BIOCHEMISTRY

including biophysical chemistry & molecular biology

Article

Biochemistry 2010, 49, 4833-4840 4833
DOI: 10.1021/b1100200c

Incorporation of Gemcitabine and Cytarabine into DNA by DNA Polymerase 8 and
Ligase I1I/XRCC1'

A. S. Prakasha Gowda,* Joanna M. Polizzi,* Kristin A. Eckert,’ and Thomas E. Spratt""i

*Department of Biochemistry and Molecular Biology and *Department of Pathology, The Pennsylvania State University,
Hershey, Pennsylvania 17033

Received February 9, 2010, Revised Manuscript Received May 7, 2010

ABSTRACT: 1-B-D-Arabinofuranosylcytosine (cytarabine, araC) and 2',2'-difluoro-2'-deoxycytidine (gemcitabine,
dFdC), are effective cancer chemotherapeutic agents due to their ability to become incorporated into DNA and then
subsequently inhibit DNA synthesis by replicative DNA polymerases. However, the impact of these 3'-modified
nucleotides on the activity of specialized DNA polymerases has not been investigated. The role of polymerase 5 and
base excision repair may be of particular importance due to the increased oxidative stress in tumors, increased
oxidative stress caused by chemotherapy treatment, and the variable amounts of polymerase 3 in tumors. Here we
directly investigate the incorporation of the 5-triphosphorylated form of araC, dFdC, 2'-fluoro-2'-deoxycytidine
(FAC), and cytidine into two nicked DNA substrates and the subsequent ligation. Opposite template dG, the relative
kpoi/Ky4 for incorporation was dCTP > araCTP, dFdCTP > rCTP. The relative kpq/Ky for FACTP depended on
sequence. The effect on k. /Ky was due largely to changes in ko with no differences in the affinity of the nucleoside
triphosphates to the polymerase. Ligation efficiency by T4 ligase and ligase III[/XRCC1 was largely unaftected by the
nucleotide analogues. Our results show that BER is capable of incorporating araC and dFdC into the genome.

Nucleoside analogues are an important class of cancer che-
motherapeutics that are used for the treatment of various
malignancies. Two drugs of this class, 1-3-p-arabinofuranosyl-
cytosine (cytarabine, araC)" and 2',2"-difluoro-2'-deoxycytidine
(gemcitabine, dFdC), are analogues of 2'-deoxycytidine (dC)
(Chart 1). AraC is successful in the treatment of acute myeloid
leukemia and hematological malignances (/). Gemcitabine is
successfully used as a single agent or in combination chemother-
apy in the treatment of non-small cell lung (2), pancreatic (3, 4),
ovarian (9), and breast cancer (6, 7), as well as in the treatment of
hematological malignancies (8). Gemcitabine has also shown
promising efficacy for the treatment of other malignancies (9),
suggesting more widespread use in the future. In addition to its
use as a monotherapy, gemcitabine is often most effective when
used as part of a combination therapy, frequently with platinum-
based and topoisomerase-targeted chemotherapeutic agents.

The mechanism of action of each drug is multifaceted but
primarily involves inhibiting DNA synthesis (/0—12). Both araC
and dFdC are transported into the cell where they are activated
by phosphorylation (10, 13). 2',2-Difluoro-2'-deoxycytidine 5'-
diphosphate (dFdCDP) is a potent inhibitor of ribonucleotide
reductase (/4—16), which will lower dNTP pools and lead to
inhibition of DNA synthesis. The triphosphates of dFdC and
araC are incorporated into DNA opposite dG but then inhibit
DNA synthesis. When araC and dFdC are incorporated into
DNA, they are also potent inhibitors of topoisomerase I (17, 18).
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In vitro primer extension reactions with DNA polymerases o
(pol @) and ¢ (pol ¢€) have shown that araCTP and dFdCTP
inhibit DNA synthesis by becoming incorporated into the DNA
and then inhibiting DNA synthesis (10, 11, 19) as illustrated in
Scheme 1A. Steady-state studies found that pol € and pol a incor-
porate dFdCTP 20—80-fold less efficiently than dCTP (11, 19).
Inhibition by araC occurs immediately after araC incorpora-
tion, while dFdC inhibits via a masked termination mechanism
in which, after dFdC incorporation, an additional nucleotide
is incorporated after which DNA synthesis is inhibited. It is
thought that the addition of a correct base pair prevents the
proofreading exonuclease activity of DNA pol & to remove
dFdCMP once incorporated into DNA (11). The effect of the
inhibition varies with polymerase. AraC and dFdC inhibit pol o
and pol e more than DNA polymerase 0 (20). Inhibition of DNA
synthesis by dFdC by the masked termination mechanismis not a
universal mechanism. While the mammalian B-family poly-
merases are inhibited by dFdC via the masked termination
mechanisms, pol y is not (21).

