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SUMMARY

An enzymatic method for the estimation of the
concentration of 1-/3-D-arabinofuranosylcytosine (ara-C) in
biological fluid has been developed. The method consists of
the phosphorylation of ara-C with ATP--y-32P in the presence
of deoxycytidine kinase and Mg4*and subsequent isolation of
the 5'-monophosphate of ara-C (ara-CMP-a-32P) by thin-layer

chromatography on diethylaminoethyl-cellulose. This method
requires only 3 hr to complete and can detect concentrations
of ara-C in the plasma as low as 2.5 Â¿iM.With this enzymatic
method the half-life of ara-C in the plasma was estimated to be
15 min in a patient with acute leukemia who received a
continuous i.v. infusion of ara-C.

Since for most nucleoside analogs the active inhibitor is a
phosphorylated derivative, the enzymatic method can be used
as an additional procedure for the screening of potential
antitumor nucleosides.

INTRODUCTION

ara-C3 is a potent inhibitor of cellular proliferation and

DNA synthesis in mammalian cells (7, 12, 21, 28) and in the
multiplication of some DNA viruses (4). This antimetabolite,
which is an analog of deoxycytidine, appears to act specifically
to kill cells during the S phase of the cell cycle (19, 33). The
rate of phosphorylation of ara-C increases during the S phase
of mammalian cells (24) and is due, apparently, to the increase
in activity of deoxycytidine kinase (3), the enzyme that
catalyzes the phosphorylation of ara-C (20,25). In the cell the
active form of ara-C is presumably ara-CTP, which is a potent
inhibitor of DNA polymerase (11, 13) and is incorporated into
both DNA (8,23) and RNA (6).

ara-C is one of the agents that is currently being used to
treat acute leukemia in humans (1, 9, 17). In studies on
experimental L1210 leukemia in mice, Skipper et al. (29,
30) have shown that the dose schedule of ara-C is a very
important factor in the determination of chemotherapeutic
response with this drug. Since ara-C is rapidly deaminated in
humans to its uracil derivative (5, 10), a nontoxic compound
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(7), the measurement of the rate of metabolism of ara-C is an
important parameter in the determination ot the optimal dose
schedule for this agent. A very sensitive microbiological assay
for ara-C has been described (15, 18), but unfortunately it
requires 18 hr to complete. In this report a rapid enzymatic
method which requires only 3 hr to complete has been
developed to measure the concentration of ara-C in biological
fluids. This method has been used to measure the metabolism
of ara-C in a patient with acute leukemia.

MATERIALS AND METHODS

Materials. ara-C, ATP, sodium heparin, and DEAE-cellulose
(Product No. 45050, 0.7 mEq/g) were obtained from Upjohn
Co., Don Mills, Ontario, Canada; Schwarz BioResearch, Inc.,
Orangeburg, N. Y.; Abbott Laboratories, Ltd., Montreal,
Quebec, Canada; and Gallard-Schlesinger Chemical Mfg. Corp.,
Carle Place, N. Y.; respectively. ATP-7-32? (2 to 10 Ci/mmole)

was obtained from New England Nuclear Canada Ltd., Dorval,
Quebec, Canada. Deoxycytidine kinase was purified as
described previously (25). Fraction VI was used and had a
specific activity of about 30 units/ml. Glass plates coated with
DEAE-cellulose were prepared as described by Grippo et al.
(14).

Preparation of Sample for Enzyme Assay. For preparation
of protein-free plasma, about 2 ml of blood were obtained
from the i.v. puncture of the cephalic vein into a syringe
containing 0.1 ml of heparin (1000 units/ml) and the blood
was placed in a glass centrifuge tube at 0-5Â°. The centrifuge
tubes were centrifuged at 1500 X g for 10 min at 5Â°,and the

supernatant was removed with a Pasteur pipet. To 200 n\ of
plasma, 300 pi of acetone were added, and the mixture was
centrifuged at 1500 "X.g for 10 min to remove most of the

protein. An aliquot of 200 fu of the supernatant was removed
from the tube and placed in a graduated centrifuge tube. The
sample was evaporated with a stream of air to 100 fu, diluted
with water to 200 fu, and evaporated a 2nd time to 100 jul. An
aliquot of 50 fÃ»was used for enzyme assay.

