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Gemcitabine, 2’-deoxy-2',2'-difluorocytidine (dFdC), is a
drug approved for use against various solid tumors. Clinically,
this moderately toxic nucleoside analog causes peripheral neu-
ropathy, hematological dysfunction, and pulmonary toxicity in
cancer patients. Although these side effects closely mimic symp-
toms of mitochondrial dysfunction, there is no direct evidence to
show gemcitabine interferes with mitochondrial DNA replication
catalyzed by human DNA polymerase 7. Here we employed pre-
steady state kinetic methods to directly investigate the incorpora-
tion of the 5'-triphosphorylated form of gemcitabine (dFdCTP),
the excision of the incorporated monophosphorylated form
(dFACMP), and the bypass of template base dFdC catalyzed by
human DNA polymerase y. Opposite template base dG, dFACTP
was incorporated with a 432-fold lower efficiency than dCTP.
Although dFdC is not a chain terminator, the incorporated
dFdCMP decreased the incorporation efficiency of the next 2 cor-
rect nucleotides by 214- and 7-fold, respectively. Moreover, the
primer 3’-dFACMP was excised with a 50-fold slower rate than the
matched 3’-dCMP. When dFdC was encountered as a template
base, DNA polymerase y paused at the lesion and one downstream
position but eventually elongated the primer to full-length prod-
uct. These pauses were because of a 1,000-fold decrease in nucleo-
tide incorporation efficiency. Interestingly, the polymerase fidelity
at these pause sites decreased by 2 orders of magnitude. Thus, our
pre-steady state kinetic studies provide direct evidence demon-
strating the inhibitory effect of gemcitabine on the activity of
human mitochondrial DNA polymerase.

Many nucleoside analogs are potent anti-cancer and anti-
viral drug compounds. Among 15 Food and Drug Administra-
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tion-approved nucleoside analogs, gemcitabine or 2'-deoxy-
2',2'-difluorocytidine (dFdC,* supplemental Fig. 1) is an anti-
cancer drug that is clinically used for the treatment of non-
small cell lung cancer (1), pancreatic cancer (2), metastatic
breast cancer (3), and ovarian cancer (4). It has also shown
promising efficacy for the treatment of other solid tumors and
hematological malignancies (5-12) suggesting more wide-
spread use in the future. In addition to its use as a monotherapy,
gemcitabine is often most effective when used as part of a com-
bination therapy, frequently with platinum-based and topoi-
somerase-targeted chemotherapeutic agents (13—15).
Gemcitabine is administered in the form of a biologically
inactive prodrug that first permeates the cellular membrane by
facilitated diffusion (16, 17) almost exclusively via the human
equilibrative nucleoside transporter number 1 (17, 18). Follow-
ing transport, dFdC is metabolized to the biologically active
monophosphorylated form (dFdCMP) by deoxycytidine kinase,
which is the rate-limiting step during the activation of gemcit-
abine (19). Subsequently, dFACMP is further phosphorylated
to form the cytotoxic metabolites gemcitabine diphosphate
(dFACDP) and gemcitabine triphosphate (dFdCTP) by cellular
kinases. It has been shown that dFdCTP competes effectively
against endogenous dCTP for incorporation into genomic
DNA (20) and against CTP into RNA (21), and that the proof-
reading exonuclease activity of human DNA polymerase € is
essentially unable to remove dFdACMP once incorporated into
DNA (22). Interestingly, dFdCTP incorporation by human
DNA polymerase « results in “masked termination” of DNA
synthesis where, following a single dFdACTP incorporation into
DNA, the primer is extended by only one additional ANTP
before polymerization is inhibited (20, 22). However, in addi-
tion to being incorporated into DNA and RNA, dFdCDP and
dFdCTP are known to inhibit ribonucleotide reductase,
thereby significantly decreasing cellular dCTP concentrations
and leading to increased phosphorylation of dFdCDP (23, 24).
Furthermore, high concentrations of dFdCTP inhibit CTP syn-
thetase, whereby dCTP and CTP pools are further decreased

