degree. There was no
inhibition of the conversion of thymidine to DNA
intracellularly, since no increase in acid-soluble
radioactivity was found.

A CML homogenate from Donor 4 (Table I),
prepared at a concentration of 10° cells per ml,
inhibited the uptake of 1 uc of tritiated deoxyuri-
dine (SA, 1.3 ¢ per mmole)* by 72%, or 3.6%
per 107 cells in the same experiment in which its
inhibition of H*TdR uptake (89%) was deter-
mined.

No attempt was made to purify the inhibitory
factor extensively, but when prepared from nor-
mal leukocytes, it was found in the precipitate
after 40% saturation with ammonium sulfate.
It was not dialyzable, and activity was lost after
heating to 60° C for 30 minutes.

Several experiments suggested that less thy-
midine uptake by intact cells occurred with in-

JOHN C. MARSH AND SEYMOUR PERRY

TABLE III

Effect of phosphate concentration on H3TdR
uptake by CML cells*

Experi- Phosphate Inhibi-
ment concentration Uptake tion
M X1073 cpm %
Cells alone 1 1.95 1,577
11.95 981
2 1.95 1,567
11.95 895
3 0. 1,521
10.0 850
With homogenatet}
1 0.95 8
2 5.6 77
3 17.5 81

* CML = chronic myelocytic leukemia.
1 10° cells per ml.

creased phosphate concentration (Table III),
either in the presence or absence of CML ho-
mogenates. Since the former were separate ex-
periments, a single experiment was designed to
study the effect of increasing phosphate con-
centration on the inhibitory activity of a CML
homogenate (10° cells per milliliter) prepared in
Tris buffer. Isosmotic quantities of Tris were
substituted for phosphate in the Robinson’s solu-
tion, and phosphate concentration was varied by
the addition of different concentrations of phos-
phate buffer. The results showed that the in-
hibition of H®*TdR uptake increased with in-
creased concentration of phosphate (Table IV).
The data closely resemble those of Skéld (19)
for deoxyuridine phosphorylase. When the data
are plotted according to the method of Line-
weaver and Burk (20), a straight line results
(Figure 1), suggesting that phosphate has a sub-
strate role in inhibiting H3*TdR uptake by intact
cells under these conditions.

TABLE IV

Effect of phosphate concentration in inhibition of H3TdR
uptake by CML cells*

Phosphate
concentration Inhibition
M X1073 %o
0.16 25
0.5 43
2.0 58
8.0 63

* Chronic myelocytic leukemia (CML) homogenate,
10° cells per ml 0.15 M Tris.
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CENTRATION. The reciprocal of the percentage of inhibi-
tion of isotope uptake by chronic myelocytic leukemia
(CML) cells effected by a CML homogenate in Tris
buffer is plotted against -the reciprocal of the concentra-
tion of phosphate in the incubation mixture.

Thymine formation by leukocyte preparations.
When the supernatant solution from incubation of
CML or normal leukocytes in phosphate buffer
or the homogenate from the residual cells was
incubated with H*TdR and thymidine, a radio-
active peak corresponding to the position of thy-
mine was found when the incubation mixture
was chromatographed (Table V). No such peak
was found when the leukocyte preparations were
heated to 60° C before incubation. No evidence
for DHT, BUIB, or thymine nucleotide forma-
tion was found in this cell-free system when other
chromatographic systems were used. Although
the preparations from the normal leukocytes
seemed to have more converting activity than the
CML preparations, no definite conclusion is pos-
sible since only one experiment of this type was
performed.