While the replicative polymerases synthesize the vast majority
of DNA in a cell, there is evidence that specialized polymerases
play a role in the incorporation of these nucleotide analogues into
the DNA. Gemcitabine induces S-phase arrest (22) and stalls
replication forks and induces H2AX phosphorylation (23), events
that signal the action of translesion DNA polymerases to rescue
stalled replication forks. In addition, the cytotoxic effects of araC
and dFdC are dependent on the activity of the translesion DNA
polymerase 7 (24, 25). These results suggest that translesion
bypass polymerases play a role in the incorporation of these
nucleoside analogues into the DNA. In addition, DNA repair
polymerases also appear to be important in the cytotoxicity of
araC and dFdC. For example, the a major route of incorporation
of araC into the genome is through DNA replication accompany-
ing DNA repair (12). Furthermore, gemcitabine is slightly less
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Chart 1: Structures of 2’-Deoxycytidine (dC), 1-3-p-Arabino-

furanosylcytosine (araC), Cytidine (rC), 2'-Fluoro-2'-deoxycy-
tidine (FdC), and 2’,2-Difluoro-2'-deoxycytidine (dFdC)

Scheme 1
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toxic to BER-deficient cells, suggesting that DNA polymerase /3
(pol §) may be responsible for some of gemcitabine’s toxicity (26).
The increased oxidative stress of the tumor (27—29) and the
induction of oxidative stress by the chemotherapeutic regimen
(2,5, 30, 31)may also lead to the incorporation of araC and dFdC
via BER (33). In addition, several tumor types, including kidney,
breast, prostate, uterus, ovary, colon, lung, stomach, and rectum,
have even been shown to have increased expression of pol f (32).

In this report, we have evaluated the potential of incorporation
of araC and dFdC via the base excision repair (BER) pathway.
During BER, DNA damage is recognized and excised by DNA
glycoslylases and/or endonucleases leaving behind a gap in the
DNA that is filled by DNA pol 5 and then sealed by DNA ligase
II/XRCCI, as illustrated in Scheme 1B. This pathway bypasses
the traditional and masked chain termination mechanisms of
these drugs and may provide an efficient pathway or the
incorporation of the drugs into the genome.

MATERIALS AND METHODS

Reagents. T4 polynucleotide kinase was purchased from
Epicenter (Lexington, KY) and [y-**PJATP (6000 Ci/mmol)
from Perkin-Elmer (Waltham, MA). T4 ligase was purchased
from New England Biolabs. The concentration was determined
kinetically as described (33, 34). Human ligase III and XRCCI1
were purchased from Enzymax (Lexington, KY). DNA oligo-
mers were purchased from IDT (San Jose, CA). The nucleoside
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Chart 2: DNA Substrates

DNA-1 OH TOAQ-

5'-CTACTGCGGGTTTAGAT GTCGGTCCGCACGGC-3'
3'-GATGACGCCCAAATCTAGCAGCCAGGCGTGCCG-5'

DNA-2 ?H F"OAZ

5-CTACTGCGGGTTTAGATX GTCGGTCCGCACGGC-3'
3'-GATGACGCCCAAATCTAG-CAGCCAGGCGTGCCG-5'
DNA-3 ?H "’042’

5'- GAAGACTGGTGAAGACTTGAG TACAGGTCGATTCATGG-3'
3'-ACTTCTGACCACTTCTGAACTCGATGTCCAGCTAAGTACC-5'

DNA-4 ?H 1‘9042'
5'- GAAGACTGGTGAAGACTTGAGX TACAGGTCGATTCATGG-3'

3'-ACTTCTGACCACTTCTGAACTCG-ATGTCCAGCTAAGTACC-5'

triphosphates, dCTP and rCTP, were purchased from Promega
(Madison, WI). Modified nucleoside triphosphates, araCTP and
FdCTP, were purchased from Trilink Biotechnologies (San
Diego, CA). Gemzar (Eli Lilly and Co., Indianapolis, IN) was
purchased from the Outpatient Pharmacy at the Penn State
Hershey Medical Center. Gemcitabine was converted to the
triphosphate by the procedure described by Ludwig (35) as
described in the Supporting Information. The concentrations
of the dNTPs were each determined by UV absorbance (41).

