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SUMMARY

The Km for dCTP and the KÂ¡for l-/3-D-arabinofurano-
sylcytosine 5'-triphosphate (ara-CTP) were determined

with DNA polymerases purified by diethylaminoethyl
cellulose and phosphocellulose chromatography from
Rauscher murine leukemia virus, from human blood lym
phocytes, and from a human lymphoblastoid cell line. In
hibition of the viral reverse transcriptase varied with the
template/primer used. With poly(r!)-oligo(dC) (rln-
dC,2 i8) as the synthetic template/primer, this enzyme had
a greater relative affinity for the inhibitor than had the cel
lular enzymes in the presence of DNA. However, when
DNA was the template, inhibition of the viral enzyme was
decreased considerably. DNA polymerase I of normal hu
man lymphoid cells, which was separated from the lower-
molecular-weight polymerase II and could be assayed only
in the presence of DNA, had a lower relative affinity for
ara-CTP than the viral reverse transcriptase directed by
poly(r!)-oligo(dC). However, in the presence of magnesium
ions and a DNA template, the viral enzyme was inhibited
far less than either of the cellular enzymes. Since ara-CTP
inhibits both viral and cellular DNA polymerases and in
hibition varies with the template used, the compound can
not be considered a specific inhibitor of reverse transcrip
tase in studies of virus-cell interactions. The suggestion that
polymerase I is involved in DNA replication is consistent
with the finding that, in the presence of "activated" DNA,
it is inhibited to a greater extent by ara-CTP than is po
lymerase II.

INTRODUCTION

ara-C,2 a drug of demonstrated activity in the treatment
of leukemia and other types of cancer (22), probably owes
its cytotoxic effect to the inhibition of DNA polymerase
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by its 5'-triphosphate, ara-CTP (15), to which it is con
verted intracellularly by the sequential action of nucleo-
side and nucleotide kinases (33, 41, 44). This inhibition was
found to be competitive with dCTP in studies performed
with mammalian DNA polymerases partially purified from
calf thymus (15, 33) or from Walker 256 carcinosarcoma
(14), with lysates of mouse L-cells (21) and mouse lym-
phoma cells (34), and with crude reverse transcriptase (17)
preparations from RLV (34, 52). Alternative targets for the
effect of ara-C such as inhibition of ribonucleotide reduc
Ãase(9) or incorporation into DNA (45) appear less likely
(15, 21), although incorporation into DNA, which could
cause DNA chain growth termination, was confirmed re
cently (33).

Since relapse after chemotherapeutic induction of re
mission from malignant disease could in some cases be due
to renewed transformation of normal cells by an RNA tu
mor virus (17), it was desirable to study the relative degree
of inhibition by ara-CTP of reverse transcriptase and of
cellular DNA polymerases to determine whether the com
pound could selectively prevent viral replication. More
over, Tuominen and Kenney (52) postulated that inhibition
of viral replication and transformation by the parent nucle-
oside ara-C was caused by the inhibition of reverse tran
scriptase by ara-CTP. In addition, since ara-C is cytotoxic
specifically during the S phase of the cell cycle (26, 55),
during which DNA replication takes place, a preferential
inhibition by ara-CTP of 1 of the 2 DNA polymerases pres
ent in human blood lymphocytes (47) has been taken (12)
as an indication that this polymerase has a replicative func
tion. The relative degree of inhibition of viral and cellular
polymerases must be known before any of these conclusions
can be drawn with certainty. Accordingly, the Km for dCTP
and the KÂ¡for ara-CTP were determined for the reverse
transcriptase purified from RLV and for normal DNA
polymerases I and II (47) purified from human lymphoid
cells. The results show no absolute specificity of inhibi
tion among this group of enzymes.

MATERIALS AND METHODS

Chemicals. ara-CTP was prepared in 80 to 84% yield
from ara-CMP (42) by phosphorylation in presence of
ATP, phosphoenolpyruvate, pyruvate kinase, and an ex-
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tract of acetone-dried mouse leukemia L1210 ascites cells,
followed by chromatography on Dowex 1-X2 (bicarbonate)
and elution with an NH4HCO3, pH 7.7, gradient. It was
eluted at 0.35 Mand desalted in a vacuum in a rotary evap
orator at 40Â°(24, 41, 44). The compound had i280 13.04

(Xmax280 nm) and t280 2602.17 to 2.22 at pH 2. The latter
ratio proves the absence of contaminating ATP. The spec-
trophotometric constants agreed with those of ara-CMP
(42). Determination of PEafter acid hydrolysis to ara-CMP
at 100Â°(11) and comparison of the value obtained with

A aso showed the presence of 2 Â±0.04 labile phosphate
groups. The 5 HIMaqueous stock solution, after storage
at -25Â°for over 2 years, was degraded to lower phosphates

only to an extent of 2%, as determined by measurement of
P,(H).

dCTP-3H (16 to 28 Ci/mmole) and Aquasol were pur

chased from New England Nuclear (Boston, Mass.). The
radiochemical purity of dCTP-3H was checked at frequent
intervals by thin-layer chromatography in 2 M LiCl/2 M
HCOOH (1/1), as described below. Correction was made
for self-decomposition (about 0.5% per month in 50%
ethanol at -25Â°) when concentrations were calculated.
dCDP-3H (20 Ci/mmole) was obtained from Schwarz/
Mann (Orangeburg, N. Y.). Unlabeled nucleotides and
Tris-HCl buffers were products of Sigma Chemical Com
pany (St. Louis, Mo.). SS-DNA and bovine pancreatic
DNase 1 (electrophoretically purified) were obtained from
Worthington Biochemical Corp. (Freehold, N. J.). DNA
was activated (29, 40) for use as a template/primer by in
cubation of a solution of 3 mg of DNA per ml and 25 ng of
DNase per ml (a concentration that produced maximal
activation) in 10 mM Tris-HCl (pH 7.4), 5 mM KC1, and
5 mvi MgClj for 30 min at 37Â°,then for 15 min at 60Â°.