*The abbreviations used are: dFdC, 2'-deoxy-2’,2’-difluorocytidine; dFdCMP,
gemcitabine 5'-monophosphate; dFdCDP, gemcitabine 5’-diphosphate;
dFdCTP, gemcitabine 5’-triphosphate; FIAU, 1-(2-deoxy-2-fluoro-B-p-ar-
abinofuranosyl)-5-iodouracil; pol vy, human DNA polymerase y holoen-
zyme; mtDNA, mitochondrial DNA; SSU, human mtDNA polymerase small
subunit.
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(25, 26). Reduced competition from diminished dCTP pools
makes dFACTP incorporation into DNA and RNA more prob-
able, thus promoting cell cycle arrest and apoptosis and inhib-
iting DNA repair (23). Furthermore, dFdACMP and dFACTP also
inhibit dCMP deaminase, the major pathway by which
dFdCMP is metabolized (27). The combined synergistic effect
of these inhibitory activities is termed “self-potentiation” and is
illustrated in supplemental Fig. 2 (28, 29).

Moderate toxicity of gemcitabine has been observed in can-
cer patients with peripheral neuropathy (30, 31) and hemato-
logical dysfunction in which myelosuppression frequently
emerges as the dose-limiting factor (4). The toxicological pro-
file of gemcitabine resembles that of many other anti-viral
nucleoside analogs and frequently mimics the symptoms of
heritable mitochondrial defects (32). Furthermore, the unique
susceptibility of the mitochondria to the toxic effects of nucle-
oside analog drugs makes it a prime suspect as the cause of
gemcitabine-induced toxicity. An excellent precedent to sup-
port this hypothesis is the case of a related nucleoside analog
drug developed by Lilly in the early 1990s. Fialuridine (FIAU), a
nucleoside analog drug similar to gemcitabine but targeted
toward hepatitis B, killed five patients in clinical trials (33, 34)
due to the fact that FIAU is an excellent substrate for human
mitochondrial DNA polymerase holoenzyme (pol ) (33). Pre-
viously, we have used pre-steady state kinetic methods to eval-
uate the mitochondrial toxicity of several anti-HIV nucleoside
analogs and the anti-hepatitis B nucleoside analog FIAU with
recombinant pol vy (35). Our in vitro kinetic data correlate well
with the observed toxicities of these drugs in vivo (36). There-
fore, to evaluate the potential mitochondrial toxicity of gemcit-
abine, we again employed pre-steady state kinetic methods to
evaluate the incorporation, extension, and excision of gemcit-
abine catalyzed by pol v. In addition, we examined whether or
not an incorporated gemcitabine as a template base might lead
to mutations in the next round of mitochondrial DNA synthe-
sis. Our resulting data provide direct evidence for the inhibitory
effect of gemcitabine on the activity of human pol 7.

EXPERIMENTAL PROCEDURES

Materials—What follows is a list of the reagents used for
these experiments and their sources: [y-*>P]ATP from GE
Healthcare; Bio-Spin columns from Bio-Rad; dNTPs from
Invitrogen; dFACTP from Trilink Biotechnologies Inc. (San
Diego); OptiKinase from U. S. Biochemical Corp.

Optimized Reaction Buffer G—Buffer G consisted of 50 mm
Tris-Cl, pH7.5,at 37 °C, 100 mm NaCl, and 2.5 mm MgCl,. Note
that all concentrations listed in this paper refer to the final
concentration after mixing unless otherwise noted.

Optimized Reaction Buffer L—Buffer L consisted of 50 mm
Tris-Cl, pH 8.4, at 37 °C, 100 mm NaCl, 5 mm MgCl,, 0.1 mMm
EDTA, 5 mu dithiothreitol, 0.1 mg/ml bovine serum albumin,
and 10% glycerol.