Generation and Purification of Histidine-Tagged Poly-
merase 3. Protein expression and purification were performed as
previously described (36). Dr. Joann Sweasy (Yale University,
New Haven, CT) supplied the cDNA of WT polymerase  which
was subcloned behind an N-terminal hexahistidine tag in the
pET28a vector and transformed into BL21-ADE3 Escherichia coli
cells. Purity was confirmed by SDS—PAGE as shown in the
Supporting Information.

DNA Substrates. The DNA substrates contain a template, a
primer, and a downstream blocking oligodeoxynucleotide as
illustrated in Chart 2. The primer strands were 5'-end-labeled
with P using T4 polynucleotide kinase and [y-"PJATP (6000
Ci/mmol) as previously described (37). The blocking strands
were phosphorylated on the 5'-end with nonradioactive ATP.
The unreacted [y-**PJATP and ATP were removed using a
G-25 spin column and annealed at a primer:blocker:template
ratio of 1:3:1.

Steady-State Kinetic Experiments. Reactions were per-
formed in pol § reaction buffer (50 mM Tris-HCI (pH 7.5), 100
mM NaCl, 100 ug/mL BSA, 1 mM DTT, 5 mM MgCl,) and
various concentrations of dNTPs at 37 °C. The reactions were
initiated by the addition of dNTP and MgCl, to DNA poly-
merase f3 and a radiolabeled gapped DNA substrate. The DNA
concentration was 10 nM, the dNTP concentrations ranged from
0.01 to 1000 uM, and DNA polymerase f concentrations ranged
from 0.1 to 1 nM. Reactions were quenched at various times with
STOP solution consisting of 10% 300 mM EDTA (pH 8.0) and
90% formamide containing 0.025% (w/v) bromophenol blue and
0.025% (w/v) xylene cyanol.

Pre-Steady-State Kinetic Experiments. A KinTek-3 rapid
quench apparatus was used to perform experiments ranging in
time from 2 ms to 60 s at 37 °C in pol j reaction buffer and
various concentrations of ANTP. The reactions were initiated by
the addition of ANTP and MgCl, to DNA polymerase 5 and a
radiolabeled single nucleotide gapped DNA substrate. During
the burst reactions, the final concentrations of DNA and poly-
merase were 40 and 10 nM, respectively. During the single-
turnover experiments, the final concentrations of DNA and
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Table 1: Kinetic Parameters for DNA Polymerase 5 Catalyzed Incorporation of dCTP and Analogues into DNA

steady-state parameters

single-turnover parameters

dNTP kcat (Sil) Km (/lM) kcat/Km (Mil Sil) kpol (Sil) Kd (/'{M) kpol/Kd (Mil Sil)
DNA Substrate: DNA-1
dCTP 0.1240.01 0.50+0.14 240000 46+19 18+6 256000
dFdCTP 0.12+0.01 24+ 07 5100 14+0.2 36 £21 38900
araCTP 0.103 £0.005 6+4 27000 1.0£0.1 26£6 38500
FdCTP 0.015+0.0009 1242 1400 1.4+£0.07 2742 52000
rCTP 0.015£0.001 175+29 84 0.0020 £ 0.0001 30+6 67
DNA Substrate: DNA-3
dCTP 0.124+0.03 0.524+0.02 230000 35+£0.2 7.8+0.2 450000
dFdCTP 0.0018 £0.001 24+ 4 0.66+0.5 144 £6.6 46000
araCTP 0.0025£0.001 12+2 210 0.95+0.03 9.7+ 1.7 98000
FdCTP 0.0051 + 0.0003 S1+3 0.0029 £0.0001 16+3 180
rCTP 0.003140.0003 31£12 100 0.001740.0001 10+4 170

polymerase were 10 and 40 nM, respectively. Reactions were
quenched with 300 mM EDTA (pH 8.0).