The solution was allowed to cool slowly and was dialyzed
twice against 30 volumes of 1 mvi Tris, 100 rnvi KC1, and
1 mM EDTA. DNA-3H, isolated from pulse-labeled L1210
tissue culture cells, was the kind gift of Dr. Robert E. Gal
lagher, National Cancer Institute. Yeast tRNA was ob
tained from General Biochemicals, Inc., (Chagrin Falls,
Ohio). Poly(rI)-oligo(dC) (r!n-dC12 i8) was a product of
Collaborative Research (Waltham, Mass.). Sterox SL
(48) was kindly donated by Dr. R. N. Weston, Monsanto
Co. (St. Louis, Mo.). Whatman DEAE-cellulose and
phosphocellulose (cellulose phosphate) were obtained from
H. Reeve Angel and Co., Inc., (Clifton, N. J.).

Thin-Layer Chromatography. Radioactive nucleotides
or reaction mixtures were applied to plastic sheets coated
with poly(ethyleneimine) cellulose (37, 41). Unlabeled
marker compounds (10 nmoles each per spot) for UV visu
alization were applied separately or were added to reaction
mixtures. The chromatograms were developed in 2 MLiCl/
2 M HCOOH (1/1) (RF:dCTP, 0.28; dCDP, 0.67; dCMP,
0.83; deoxycytidine. 0.85) or in 0.2 M KH2PO4 (RF:dCTP,
0.03; dCDP, 0.22; dCMP, 0.32; deoxycytidine, 0.83).
Squares, 17 x 17 mm, were counted without solubilization,
as described previously (43). Counting efficiency for 3H was

about 10%.
RLV Reverse Transcriptase. RLV, purified by the

method of Toplin (51), was supplied by Electro-Nucleonics,

Inc. (Bethesda, Md.) as a suspension of 1.65 x 10" parti

cles (1.36 mg of protein) per ml of 0.01 MTris (pH 7), 0.1
M NaCl, and 1 mM EDTA. The suspension (5 ml) was cen-
trifuged at 100,000 x g for 1 hr; the pellet was suspended in
7 ml of 0.05 MTris-HCl (pH 7.9 at 25Â°),0.5 M KC1, 0.05 M

NaCl, 1 mvi EDTA, 20 mM DTT, and 0.25% Sterox SL;
and the mixture was treated sonically for 4x15 sec and
centrifuged at 30,000 x g for 0.5 hr. The supernatant was
dialyzed against 0.05 MTris (pH 7.9), l mM EDTA, l mM
DTT, 0.1% Sterox SL, and 20% glycerol (Buffer C), chro-
matographed on a 10-ml DEAE-cellulose column, and
eluted with Buffer C containing 0.05 M KG. The enzyme,
which was not retained on DEAE-cellulose at this molarity,
was then chromatographed on a 3.5-ml phosphocellulose
column and eluted with a linear gradient of 0.1 to 0.6 MKC1
in Buffer C. The active fraction was eluted at 0.24 M KC1
and stored in aliquots at -25Â°. This procedure was similar
to that described elsewhere (1,2, 18), except that the non-
ionic detergent was Sterox SL (48) instead of Triton X-100,
and that all buffers contained detergent (20). Omission of
detergent from the eluting media decreased recovery of en
zyme activity considerably and led to an enzyme less stable
on storage. Protein concentration in the phosphocellulose
eluate was too low to be determined accurately, but puri
fication was estimated to be over 1000-fold, as in the similar
procedure for purification of the viral enzymes (1). The
purified reverse transcriptase exhibited a constant rate of
dCTP-3H incorporation into DNA for time intervals be
tween 5 and 45 min, with a possible lag period of 0.6 min,
when poly(r!)-oligo(dC) was the template, in contrast to a
previously reported (52) nonlinearity of the reaction with
crude RLV enzyme and poly(I-C).

DNA Polymerase from Human Blood Lymphocytes.
Normal human blood lymphocytes were collected and stim
ulated with phytohemagglutinin, as described (19, 47). Cul
tured human lymphocytes from a normal donor (line
RPMI 1788) (13) were purchased from Associated Bio-
medic Systems (Buffalo, N.Y.). The cellular DNA polym-
erases were separated and purified 220- to 290-fold on
DEAE-cellulose, phosphocellulose, and Sephadex G-200
(47). The high-molecular-weight DNA polymerase I3 and
the low-molecular-weight polymerase II3 were eluted from
phosphocellulose at about 0.23 M and 0.45 M KC1, respec
tively (47).

