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Summary. To improve our understanding of the mecha- 
nism of 1-13-D-arabinofuranosylcytosine (ara-C) inco~ora- 
tion into DNA, we investigated the physical properties 
(size, position of nucleoside incorporation) of small frag- 
ments of nascent DNA (nDNA) obtained by pH-step alka- 
line elution of intact HL-60 cells following their exposure 
to ara-C. In the pH-step alkaline elution procedure, the 
smallest fragments of nDNA elute at pH 11. Anion-ex- 
change high-performance liquid chromatography (HPLC) 
of nDNA obtained by 1 h elution at pH 11.0 of lysed 
HL-60 cells revealed a preponderance of nDNA fragments 
ranging from 0.5 to 40 kb in control ([3H]-dThd-labeled) 
cells. Exposure of cells to ara-C (0.8-1 gM) resulted in a 
loss of the preponderance of radiolabel in fragments of 
0 .5-40 kb along with redistribution of the radiolabel (from 
[3H]-dThd or [3H]-ara-C) into smaller nDNA fragments 
(predominantly <100 bases in length) as determined by 
HPLC. We used the ability of pH-step alkaline elution to 
provide these small nDNA fragments produced by ara-C to 
investigate the paradoxical behavior of ara-C as a chain 
terminator in cell-free DNA synthetic systems while being 
incorporated into an internucleotide position in intact cells. 
Following the digestion of purified nDNA with micrococ- 
cal nuclease and spleen phosphodiesterase II, the propor- 
tion of radiolabel in 3'-dNMP (indicating an internu- 

cleotide position) or free nucleoside (indicating a chain 
terminus position) was determined by reverse-phase 
HPLC. In digests of prelabeled genomic DNA, as expect- 
ed, >90% of the radiolabel from [14C]-dThd or [3H]-ara-C 
was found to exist in an internucleotide position (as deter- 
mined by co-chromatography with authentic 3'-dTMP or 
3'-ara-CMP). In contrast, digests of nDNA that eluted at 
pH 11.0 revealed a significantly higher proportion of radi- 
olabel in the chain terminus position (29% -35 %) when the 
nDNA was obtained from cells exposed to 1 ].IM [3H]-ara- 
C as compared with cells exposed to [3H]-dThd or [3H]- 
dCyd alone (<10%). These data obtained from pH-step 
alkaline elution of intact cells suggest that by causing the 
inhibition of chain elongation while failing to inhibit the 
formation of new nDNA replication intermediates, ara-C 
exposure leads to the production of very small nDNA 
fragments. This relative chain-terminating effect of ara-C 
is most apparent in the small nDNA replication fragments 
that elute at pH 11.0. Since ara-C is accumulated predomi- 
nantly in an internal position, even in the small nDNA 
fragments that elute at pH 11.0, ligation and gap-filling 
mechanisms in the intact cell must rapidly transform ara-C 
from a chain terminus to an internal position. 
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Introduction 

There is consensus at present that the incorporation of 
ara-C into mammalian DNA results in its cytotoxic effects 
[12, 13]. Despite this agreement, the precise mechanism(s) 
by which incorporated ara-C interferes with the DNA rep- 
licative mechanism and effects cytotoxicity remain(s) un- 
known. To improve our understanding of the molecular 
interaction of ara-C with DNA replication, we have applied 
pH-step alkaline elution [5, 21], since this is a useful meth- 
od to study the kinetics of transit of a radiolabeled precur- 
sor both through nDNA and into genomic DNA in intact 
cells. Using pH-step alkaline elution, we recently observed 
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that r ad io labe led  ara-C accumula ted  p redominan t ly  
(>70%) in n D N A  during the exposure  of  intact  HL-60  cells 
to [3H]-ara-C [21]. Fur thermore ,  we noted that concentra-  
tions o f  ara-C as high as 10 gM caused re la t ively  little 
inhibi t ion o f  the incorpora t ion  o f  [3H]-dThd into the small-  
est n D N A  repl icat ion in termedia tes  ( those elut ing at pH 
11.0 and 11.3) as compared  with the rather  p rofound  inhi-  
bi t ion o f  incorpora t ion  observed  among large n D N A  rep- 
l icat ion in termedia tes  (eluting at p H  11.5 or 12.1 or  re- 
ta ined on the filter) [21]. W e  interpreted these f indings  as 
being consis tent  with a ra -C ' s  inhibi t ing chain e longat ion  
whi le  fai l ing to inhibi t  the format ion  of  new n D N A  frag- 
ments.  

In cel l - f ree  systems,  ev idence  has accumula ted  suggest-  
ing that D N A  po lymerase  c~ cannot  e longate  an n D N A  
strand fo l lowing  the addi t ion of  an a r a -CMP to the 3 '  
terminus [17, 18]. For  example ,  in ear ly in vitro cel l - f ree  
studies using pur i f ied  D N A  po lymerase  (z, M o m p a r l e r  [ 18] 
has demons t ra ted  that fo l lowing  the addi t ion of  an ara- 
C M P  residue,  chain terminat ion occurs.  More  recent  stud- 
ies by  Mik i t a  and Beards ley  [17], who used synthet ic  
o l igonucleot ides  containing ara-C, serve to conf i rm this. 
Paradoxica l ly ,  when D N A  is i sola ted  f rom cells that have 
been exposed  to rad io labe led  ara-C, the major i ty  o f  the 
ara-C is found incorpora ted  in an in ternucleot ide  posi t ion 
[7, 11], with only  5 % - 1 5 %  being  found at the chain ter- 
minus,  a l though this percentage  increases  to approx imate ly  
30% at h igh ( 1 0 - 1 0 0  gU) extracel lular  concentrat ions of  
ara-C [11]. An  in ternucleot ide  pos i t ion  for incorpora ted  
ara-C in intact  cel ls  is also sugges ted  by  our  previous  
pH-s tep  a lka l ine-e lu t ion  studies [21]; fo l lowing  the expo-  
sure of  HL-60  cells to [3H]-ara-C, we observed  an order ly  
transit  of  rad io labe l  through progress ive ly  larger  n D N A  
intermedia tes  and, f inally,  into ful l - length n D N A  (retained 
on the filter). 