Ligation Assay. The nicked DNA substrates (DNA-2 and
DNA-4) were created by incubating a 5'-*?P-labeled single
nucleotide gapped DNA substrate with DNA polymerase f
and 200 uM dNTP at 37 °C in pol 5 reaction buffer for at least
15 min. The T4 ligase or ligase III/XRCCI was preincubated with
ATP for 15 min in T4 reaction buffer (33 mM Tris—acetate (pH
7.8), 66 mM potassium acetate, 10 mM magnesium acetate, and
0.5mM DTT) or ligase I1I/XRCC1 reaction buffer (50 mM Tris-
HCI (pH 7.4), 20 mM NaCl, I mM DTT, and 10 mM MgCl,).
The newly formed nicked DNA substrate was subsequently
reacted with ligase in the appropriate reaction buffer. The
reactions were quenched with STOP solution.

Product Analysis by Polyacrylamide Gel Electrophoresis
(PAGE). The reaction products were separated on a denaturing
PAGE in 15% acrylamide (19:1 acrylamide:N,N'-methylen-
ebisacrylamide) and 7 M urea in 89 mM Tris, 89 mM boric acid,
and 2 mM Na,EDTA. The size of the gel was 40 cm x33 cm x0.4
cm and was run at 2000 V for 2—2.5 h. The gel was visualized and
quantified using a Typhoon 9200 phosphoimager with Image-
Quant software. The progress of the reaction was quantitated by
dividing the total radioactivity of the product band by the
radioactivity of the product and reactant bands.

Data Analysis. Data were fitted by nonlinear regression
using Prism version 4 for Windows (GraphPad Software,
San Diego, CA; www.graphpad.com). Steady-state parameters
were determined by fitting the data to eq 1, where vy is the initial
rate, E is the polymerase, and K, is the Michaelis constant for the
dNTP.

Data from the burst reactions were fitted to eq 2 in which P is
the total product formed, k the burst rate constant, k the steady-
state rate constant, 4 the burst amplitude, and ¢ time. The
dissociation constant of the DNA, Ks°™* was determined by
fitting the burst amplitude 4 versus the polymerase concentration
[E] to eq 3 in which [D] is the concentration of the DNA. The
single-turnover experiments were fitted to eq 4 in which P is the
amount of product formed, A the amplitude of the reaction, and
k the first-order rate constant for the incorporation of ANTP. The
k determined for each concentration was then fit to a hyperbolic
equation (eq 5), where k,, is the maximum k of dNTP incorpora-
tion and Kz is the dissociation constant for the dNTP with
the polymerase—DNA complex.

The observed rates (k) for the ligase III/XRCCI and the T4
ligase reactions were calculated using the first-order equation (eq 4).

w0 kea[dNTP), 1)
[El, K+ [dNTP],

P=A(l—e ") 4kt (2)

(ID]+ [E] + K™ = \/ (ID]+[E}+K4™**) — 4[E|[D]
2

P=A(1—e ") (4)

koot [ANTP],
k= dI\II)TP (5)
Ky + [dNTP]O

RESULTS

Steady-State DNA Polymerase Kinetics. The incorpora-
tion of dCTP, rCTP, araCTP, FACTP, and dFdCTP into the two
single nucleotide gapped substrates DNA-1 and DNA-3 pol 5 was
examined under steady-state conditions. The results are sum-
marized in Table 1. In both sequences, the k., /Ky, for rCTP was
3 orders of magnitude less than that of dCTP, similar to previous
results (38, 39). We found that the reduced k., /K, was due to a
decrease in ke, as well as an increase in K, as was found pre-
viously (38). The ke, /K, for araCTP and dFdCTP was 5—40-fold
less than dCTP in DNA-1 but 1200—2400-fold less with DNA-3. In
both sequence contexts, the K, for dCTP was much lower than
that for the analogues, but in DNA-1 the kg, values for the
analogues were equivalent to that of dCTP, while in DNA-3, the
keat for dFACTP and araCTP were decreased ~50-fold versus
dCTP. The kinetics of incorporation of FACTP also depended on
sequence. In the DNA-1 context, FACTP was incorporated as
rapidly as araCTP and dFdCTP while with DNA-3, the rate was as
slow as rCTP. To gain a greater understanding of the mechanism,
we evaluated the reaction under single-turnover conditions.