Thymidine phosphorylase activity of peripheral
leukocyte and bone wmarrow howmogenates. A
modification of the arsenolysis assay method of
Friedkin and Roberts (3) was used to take ad-
vantage of the spontaneous decomposition of the
reaction product, deoxyribose-l-arsenate. Un-
der the conditions used, the increase in OD,,, in
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TABLE V
Formation of thymine from thymidine by cell-free leukocyte
preparations
Thymine
spot
vis.i::»le Radioactivity*
Preparation ul:vr;violet Thymidine Thymine
' . % %
Supernatant solutionf
Normal + 66 34
ML 0 78 22
Heated supernatant solution}
Normal 0 100 0
CML 0 100 0
Homogenate of residual cells§
Normal + 24 76
CML + 50 50

* Descending paper chromatography in ethyl acetate:
water : formic acid (13).

t Supernatant solution after incubation of 10° cells in 0.1
M phosphate buffer, pH 7.2, for 2 hours, CML = chronic
myelocytic leukemia.

1 60° C for 30 minutes.

§ 10° cells per ml phosphate buffer.

alkali after 15 minutes’ incubation was propor-
tional to the concentration of the homogenate be-
ing tested (Table VI, Figure 2). With longer
incubation there was less proportionality, pre-

TABLE VI

Relation of thymidine phosphorylase activity to homogenate
concentration

Time of incubation in minutes

Homogenate source

and concentration 5 15 30 45
ODisw0  ODax ODaoo ODaw
CML,* 1.25 X 108
cells per ml
Undiluted 0.052 0.125 0.238 0.312
Diluted 1:4 0.017 0.036 0.100 0.123
Diluted 1:8 0.000 0.017 0.052 0.055
CML, 5 X 108 cells
per ml
Undiluted 0.091 0.177 0.371 0.372
Diluted 1:2 0.047 0.110 0.196 0.256
Diluted 1:4 0.010 0.061 0.118 0.145
CML, 1.25 X 10¢
cells per ml
Undiluted 0.095 0.162
Diluted 1:2 0.045 0.103
Normal, 1.25 X 10#
cells per ml
Undiluted 0.115 0.162
Diluted 1:2 0.066 0.101

* CML = chronic myelocytic leukemia.
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TABLE VII
Thymidine phosphorylase activity of leukocyte homogenates

Leukocyte

Patient Diagnosis count Activity Protein Remarks
103/ mm3 U/10 mg/108
leukocytes leukocytes
R.E Normal 10.5 5.07 5.40
T.]J Normal 4.2 4.79 3.12
E Y Normal 5.6 3.55 4.0
H. M Normal 5.9 4.05 3.08
R.C Normal 8.2 4.67 3.80
L.S Normal 4.2 3.80 3.40
G. R CLL* 372.0 1.55 1.40
G. N CLL 130.0 1.08 1.18
A. R CLL 26.0 1.48 1.38
D. R CLL 24.0 1.02 1.09
J.L CLL 125.0 0.52 0.76
L .H CLL 231.0 0.49 0.46 Receiving prednisone, $
mg per day
N.B CML 243.0 2.94 3.08
W. P CML 185.0 2.94 2.88 Receiving cyclophos-
phamide
M.B CML 82.0 3.00 2.24
0.D CML 41.8 2.32 3.00
R. H CML 63.8 2.72 3.20
C. W CML 162.0 2.50 5.40
J.B CML 42.6 1.76 2.20
B.F CML 39.0 1.95 2.28 Therapy with phenyl-
alanine mustard with-
out effect
M. W. CML-remission 4.2 5.04 4.10 Phenylalanine mustard-
induced remission
R.S CML-remission 9.5 6.37 4.28 6-Mercaptopurine (6-
MP)-induced remission
E. K. CML (blastic 80.0 0.43 2.46 Blasts, 759%, 109 pro-
crisis) granulocytes; receiving
6-MP, prednisone with-
out effect
L.S. ALL 119.0 0.12 2.24 Untreated; 749, blasts,
159% prolymphocytes
W. P. ALL 56.0 0.86 3.60 Receiving cyclophospha-
mide without effect;
999, blasts
J. S. ALL 84.6 1.63 1.68 Prednisone, 6-MP, vincri-
stine. Count rapidly
falling from 800,000;
959% blasts
A. F. AML 53.5 0.19 3.24 Receiving 6-MP, predni-
sone without effect;
97% blasts
V. T. AML 162.0 1.39 3.88 Untreated; 759, blasts,
. 239, promyelocytes
E. S. AML 8.0 1.35 2.96 Untreated; 899, blasts
J. B. Leukemoid re- 37.0 3.80 2.28
action ; Hodg-
kin’s disease Bone marrows
W. J. Psoriasis 2.07 1.94 Normal peripheral blood
and bone marrow
J. B. CML-relapse 2.26 2.96
Thoracic duct lymph
C.T. Chondrosarcoma 3.7 0.68 6.15 Lymphocytes, 100%; 3