In  the present  work,  we sought  to expand  our previous  
pH-s tep  a lkaf ine-e lut ion studies of  ara-C by inves t igat ing 
the effects of  ara-C on the size o f  smal l  n D N A  repl ica t ion  
intermediates .  In addit ion,  because  o f  the abi l i ty  o f  pH-s tep  
a lkal ine  elut ion to obtain a var ie ty  o f  n D N A  repl ica t ion  
intermediates ,  we also sought  to de te rmine  whether  a spe- 
cies o f  n D N A  obta ined f rom intact  cells  exposed  to ara-C 
could  be  ident i f ied  where in  ara-C incorpora t ion  occurred 
s ignif icant ly  in a chain terminus posi t ion,  The  most  l ike ly  
candidates  for  this m a y  be small ,  newly  fo rmed  f ragments  
of  nDNA.  Therefore,  we under took  the present  studies to 
augment  our unders tanding  of  the nature of  the small  
n D N A  repl ica t ion  in termedia tes  that are fo rmed  in the 
presence  o f  ara-C, i .e. ,  those  that elute at pH 11.0 in the 
pH-s tep  a lka l ine-e lu t ion  procedure .  

Radiolabeled compounds 

[5-3H]-Ara-C (specific activity, 30 Ci/mmol, [5-methyl-3H]-dThd (spe- 
cific activity, 45 or 86 Ci/mmol), [5-3H]-dCyd (specific activity, 
25.6 Ci/mmol), and [2-t4C]-dThd (specific activity, 51 mCi/mmol) were 
obtained from Amersham Corp. (Arlington Heights, Ill.). Radiolabeled 
compounds were added to cultures of HL-60 cells as described in Results 
or in the figure legends. 

pH-Step alkaline elution 

This procedure was performed exactly as previously described [21]. 
Briefly, HL-60 cells labeled with the appropriate radioactive DNA pre- 
cursor were deposited on Nucleopore filters (25 ram, 3.0-~tm pore size; 
Costar Corp., Cambridge, Mass.) held in a "smokestack"-type filter-fun- 
nel apparatus, washed with ice-cold saline, and then lysed with 5 ml of a 
buffer consisting of 2.0 M NaC1, 0.02 M Na2-EDTA, and 0.3% (v/v) 
Sarkosyl detergent (pH 7.0). Thereafter, the lysed cells were washed with 
3 ml of a solution containing 0.02 M Na2-EDTA to remove the NaC1. 
Then, the exit tubing from the filter funnel was connected to a peristaltic 
pump (Minipuls III; Gilson Instrument Corp., Middleton, Wis.) and a 
solution containing 20 mM EDTA (free acid form) and tetrapropyl am- 
monium hydroxide (RSA Corp.; Ardsley, N. Y.) was added to the filter 
funnel and was pumped through the filter at a rate of 0.08 ml/min, After 
1 h, the solution in the filter funnel was changed to one at pH 11.3 and the 
elutiou was continued for another hour; this procedure was repeated for 
successive elutions at pH 11.5 and 12.1. Following each application and 
prior to its reuse, each alkaline-elution filter funnel was washed exten- 
sively with detergent, after which a "mock" lysis, wash, and pH-step 
procedure was carried out (using the appropriate buffers but no cells). 
The radioactivity of the eluate of each step of this "mock" procedure was 
counted to ensure that the filters were absolutely free of radiolabel from 
previous experiments. 

Pur~cation of DNA 

Genomic DNA was purified by the phenol/chloroform extraction-ethanol 
precipitation method as described elsewhere [3]. DNA collected by pH- 
step alkaline elution was purified by Centricon filtration as follows. An 
aliquot of 2.5 ml pH 11,0 buffer containing nDNA was neutralized with 
1 N HC1 and added to a Centricon 30 filter funnel (Amicon, W. R. Grace, 
Danvers, Mass.), which was centrifuged (5,000 g, 30 rain). The filter was 
then washed twice with 2 ml 0.5 mM TRIS (pH 8) and inverted. Next, 
200 gl 0.5 mM TRIS (pH 8) was added to the top, the funnel was centri- 
fuged (2,000 g, 10 min), and the filtrate was collected. Finally, a 
1/10 vol. of 20 mM CaC12 was added, and the filtrate was immediately 
used for enzyme digestion (see below). The yield of this procedure was 
80%-90% for nDNA obtained from cells exposed to [3H]-dThd or 
[3H]-dCyd and 60%-80% for nDNA obtained from cells exposed to 
[3H]-ara-C. Prior to their use, the Centricon 30 funnels were filled with a 
solution of salmon-sperm DNA (1 mg/ml, Sigma) for 1 h to prevent the 
binding of HL-60 DNA to the filters or plastic. 

Enzymatic digestion of DNA 

MateriaLs and methods 

Cell culture 

HL-60 human leukemic cells (passages 30-80) were grown in RPMI 
1640 medium precisely as described elsewhere [20]. Cells in the loga- 
rithmic growth phase were used in all studies. The HL-60 cells used in 
these studies were tested to ensure the absence of contamination by 
Mycoplasma (Gen Probe, San Diego, Calif.). 

All nuclease digestions were performed immediately after the placement 
of DNA in calcium-containing nuclease buffer (0.5 mu TRIS, 2 mM 
CaC12, pH 8). To the purified DNA in nuclease buffer (usually 
0.5-1 hal), 50 units micrococcal nuclease (EC 3.1.31.1, Sigma) was 
added and allowed to digest (37 ~ C) for 45 rain. The pH was then ad- 
justed to 6 with 2 N HC1, and 5 units spleen phosphodiesterase II (EC 
3.1.16.1, Sigma) was added. After a 30-min period of incubation at 37 ~ C, 
an additional 5 units phospbodiesterase II was added and the mixture was 
incubated for an additional 30 rain. The digest was then placed in a 
Centrifree (Amicon) filter funnel and centrifuged (2,000 g, 40 rain), and 
the filtrate was used for HPLC analysis. 
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HPLC studies 