Pre-Steady-State DNA Polymerase Kinetics. The poly-
merase kinetic scheme is quite complex, and the steady-state
kinetic parameters cannot be assigned to individual steps. The K,
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FIGURE 1: Determination of the K;°M. (A) Reaction of 100 uM
dCTP and 25 nM DNA-3 with 5 (W), 7.5 (a), 10 (¥), 30 (O), 50 (@),
and 100 (O) nM pol B. The lines are the best fit to eq 2. (B)
Determination of Ks°™A. The burst amplitudes for DNA-1 (0)
and DNA-3 (M) are plotted against concentration of pol . The
points are the mean =+ standard deviation of three determinations.
The lines are the best fit to eq 3 for DNA-I (---) and DNA-3 (—).

parameter is especially difficult to interpret. To gain a better
understanding of the mechanism underlying the selectivity at the
2'-position, we analyzed the incorporation with single-turnover
kinetics. Under these conditions, the rate-limiting step is phos-
phodiester bond formation (40—42).

The K™ was determined as illustrated in Figure 1. The
burst amplitudes were determined at various concentrations of
pol 5 at constant DNA concentrations. The time course data
were fitted to eq 2. The burst amplitude was then plotted against
the concentration of pol § and fitted to eq 3. The Ks°™ was
determined to be 7.5 £ 1.8 nM for DNA-1 and 1.4 £ 0.7 for
DNA-3. While the percent error in the error in the K;°™* for
DNA-3is large, the overall conclusion is that the DNA is tightly
bound to the polymerase with both sequences.

The ability of DNA polymerase 3 to incorporate dCTP and its
analogues into a gapped DNA substrate was further character-
ized using single-turnover kinetic studies in which enzyme was
used in a 4-fold excess over DNA. These concentrations were
employed to ensure that the reactions went to >80% completion
with dCTP. The time courses were fitted to eq 4 and first-order
rate constants determined. The first-order rate constants were
plotted against triphosphate concentration and fitted to eq 5 as
illustrated in Figure 2. The k,q and KNP values are listed in
Table 1. The kpo and KNP values for dCTP are similar to those
determined previously (43, 44).

For both sequences, the selectivity against rCTP incorporation
was 3 orders of magnitude. The differences in rate between dCTP
and rCTP are due to decreased rate of phosphodiester bond
formation (k,;), not binding affinity of the nucleoside tripho-
sphate (K4"'F). This observation differs slightly from E. coli
DNA polymerase I (exo ) in which while ribose discrimination is
primarily due to a decrease in k., the ribose triphosphate binds
10-fold less effectively than the ANTP (45).
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FIGURE 2: Determination of k,,; and Kq4NTP Plot of first-order rate
constant (k) versus concentration of NTP for reaction between 40 nM
pol S and 10 nM (A) DNA-1 and (B) DNA-3. The triphosphates are
represented by the symbols dCTP (M), araCTP (#), FACTP (v),
dFdCTP (@), and rCTP (a). The solid lines are the best fit toeq 5. The
insert in panel B shows the data for dFACTP and rCTP with an
expanded Y-axis.

In DNA-1, the decreased k., /Ky, for araC and dFdC are due
to increased K, values. The single-turnover experiments demon-
strated that the increased K, values were due to up to 2-fold
increases in Kg"N"" and ~4-fold decreases in rates of phospho-
diester bond formation (k). The decreased rate of phospho-
diester bond formation is not reflected in the k., parameter
because the dissociation of the DNA from the polymerase is rate
limiting, which is typical of DNA polymerases. In contrast, with
DNA-3, the larger decreases in k¢, /Ky, are due to increased K,
values as with DNA-1 as well as decreased k., values. The single-
turnover experiments indicate that the rates of phosphodiester
bond formation are rapid, similar to those with DNA-1. The
small increases in KN 'F and decreases in kpol can account for the
increase in K, for dFACTP and araCTP with DNA-3. The
reduction in k, is independent from the binding and catalytic
steps and may be due to a decrease in the rate of dissociation of
the DNA from the polymerase.