erythrocytes per 100
leukocytes; no tumor
cells

* CLL = chronic lymphocytic leukemia; CML = chronic myelocytic leukemia; ALL = acute lymphocytic leukemia ;
AML = acute myelocytic leukemia.
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sumably due to product inhibition of the reac-
tion by thymine (3).

Results of the assays of the leukocyte and bone
marrow homogenates from normal individuals
and various patients are shown in Table VII.

When expressed as activity per 10%® leuko-
cytes, the means of all the leukemic homogenates
were significantly lower than that of the normal
(p < 0.001) (Table VIII, Figure 3). The CML
homogenates were higher than those from CLL
and the acute leukemias (AL) (p <0.001).
CLL and AL homogenates did not differ sig-
nificantly when compared in this fashion (p <
0.70).

When the data were expressed as enzyme ac-
tivity per milligram of homogenate protein, i.e.,
specific activity, the normal homogenates were
still significantly higher than CML (p < 0.01)
and AL (p < 0.001). The difference between
normal and CLL is only suggestive (p < 0.10),

TABLE VIII

Thymidine phosphorvlase: mean activities of various types of
leukocyte homogenates

No.
of

Group patients  Activity* Protein* SA*
U/108 mg/108
leukocytes leukocytes
Normal 6 4.321+0.25 3.80+0.35 1.17 +0.10
CML (relapse)t 8 2.5240.15 3.16+0.35 0.83 £0.06
CLL : 6 1.02+0.18 1.05 +0.15 0.97 £0.05
AL 7 0.85+0.23 2.8740.29 0.33 +0.12
* Mean =+ SE.

+ CML = chronic myelocytic leukemia; CLL = chronic lympho-
cytic leukemia; AL = acute leukemia.
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but there was no significant difference between
CML and CLL (p < 0.20). The difference be-
tween CLL and AL was significant (p < 0.001),
as was the difference between CML and AL
(p < 0.01). The explanation for these results
when the data are compared in different ways is
that the CLL cells are smaller than the other leu-
kocytes. As a result, CLL homogenates con-
tain less protein than other types of homogenates
prepared from the same number of cells and
have a higher specific activity.

The enzyme activity of the one patient (J. S.)
with acute leukemia who was approaching a re-
mission was the highest in the AL group, with

5
[- MEAN22 S E.

UNITS /10® WBC

;
B

Il 1
CML CLL AL

1
NORMAL

Fic. 3. THYMIDINE PHOSPHORYLASE ACTIVITY OF DIF-
FERENT TYPES OF LEUKOCYTE HOMOGENATES. CML =
chronic myelocytic leukemia; CLL = chronic lympho-
cytic leukemia; AL = acute leukemia.

a nearly normal specific activity, even though he
had a leukocyte count of 84,000 per mm? with 95%
blasts. He had been on antileukemic therapy for
3 days with a rapidly falling leukocyte count.
The activity of the cells from a patient with CML
in blastic crisis (E. K.) was within the acute
leukemia range and is included in the calcula-
tions for the latter group.