These 2 polymerases have been isolated from mammalian
cells by other investigators (4, 6-8, 54). Polymerase I, pri
marily associated with the cytoplasm (6-8, 54) or smooth-
membrane fraction (4), corresponds to the 6 to 8 S polym
erase of Chang and Bollum (68) and to what Weissbach
et al. describe as polymerase II3 (54). The more basic po
lymerase II, primarily associated with the nucleus (4, 6-8,
54), corresponds to the 3.4 S polymerase (6-8) and to what
Weissbach et al. call polymerase I3 (54).

DNA Polymerase Assay. Reaction mixtures (100 n\)
were prepared in the following order to contain (a) unla-

3Polymerase I and II were named in the order of elution from phos
phocellulose in our work (47), and from DEAE-cellulose by Weissbach
el at. (54).
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beled dCTP; (b) ara-CTP or H2O; (c) 1.3 to 1.5 MM
dCTP-3H, 90 pM dGTP, and either 4 Â¿Â¿gof activated SS-
DNA with 90 /Â¿Meach dATP and dTTP, or 3 /ug of poly
pi)-oligo(dC); (</)50 mMTris-HCl (pH 7.9 at 25Â°for RLV

enzyme and polymerase II; pH 7.4 for polymerase I), 50 to
60 mM KC1 (including KC1 in enzyme), 7.5 mM magnesium
acetate, or 0.4 to 1.0 mM manganese acetate, 5 mM DTT,
and 10 to 20 ^1 of enzyme. The concentrations of dCTP and
ara-CTP were selected according to the suggestions of
Cleland (10). The 30 samples (including 2 to 4 zero-time
samples) were incubated for 20 to 30 min at 37Â°.Material

insoluble in trichloroacetic acid was isolated, solubilized,
and its radioactivity determined, as described previously
(43). Conversion of dpm to pmoles was by use of internal
standards.

Phosphatases. Mixtures (100 /Â¿I)containing 1.4 fiM
dCTP-3H (3.6 MCi), 20 mM Tris-HCl (pH as in DNA
polymerase assays), 3.2 mM MgCl2, and 20 p\ of RLV
(disrupted with Sterox SL) or of enzyme were incubated
for 30 min at 37Â°,then heated for 2 min at 100Â°.Five-^1
aliquots were chromatographed on thin-layer sheets in 0.2
M KH2PO4. The cpm obtained in the presence of buffer C
containing 0.2 M KC1 were subtracted from those obtained
in the presence of enzyme. Conversion of dCTP to dCDP
was a measure of a triphosphatase (dCTPase) activity. In
creased counts in the deoxycytidine region corresponded to
other phosphatases.

Phosphotransferase (dCDP Kinase). Mixtures (100 /zl)
containing 9.5 MMdCDP-3H (19 MCi), 100 MMATP, Tris-
HCl (pH as in DNA polymerase assays), 3.3 mM MgCl2,
5 mM DTT, and 20 /Â¿Iof RLV (disrupted with Sterox SL)
or of enzyme were incubated for 30 min at 37Â°.The reac

tion was terminated by the addition of 10 ^1 of a solution
containing 0.2 M EDTA and 25 mM each unlabeled dCDP
and dCTP. Five-jul aliquots were chromatographed on
thin-layer sheets in 0.2 M LiCl/0.2 M HCOOH (1/1). The
cpm in the dCTP region obtained in the presence of Buffer
C containing 0.2 M KC1 were again subtracted. This pro
cedure is a modification of that described by Miller and
Wells (30).

DNase (Exonuclease). Mixtures (100 ^1) containing 20
Mg(0.044 MCi)of DNA-3H (isolated from leukemia L1210
cells), 50 mMTris-HCl (pH as in DNA polymerase assays),
5 mM MgCl2, 5 mM DTT, and 10 /Â¿Iof enzyme were incu
bated for 4 hr at 37Â°.The reaction was terminated by the

addition of 60 n\ (300 Mg) of yeast tRNA and 300 Mlof
ice-cold 10% trichloroacetic acid. After centrifugation at
12,500 x g for 20 min, a 400 n\ aliquot of the supernatant
was counted in 20 ml of Aquasol. The cpm obtained in ab
sence of enzyme was subtracted. A reaction mixture con
taining 4 fi\ (4 ng) of bovine pancreatic DNase I served as
a positive control to convert cpm to ng of DNA rendered
acid soluble. This procedure was similar to that of Burgess
(5).

Calculation of Km and K,. Cleland (10) has shown that
evaluation of Km and KÂ¡is more accurate when experi
mental data are fitted directly by the method of least
squares to the nonlinear equations, V = VmaxS/tKm(l +
//KO + S] (for competitive inhibition) or V = Vmax5/

[(Km + S)(l + //KÂ¡)] (for noncompetitive inhibition),
where S and / are the substrate and inhibitor concentra
tions, respectively, rather than when they are fitted to de
rived linear equations, such as that of Lineweaver and
Burk (28). In the present investigation, a computer pro
gram [similar to the one described by Cleland (10)] was
used that minimizes the sum of the squared errors by a
reiterative procedure. This program (MLAB or Modelab),
designed by Gary Knott and Douglas Reece of the Division
of Computer Research and Technology, N IH, uses a
PDP-10 computer remote-control terminal time-sharing
system. It also computes the standard errors of the Km and
K, values. All experiments were performed at least 2 or 3
times. Corrections were made for the decrease in dCTP
concentrations during the incubation period (27). The ex
perimental results were consistent with competitive ra
ther than noncompetitive inhibition kinetics when dCTP
was the substrate and ara-CTP the inhibitor.