Optimized Reaction Buffer M—Buffer M consisted of 50 mm
HEPES, pH 8.0, at 25 °C, 12 mm NaCl, 8.75 mm MgCl,, 0.2 mm
EDTA, 5 mm dithiothreitol, 0.1 mg/ml bovine serum albumin,
and 10% glycerol.

Purification of Human Polymerase 'y Subunits—Expression
and purification of wild-type human DNA polymerase 7, its
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exonuclease-deficient mutant E200A, and the small accessory
subunit were carried out as described previously (35, 37).

Synthetic Oligodeoxyribonucleotides—All DNA substrates
not containing gemcitabine were purchased from Integrated
DNA Technologies (Coralville, IA) and purified by denaturing
PAGE (17% acrylamide, 8 M urea). Concentrations of synthetic
oligodeoxyribonucleotides were determined from their UV
absorbance at 260 nm. Primers were 5'-3*P-labeled by incuba-
tion with [y-**P]ATP and OptiKinase at 37 °C for 1 h. The
remaining [y->*P]ATP was subsequently removed by size
exclusion chromatography in a Bio-Spin 6 column. All primers
were annealed to their respective templates in a 1:1.15 (primer:
template) molar ratio by heating the mixture to 95 °C for 10 min
and then slowly cooling to room temperature over ~6 h.

Synthetic Oligodeoxyribonucleotides Containing Gemcitabine—
To create two DNA primers and a template that contain site-
specific gemcitabine, a primer extension and ligation strategy
was employed. Primer 23F-mer (Table 1) was synthesized by
mixing DNA 22/41-mer (Table 1) with 5 um dFACTP and
human DNA polymerase w (38), a template-directed DNA po-
lymerase capable of efficiently incorporating dFdCTP, in reac-
tion buffer M. The reaction was conducted for 2 h at 25°C
yielding maximum conversion of the 22-mer primer to 23F-
mer (Table 1). A simultaneous control reaction was performed
under identical conditions but substituting dCTP for dEdCTP.
The products of both reactions were radiolabeled and com-
pared using sequencing PAGE (17% acrylamide, 8 M urea) at
single nucleotide resolution. The position of the 3'-dFdCMP-
terminated 23F-mer was determined by comparison with the
control reaction. The 23F-mer product was then gel-purified,
thereby simultaneously removing any remaining unreacted
22-mer primer and any multiple incorporation products. A
similar reaction and purification scheme was performed to syn-
thesize primer 24FG-mer (Table 1) except 23F-mer was used as
the starting primer.

To synthesize template 41F-mer (Table 1), the DNA sub-
strate 21-19/35-mer (Table 1) was incubated with 8 um
dFACTP and human DNA polymerase A (39), a template-di-
rected, gap-filling DNA polymerase capable of efficiently incor-
porating dFdCTP, for 5 min at 37 °Cin reaction buffer L to form
the 21F-19/35-mer. Unreacted dFACTP was then removed
using gel filtration (Bio-Spin 6, Bio-Rad). The DNA solution
was heated to 95 °C for 10 min and then slowly cooled to room
temperature over 6 h to re-anneal 21F-19/35-mer (a nicked
DNA substrate). A solution of 10 mm MgCl,, 1 mm ATP, and T4
DNA ligase (11 units/ul) was added to the annealed DNA solu-
tion to ligate the nicked DNA for 7 min at 37 °C. The resulting
41F-mer was radiolabeled and compared with the control DNA
template 41-mer (Table 1) using denaturing PAGE at single
nucleotide resolution, thereby verifying both the incorporation
of dFACMP and the subsequent ligation of the primers. The
resulting 41F-mer was then gel-purified to ensure homoge-
neity. Furthermore, the incorporation and position of the
dFdCMP moiety into the 41F-mer template was additionally
verified through observation of the pause pattern exhibited by
pol vy as it encountered the dFACMP moiety at the expected
position in the template.
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Single-turnover Nucleotide Incorporation Assay—All assays
using pol y were carried out at 37 °C in buffer G containing 2.5
mm MgCl,. For single nucleotide incorporation assays, pol y (90
nM) and its cofactor SSU (450 nm) were combined (1:5 molar
ratio) and preincubated on ice in buffer G for 20 min to form
human pol y holoenzyme. Next, 30 nm of a DNA substrate
containing a 5’-[*P]-labeled DNA primer was added to the
reconstituted holoenzyme (3:1 molar ratio, holoenzyme:DNA)
and incubated on ice for an additional 20 min. The single nucle-
otide incorporation reaction was initiated by the addition of
dNTP and 2.5 mm MgCl, in buffer G using a rapid chemical
quench apparatus (KinTek, Clarence, PA). After varying reac-
tion times at 37 °C, the reactions were quenched by the addition
of 0.37 M EDTA.