Nucleoside/nucleotide chJvmatography. A reverse-phase C18 column 
(Radial Pak; Waters Associates, Milford, Mass.) installed in a Z-Module 
Radial Compression System (Waters) was used for nucleoside/nu- 
cleotide chromatography. Samples included the DNA digests (see above) 
and the appropriate authentic standards dissolved in distilled H20. The 
authentic standards included dThd, dCyd, 3'dTMP, and 3'CMP (all ob- 
tained from Sigma) as well as ara-C and 3'ara-CMP (generously donated 
as a gift from the Upjohn Company, Kalamazoo, Mich.). Linear-gradient 
elution conditions were applied (curve 6, Waters Model 660 Solvent 
Programmer) over a period of 30 rain using 100% buffer A (0.01 M 
KHzPO4, pH 5.5) for the initial phase and 15% buffer B (80% methanol 
in water) in buffer A for the final phase at a flow rate of 1.5 ml/min. For 
each run of unknown DNA digest, the appropriate authentic standards 
were simultaneously injected. The radiolabel eluted from the DNA 
digests was detected by collecting fractions every 30 s during the run and 
then counting the radioactivity with a liquid scintillation counter (LS 
5801; Beckman Instruments, Fullerton, Calif.). Detection of the authen- 
tic standards was accomplished by measuring the absorption at 254 nm 
(LC-85 Spectrophotometric Detector; Perkin Elmer, Norwalk, Conn.) 
and was recorded and integrated using a Model 740 Data Module (Wa- 
ters). By the use of authentic radioactive and corresponding nonradioac- 
tive standards, a time delay of 30 s was noted between the radioactivity 
from the standard collected in a fraction and the optical detection of that 
same standard. This time lag was taken into account in the identification 
of unknown radioactive peaks through the use of authentic standards. 

DNA chromatography. A Gen-Pak FAX column (Waters) coupled to a 
precolumn filter (Waters) was used for DNA chromatography. For these 
studies, a 5-ml sample-injection loop was added to the HPLC system 
described above. To each unknown sample (pH-step alkaline-elution 
fraction), 25 p.g of a 1-kb DNA ladder (BRL, Gaithersberg, Md.) was 
added to serve as an internal standard. For certain samples, 10 ~tg each of 
pd(A)12-]s and pd(A)25-30 (Pharmacia LKB Biotechnology Inc., Pis- 
cataway, N. J.) were also added. Prior to injection, samples were filtered 
through a 0.45 p.m filter (Millex-HV4, Millipore Corp., Bedford, Mass.). 
Elution buffers consisted of buffer A (25 mM TRIS, pH 11.0) and buffer 
B (25 lm~ TRIS, pH 11.0, 1 M NaC1). The flow rate was 0.8 ml/min. 
Following the injection of sample and standards, the initial phase (see 
below) was continued for 10 rain, then a linear gradient (increasing the 
percentage of buffer B in buffer A) was performed, after which the final 
phase was continued for another 5 rain. For the best resolution of low- 
molecular-weight DNA fragments (<100 bases), the initial phase com- 
prised 100% buffer A, and the gradient was increased from 0 to 50% 
buffer B in buffer A over a 100-rain period. For optimal resolution of 
higher-molecular-weight DNA fragments (100-12,000 bases), the ini- 
tial phase consisted of 37% buffer B in buffer A, with the gradient 
increasing from 37% to 49% buffer B in buffer A over a 50-rain period. 
Detection of authentic standards was accomplished by UV absorption at 
254 nm; radiolabeled DNA was detected by collecting fractions at l-rain 
intervals, after which the radioactivity in each fraction was determined 
by liquid scintillation counting. 

Results 

pH-Step alkaline elution of nDNA from HL-60 cells 

Our previous kinetics studies of HL-60 cells using pH-step 
alkaline elution have demonstrated that the radiolabel 
eluting from cells exposed to [3H]-dThd or [3H]-ara-C 
represents incorporation into nDNA replication intermedi- 
ates [21]. We find that 1 h exposure of HL-60 cells to 
[3H]-dThd is sufficient to produce steady-state labeling of 
the discrete sizes of replication intermediates that elute 
under the conditions used in the pH-step alkaline-elution 
procedure (data not shown). When HL-60 cells in the log 
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Fig. 1 A -  C. Typical pH-step alkaline-elution profiles of HL-60 ceils in 
the log growth phase following their exposure to radiolabeled com- 
pounds. A Cells were exposed to [3H]-dThd (100 btCi m1-1 0.75 x 10 -6 
cells; specific activity, 45 Ci/mmol) for 1 h. Total incorporation into 
DNA was 1,438,412 dpm 10- 6 cells h -1. B Cells were exposed to 1 liM 
ara-C for 1 h after which [3H]-dThd (100 gCi m1-1 0.75 x 10 -6 cells; 
specific activity, 45 Ci/mmol) was added for an additional hour. Total 
incorporation into DNA was 39,541 dpm 10 4 cells h q.  C [3H]-ara-C 
(25 gCi m1-1 1.1 x 10- 6 cells; specific activity, 30 Ci/mmol) for 2 h. The 
final ara-C concentration was 0.8 ~tM. Total incorporation into DNA 
equaled 6,343 dpm 10 4 ceils h -1 
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higher-molecular-weight DNA as described in Materials and methods. 
B Typical Gen Pak FAX HPLC chromatogram of 10 ~tg each of 
pd(A)12- is and pd(A)25- 30 and of 25 gg of a 1-kb DNA ladder, obtained 
using HPLC conditions favoring resolution of low-molecular-weight 
DNA as described in Materials and methods 

growth phase are exposed to [3H]-dThd for 1 h and then 
subjected to pH-step alkaline elution, an elution pattern 
typical of that shown in Fig. 1 A is obtained. Note that most 
of the radiolabel distributes into what should be very large 
nDNA replication intermediates (those eluting at pH 12.1 
or retained on the filter - see [4, 18] for a description of the 
nDNA size range obtained using pH-step alkaline elution). 
When [3H]-dThd is added to ara-C-pretreated cultures 
(Fig. 1 B) or when cells are exposed to [3H]-ara-C alone 
(Fig. 1 C), in contrast to the data displayed in Fig. 1 A, a 
greater proportion of radiolabel distributes into what would 
be expected to be smaller nDNA replication intermediates 
(i.e., those eluting at pH 11.0, 11.3, and 11.5). These 
findings are consistent with the inhibition of DNA elonga- 
tion caused by ara-C and are in agreement with the results 
of our previous pH-step alkaline-elution studies of ara-C 
[21]. The data in Fig. 1 are shown because they represent 
pH-step alkaline-elution profiles that are typical for the 
studies discussed in this paper. 