RESULTS

The kinetic data obtained by varying the dCTP and ara-
CTP concentrations in DNA polymerase reactions carried
out with the enzyme purified from RLV are summarized
in Table 1. Maximal velocities were greater with the syn
thetic template poly(r!)-oligo(dC) than with activated
SS-DNA. Thus, with (dC)12 18as the primer and dCTP-3H
as the substrate, poly(rl) was a good template for the RLV
reverse transcriptase, in agreement with previous findings
(3, 25), whereas poly(rG) was ineffective. Both with acti
vated SS-DNA and poly(r!)-oligo(dC), magnesium was
superior to manganese as the divalent cation. The inhibi
tion by ara-CTP was far greater with poly(r!)-oligo(dC)
than with activated SS-DNA as template/primer. It also
should be noted that the KÂ¡values were lower in the pres
ence of manganese. The ratio K,/Km may be considered as
a measure of the relative affinities of the enzyme for inhib
itor and substrate in competitive inhibition, with the reser
vation that Km may not be equal to Ks, the true substrate
dissociation constant (53). The K,/Km ratio was lowest with
the synthetic template/primer, poly(r!)-oligo(dC), in the
presence of manganese.

Analogous inhibition studies with the cellular DNA
polymerases I and II3 purified from human lymphoid cells
were carried out with activated SS-DNA only, because
poly(r!)-oligo(dC) was ineffective as a template/primer.
The results are presented in Table 2. Both the inhibition
constants and KÂ¡/Kmratios were consistently lower with
polymerase I, which suggests that ara-CTP is a more po
tent inhibitor of this enzyme than of polymerase II. When
DNA was the template and magnesium was the divalent
cation, the viral enzyme was inhibited to a far lesser ex
tent than either of the cellular polymerases. However, the
K,/Km ratio was lower in the viral reverse transcriptase
reaction with the synthetic template/primer than with the
normal cellular polymerases with DNA.

An attempt was made to determine the Km for dCTP and
KÂ¡for ara-CTP with the reverse transcriptase isolated from
the paniculate fraction of human leukemic leukocytes (16,
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Table 1
^mcx, KmfordCTP, and K, for ara-CTP with purified RLVpolymerase

Mixtures (100 u\) containing 1.3 to 1.5 uMdCTP-3H; varying amounts of unlabeled dCTP and
ara-CTP; 4 fig of activated SS-DNA with 90 MMeach dATP and dTTP, or 3 ng of rl-dC"; 90
liM dGTP; optimal molarities of magnesium acetate or manganese acetate (as shown); 50 mM
Tris (pH 7.9); 60 mM K.C1;5 mM DTT; and 15 n\ of enzyme were incubated for 30 min at 37Â°.In
corporation of dCTP-3H into DNA was determined, and kinetic constants were computed as de
scribed in "Materials and Methods."

Divalent
cation

Template (UM) K,/Kâ€ž

SS-DNASS-DNArl-dCrl-dCMg*"7.5Mn
++1.0Mg+*

7.5Mn
+t 0.4157

*5'40
Â±2950
Â±50195
Â± 74.7

Â±0.44.7
Â±0.524.0

Â±2.43.2
Â±0.4108

Â±125.0Â±
0.510.2

Â±1.60.7
Â±0.3231.10.420.22

"rl-dC, poly(r!)-oligo(dC).
*pmoles dCTP per ml incorporated into DNA.
â€¢¿�MeanÂ±S.E.

Table 2
Vmai<K.â€žfordCTP, and K Â¡forara-CTP with DNA polymerases purified from human

lymphocytes
Mixtures (100 u\) containing 1.3 to 1.5 (Â¡MdCTP-3H, varying amounts of unlabeled dCTP

and ara-CTP, 4 pg of activated SS-DNA, 90 MMeach dATP, dGTP, and dTTP, 50 mM Tris
(pH 7.4 and 7.9 for polymerase I and II, respectively), 50 m.MKC1, 7.5 mM magnesium acetate,
5 mM DTT, and enzyme (10 n\ of polymerase I and 20 ^1 of polymerase II) purified from human
blood lymphocytes were incubated for 20 min at 37Â°.Incorporation of dCTP-3H into DNA was
determined, and kinetic constants were computed as described in "Materials and Methods."

Lymphocytetype"PHA'-stimulated

(normal)RPMI

1788 (cultured
normal)DNA

polym-
erase"I

IIIIIV

"vmax91

Â±7"
22 Â±1132

Â±1
86 Â±2Km(â€žM)2.2

Â±0.5
3.7 Â±0.51.7

Â±0.1
5.4 Â±0.3K,

(MM)2.8

Â±1.0
13.3 Â±2.12.7

Â±0.1
12.8 Â±0.8K,/Km1.3

3.61.62.4

"See "Materials and Methods."
*pmoles of dCTP per ml incorporated into DNA.
' PHA, phytohemagglutinin.
Â«Mean Â±S.E.

39, 50). Insufficient quantities of enzyme available pre
cluded an accurate determination.