The leukemic patients who were being treated
but were still in relapse (B. F.,, L. H., W. P, and
A. F.) did not have significantly different values
for enzyme activity from untreated patients with
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the same type of leukemia. Two CML patients
in remission and a patient with a leukemoid reac-
tion had enzyme activities in or slightly above the
normal range. The normal and CML bone mar-
row values were lower than the normal periph-
eral leukocyte values. The thoracic duct lympho-
cytes had very low levels of enzyme activity.
Erythrocytes had no detectable activity and did
not inhibit active leukocyte preparations.
Correlation of thymidine phosphorylase activity
and inhibition of H®TdR uptake. Homogenates
prepared identically in Tris buffer (1.25 X 10® cells
per ml) from normal, CML, CLL, and acute
myelocytic leukemia (AML) leukocytes were as-
sayed simultaneously for thymidine phosphorylase
activity and for their ability to inhibit H3TdR
uptake by CML cells. Two incubation condi-
tions were studied. There was good correlation
between enzyme activity and inhibition of isotope
uptake when the cells and homogenate were incu-
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F16. 4. CORRELATION OF THYMIDINE PHOSPHORYLASE

ACTIVITY OF LEUKOCYTE HOMOGENATES WITH INHIBITION
OF TRITIATED THYMIDINE UPTAKE BY CHRONIC MYELOCYTIC
LEUKEMIA CeLLs, H*TdR = tritiated thymidine; CML =
chronic myelocytic leukemia; CLL = chronic lymphocytic
leukemia; AML =acute myelocytic leukemia.
A A : Cells and homogenate incubated for 1 hour;
H’TdR added and incubated an additional hour. @ —@ :
Homogenate incubated with H*TdR for 1 hour; cells
and plasma added and incubated an additional hour.
Homogenates prepared in Tris buffer, 1.25 X 10® cells per
ml.
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bated together (Figure 4). The normal homoge-
nate was most active, followed by the CML, CLL,
and AML homogenates in order. This relation-
ship was also found in the preincubation experi-
ments, except that the activity of the normal and
CML homogenates appeared to be equal, since
both caused virtual complete inhibition of H*TdR
uptake. The AML homogenate, which had neg-
ligible enzyme activity, increased the uptake of
the isotope by the CML cells.

Effect of hydroxyurea and phytohemagglu-
tinin. Hydroxyurea,® which has clinical activity
in CML (21, 22), caused 30% inhibition of
H3TdR uptake by CML cells at a concentration of
1.5 mg per L and 80% at 15 and 150 mg per L.
The last two concentrations correspond to the
plasma levels after doses of the drug ranging
from 15 to 100 mg per kg in man (23, 24). Ata
concentration of 76 and 7.6 mg per L, hydroxyurea
had no effect on thymidine phosphorylase activity
and was additive with it in inhibiting H3TdR
uptake by CML cells.

Phytohemagglutinin has growth-stimulating ef-
fects on leukocyte cultures (25) and has been re-
ported to inhibit leukocyte alkaline phosphatase
when thymidylic acid (TMP) is used as a sub-
strate (26). At a concentration corresponding
to 0.4 ml of phytohemagglutinin® per 10 ml of
culture medium there was no effect on thymidine
phosphorylase activity, and one-half this con-
centration had no effect on H®*TdR uptake by
CML cells.

Discussion

These experiments have demonstrated inhibi-
tion of H3*TdR uptake into CML cells by a non-
dialyzable, heat-labile leukocyte factor that was
more effective as phosphate concentration was
increased and when it was preincubated with
H3TdR before addition of the cells. When the
cells alone were incubated with H3TdR, the resid-
ual radioactivity of the medium suggested the
formation of thymine, DHT, and possibly BUIB.
The inhibitory factor increased the amount of
these compounds found in the medium while de-
creasing the amount of residual thymidine. Simi-
lar compounds have recently been found in stud-

8 E. R. Squibb and Sons, New York, N. Y.
2 Difco Laboratories, Detroit, Mich.
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ies of H*TdR uptake by plant tissues (27). Nor-
mal and CML leukocytes were capable of elabor-
ating this factor when incubated in phosphate
buffer.

Partial purification of the inhibitory factor
showed that it was precipitable at 40% satura-
tion with ammonium sulfate, as is human spleen
(4) and horse liver (3) thymidine phosphory-
lase. It also inhibited CML cell uptake of triti-
ated deoxyuridine, which is a substrate for thy-
midine phosphorylase in other species (3). Good
correlation was found between thymidine phos-
phorylase activity and the ability to inhibit H*TdR
uptake into CML cells. It may be concluded that
this inhibitory effect is due to thymidine phos-
phorylase.