The urine was neutralized with solid sodium bicarbonate
and 5 or 10 julwere used directly for enzyme assay.

Enzyme Assay. The incubation mixture contained, in a total
volume of 100 fÃ»,10 fÃ»of Tris-acetate buffer, pH 8.0, 500
mM containing magnesium acetate, 100 mM, and
2-mercaptoethanol, 50 mM; 10 fÃ»of ATP-?-32?, 2.0 mM, 50

/Â¿Ci/ml in 30% ethanol; 10 fu of deoxycytidine kinase,
Fraction VI, 30 units/ml; and the indicated volume of sample.
All these reagents were always stored at â€”¿�20Â°.The reaction
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mixture was incubated for 10 min at 37Â°,and the reaction was
terminated by heating the tubes at 100Â°for 1 min. A sample

of 25 /L/Iwas spotted on a 1.5-cm space at one end of
DEAE-cellulose-coated glass plate (10 x 20 cm) and placed in a
thin-layer chromatography tank containing 0.1 M citric acid.
For location of the ara-CMP spot, cold carrier CMP or ara-CMP
(100 nmoles) was also placed at the origin. When the solvent
front was about 2 cm from the top of the plate, the plates
were placed in an air-circulating oven at 40Â°for about 45 min.

The ara-CMP spot was detected with a UV lamp, scraped off the
plate into a scintillation vial containing TPO and POPOP, and
assayed for radioactivity. The time required to do the
complete assay from the moment when the blood sample was
obtained was about 3 hr.

Infusion of ara-C. ara-C was given by continuous infusion
with a peristaltic pump into the right cephalic vein of a
19-year-old male (45 kg) with acute myeloblastic leukemia.
Blood samples were taken at the indicated times from the left
cephalic vein.

RESULTS

The separation between some of the components of the
enzyme reaction by DEAE-cellulose chromatography is shown
in Chart 1. With 0.1 M citric acid as the developing solvent,
there was an excellent separation of ara-CMP-a-32P and
inorganic phosphate-32P. Most of the radioactivity in the

inorganic phosphate spot was located in the center of the
plate. ATP-7-32P remained at the origin, whereas AMP-a-32P
migrated with ara-CMP. In order to keep the background
count of AMP-a-32P to a minimum, it is essential to use
ATP--y-32P containing a very low amount of the former

nucleotide in the enzymatic reaction mixture. Any
ara-UMP-a-32P that may have been formed during the enzyme

reaction will migrate in the same spot as inorganic phosphate.
For verification that the phosphorylated product was ara-CMP,
the reaction mixture was incubated with ara-C-3H and ATP,
and ara-CMP-3 H was subsequently isolated on DEAE-cellulose

as described in Chart 1.
Chart 2A shows the standard curve correlating the amount

of radioactivity due to the enzymatic formation of
ara-CMP-a-32P and the concentration ofara-C present in the

reaction mixture. In Chart 2A the indicated concentration of
ara-C was added directly to the reaction mixture containing
0.01 mM ATP; this shows that the sensitivity of the assay is
such that a concentration of 0.2 pM ara-C can be detected.
However, when ara-C is present in a biological fluid, a dilution
or removal of proteins (when present in high amounts) must
be done prior to the enzyme assay, thus decreasing the
sensitivity of the assay. In Chart IB the indicated
concentrations of ara-C were added directly to the plasma
obtained from the patient before drug therapy. From these
data there appears to be a good correlation between the
amount of radioactivity present in ara-CMP-a-3 2P and the

concentration of ara-C in the plasma. It was possible to detect
a concentration of ara-C in the plasma as low as 2.5 ;uM. As
shown in Chart 2A, with ATP-y-32P with a higher specific

activity it should be possible to detect concentrations of ara-C
lower than 2.5 Â¡M.Similar data, as shown in Chart IB. were

0.1 M
citric
acid

. solvent front

f } ara-CMP

10

.70

19

P0

ADP

origin

Chart 1. Thin-layer chromatography of the reaction mixture on
DEAE-cellulose. A 25-/il aliquot of the reaction mixture was spotted at
the origin along with cold carrier ara-CMP, and the chromatogram was
developed in 0.1 M citric acid. The numerical values in the inorganic
phosphate (POt) spot indicate the relative amount of radioactivity
located at different positions in this spot. ATP-y-3*P remained at the

origin.

obtained when ara-C was added to the plasma or sera of 5
different patients.