DISCUSSION

With respect to the viral enzyme, a notable feature of
the data is the marked dependence of the Michaelis and in
hibition constants on the template/primer and divalent
cations used (Table 1). MÃ¼lleret al. (34) have also observed
such dependence. ara-CTP may have a higher affinity for
the polymerase-poly(rl) complex than for the polymerase-
DNA complex. The divalent cation may serve as a bridge
between the incoming substrate and the enzyme (46), and
the affinity of substrates and their analogs for the polymer
ase may therefore strongly depend on the divalent cation
used. In any case, differences in our data from that of others
(34, 52) may be explained in part on the basis of different
template/primers and divalent cations used in assays.

Another difference between our experiments and previ

ous studies (34, 52) is our use of highly purified viral re
verse transcriptase. The presence of other enzymes, such
as phosphatases (31) and phosphotransferases (30, 31, 38),
in the virions could change apparent Km and K, values.4

These enzymes were removed to such an extent, during pu
rification of the DNA polymerases used in our studies
(Table 3), that the contaminating activities no longer sig
nificantly influenced the concentrations of dCTP or ara-
CTP. The presence of a DNA exonuclease in the virions
(32) might change the apparent K, if incorporation of ara-
CMP into DNA causes chain growth termination (33). For
these reasons, we believe that the use of highly purified
DNA polymerases is important in these studies. On the

'The stimulation of the reverse transcriptase activity of several
commercial lots of RLV by KF (43) can be explained by phosphatase inhi
bition. Stimulation of the reaction by ATP is probably caused by regenera
tion, mediated by phosphotransferases, of the deoxynucleoside tri-
phosphates degraded by phosphatases (43). No stimulation of DNA
polymerase activity by KF or ATP was observed with the purified enzyme
preparations.
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Table 3
Phosphatase. phospholransferase, and DNase (exonuclease) activities in RLV and in DNA

polymerases purified from virus and from human lymphocytes
RLV was disrupted in 50 mM Tris-HCl (pH 7.9 at 25Â°),200 mM KC1, 0.1% Sterox SL, and

20% glycerol for 15 min at 0 to 3Â°.DNA polymerase activities of 20 ^1 of disrupted virus or of the
reverse transcriptase purified from it were assayed in the presence of 15 mM KF, 100 /jM ATP,
and 6 mM magnesium acetate. The polymerase activity of the virus was 35 and 31% ofthat of the
purified enzyme when poly(r!)-oligo(dC) and activated SS-DNA, respectively, were the template/
primer." Lymphocyte DNA polymerases I and II were purified from the RPMI 1788cell line. The
activities listed in the table were determined as described in "Materials and Methods."

EnzymesourceDisrupted

RLV
RLVreversetranscriptase

DNA polymerase 1
DNA polymerase IIdCTPase"134

Â±4
035

Â±6
0Other

phos-
phatases0241

Â±11
3.7 Â±0.57.0

Â±1.1Â«
2.7 Â±0.7Phosphotrans-

ferase (dCDP
kinasey6385

Â±9
17.1 Â±0.5158

Â±6
0DNase

(exonu
clease)'N.T.'

20 Â±9275

Â±7
27 Â±14

"Therefore, for a comparison with the purified RLV reverse transcriptase of equal DNA po
lymerase activity, the activities of the disrupted virus shown in the above table should be multi
plied by 3.

" pmoles of dCDP per ml per 30 min formed from 1.4 MMdCTP-3H.
' pmoles of deoxycytidine per ml per 30 min formed from 1.4 MMdCTP-3H.
*pmoles od dCTP formed per ml per 30 min from 9.5 ^M dCDP-3H in presence of 100 ^M

ATP.
' ng of acid-soluble material per 100 ^1 per 4 hr from 20 ng of DNA-3H.
' N.T., not tested.
* Includes 1.8 Â±0.5 pmoles of dCMP per ml formed from dCTP-3H.

other hand, the use of purified murine leukemia virus re
verse transcriptase precludes the measurement of inhibition
of the transcription of the viral template/primer, since
the transcription of added 70 S viral RNA by the purified
enzyme does not proceed to an appreciable extent (our un
published observations; J. P. Leis, personal communica
tion).

Our studies show that there is no absolute specificity of
inhibition of these DNA polymerases by ara-CTP. Cellular
DNA polymerase I is strongly inhibited by ara-CTP (Table
2). Therefore, when both cellular and viral polymerases are
present in cells, as in studies of the viral life cycle, the inter
ference with viral replication and oncogenic transformation
is not caused necessarily by specific inhibition (52) of the
reverse transcriptase. Since slowing of the growth rate of
the host cell is known to depress the replication of these
viruses (23) and since cellular DNA polymerase I may be
responsible for replication of cellular DNA (7, 8), inhibi
tion of the cellular polymerase might account for the di
minished replication of the virus observed when cells are
treated with ara-C. The same reservation must be made in
studies of the role of reverse transcriptase in virus-induced
transformation of the host cell (49). The possibility re
mains that ara-C inhibits transcription of viral 70S RNA
intracellularly by reverse transcriptase to a much greater
degree than synthesis of DNA by cellular polymerases.
Evaluation of this possibility will require a better under
standing of the mechanism of the transcription of viral
RNA.