Craddock (28) reported that normal intact hu-
man granulocytes or homogenates had a greater
inhibitory effect than leukemic cells on labeling
of dog thoracic duct lymphocytes with H3TdR.
Dog lymphocytes and erythrocytes had little ef-
fect. Because of the studies reported above, his
results may be attributed, at least in part, to dif-
ferent amounts of thymidine phosphorylase in the
cells tested.

An enzyme catalyzing the conversion of thy-
midine to thymine was first described by Deutsch
and Laser (1) in 1929, who found activity in beef
bone marrow and rabbit leukocytes. Klein (2)
in 1935 confirmed these findings and found simi-
lar activity in beef kidney, spleen, lung, lymph
nodes, and other tissues. The enzyme was acti-
vated by arsenate and phosphate. Friedkin and
Roberts (3) purified thymidine phosphorylase
from horse liver and described its kinetics and
substrate specificity. They also found activity in
human bone marrow. Zimmerman (4) has re-
cently surveyed enzyme activity in many human
tissues, including spleen and various tumors.
There have been no reports of thymidine phos-
phorylase activity in human peripheral leukocytes.
A purine nucleoside phosphorylase is present in
guinea pig leukocytes (29).

Many investigators have demonstrated differ-
ences in enzyme levels, particularly those con-
cerned with DNA metabolism, between rapidly
growing and stable tissues. Thymidine kinase and
thymidylate kinase activities increase in regener-
ating rat liver with a simultaneous decrease in the
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activities of enzymes concerned with pyrimidine
catabolism (30, 31). Potter, Pitot, and Ono (32)
have shown generally decreased pyrimidine ca-
tabolic activity in rat hepatomas. Wheeler, Alex-
ander, and co-workers (33-35) have obtained
similar results in studies of purine metabolisth in
animal tumors. Smith, Baker, and Sullivan (36)
have shown increased levels of enzymes regu-
lating de novo pyrimidine synthesis in CML
leukocytes, but to our knowledge, enzymes in-
volved in pyrimidine catabolism in leukocytes have
not been studied. A simplified version of the
current concept of thymidine catabolism is shown
in Figure 5.

The physiologic role of thymidine phosphorylase
has not been defined. The equilibrium of the thy-
midine-thymine reaction is favorable to nucleo-
side synthesis in cell-free systems (37). Major
pathways of pyrimidine deoxyribonucleotide syn-
thesis, however, are thought to bypass the nucleo-
side level. Friedkin and Kalckar (37) have
speculated that, #n wivo, the nucleoside phosphory-
lases “might serve as catalysts in regulatory path-
ways dealing mainly with the breakdown of nucleic
acids.” It is possible that thymidine phos-
phorylase may function as an enzyme in DNA
synthesis. Skoéld (19) has reported increased
levels of deoxyuridine phosphorylase, probably
the same enzyme as thymidine phosphorylase, in
regenerating rat liver. De Verdier and Potter
(38), however, have found decreased levels of a
similar enzyme in regenerating rat liver and very

Po: (1) TENH (2)

THYMIDINE_—————STHYMINE + DEQXYRIBOSE- 1-PHOSPHATE &
(TDR) TPN

HZO (3) H20
—————> B-UREIDOISOBUTYRIC ACID ———>
(BUIB)

DIHYDROTHYMINE
(DHT)

B-AMINOISOBUTYRIC ACID + CO, + N}
(BAIB)

Fi1c. 5. THYMIDINE cATABoLIsM [Modified from
Fink and associates (13)]. (1) Thymidine phosphory-
lase; (2) hydropyrimidine dehydrogenase; (3) hydro-
pyrimidine hydrase.
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low levels in Dunning hepatoma. Furthermore,
thymine is poorly utilized by most tissues (39)
and by CML cells (5, 11), contrary to what would
be expected if thymidine phosphorylase were an
important enzyme in DNA synthesis.