A reduced rate of the dissociation of the DNA from the poly-
merase was investigated further by the experiments in Figure 3 in
which the incorporation of dCTP, araCTP, and dFdCTP into
DNA-3 was performed with 50 nM DNA and 10 nM pol . The
time course data show the formation of product is two phase in
which the initial first-order burst is followed by a linear steady-
state formation of product that can be fitted to eq 2. The burst
rates for dCTP (2.6 s~ "), araCTP (0.47 s~ '), and dFdCTP (0.23
s~!) are similar to those found for the kpo values shown in
Table 1. The burst amplitudes are all approximately 10 nM and
equal to the polymerase concentration. The steady-state rates
differ, with the ky for dCTP (1.0 nM s~ ') much greater than those
for araCTP (0.026 nM s~ ') and dFdCTP (0.026 nM s~ ). As the
kg = keapol B, these ks values are consistent with the k., values
shown in Table 1. The results indicate that the difference in
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sequence causes differences in the rate of dissociation of the DNA
from the polymerase.

Ligation. During BER, after pol 5 incorporates dFdC and
araC into the DNA, the product must be ligated. We examined the
ability of araC and dFdC to be ligated using T4 ligase I and human
ligase III/XRCCI. The nicked substrates for the ligation experi-
ments were synthesized in situ by incubating pol § and NTP with
the single nucleotide gapped substrates DNA-1 and DNA-3 to
produce DNA-2 and DNA-4. The ability of the products of the pol
[ reactions to be ligated was initially evaluated with T4 ligase. The
ligation was monitored by PAGE as illustrated in Figure 4. The
ligation was performed using enzyme in excess over DNA (40 nM
T4 ligase and 10 nM DNA) and was analyzed by first-order
kinetics (eq 4). The first-order rate constants are listed in Table 2.
Ligation was rapid for DNA-2 but was 50-fold slower for DNA-4.
The identity of the nucleotide does not significantly influence the
reaction rate. The maximum rate reduction was 5-fold with dFdC
in DNA-2. Previously, it was found that araC was ligated approxi-
mately 3-fold more slowly than dC when placed at the 3'-
terminus (46). We found that araC affected the rate of incorpora-
tion minimally.

To gain a better understanding of what may be occurring in
humans, we examined the ability of the ligase III/XRCCI
complex to seal the nicked DNA substrates. Ligation was
performed as described above with a 4-fold excess of ligase 111/
XRCCI over DNA. The results show that the rate of ligation
with dC by ligase III/XRCC1 was less affected by DNA sequence

product (nM)

T T T v L)
0 50 100 150
time (s)

F1GURE 3: Burst kinetics for the incorporation of dCTP (M), araCTP
(a), and dFACTP (@) into DNA-3 with 10 nM pol 3, 50 nM DNA-3,
and 100 uM NTP. The insert shows the time course up to 10 s. Each
data point is the mean of three determinations, and the error bars
represent the standard deviations. The line is the best fit curve to eq 2
with the following parameters: dCTP, 4 = 9.8 nM, k = 6.8 s kg =
1.0nMs L araCTP, 4 = 11nM, k = 047s ! kg = 0.026nM s~ 1;
dFdCTP, 4 = 92nM, k = 023s ", kg = 0.026 nM s~ .

A. dC

Ligation —» - ...

B. dFdC
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than T4 ligase; DNA-2 was ligated 4-fold faster than DNA-4. As
with T4 ligase, the identity of the nucleotide at the 3'-terminus did
not significantly affect the rate of ligation. In DNA-2, the rate of
ligation with dFdC was reduced 10-fold, and the rate of ligation
with araC was reduced 60-fold. However in DNA-4, dFdC did
not affect the rate of ligation while araC slowed down ligation
only 3-fold (Figure 5).