The presence of 0.25 to 1.0 unit of heparin in the enzyme
mixture did not produce any detectable change in the reaction
rate.

Chart 3 shows the data of the plasma concentrations of
ara-C at 20-min intervals during the slow infusion and at 5-min
intervals after the end of the infusion. At the end of the fast
infusion, the plasma concentration of ara-C was 6 /uM. After
20 min of slow infusion, the concentration of ara-C in the
plasma reached a level of about 8 fj.M and remained at this
level for about 40 min. Then plasma level began to rise slowly
until it reached a plateau of about 10 ;uM from 100 to 120
min. There was a rapid drop in the plasma concentration of
ara-C at the end of the infusion; within 5 min the plasma level
of ara-C was about 25% of the initial level. After 5 min, the
plasma concentration of ara-C appeared to decrease more
slowly.

In order to determine the half-life of ara-C in the plasma,
the plasma concentrations of ara-C were determined at 2-min
intervals at the end of the infusion in a separate experiment
(Chart 4). The log of the plasma concentration of ara-C was
plotted against time and appeared to be biphasic. There was a
rapid initial fall in the concentration of ara-C with an
estimated half-life of about 3 min, followed by a slower fall
with an estimated half-life of about 15 min.

With radioisotopic and microbiological methods, Mulligan
and Mellett (26) estimated the half-life of ara-C in serum of
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Chart 2. Standard curves for radioactivity in
ara-CMP-a-3J P versus concentration of ara-C. In
A, the indicated concentrations of ara-C were
added directly to the reaction mixture contain
ing 0.02 mM ATP-7-"P. In B, the indicated
concentrations of ara-C were added directly to
plasma which was treated to remove proteins,
as described in "Materials and Methods." A
50-fil aliquot of the "protein-free" plasma was

added to the reaction mixture containing a final
concentration of 0.2 mM ATP-?-" P.
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humans to be about 12 min, which is close to the value
reported in our experiments. Creasey et al. (10), with
ara-C-3 H, and Talley et al. (32), with bioassay, reported that
the blood level of ara-C dropped to an undetectable level
within 5 min after a single i.v. dose in some patients. The
half-life of ara-C in mice was estimated to be about 10 to 20
min by Skipper et al. (30), who used a microbiological assay;
Borsa et al. (2), with a tissue culture assay with L-cells,
estimated at 20 min.

The amount of ara-C present in the urine after 90 min of
slow infusion (Chart 3) was determined with the enzyme
assay. There were about 150 mg of ara-C present in the urine
at 90 min. The amount of ara-C given by both rapid and slow
infusion at this time interval was estimated to be about 1300
mg; thus, the amount of ara-C excreted in the urine was about
11% of the administered dose. In a separate experiment, the
effect of different concentrations of urine from a normal
subject on the enzyme reaction was examined. Neutralized
urine at a concentration of 2.5 to 10% did not produce any
detectable inhibition of the enzyme reaction. Creasey et al.
(10) reported that about 10 to 15% of the administered
radioactivity after a single i.v. dose of ara-C-3 H appeared in the

urine after 1 hr in human patients; about 30 to 40% of the
radioactivity in the urine was identified as ara-C-3 H, giving a

value of about 3 to 6% of the administered dose being
excreted in the urine.

DISCUSSION

It has become increasingly apparent that the chemotherapy
of acute leukemia will increase in complexity with respect to
the dose schedules of the agents currently being used for
therapy. The dose schedule used, especially with an
S-phase-specific agent with a short biological half-life such as

0.5 2
ara-C

10 20 50

ara-C, is extremely important if optimal chemotherapeutic
results are to be obtained. Skipper et al. (29, 30) have shown
that under certain conditions it is possible to cure
experimental L1210 leukemia in mice with ara-C when an
optimal dose schedule was used. One of the important
parameters in the chemotherapy of leukemia in rodents is the
concentration and duration of ara-C in the body fluids. If
similar studies are to be performed in man, good methods for
measuring the concentrations of ara-C are needed. The
microbiological assays used to measure the levels of ara-C in
the body fluids are very sensitive but take about 18 to 25 hr to
complete (15, 18). The enzyme assay based on the
phosphorylation of ara-C with ATP--y-32P in a

reaction-catalyzed deoxycytidine kinase requires only about 3
hr to complete. The advantage of utilizing a rapid assay for
measuring the concentration of ara-C in the body fluids is that
the results can be obtained during therapy and the amount of
ara-C administered to the patient can be modified in order to
obtain the optimal level of this antimetabolite in the body
fluids. For example, if the concentration of ara-C in the blood
or in the cerebral spinal fluid is too low, the rate of i.v.
infusion of this drug can be increased or the drug can be
infused intrathecally.