Excision Reactions—For the 3’ — 5'-exonuclease assay, wild-
type pol vy (100 nM) and SSU (500 nm) in buffer G were first
preincubated on ice for 20 min to form human pol vy holoen-
zyme and then mixed with 5'-**P-labeled DNA substrate (75
nM) in the absence of Mg>™. The 3’ — 5'-exonuclease reaction
was initiated by the addition of 2.5 mm MgCl, in buffer G using
a rapid chemical quench apparatus. After varying reaction
times at 37 °C, the reactions were quenched by the addition of
0.37 M EDTA. The concentration of remaining full-length
primer as a function of time was quantitated, and the exonucle-
ase reaction time course (Fig. 2) was fit to Equation 3 or 4 to
yield an excision rate constant.

Running Start Nucleotide Incorporation Assay—For the run-
ning start nucleotide incorporation assay, a DNA substrate (30
nM) was first preincubated with a solution of pol y (90 nm) and
SSU (450 nm) in buffer G as described above. This solution was
rapidly mixed with MgCl, (2.5 mm) and dANTPs (100 um each).
The primer elongation at various times was stopped by the
addition of 0.37 M EDTA.

Product Analysis—Products of the polymerase and exonucle-
ase reactions were separated by sequencing gel electrophoresis
(17% acrylamide, 8 M urea, 1X TBE running buffer) and quan-
titated using a PhosphorImager 445 SI (GE Healthcare).

Data Analysis—Kinetic data were fit via nonlinear regression
using KaleidaGraph (Synergy Software). Data from single-turn-
over nucleotide incorporation assays were fit to a single expo-
nential (Equation 1) to obtain an observed incorporation rate
constant (k). The ANTP concentration dependence of &
was fit to a hyperbolic equation (Equation 2) to yield both the
equilibrium dissociation constant (K,) and the maximum
nucleotide incorporation rate constant (k,). Single-phase exo-
nuclease reaction time courses were fit to a single exponential
equation (Equation 3) to yield the exonuclease rate constant
(k..o)- Biphasic exonuclease reaction time courses were fit to a
double exponential (Equation 4) to yield k., ; and reaction
amplitude A, in the fast phase and k., , and reaction amplitude
A, in the slow phase.

[Product] = A(1 — exp(—kepst)) (Eq. 1)
kobs = kp[dNTP]/{[dNTP] + Kd} (qu)
[Product] = A(exp(—keot)) (Eq.3)

[PrOdUCt] = A1(exp(_kexo,‘lt)) + AZ(eXp(_kexo,Zt)) (Eq.4)
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RESULTS