It has been reported that the nuclear DNA polymerase
purified from cultured human lymphoid cells, an enzyme
apparently identical with our DNA polymerase II, was un
affected by ara-CTP, whereas the cytoplasmic enzyme

(DNA polymerase I) was markedly inhibited (12). Our re
sults5 show that, although DNA polymerase I is inhibited

to a greater extent than polymerase II, the difference is
quantitative rather than qualitative. The activity of DNA
polymerase I, found only in the cytoplasm, increases sig
nificantly with cellular proliferation both during rat liver
regeneration (7) and in synchronized mouse L-cells (8).
Accordingly, it has been suggested that this enzyme has a
replicative function (7, 8). Polymerase II, found both in
the nucleus and cytoplasm, remains relatively constant
during the cell cycle (7, 8). The paradox of a cytoplasmic
distribution of DNA polymerase I underscores the need
for some independent evidence that this enzyme is responsi
ble for DNA replication in proliferating mammalian cells.
As ara-C specifically interferes with the S phase of the cell
cycle (26, 55), its triphosphate might be expected to inhibit
the replicative polymerase more strongly than other polym
erases, assuming that the mechanism of action is at the level
of polymerization (15, 21). However, the correlation be
tween sensitivity to ara-CTP and replicative function does
not hold for the 3 known DNA polymerases of Escherichia
coli (35, 36).

ara-C is one of the most effective drugs available for the
treatment of acute myelogenous leukemia. Successful
treatment is usually achieved at the expense of profound
toxicity to the bone marrow (22), which implies damage to
DNA replication in normal cells. When treatment is
successful, however, normal marrow elements reappear,
while leukemic cells are either absent or much less preva-

5SS-DNA activated by treatment with pancreatic DNase was the tem
plate both in our studies and in the work reported in Ref. 12 (M. Goulian,
personal communication).
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lent. The phenomenon suggests a degree of selective toxicity
of ara-C for leukemic myeloblasts. DNA polymerases have
been found in cytoplasmic particulate fractions of human
leukemic myeloblasts that are biochemically and immuno-
logically closely related to reverse transcriptases isolated
from RNA tumor viruses of primates (16, 39, 50). When
sufficient quantities of these novel human DNA polym
erases are available, it will be interesting to determine
whether ara-CTP has a greater affinity for these enzymes
than for the normal cellular DNA polymerases.

REFERENCES

1. Abrell, J. W., and Gallo, R. C. Purification, Characterization, and
Comparison of the DNA Polymerases from Two Primate RNA
Tumor Viruses. J. Virol., 12: 431-439, 1973.

2. Abrell, J. W., Smith, R. G., Robert, M. S., and Gallo, R. C. DNA
Polymerases from RNA Tumor Viruses and Human Cells: Inhibition
by Polyuridylic Acid. Science, 177: 1111-1114, 1972.

3. Baltimore, D., and Smoler, D. Primer Requirement and Template
Specificity of the DNA Polymerase of RNA Tumor Viruses. Proc.
Nati. Acad. Sei. U. S., 68: 1507-1511, 1971.

4. Baril, E. F., Brown, O. E., Jenkins, M. D., and Laszlo, J. Deoxyribo-
nucleic Acid Polymerase with Rat Liver Ribosomes and Smooth
Membranes. Purification and Properties of the Enzymes. Biochemis
try, 10: 1981-1992, 1971.

5. Burgess, R. R. A New Method for the Large Scale Purification of
Escherichia coli Deoxyribonucleic Acid-dependent Ribonucleic Acid
Polymerase. J. Biol. Chem., 244: 6160-6167, 1969.

6. Chang, L. M. S., and Bollum, F. J. Low Molecular Weight Deoxyribo
nucleic Acid Polymerase from Rabbit Bone Marrow. Biochemistry,
//: 1264-1272, 1972.

7. Chang, L. M. S., and Bollum, F. J. Variation of Deoxyribonucleic Acid
Polymerase Activities during Rat Liver Regeneration. J. Biol. Chem.,
247:7948-7950, 1972.

8. Chang, L. M. S., Brown, M., and Bollum, F. J. Induction of DNA
Polymerase in Mouse L Cells. J. Mol. Biol., 74: 1-8, 1973.

9. Chu, M. Y., and Fischer, G. A. Comparative Studies of Leukemic
Cells Sensitive and Resistant to Cytosine Arabinoside. Biochem.
Pharmacol., 14: 333-341, 1965.

10. Cleland, W. W. The Statistical Analysis of Enzyme Kinetic Data.
Advan. Enzymol., 29: 1-32, 1967.

11. Fiske, C. H., and SubbaRow, Y. The Colorimetrie Determination of
Phosphorus. J. Biol. Chem., 66: 375-385, 1925.

12. Fox, R. M., Rama Reddy, G. V., and Goulian, M. Mechanism of
Action of Arabinosyl Cytosine (ara-C): Assignment of Replicative
Function to a Human DNA Polymerase. J. Clin. Invest., 51: 32a-33a,
1972.

13. Fujioka, S., O'Hopp, S., Gerber, P., and Gallo, R. C. Comparison of

Chromatographie Patterns of Low Molecular Weight RNA from Bur-
kitt Lymphoma, Infectious Mononucleosis, EB-Virus Transformed,
and Normal Human Lymphoblasts. Blood, 39: 610-620, 1972.