Although thymidine is probably not a major
substrate for DNA {formation, it is readily uti-
lized by those cells that have adequate thymidine
kinase. Physiologically, thymidine may represent
a step in the degradative pathway of thymidy-
late as part of the cellular control of DNA syn-
thesis.

Whether low levels of thymidine phosphorylase
are characteristic of leukemic cells per se or are
merely reflections of leukocyte immaturity re-
mains an open question. The low value of the
one normal marrow assayed suggests that im-
mature leukocytes have low activity that in-
creases as the cells mature. Consistent with this
is the observation of relatively high activity in a
patient (J. S.) with AL approaching remis-
sion and the high activities in two patients (M. W,
and R. S.) with CML in remission.

Since the value obtained for the enzyme ac-
tivity of thoracic duct lymphocytes was low, the
enzyme in normal peripheral leukocytes would
seem to be located primarily in the granulocytes.

The data in this report suggest the further
conversion of thymine to additional products,
probably DHT and, perhaps, BUIB by intact
CML cells. The failure to find evidence for
formation of these compounds in the cell-free
system may be due to the absence or inactivation
of the necessary enzymes in the homogenates
used or to the lack of TPNH. This pyridine nu-
cleotide has been shown to be a required co-
factor in the conversion of thymine to DHT in
other tissues (40).

Certain considerations have been pointed out in
the interpretation of experiments using H3*TdR
as a DNA label. These include radiation effects
(41), reutilization (42), and low thymidine kinase
activity (43). To these should be added the fact
that different cell populations contain different

levels of thymidine phosphorylase activity, which

may profoundly affect their uptake of H3TdR.
In addition, one cell population may influence the
uptake of H®*TdR by another through elaboration
of the enzyme into the immediate environment.

JOHN C. MARSH AND SEYMOUR PERRY

Summary

1) Leukocyte homogenates inhibit the uptake
of tritiated thymidine by chronic myelocytic leu-
kemia cells. The degree of inhibition correlates
with the level of thymidine phosphorylase activity.

2) Thymidine phosphorylase activity is also
found in the medium after intact leukocytes are
incubated in phosphate buffer.

3) Normal leukocytes contain significantly
higher levels of thymidine phosphorylase activity
than leukemic leukocytes. Leukocytes from pa-
tients with leukemia in remission had higher en-
zyme levels than those from patients in relapse.

4) In addition to demonstrating thymidine
phosphorylase activity converting thymidine to
thymine, chronic myelocytic leukemia cells in vitro
can reduce thymine to a compound corresponding
chromatographically to dihydrothymine, or B-ure-
idoisobutyric acid, or both.

5) Low thymidine phosphorylase activity may
be a function of cellular immaturity and capacity
for DNA synthesis, rather than a characteristic
of leukemia per se.

Acknowledgment

The authors are grateful to Miss Karen Shirley for
expert technical assistance.

References

1. Deutsch, W., and R. Laser. Experimentelle Studien
ilber den Nucleinstoffwechsel XIX Mitteilung.
Zur Kenntnis der Nucleosidase Verhalten einer
Nucleosidase aus Rinderknochenmark zu einer
Spaltprodukt der Thymusnucleinsaure. Hoppe-
Seylers Z. physiol. Chem. 1929, 186, 1.

2. Klein, W. Experimentelle Studien uber den Nu-
cleinstoffwechsel XXXVII. Uber Nucleosidase.
Hoppe-Seylers Z. physiol. Chem. 1935, 231, 125.

3. Friedkin, M., and DeW. Roberts. The enzymatic
synthesis of nucleosides. I. Thymidine phosphory-
lase in mammalian tissue. J. biol. Chem. 1954, 207,
245,

4. Zimmerman, M. The possible identity of thymidine
phosphorylase and pyrimidine deoxyribosyl trans-
ferase of rat liver. Biochem. biophys. Res. Com-
mun. 1962, 8, 169.