Information on the blood and cerebral spinal fluid levels of
ara-C along with some kinetic data on leukemic cell growth
will permit a more precise comparison between patients
treated with the same protocol, especially if there are
differences in the rate of metabolism of ara-C among certain
patients.

The application of the assay in a male patient with acute
myeloblastic leukemia receiving ara-C by continuous i.v.
infusion is shown in Charts 3 and 4. During the slow infusion
of ara-C for 2 hr, the concentration of ara-C in the plasma
increased slowly from a level of 6 to 10 Â¡Mand decreased
rapidly at the end of the infusion to about 25% of the plasma
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Chart 3. The plasma concentration (Cone. ) of ara-C during slow i.v.
infusion. A fast infusion of 600 mg of ara-C in IS min followed by a
slow infusion of 960 mg of ara-C in 120 min was given i.v. to a
19-year-old male patient (45 kg) with acute myeloblastic leukemia.
Blood samples were taken at the indicated time intervals and assayed
enzymatically for the concentration of ara-C, as described in "Materials
and Methods."
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Chart 4. Determination of the half-life of ara-C in the plasma at the
end of the slow i.v. infusion. A fast infusion of 600 mg of ara-C in 15
min followed by a slow infusion of 1400 mg of ara-C in 120 min was
given to a 19-year-old male patient (45 kg) with acute myeloblastic
leukemia. At the end of the slow infusion, blood samples were taken at
2-min intervals and assayed enzymatically for the concentration of
ara-C, as described in "Materials and Methods."

Enzymatic Estimation and Metabolism of ara-C

level within 5 min (Chart 3). The half-life of ara-C in the
plasma was determined by measuring the concentration of
ara-C at 2-min intervals at the end of the infusion (Chart 4).
The estimated half-life of ara-C in this particular patient was
about 15 min. This value agrees well with the 12-min value
reported by Mulligan and Mellett (26), who used both a
radioisotopic and microbiological method for the
determination of the serum half-life of ara-C in man.

The low amount of protein in the urine and the cerebral
spinal fluid permits the direct utilization of this material in the
enzyme assay without the removal of the proteins, as is
required with the plasma samples. Proteins should be removed
from the plasma because they interfere with chromatography
and they may contain phosphatases that catalyze the
breakdown of ATP-?-32P and ara-CMP-a-32P.

In results presented in this report, about 11% of the
administered dose of ara-C was excreted in the urine as ara-C.
More work should be done on the clearance of ara-C by the
kidney. It will be interesting to correlate the rate of excretion
of ara-C in the urine with the blood level of ara-C. It may be
possible to estimate the blood levels of ara-C indirectly by
enzymatic analysis of ara-C in the urine.

One of the limitations of the assay is that Fraction VI of
deoxycytidine kinase may catalyze the phosphorylation of
other nucleosides present in biological material. Since Fraction
VI also contains some deoxyadenosine kinase activity (25), the
presence of large amounts of deoxyadenosine,
deoxyguanosine, or cytidine, substrates for deoxyadenosine
kinase (22), in the material to be assayed may give erroneously
high values of ara-C. In order to correct for the presence of
such nucleosides, the biological material should be assayed
before the commencement of ara-C therapy.

The enzyme assay may also be used as a screening method
for potential inhibitors among various nucleoside analogs,
since most of these latter compounds must first be
phosphorylated in order to be active as inhibitors in
mammalian cells. The purification procedures from
mammalian cells have been published for adenosine kinase
(27), uridine kinase (31), deoxycytidine kinase (25),
deoxyadenosine kinase (22), and deoxythymidine kinase (16).
With these purified enzymes it will be possible to assay
enzymatically for the phosphorylation of most nucleoside
analogs. However, a different Chromatographie procedure from
the one described in this report should be used to separate
UMP, dTMP, and their respective analogs from inorganic
phosphate.
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