14. Furlong, N. B., and Gresham, C. Inhibition of DNA Synthesis but Not
of Poly-dAT Synthesis by the Arabinose Analogue of Cytidine in
Vitro. Nature New Biol., 233: 212-214, 1971.

15. Furth, J. J., and Cohen, S. S. Inhibition of Mammalian DNA Polym
erase by the 5'-Triphosphate of l-/3-D-Arabinofuranosylcytosine and
the 5'-Triphosphate of 9-/3-D-Arabinofuranosyladenine. Cancer Res.,

28: 2061-2067, 1968.
16. Gallagher, R. E., Todaro, G. J., Smith, R. G., Livingston, D. M., and

Gallo, R. C. Relationship between Reverse Transcriptase from Human
Acute Leukemic Blood Cells and Primate Type-C Viruses. Proc.
Nail. Acad. Sei. U. S., in press.

17. Gallo, R. C. RNA-Dependent DNA Polymerase in Viruses and Cells:
Views on the Current State. Blood, 39: 117-137, 1972.

18. Gallo, R. C., Abrell, J. W., Robert, M. S., Yang, S. S., and Smith,
R. G. Reverse Transcriptase from Mason-Pfizer Monkey Tumor
Virus, Avian Myeloblastosis Virus, and Rauscher Leukemia Virus
and Its Response to Rifamycin Derivatives. J. Nati. Cancer Inst., 48:
1185-1189, 1972.

19. Gallo, R. C., and Whang-Peng, J. Observations of the Regulatory
Effects of the Transfer RNA Minor Base, N'-AMIsopentenyl)adeno-

sine, on Human Lymphocytes. In: R. F. Beers, Jr., and W. Braun
(eds.), Biological Effects of Polynucleotides, pp. 303-334. New York:
Springer-Verlag, Inc., 1971.

20. Gerwin, B. L., and Mustien, J. B. An Oligonucleotide Affinity Column
for RNA-Dependent DNA Polymerase from RNA Tumor Viruses.
Proc. Nati. Acad. Sei. U. S., 69: 2599-2603, 1972.

21. Graham, F. L., and Whitmore, G. F. Studies in Mouse L-cells on the
Incorporation of l-|8-D-Arabinofuranosylcytosine into DNA and on
Inhibition of DNA Polymerase by l-j3-D-Arabinofuranosylcytosine
5'-Triphosphate. Cancer Res., 30: 2636-2644, 1970.

22. Henderson, E. S., and Burke, P. J. Clinical Experience with Cytosine
Arabinoside. Proc. Am. Assoc. Cancer Res., 6: 26, 1965.

23. Humphries, E. H., and Temin, H. M. Cell Cycle-Dependent Activa
tion of Rous Sarcoma Virus-Infected Stationary Chicken Cells: Avian
Leukosis Virus Group-Specific Antigens and Ribonucleic Acid. J.
Virol., 10: 82-87, 1972.

24. Hurlbert, R. B., and Furlong, N. B. Biosynthetic Preparation of "P-
Labeled Nucleoside 5'-Phosphates and Derivatives. Methods En

zymol. 12 (Part A). 193-202, 1967.
25. Hurwitz, J., and Leis, J. P. RNA-Dependent DNA Polymerase Activ

ity of RNA Tumor Viruses. I. Directing Influence of DNA in the Re
action. J. Virol., 9: 116-129, 1972.

26. Karon, M., and Shirakawa, S. The Locus of Action of 1-^-D-Arabino-
furanosylcytosine in the Cell Cycle. Cancer Res., 29: 687-696, 1969.

27. Lee, H.-J., and Wilson, I. B. Enzymic Parameters: Measurement of
V and Km. Biochim. Biophys. Acta, 242: 519-522, 1971.

28. Lineweaver, H., and Burk, D. The Determination of Enzyme Dissocia
tion Constants. J. Am. Chem. Soc., 56: 658-666, 1934.

29. Loeb, L. A. Purification and Properties of Deoxyribonucleic Acid
Polymerase from Nuclei of Sea Urchin Embryos. J. Biol. Chem., 244:
1672-1681, 1969.

30. Miller, L. K., and Wells, R. D. Nucleoside Diphosphokinase Activity
Associated with DNA Polymerases. Proc. Nati. Acad. Sei. U. S., 68:
2298-2302, 1971.

31. Mizutani, S., and Temin, H. M. Enzymes and Nucleotides in Virions
of Rous Sarcoma Virus. J. Virol., 8: 409-416, 1971.

32. Mizutani, S., Temin, H. M., Kodama, M., and Wells, R. D. DNA
Ligase and Exonuclease Activities in Virions of Rous Sarcoma Virus.
Nature New Biol., 250: 232-235, 1971.

33. Momparler, R. L. Kinetic and Template Studies with l-/3-D-Arabino-
furanosylcytosine 5'-Triphosphate and Mammalian Deoxyribonucleic

Acid Polymerase. Mol. Pharmacol., 8: 362-370, 1972.
34. MÃ¼ller,W. E. G., Yamazaki, Z.-L, Sogtrop, H. H., and Zahn, R. K.

Action of l-/3-D-Arabinofuranosylcytosine on Mammalian Tumor
Cells. 2. Inhibition of Mammalian and Oncogenic Viral Polymerases.
European J. Cancer, 8: 421-428, 1972.