5. Williams, A. M. Nucleic acid metabolism in leukemic
human leukocytes. I. In witro incorporation by
leukocytes from chronic granulocytic leukemia.
Cancer Res. 1962, 22, 314.

6. Stohlman, F., Jr, Ed. The Kinetics of Cellular
Proliferation. New York, Grune & Stratton, 1960,
p. 188.



10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

. Craddock, C. G, and G. S. Nakai.

THYMIDINE CATABOLISM BY HUMAN LEUKOCYTES

. Cronkite, E. P, T. M. Fliedner, V. P. Bond, J. R.

Rubini, G. Brecher, and H. Quastler. Dynamics
of hemopoietic proliferation in man and mice stud-
ied by H?’-thymidine incorporation into DNA.
Ann. N. Y. Acad. Sci. 1959, 77, 803.

Leukemic cell
proliferation as determined by in wvitro deoxyribo-
nucleic acid synthesis. J. clin. Invest. 1962, 41,
360.

. Fallon, H. J, E. Frei III, J. D. Davidson, J. S.

Trier, and D. Burk. Leukocyte preparations
from human blood: Evaluation of their morpho-
logic and metabolic state. J. Lab. clin. Med. 1962,
59, 779.

Robinson, J. R." Some effects of glucose and cal-
cium upon the metabolism of kidney slices from
adult and newborn rats. Biochem. J. 1949, 45,
68.

Williams, A. M,, and R. F. Schilling. The in vitro
incorporation of nucleic acid precursors into leu-
kemic human leukocytes. I. Methodology and ef-
fects of therapy on incorporation i vitro. J. Lab.
clin. Med. 1961, 58, 76.

Magasanik, B., E. Vischer, R. Doniger, D. Elson, and
E. Chargaff. The separation and estimation of
ribonucleotides in minute quantities. J. biol. Chem.
1950, 186, 37.

Fink, K., R. E. Cline, R. B. Henderson, and R. M.

Fink. Metabolism of thymine (methyl-C* or
-2-C*) by rat liver in vitro. J. biol. Chem. 1956,
221, 425.

Zetterstrom, R., and M. Ljunggren. The renewal of
phosphate in acid-soluble nucleotides in the liver
and the brain. Acta chem. scand. 1951, 5, 291.

Fink, R. M,, R. E. Cline, C. McGaughey, and K. Fink.
Chromatography of pyrimidine reduction products.
Analyt. Chem. 1956, 28, 4.

Hotchkiss, R. D. The quantitative separation of
purines, pyrimidines, and nucleosides by paper
chromatography. J. biol. Chem. 1948, 175, 315.

Lowry, O. H, N. J. Rosebrough, A. L. Farr, and.

Protein measurement with the
J. biol. Chem. 1951, 193,

R. J. Randall.
Folin phenol reagent.
265.

Snedecor, G. W. Statistical Methods Applied to
Experiments in Agriculture and Biology, 4th ed.
Ames, Iowa, Iowa State College Press, 1946.

Skoéld, O. Enzymes of uracil metabolism in tissues
with different growth characteristics. Biochim.
biophys. Acta (Amst.) 1960, 44, 1.

Lineweaver, H., and D. Burk. The determination of
enzyme dissociation constants. J. Amer. chem. Soc.
1934, 56, 658. :

Krakoff, I. H.,, M. L. Murphy, and H. Savel. Pre-
liminary trials of hydroxyurea in neoplastic dis-
eases in man. Proc. Amer. Ass. Cancer Res. 1963,
4, 35.

Thurman, W. G. Pharmacology and antitumor ef-

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Takats, S. T, and R. M. S. Smellie.

277

fect of hydroxyurea. Proc. Amer. Ass. Cancer
Res. 1963, 4, 67.

Davidson, J. D, and T. S. Winter. A method of
analyzing for hydroxyurea in biological fluids.
Cancer Chemother. Rep. 1963, no. 27, 97.

Winter, T. S. Personal communication.