Gen-Pak FAX HPLC analysis of the size of nDNA eluted 
from HL-60 cells at pH 11 

We used a high-performance anion-exchange column 
(Gen-Pak FAX) [16, 22, 24, 25] and a 5-ml sample-injec- 
tion loop for this investigation. Thus, the method enabled 

us to inject virtually all of a single 60-min pH-step fraction 
(4.8 ml) immediately after its collection. We selected this 
method rather than denaturing agarose or polyacrylamide 
gels or alkaline sucrose gradients because the HPLC meth- 
od not only provides good resolution of low-molecular- 
weight DNA species but also enables the direct application 
of the sample (without prior concentration) and the ability 
to detect directly the chromatographic distribution of 
radiolabel in the collected fractions. One drawback of the 
HPLC procedure is its inability to resolve very large DNA 
fragments (>50,000 bases), which makes it unsuitable for 
the sizing of nDNA fragments that elute at pH 11.3 or 
higher under control conditions. To maintain the nDNA in 
a single-stranded state and to prevent aggregation by ran- 
dom annealing, we kept the mobile phase at a denaturing 
pH (11.0), yet managed to accomplish satisfactory chro- 
matographic separation of authentic DNA standards. 

Figure 2A shows a typical chromatogram of 25 gg of a 
1-kb DNA ladder (DNA marker standard, obtained from 
Bethesda Research Labs, Gaithersberg, Md.) injected in a 
volume of 4.8 ml of pure pH 11.0 alkaline-elution buffer 
and run under conditions favoring resolution of higher-mo- 
lecular-weight DNA (see Materials and methods). The ma- 
terial showing high absorption at 254 nm and eluting at 
between 0 and 15 rain represents the solute in the pH 11.0 
buffer injected, since no absorption occurs at this point if 
the 1-kb ladder is injected in the absence of this buffer. No 
significant difference is seen in the chromatogram if the 
1-kb ladder is first heated to 100~ for 15 rain and then 
rapidly cooled. The chromatogram obtained for the 1-kb 
DNA-ladder standard is in excellent agreement with those 
obtained for this reference standard by the manufacturer of 
the Gen-Pak FAX column [16, 25]. From the DNA frag- 
ment sizes shown in Fig. 2 A it can be seen that under the 
chromatographic conditions used, we managed to obtain 
particularly good resolution of small DNA fragments 
(from 75 to 500 bases). Figure 2B shows a typical chroma- 
togram of pd(A)~2-18, pd(A)25-30, and the 1-kb DNA 
ladder, obtained under elution conditions favoring resolu- 
tion of low-molecular-weight DNA fragments (see Materi- 
als and methods). Note that excellent chromatographic 
separation of the components of the pd(A)12-]8 and 
pd(A)25-30 standards was obtained. When run under the 
conditions used for the resolution of larger DNA fragment 
sizes (Fig. 2A), both pd(A)12-18 and pd(A)25-30 eluted 
during the initial 10 rain (data not shown). 

First, we used HPLC conditions favoring the resolution 
of relatively high-molecular-weight DNA to study the 
nDNA that eluted at pH 11.0 in the pH-step alkaline-elu- 
tion procedure. Although the percentage of label eluting at 
pH 11.0 in Fig. 1 A appears to be low (approximately 0.5% 
of the total radioactivity incorporated), over 5,000 dpm of 
incorporated label was actually recovered from this frac- 
tion, which was sufficient for subsequent Gen-Pak FAX 
HPLC studies. Figure 3 A shows a typical chromatogram 
of nDNA eluted at pH 11.0 from HL-60 cells exposed to 
[3H]-dThd for 1 h, along with the retention times of some 
of the fragments in the 1-kb DNA-ladder standard. The 
relationship between DNA-standard fragment size and re- 
tention time typically displays a complex nature, as re- 
ported previously [16], with the highest degree of resolu- 
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Fig. 3 A - C .  Typcial Gen-Pak FAX HPLC chromatograms of nDNA 
collected by 1 h alkaline clution at pH 11.0 of HL-60 ceils in the log 
growth phase following their exposure to radiolabeled compounds. 
A Cells were exposed to [3H]-dThd (100 gCi m1-1 0.75 x 10 ~ cells; 
specific activity, 45 Ci]mmol) for t h. The total radioactivity applied to 
the column was 3,260 dpm; the recovery of radioactivity from the 
column was 100%. B Cells were exposed to 1 gN ara-C for 1 h, after 
which [3H]-dThd (100 gCi m1-1 0.75•  .6 cells; specific activity, 
45 Ci/mmol) was added for an additional hour. The total radioactivity 
applied was 2,300 dpm; the recovery of radioactivity was 100%. C Cells 
were exposed to [3H]-ara-C (25 gCi m1-1 1.1 x 100 6 cells; specific activ- 
ity, 30 Ci/mmol) for 2 h. The final ara-C concentration was 0.8 gM. The 
total radioactivity applied to the column was 1,350 dpm; the recovery of 
radioactivity from the column was 100%. The elution conditions used 
were those favoring resolution of nDNA fragments consisting of <30 
bases (see Materials and methods). Solid lines, Radiolabeled nDNA 
eluted; I . . . .  II, DNA standards (1-kb DNA ladder) 

tion being obtained for smaller (<500 bases) DNA frag- 
ments. 

In Fig. 3 A it can be seen that the majority (approxi- 
t oooo ~ mately 70%) of the radiolabel is associated with a heterog- 

enous peak that elutes between 50 and 60 min, con'espond- 
ing to DNA fragments of between 1,000 and 40,000 bases & 

1ooo ~ in length. Smaller peaks elute at between 0 and 10 min, 
-~ which may correspond to very small oligonucleotides con- 
< siderably smaller than 75 bases in length. A low-level 
Z 

t 00 D continuum of radiolabel is also visible eluting at between 
10 and 50 min, which corresponds to the incorporation of 
[3H]-dThd into nDNA fragments varying in size up to 1 kb. 
In contrast, preexposure of cells to ara-C (1 gM) causes 
65% of the [3H]-dThd label to accumulate in material 
eluting in less than 10 min (Fig. 3B), with the remainder 

:1 ooooo eluting as a broad continuum of size ranges throughout the 
rest of the chromatogram. It is noteworthy that the prepon- 
derance of label eluting in the heterogeneous 1- to 40-kb 

~, species as seen in the control is lost and an increase in the 
r proportion of label eluting in the first 10 rain is evident. 