DISCUSSION

DNA Polymerase 3. The DNA polymerase kinetic mechan-
ism consists of multiple steps that can be visualized by a variety of
techniques and experimental protocols (41, 42, 47, 48). Under
single-turnover conditions, phosphodiester bond formation is
rate limiting for both correct and mispair formation (41, 42, 47).
Under multiple-turnover conditions, however, dissociation of the
DNA from the polymerase is rate limiting. We found that the 2'-
ribose substitutions have a variable effect on pol 8 catalyzed
incorporation. As previously documented (38, 39), we also found
rCTP to be a poor substrate, with ke,/K;,, and kpol/KddNTp values
3 orders of magnitude less than that of dCTP. We found that the
hydroxyl substitution causes the large decrease in the rate of
phosphodiester bond formation but does not significantly affect
the binding of the triphosphate to the polymerase. The rate of
phosphodiester bond formation is rate limiting in both single-
and multiple-turnover reactions for rCTP. araCTP and dFdCTP
are relatively good substrates in spite of the substitutions at the 2'-
positions. The rate of phosphodiester bond formation is de-
creased approximately S5-fold in both DNA-1 and DNA-3.
However, with DNA-3, the rate of product dissociation is much
slower with araC and dFdC incorporated in the DNA. The rate
of phosphodiester bond formation with FACTP varied with
sequence. In DNA-1, it was only 4-fold less than that of dCTP
while in DNA-3, it was as poor a substrate as rCTP.

High-fidelity DNA polymerases use steric interactions on the
minor groove side of the ribose to select against ribonucleoside
triphosphate incorporation. These interactions are via side chains in
the A-, B-, and Y-families as well as with HIV-RT (43, 49—54).
Crystallography experiments have suggested that pol f selects
against ribose incorporation through steric exclusion by the protein
backbone segment spanning Tyr271 to Gly274 (55, 56). The mecha-
nisms of ribose exclusion of two X-family polymerases have been
examined. Pol y, an X-family polymerase that readily incorporates
rNTPs, has a Gly at the position that corresponds to Tyr271 in pol
f. Changing the Gly to Tyr created a polymerase (G433Y) that
effectively discriminates against rNTPs (39). The mechanism by
which pol A discriminates against INTP incorporation is more

C. araC

e -—-—-—-— -

Substrate —»
Primer — S %a 2 2 222 PR o Lo s

P S 1 2 5 10 20 40 P S

2 5 10 20 40 P S 1 2 5 10 20 40

FiGuRrE 4: Ligation by the ligase III/XRCCI1 complex. Single gapped DNA (5 nM) and polymerase 5 (1 nM) were reacted with 200 4M (A) dCTP,
(B) dFACTP, and (C) araCTP to form a nicked DNA substrate in 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 5 mM
MgCl,, and 100 ug/mL BSA. P is 17-mer primer and S is nicked DNA substrate. The nicked DNA (2.5 nM) substrate was then incubated with 10
nM ligase [II/XRCCI1 complex at 37 °C. The reactions were quenched with EDTA at 1, 2, 5, 10, 20, and 40 min, and the reactants and products

were resolved by PAGE and analyzed by phosphorimaging.
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Table 2: Rates for T4 Ligase and Ligase I1I/XRCCI Catalyzed Nick Sealing of dCMP and Analogues

DNA-2 DNA-4
X T4 ligase® kops (min~") ligase I1I/XRCC1? kps (min~t) T4 ligase” kops (min~") ligase I1T/XRCC1? kyps (min~)
dC 16+ 4 0.84+0.1 0.204+0.02 0.2140.01
dFdC 3.1+0.7 0.08£0.01 0.15+0.02 0.27+0.03
araC 1243 0.014 +0.002 0.154+0.02 0.077+0.008
FdC 10+£3 0.34 £+ 0.04 0.24+0.03 0.27+£0.03
rC 942 0.38 4+ 0.04 0.264+0.03 0.464+0.03

“10 nM DNA, 40 nM T4 ligase, and 2 mM ATP. %10 nM DNA, 10 nM ligase 111, 10 nM XRCCI, and 2 mM ATP.
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FIGURE 5: Time course for ligation of DNA-2 and DNA-4 containing dC (M), araC (¥), FdC (@), dFdC (®), or rC (a). Reaction between (A) 200
nM T4 ligase and 40 nM DNA-2, (B) 200 nM T4 ligase and 40 nM DNA-4, (C) 40 nM ligase III/XRCC1 and 10 nM DNA-2, and (D) 40 nM ligase

III/XRCCI1 and 10 nM DNA-4.

complex in that side chain and backbone interactions are
responsible for ribose discrimination (57).

We would not expect steric interactions to play a major role in
selectivity against araCTP. While araC contains a 2'-hydroxyl
group, it points toward the major groove and would not interact
with the steric gate that selects against ribose. NMR structures of
araC in oligonucleotides reveal that the ribose ring forms the
canonical 2’-endo pucker of a dC moiety, but small differences in
the torsional angles lead to an increase in helical bending (58—61).
The changes in conformation do not lead to large decreased rates
of incorporation.