Nowell, P. C. Phytohemagglutinin: An initiator of
‘mitosis in cultures of normal human leukocytes.
Cancer Res. 1960, 20, 462.

Rubini, J. R. A proposed mechanism of action of
phytohemagglutinin (PHG). Clin. Res. 1963, 11,
199,

Thymidine
degradation in plant tissues labeled with tritiated
thymidine, J. cell. Biol. 1963, 17, 59.

Craddock, C. G., Jr. The physiology of granulo-
cytic cells in normal and leukemic states. Amer.
J. Med. 1960, 28, 711.

Calissano, P., G. Leoncini, and L. Luzzatto. Nu-
cleoside phosphorylase activity in guinea pig poly-
morphonuclear leukocytes. Experientia (Basel)
1963, 18, 369.

Bollum, F. J, and V. R. Potter. Nucleic acid me-
tabolism in regenerating rat liver. VI. Soluble
enzymes which convert thymidine to thymidine
phosphates and DNA. Cancer Res. 1959, 19, 561.

Canellakis, E. S.,, J. J. Jaffe, R. Mantsavinos, and
J. S. Krakow. Pyrimidine metabolism. IV, A
comparison of normal and regenerating rat liver.
J. biol. Chem. 1959, 234, 2096.

Potter, V. R, H. C. Pitot, and T. Ono. Pathways
of thymidylate synthesis and degradation in nor-
mal, regenerating, and pre-neoplastic rat livers and
in hepatomas. Proc. Amer. Ass. Cancer Res. 1960,
3, 142,

Wheeler, G. P., and J. A. Alexander. Searches for
exploitable biochemical differences between normal
and cancer cells. VII. Anabolism and catabolism
of purines by minced tissues. Cancer Res. 1961,
21, 399.

Wheeler, G. P., and J. A. Alexander. Searches for
exploitable biochemical differences between normal
and cancer cells. VIII. Catabolism of purines and
purine nucleotides by sonicates. Cancer Res. 1961,
21, 407.

Wheeler, G. P, J. A. Alexander, A. S. Dodson, S. D.
Briggs, and H. P. Morris. Searches for exploit-
able biochemical differences between normal and
cancer cells. IX. Anabolism and catabolism of
purines by hepatomas 5123 and H-35. Cancer
Res. 1962, 22, 769.

Smith, L. H., Jr.,, F. A. Baker, and M. Sullivan.
Pyrimidine metabolism in man., II. Studies of
leukemic cells. Blood 1960, 15, 360.

Friedkin, M., and H. Kalckar. Nucleoside phos-
phorylases in The Enzymes, 2nd ed., P. D. Boyer,
H. Lardy, and K. Myrbick, Eds. New York,
Academic Press, 1961, vol. 5, p. 253.



>

278 JOHN C. MARSH AND SEYMOUR PERRY

38. De Verdier, C. -H,, and V. R. Potter. Alternative
pathways of thymine and uracil metabolism in the
liver and hepatoma. J. nat. Cancer. Inst. 1960, 24,
13. ‘

39. Crosbie, G. W. Biosynthesis of pyrimidine nucleo-
tides #n The Nucleic Acids, E. Chargaff and J. N.
Davidson, Eds. New York, Academic Press, 1960,
vol. 3, p. 346.

40. Cannellakis, E. S. Pyrimidine metabolism. I. En-
zymatic pathways of uracil and thymine degrada-
tion. J. biol. Chem. 1956, 221, 315.

41. Rubini, J. R, and E. P. Cronkite. Blockade of
tritiated thymidine utilization in vitro. Proc. 8th
Congr. European Soc. Hemat. 1961, no. 64.

42. Rieke, W. O. The in vivo reutilization of lympho-
cytic and sarcoma DNA by cells growing in the
peritoneal cavity. J. cell Biol. 1962, 13, 205.

43. Bianchi, P. A. Thymidine phosphorylation and de-
oxyribonucleic acid synthesis in human leukaemic
cells. Biochim. biophys. Acta. (Amst.) 1962, 55,
547.