This indicates that nDNA fragments formed in the pres- & 
:t o0o ~ ence of ara-C are indeed quite small, certainly smaller than 

"~ 75 bases, and probably <30 bases [since pal(A)25 -30 elutes 
< in the first 10 rain under the elution conditions described in Z 
Q Fig. 3]. Similarly, the Gen-Pak FAX chromatogram of 

nDNA obtained by pH 11 elution of cells exposed to [3H]- 
ara-C (0.8 gM, Fig. 3 C) is very similar to that of cells 
pretreated with ara-C and then exposed to [3H]-dThd 
(Fig. 3B). In each experiment shown in Fig. 3, we recov- 
ered virtually 100% of the radioactivity applied to the 
column. The alkaline-elution profiles that correspond to 
Figs. 3 A, 3 B, and 3 C are shown in Figs. 1 A, 1 B, and 1 C, 
respectively. These studies were repeated numerous times 
with similar results. 

Because the HPLC gradient conditions used in the ex- 
periments depicted in Fig. 3 could not resolve DNA oligo- 

100o ~ mers of <30 bases in length [the pd(A)la- 18 and pd(A)25 - 
~ 30 eluted in the first 10 min of initial conditions - see 
<z above], we next adjusted the HPLC elution conditions to 

loo o favor resolution of low-molecular-weight DNA species 
(Fig. 4 displays the data obtained in a typical experiment). 
Controls (Fig. 4A) that were exposed to [3H]dThd but not 
to ara-C displayed an HPLC elution profile similar to that 

i o shown in Fig. 3 A, with a predominance of fragments rang- 
ing from approximately 0.5 to 40 kb being eluted, accom- 
panied by a low-level continuum of radiolabeled fragments 
eluting at between 10 and 90 min. In contrast (Fig. 4B), the 
HPLC elution profile of nDNA obtained from cells ex- 
posed to [3H]-ara-C (1 btM) displayed only the broad con- 
tinuum of radiolabeled DNA sizes ranging from molecules 
that may be as small as dimers or trimers (if one extrapo- 
lates the DNA-standard curve) to those over 40 kb in 
length, with distinct loss of the preponderance of labeling 
in the size range of 0.5-40 kb occurring as seen in the 
control. In Fig. 4B it can be seen that only 25% of the 
radioactivity eluted during the first 10 min (initial condi- 
tions), in contrast to the 65% that was observed to elute 
during the first 10 min under gradient conditions favoring 
resolution of high-molecular-weight DNA species 
(Figs. 3 B, C), indicating that the material that eluted in the 
first 10 min during the experiments depicted in Figs. 3 B 
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Fig. 4 A, B. Gen-Pak FAX HPLC chromatograms of nDNA collected by 
1 h alkaline elution at pH 11.0 of HL-60 cells in the log growth phase 
following their exposure to radiolabeled compounds. A Cells were ex- 
posed to [3H]-dThd (25 gCi ml t 0.9 • 10 4 cells; specific activity, 
45 Ci/mmol) for 30 rain. The total radioactivity applied to the column 
was 4,750 dpm; the recovery of radioactivity from the column was 93 %. 
B Cells were exposed to [3H]-ara-C (30 gCi m1-1 0.9 x 10 4 cells; specif- 
ic activity. 30 Ci/mmol) for 13 h. The final ara-C concentration was 
1.0 g~. The total radioactivity applied to the column was 2,120 dpm; the 
recovery of radioactivity from the column was 99.5%. The elution condi- 
tions used were those favoring resolution of small nDNA fragments 
(see Materials and methods). Solid lines, radiolabeled nDNA eluted; 
�9 . . . .  � 9  DNA standards (1-kb DNA ladder), pd(A)la-18 and 
pd(A)2s 30 

and 3 C consisted mostly of short oligonucleotides rather 
than unincorporated, radiolabeled monomeric nucleotides 
or nucleosides. The radioactivity seen eluting with the 
solvent front (i.e., within <10 rain) in Figs. 4A and 4B 
may indeed represent unincorporated nucleoside or nu- 
cleotide (nucleoside and dNTPs eluted in this area under 
the conditions used for the experiments shown in Fig. 4 - 
data not shown) or very small oligonucleotides (e. g., rang- 
ing from dimers to pentamers). Hence, considering the data 
shown in Figs. 3 and 4, we estimate that the length of the 
nDNA fragments that accumulate in the presence of ara-C 
is predominantly <30 bases and may actually be as small as 
a few bases. The experiments depicted in Fig. 4 were re- 
peated numerous times with similar results. 
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Fig. 5. Typical HPLC chromatograms of authentic nucleoside and nu- 
cleotide standards. In all, 25 nmol each of either 3'dCMR 3'dTME dCyd, 
and dThd or 3'ara-CMP and ara-C were injected, after which HPLC 
analysis was performed as described in Materials and methods. Detection 
was accomplished by monitoring absorbance at 254 nm 

Position of radiolabeled nucleoside in DNA 

To determine the position of radiolabeled precursor in 
DNA, we used a procedure involving digestion of the DNA 
with micrococcal nuclease and spleen phosphodiesterase II 
[9]. This procedure results in a digest consisting of 3'- 
deoxynucleoside monophosphates. However, a nucleotide 
occupying a chain terminus position would be converted to 
the corresponding free nucleoside. We used HPLC to 
quantify the proportion of radiolabel from a given labeled 
precursor in 3'-deoxynucleoside monophosphate versus 
the free nucleoside. Figure 5 shows typical chromatograms 
obtained for our authentic nucleoside and 3'-deoxynu- 
cleoside monophosphate standards. 