35. NÃ¼sslein,V., Otto, B., Bonhoeffer, F., and Schaller, H. Function of
DNA Polymerase III in DNA Replication. Nature New Biol., 234:
285-286, 1971.

36. Rama Reddy, G. V., Goulian, M., and Hendler, S. S. Inhibition of
E. coli DNA Polymerase II by Ara-CTP. Nature New Biol., 234:
286-288, 1971.

37. Randerath, K., and Randerath, E. Ion-Exchange Thin-Layer Chroma-
tography. XV. Preparation, Properties and Applications of Paper-like
PEI-Cellulose Sheets. J. Chromatog., 22: 110 117, 1966.

38. Roy, P., and Bishop, D. H. L. Nucleoside Triphosphate Phospho-

FEBRUARY 1974 291

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2391485/cr0340020286.pdf by guest on 19 M

ay 2023



A. W. Schrecker, R. G. Smith, and R. C. Gallo

transferase. A New Enzyme Activity of Oncogenic and Non-oncogenic
"Budding" Viruses. Biochim. Biophys. Acta, 255: 191-206, 1971.

39. Sarngadharan, M. G., Sarin, P. S., Reitz, M. S., and Gallo, R. C.
Reverse Transcriptase Activity of Human Acute Leukaemic Cells:
Purification of the Enzyme, Response to AMV 70S RNA, and Char
acterization of the DNA Product. Nature New Biol.. 240: 67 72, 1972.

40. Schlabach, A., Fridlender, B., Bolden, A., and Weissbach, A. DNA-
dependent DNA Polymerases from HeLa Cell Nuclei. II. Template
and Substrate Utilization. Biochem. Biophys. Res. Commun., 44:
879-885, 1971.

41. Schrecker, A. W. Metabolism of 1-0-D-Arabinofuranosylcytosine in
Leukemia L1210: Nucleoside and Nucleotide Kinases in Cell-free
Extracts. Cancer Res., 30: 632-641, 1970.

42. Schrecker, A. W., Mead, J. A. R., and Urshel, M. J. Isolation and
Antileukemic Activity, in Mice, of l-jS-D-Arabinofuranosylcytosine
5'-Phosphate Present in Synthetic 5'-Cytidylic Acid. Biochem. Phar-

macol., 15: 1443-1452, 1966.
43. Schrecker, A. W., Sporn, M. B., and Gallo, R. C. Inhibition ofRNA-

dependent DNA Polymerase by Thymidylate Derivatives. Cancer
Res., 32: 1547-1553, 1972.

44. Schrecker, A. W., and Urshel, M. J. Metabolism of 1-0-D-Arabino-
furanosylcytosine in Leukemia LI210: Studies with Intact Cells.
Cancer Res., 28: 793 801, 1968.

45. Silagi, S. Metabolism of l-/3-r>-Arabinofuranosylcytosine in L Cells.
Cancer Res.. 25: 1446 1453, 1965.

46. Slater, J. P., Tamir, I., Loeb, L. A., and Mildvan, A. S. The Mecha
nism of Escherichia coli Deoxyribonucleic Acid Polymerase I. Magne
tic Resonance and Kinetic Studies of the Role of Metals. J. Biol.

Chem., 247: 6748-6794, 1972.
47. Smith, R. G., and Gallo, R. C. DNA-Dependent DNA Polymerases I

and II from Normal Human-Blood Lymphocytes. Proc. Nati. Acad.
Sei. U. S., 69: 2879-2884, 1972.

48. Stromberg, K. Surface-Active Agents for Isolation of the Core Com
ponent of Avian Myeloblastosis Virus. J. Virol., 9: 684-697, 1972.

49. Ting, R. C., Yang, S. S., and Gallo, R. C. Reverse Transcriptase,
RNA Tumour Virus Transformation and Derivatives of Rifamycin
SV. Nature New Biol., 236: 163-166, 1972.

50. Todaro. G. J., and Gallo, R. C. Immunological Relationship of DNA
Polymerase from Human Acute Leukaemia Cells and Primate and
Mouse Leukaemia Virus Reverse Transcriptase. Nature, 244: 206
209, 1973.

51. Toplin, I. Purification of the Moloney and Rauscher Murine Leuke
mia Viruses by Use of Zonal Ultracentrifuge Systems. Appi. Micro-
biol., 15: 582-589, 1967.

52. Tuominen, F. W., and Kenney, F. T. Inhibition of RNA-Directed
DNA Polymerase from Rauscher Leukemia Virus by the 5'-Triphos-

phate of Cytosine Arabinoside. Biochem. Biophys. Res. Commun.,
48: 1469 1475, 1972.

53. Webb, J. L. Enzyme and Metabolic Inhibitors, Vol. I. pp. 104-105.
New York: Academic Press, Inc., 1963.

54. Weissbach, A., Schlabach, A., Fridlender, B., and Bolden, A. DNA
Polymerases from Human Cells. Nature New Biol., 231: 167-170,
1971.

55. Young. R. S. K., and Fischer, G. A. The Action of Arabinosylcytosine
on Synchronously Growing Populations of Mammalian Cells. Bio
chem. Biophys. Res. Commun., 32: 23-29, 1968.

292 CANCER RESEARCH VOL. 34

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2391485/cr0340020286.pdf by guest on 19 M

ay 2023