The 2'-fluoro substituents of FACTP and dFdCTP increase the
electron density at that position, increase the physical size, and
change the puckering of the ribose ring (62). While DNA has the
2'-endo conformation, dFdC has the 3'-endo conformation (63).
2'-(R)-Fluoronucleosides with the stereochemistry opposite of
FACTP exhibit a O4'-endo pucker (64, 65). The conformational
consequences of the 2'-(S)-fluoronucleosides, that we employed,
are not known. Despite these differences, the kpq/ KNP of
dFdCTP s only 10-fold less than that of dCTP. The 10-fold reduc-
tion in kpq/ Ky of dFdCTP can be due to one or a combination of
these effects.

FACTP shows dramatic differences depending on DNA
sequence. FACTP is a good substrate with DNA-1 but a very
poor substrate with DNA-3 due to a decreased ko value.
Local DNA sequences affect DNA polymerases. For instance,
sequence-dependent mutational frequencies have been noted
for pol B (66). Thus, the local DNA sequence must introduce
structural changes in the polymerase—DNA interactions that
affect fidelity as well as selectivity of nucleotides modified at the
2'-position.

The mechanism by which dFdC and araC can affect the
dissociation of DNA from pol f is not readily apparent. The
working hypothesis is that araC and dFdC can induce sequence-
specific conformations that affect the binding affinity of the
DNA. The tight binding of pol f to the nicked araC and dFdC
DNA may inhibit ligation of the nick, thereby extending the
lifetime of the potentially cytotoxic nicked DNA. Thus, the tight
binding of araC and dFdC nicked DNA to pol  may have
implications in vivo.

Ligation. Enzymatic ligation consists of four steps: (i) a
catalytic lysine attacks the a-phosphate of ATP, generating a
lysyl-AMP adduct and releasing pyrophosphate, (ii) the adeny-
lylated ligase binds nicked DNA and (iii) transfers the AMP
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group from lysine to the 5'-phosphate of the nick, and (iv) the 3'-
hydroxyl of the nick then attacks the adenylylated 5'-phosphate,
forming a phosphodiester bond and eliminating AMP. Human
DNA ligase I and III discriminate strongly between a correctly
paired versus a mispaired residue at the 3'-position of a nick in
DNA (67). However, RNA on the 3'-end of the nick is well
tolerated by ligase I (68). The crystal structure of human ligase I
with nicked DNA showed that the 5'-phosphorylated end of the
DNA substrate is positioned in the active site of ligase I by
extensive interactions with the 5'-AMP group. In contrast, the 3'-
OH end makes few interactions with the enzyme, and proper
alignment is dependent on interstrand base pairing (68).

We found that for both T4 ligase and ligase III/XRCCI the
identity of the nucleotide analogue had minimal effect on the rate
of reaction. Ligase III/XRCCI was affected to a greater extent,
and the effect was dependent on the dC analogue and the
sequence. For example, with DNA-2, ligation of araC was
inhibited 50-fold and dFdC was inhibited 330-fold, while in
DNA-4, ligation of dFdC was not inhibited while ligation of araC
was inhibited 20-fold.

The mechanism of inhibition was not evaluated but may
include a decreased rate of nick sealing (step iv described above).
It is in this step that the dC analogue would actively take part in
the reaction. The 2'-substitutions affect the conformation of the
ribose ring and consequently the orientation of the 3'-hydroxyl.
The position of this hydroxyl is important because it acts as the
nucleophile in the final nick sealing step. Small alterations in this
position should significantly affect reactivity.

Potential Relevance to Clinical Toxicity. Our results
indicate that pol 8 has considerable opportunity to incorporate
dFdC and araC into the DNA. This can be a mechanism by
which araC and dFdC are incorporated into the DNA during
toxicity and can result due to decreased ability of ligase I11 to seal
the nick leaving a single-strand break that can prove fatal to the
cell. Several tumor tissues have been shown to have increased
expression of pol 3 (32), which may provide more opportunity for
the incorporation of gemcitabine into the genome via the BER
pathway and thus make it more cytotoxic in individuals with
these types of tumors.
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