To confirm that the enzyme-digestion system was 
functioning properly, we labeled HL-60 genomic DNA by 
pulse-chase exposure to [14C]-dThd (24-h pulse, 24-h 
chase) or [3H]-ara-C (3-h pulse, 12-h chase) and then iso- 
lated it by phenol/chloroform extraction as described in 
Materials and methods. The pulse-chase method of expo- 
sure to ara-C selected was one whereby the majority of 
radiolabeled ara-C would be expected to appear in 
genomic DNA as based on our previous pH-step alkaline- 
elution studies [21 ]. As expected, the [t4C]-dThd label was 
found predominantly (90%) in 3'dTMP following DNAse 
digestion, indicating an internucleotide position (Fig. 6 A). 
Similarly, and consistent with previous reports [7, 11], 
ara-C was distributed predominantly in an internal position 
in genomic DNA, as evidenced by recovery of 95% of the 
radioactivity in 3'ara-CMP, following the exposure of 
HL-60 cells to 1 gM [3H]-ara-C (Fig. 6B). 
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Fig. 6A, B. HPLC analysis of DNA from HL-60 cells prelabeled with 
[]4C]-dThd or [3H]-ara-C, obtained after digestion with micrococcat 
nuclease and spleen phosphodiesterase 1I. A Cells were exposed to 1 gM 
[14C]-dThd (0.05 gCi m1-1 10- 6 cells; specific activity, 51 mCi/mmol) for 
24 h, then washed free of radiolabel and placed in culture for another 
48 h. Genomic DNA was isolated by phenol/chloroform extraction, 
digested, and analyzed as described in Materials and methods. The yield 
of the purification procedure was 25%. The total radioactivity applied to 
the column was 9,184 dpm. The identity of the radioactive peaks was 
established by co-chromatography with authentic 3'dTMP and dThd, 
detected by absorption at 254 nm. B Cells were exposed to 1 gM [3H]- 
ara-C (30 gCi ml-] 10 ~ cells; specific activity, 30 Ci/mmol) for 3 h, then 
washed free of radiotabel and placed in culture for another 12 h. 
Genomic DNA was isolated by phenol/chloroform extraction, digested, 
and analyzed as described in Materials and methods. The yield of the 
purification procedure was 23%. The total radioactivity applied to the 
column was 22,302 dpm. The identity of the radioactive peaks was 
established by co-chromatography with authentic 3"ara-CMP and ara-C, 
detected by absorption at 254 nm 

We focused next on nDNA eluting at pH 11.0 in the 
pH-step alkaline-elution procedure. Our previous pH-step 
alkaline-elution studies [21] served to indicate that the 
radiolabeled DNA thus obtained consists predominantly of 
nDNA and not of mitochondrial DNA or parental DNA 
fragments that have been radiolabeled via DNA repair 
synthesis. For these investigations, nDNA was purified 
directly from the neutralized pH 11.0 alkaline-elution buff- 
er by the use of Centricon 30 filters [1]. As controls, we 
performed studies on the position occupied by [3H]-dThd 
or -dCyd incorporated into nDNA. The results are summa- 
rized in Table 1, and Fig. 7 shows typical chromatograms 

A. 
80 

70 

60 

[ ]  50. 

s 40 
'fi 
~- 3[3 

N 
20 

10 �84 

B =  70 

60 

50 �84 

. . . . . . . . . . . . . . . . . . . . .  I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3'dTMP (97.2%) 

dThd (28%) 

5 1"0 1'5 20 25 30 

= 3'dCMP [96.2%) L~ 

I rm  

I 
30 ......................................................................................................................... 

I - -  

~s  2 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

dCyd (3,8%) 

10 .............. 

o n  
5 10 15 20 25 30 

2G c. 
1 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

a'ara-CMP (e4190/{3) 

' ~  . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C I  1 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

N ara-C (35.1%) 

~d 

4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 5 10 1 5 20 25 30 
Retention Time trnin) 

Fig. 7 A - C .  HPLC analysis of nDNA obtained by a single pH-step 
elution (pH 11.0, 1 h) or HL-60 cells in the log growth phase after their 
exposure to [3H]-dThd, [3H]-dCyd, or [3H]-ara-C and subsequent diges- 
tion with micrococcal nuclease and spleen phosphodiesterase II. The 
nDNA was purified by Centricon 30 filU'ation as described in Materials 
and methods. The data shown are typical of those obtained in repeated 
experiments (see Table 1). A Cells were exposed to 0.3 p.M [3H]-dThd 
(25 gCi ml -I 10 ~6 cells; specific activity, 86 Ci/mmol) for 1 h (corre- 
sponding to dThd experiment 2, Table 1). The identity of the radioactive 
peaks was established by co-chromatography with authentic 3'dTMP and 
dThd, detected by absorption at 254 rim. B Cells were exposed to 1.0 gM 
[3H]-dCyd (25 gCi m1-1 0.7 x 10 -6 cells; specific activity, 25.6 Ci/mmol) 
for 1 h (corresponding to dCyd experiment 1, Table 1). The identity of 
the radioactive peaks was established by co-chromatography with 
authentic 3'dCMP and dCyd, detected by absorption at 254 nm. C HL-60 
cells were exposed to 1.0 gM [3H]-ara-C (30 gCi m1-1 10 cells; specific 
activity, 30 Ci/rnmol) for 17 h (con'esponding to ara-C experiment 1, 
Table 1). The identity of the radioactive peaks was established by co- 
chromatography with authentic 3'ara-CMP and ara-C, detected by ab- 
sorption at 254 nm 
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Table 1. Distribution of [3H]-dThd, [3H]-dCyd, or [3H]-ara-C in nDNA as isolated by elution at pH 11.0 for 1 h 

Labeled Experiment Radioactivity recovered % 3'-dNMP % Nucleoside 
compound by HPLC (dpm) (internucleotide) (chain terminus) 

[3H]-dThd 1 32,980 94.8 5.2 
2 71,088 97.2 2.8 

[3H]-dCyd 1 5,137 96.2 3.8 
2 5,718 90.1 9.9 

[3H]-ara-C 1 3,507 64.9 35.1 
2 2,396 70.5 29.5 

HL-60 cells in culture in the log growth phase were exposed to [3H]- 
dThd (0.3 gM, 86 Ci/mmol; 25 gCi ml -I 10 -6 cells, 1 h), to [3H]-dCyd 
[1 gM, 25.6 Ci/mmol; 25 ~tCi ml -~ 10 -6 cells, for 1 h (experiment 1) or 
2 h (experiment 2)], or to [3H]-ara-C (1 ~tM, 30 Ci/mmol; 30 gCi m1-1 
10- 6 cells, 17 h) and were then subjected to pH-step alkaline elution as 
described in Materials and methods. Material in the pH 11.0 eluate was 
purified by Centricon 30 filtration and subjected to enzyme digestion, 

and the digest was then analyzed by HPLC as described in Materials and 
methods. Radioactivity in the HPLC eluate was identified using the 
appropriate nonradioactive 3'-dNMP or deoxynucleoside as internal 
standards, which were detected by absorption at 254 nm as described in 
Materials and methods. Recovery of radioactivity following HPLC was 
>95% of the amount injected 

of the radioactivity eluted in these studies. The percentages 
given in Table 1 are based on the sum of radioactivity that 
Co-chromatographed with the appropriate deoxynucleoside 
and 3'-deoxynucleoside monophosphate standards. This 
sum was routinely >80% of the total radioactivity applied 
to the HPLC system. For cells exposed to [3H]-dThd 
(0.3 gM, 1 h) in replicate experiments (Table 1, Fig. 7 A), 
>90% of the radiolabel was found in an internucleotide 
position (3'dTMP) following digestion of the nDNA that 
eluted at pH 11.0, exactly as was observed for [14C]-dThd 
incorporated into genomic DNA. Similarly, when [3H]- 
dCyd was used (cells were exposed to 1.0 gM for 1 or 2 h), 
>90% of the radiolabel was found in 3'dCMP (Table 1, 
Fig. 7B). The total amounts of radioactivity incorporated 
in the [3H]-dCyd studies shown in Table 1 were lower than 
those incorporated in the [3H]-dThd experiments because 
the specific activity of the [3H]-dCyd used (25.6 Ci/mmol) 
was lower than that of the [3H]-dThd applied (86 Ci/mmol) 
and because any deamination of the [5-3H]-dCyd would 
cause a loss of the tritium radiolabel from the 5-carbon of 
dCyd. Finally, when [3H]-ara-C was used (cells were ex- 
posed to 1.0 [tM for 17 h; Table 1 and Fig. 7C) in replicate 
experiments, only 64.9% and 70.5% of the ara-C incorpo- 
rated into nDNA was found in an internucleotide position, 
with 35.1% and 29.5% of the radiolabeled ara-C, respec- 
tively, being detected in a chain terminus position (signifi- 
cantly different from the incorporated position of labeled 
dThd or dCyd; P <0.05, Student's t-test). 

Discussion 

The present studies demonstrate that ara-C causes a 
marked overall reduction in the size of nDNA replication 
intermediates that elute at pH 11.0 in the pH-step alkaline- 
elution procedure. The position of ara-C incorporated into 
the nDNA is predominantly internucleotide; however, 
ara-C occupies a significantly higher proportion of chain 
termini (30%-35%)  in nDNA eluting at pH 11.0 than do 
the naturally occmxing analogues dCyd or dThd (<10%). 

In ara-C-treated cells, the most striking alteration is loss 
of the preponderance of radiolabeled nDNA in the 0.5- to 

40-kb size range that predominates in control ([3H]-dThd- 
treated) cultures. The overall effect is a net decrease in 
nDNA fragment size in response to ara-C. These data 
obtained in pH-step alkaline elution and Gen-Pak FAX 
chromatography are in agreement with those of other in- 
vestigators (e.g., [4, 7, 26]), who observed a reduction in 
nDNA fragment size in response to ara-C using alkaline 
sucrose gradients. What is apparent from our Gen-Pak 
FAX HPLC studies is that the size of these nDNA frag- 
ments that accumulate in the presence of ara-C is very 
small and may frequently amount to only a few bases in 
length (see Figs. 3, 4). Since we did not use synchronized 
cells, it is likely that a population of replication intermedi- 
ates of 0 .5 -40  kb in length previously existed in the cells 
and that these intermediates were actively undergoing 
chain elongation at the time of the addition of  ara-C. Thus, 
one would expect at least a portion of the radiolabel in 
ara-C-treated cells to be associated with these preformed 
intermediates. Instead, we observed very little radiolabel 
that was specifically associated with these 0 .5 -40  kb frag- 
ments following exposure to [3H]-ara-C (Figs. 3 C, 4B) or 
to [3H]-dThd in ara-C-pretreated cells (Fig. 3 B). Thus, the 
number of sites of chain elongation available for incorpo- 
ration of radiolabeled dThd or ara-C in the preformed 0.5- 
to 40-kb fragments during exposure to ara-C is much 
smaller than the number available for incorporation of 
radiolabeled precursor among the small nDNA fragments. 
This suggests that the majority of the radioisotope incorpo- 
rated in the presence of ara-C occurs in newly formed 
nDNA strands. This is also consistent with ara-C' s causing 
a profound inhibition of chain elongation while failing to 
inhibit (or perhaps even stimulating) the formation of 
nDNA replication intermediates either within an active 
replicon (see below) or during the initiation process itself, 
in agreement with our previous pH-step alkaline-elution 
studies [20] and with the work of other investigators [4, 
27-29] .  

In view of the above findings, it is possible that the 
observed accumulation of small nDNA fragments in the 
presence of ara-C might be attributable to a reduction in the 
size of the Okazaki fragments as a result of ara-C inhibition 
of chain elongation. Alternatively, one could invoke a hy- 
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pothesis wherein the inhibition of DNA elongation caused 
by ara-C treatment might lead to RNA priming and to the 
formation of nDNA replication intermediates within the 
replicon at sites other than the replication origins as- 
sociated with uninhibited replicative DNA synthesis [4, 
27-29]. This process, termed "aberrant re-replication" by 
some investigators [27], can occur in response to inhibition 
of DNA synthesis by a variety of agents and is thought to 
arise as a result of a cellular defense response to avoid an 
unreplicated DNA segment. In the case of ara-C, elonga- 
tion of these newly formed nDNA fragments would contin- 
ue until the next C site, whereby incorporation of ara-C at 
that site would lead to inhibition of elongation. This may 
serve to promote further formation of nDNA replication 
intermediates adjacent to the site of the block, with the 
continuation of this process resulting in the net accumula- 
tion of very small nDNA fragments as observed in the 
present study. 

Given the known profound inhibition of chain elonga- 
tion caused by ara-C, one would expect to find a high 
proportion of nDNA chains terminating in ara-C during 
drug exposure. Moreover, given the above discussion con- 
cerning the formation of small nDNA replication interme- 
diates in response to ara-C, one would expect the highest 
proportion of ara-C incorporated into a chain terminus 
position to be among these small fragments as compared 
with larger nDNA intermediates. Indeed, among the 
nDNA fragments that elute at pH 11.0, ara-C incorporates 
into a chain terminus position in a significantly greater 
proportion (30%-35%) than does dCyd or dThd (<10%; 
P <0.05). However, it is noteworthy that even among the 
small nDNA fragments thus isolated, ara-C exists predom- 
inantly in an internucleotide position (65%-70%, Table 
1). This relatively efficient internalization of ara-C re- 
sidues could occur by a number of mechanisms. 

First, it should be noted that replicative DNA synthesis 
in the intact cell is probably accomplished by a multi- 
protein complex that contains the essential enzymatic ele- 
ments necessary for the efficient production of DNA [15]. 
In contrast to the behavior of purified DNA polymerases in 
cell-free systems that incorporate ara-C in a chain terminus 
position [17, 18], the mnltienzyme-DNA replication com- 
plex may be more efficient in the internalization of incor- 
porated ara-C. Furthermore, Mikita and Beardsley [17] 
have shown that DNA ligase is capable of joining a DNA 
strand with ara-CMP at the 3' terminus, with an adjacent 
strand ending in a 5' nucleoside monophosphate. Hence, 
DNA ligation in the intact cell offers another mechanism 
for internalization of incorporated ara-C. Finally, a number 
of studies [19, 20, 23] using a cell-free primer-elongation 
assay have shown that the inhibition of DNA polymerase 
o~- or [3-catalyzed DNA-strand elongation by aranu- 
cleosides displays sequence specificity; in certain single 
cytosine sites, ara-C is incorporated internally in the nDNA 
strand with relative ease (with little inhibito12/ effect on 
elongation), whereas at other sites (e. g., double cytosine), 
elongation is greatly inhibited by the insertion of an ara- 
CMP residue. This may at least partly account for the 
predominantly internal position of incorporated ara-C ob- 
served in intact cells. 

An alternative explanation for the observed accumula- 
tion of very short nDNA fragments in ara-C-treated cells 
would be that they result from the breakdown of larger 
DNA fragments as a consequence of alkali-labile sites 
introduced by incorporated ara-C [6, 14]. We feel that this 
is unlikely. This issue was addressed in our previous pH- 
step alkaline-elution studies of ara-C [21], in which con- 
centrations of ara-C as high as 1 mM did not enhance the 
elution at pH 11.0 of parental DNA prelabeled with [14C]- 
dThd. Furthermore, using a conventional alkaline-elution 
single-strand-break assay, we found no difference in the 
rate of elution of DNA prelabeled with [14C]-dThd versus 
[3H]-ara-C (data not shown). 

An intriguing effect of ara-C (as well as a variety of 
other cytotoxic agents) reported recently involves its abili- 
ty to activate a form of programmed cell death called 
apoptosis [8, 10]. This process is characterized by the 
formation of an internucleosomal pattern of DNA frag- 
mentation [30], apparently as the result of the activation of 
a cellular endonuclease [2], which results in the production 
of DNA fragments in multiples of approximately 200 base 
pairs. The small DNA fragments we observed in response 
to ara-C were much smaller than even the smallest 
(200 bp) fragment of a nucleosomal ladder. Hence, we feel 
strongly that the ara-C-induced diminution in the size of 
fragments eluting at pH 11.0 is not the result of apoptosis. 
Moreover, the duration of exposure of cells to ara-C 
(0.8-1 gM, 1-13 h) used in our studies was shorter than 
that previously reported to produce a discernable apoptotic 
effect in HL-60 cells [10], whereby exposure to 3 gM ara-C 
for 24-48 h was required. Furthermore, the nucleosomal 
fragmentation pattern arises from genomic DNA; our stud- 
ies using radiolabeled precursor o1 ara-C were designed to 
measure incorporation into nDNA. If intranucleosomal 
fragmentation of radiolabeled DNA had occurred in our 
studies, we are confident that the Gen-Pak FAX HPLC 
system used would have readily detected the expected 
DNA fragments of multiples of 200 bp. 

In their classic paper, Graham and Whitmore [7] have 
reported that the frequency with which ara-C occupies a 
chain terminus position is <10% for both nDNA and 
genomic DNA. This was accomplished by the exposure of 
L-cells to I gM [3H]-ara-C for 4 h followed by "chasing" 
for 6 h with 0.1 mM dCyd. DNA was obtained first from a 
portion of the cells after the 4-h ara-C "pulse" and again 
after the dCyd "chase" by precipitation with perchloric 
acid followed by alkaline hydrolysis (0.5 N NaOH) of 
RNA. The nuclease-digestion technique applied was iden- 
tical to that used in the present studies. The DNA that the 
above-mentioned authors digested immediately after the 
4-h exposure to [3H]-ara-C should represent ara-C incorpo- 
rated into nDNA. Since they found ara-C to reside almost 
exclusively in an internal position in their nDNA fraction, 
their results differ substantially from those presented 
herein for nDNA-containing ara-C obtained by pH 11.0 
alkaline elution. When corrected for differences in cell 
number, the total amount of acid-insoluble radioactivity 
detected by Graham and Whitmore following the 6-h chase 
was 2.3-fold that obtained following the 4-h ara-C pulse. 
Although this may have been due to the utilization of 
preexisting intracellular ara-CTP pools during the 6-h peri- 
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od of dCyd exposure, it is possible that the crucial small 
fragments of nDNA that were present immediately after 
the 4-h ara-C exposure might have been lost during the 
DNA purification process, and this may account for the 
discrepancy between our findings and those of Graham and 
Whitmore. 

By demonstrating that an enhanced proportion of ara-C 
residues was incorporated into the chain terminus of short 
nDNA fragments, we reconciled the previously reported 
chain-terminating effects of ara-C in cell-free systems with 
the observed internal incorporation of ara-C in DNA ob- 
tained from intact cells. Thus, the present studies serve to 
elucidate further the processes by which ara-C interacts 
with the mammalian DNA replicative mechanism. We are 
continuing our efforts to define precisely the molecular 
effects of ara-C on DNA synthesis and function with the 
goal translating such knowledge into schemes to enhance 
its clinical effectiveness. 
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