Determination of the Pre-steady State Kinetic Parameters for
dFdCTP and dCTP Incorporation—The kinetic mechanism of
DNA polymerization catalyzed by human pol y holoenzyme
has been established by using pre-steady state kinetic analysis
(35,37, 40,41). This mechanism shows that an incoming ANTP
binds to the pol y"DNA binary complex to establish a rapid
equilibrium prior to nucleotide incorporation (37, 41). There-
fore, the ground state equilibrium dissociation constant of
an incoming ANTP (K,) and its maximum incorporation rate
constant (k,) can be measured by observing the nucleotide con-
centration dependence of the observed single-turnover rate
constant (k,..) (40). To examine the toxicity of gemcitabine
toward human mitochondria resulting from inhibition of pol v,
we first determined the substrate specificity (k,/K,;) of dFdCTP.
Because a nucleotide analog is usually incorporated slowly, and
its incorporation rate constant is comparable or smaller than
the dissociation rate constant of DNA from the enzyme:DNA
binary complex, the burst phase is either insignificant or does
not exist. Thus, the experiments to measure the k,/K, value of
dFdCTP were performed with pol vy in molar excess over DNA
to allow the direct observation of nucleotide incorporation in a
single pass of the reactants through the catalytic cycle without
complications resulting from the steady state formation of
products (42). In addition, because the wild-type pol vy has
highly efficient 3’ — 5'-exonuclease activity (41), which excises
a primer from its 3’ terminus and thereby complicates direct
observation of the incorporation of dFdCTP, we used pol vy
E200A, a well characterized single point mutant at the 3" —
5'-exonuclease active site, to determine the kinetics of dFdCTP
incorporation (40). This mutant incorporates normal nucleo-
tides with similar kinetics as the wild-type pol y but is exonu-
clease-deficient (36).

To measure the pre-steady state kinetic parameters for
dFdCTP incorporation, a preincubated solution of pol y E200A
(90 nM large subunit, 450 nm accessory subunit) and 5'->*P-
labeled 22/41-mer (30 nM, Table 1) was mixed and reacted with
increasing concentrations of dFdCTP at 37 °C for various times.
An autoradiograph gel image (Fig. 14) showed that E200A
gradually incorporated dFdCTP, as primer 22-mer was elon-
gated to 23-mer. Each time course of product formation in Fig.
1B was fit to Equation 1 (see “Experimental Procedures”) to
yield an observed single-turnover rate constant, k.. The &,
values were then plotted as a function of dFdCTP concentra-
tion (Fig. 1C). The data were fit to Equation 2 (see “Experimen-
tal Procedures”) to yield a k, of 2.0 = 0.3s™ "and a K, 0f 21 + 7
uM (Table 2). The substrate specificity of dFACTP was calcu-
lated to be 0.095 um ™~ ' s~ *. Similarly, we measured the k,, (37 +
25~ ") and K, (0.9 = 0.2 um) for the incorporation of dCTP into
the 22/41-mer (Table 1) under single-turnover reaction condi-
tions (data not shown). These kinetic parameters agreed well
with those that were measured under burst reaction conditions
(40), thus validating our single-turnover approach. The incor-
poration efficiency of dCTP was then calculated to be 41 um !
s 1. Thus, the discrimination, defined as the efficiency ratio of
(k,/K ) acrp! (k,/K,)aracrp exhibited by the polymerase activ-
ity of human pol vy against dEdCTP was 432-fold (Table 2).
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TABLE 1

DNA substrates
15/41-mer
22/41-mer
23/41-mer

23F/41-mer”
24FG/41-mer”
25FGT/41-mer”
15/41F-mer”
18/41F-mer”
19/41F-mer”
20/41F-mer”
20T/41F-mer”
21/41F-mer”®
22/41F-mer”
25/45-mer”
21-19/35-mer®

21F-19/35-mer®

5'-GGACGGCATTGGATC
3'-CCTGCCGTAACCTAGCTGCCACTCAACCAACCTGCCGACGC-5'
5'-CGCAGCCGTCCAACCAACTCAC
3'-GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5'
5'-CGCAGCCGTCCAACCAACTCACC
3'-GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5'
5'-CGCAGCCGTCCAACCAACTCACF
3'-GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5'
5'-CGCAGCCGTCCAACCAACTCACFG
3'-GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5'
5'-CGCAGCCGTCCAACCAACTCACFGT
3'-GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTACGGCAGG-5'
5'-GGACGGCATTGGATC
3'-CCTGCCGTAACCTAGCTGCFACTCAACCAACCTGCCGACGC-5'
5'-GGACGGCATTGGATCGAC
3'-CCTGCCGTAACCTAGCTGCFACTCAACCAACCTGCCGACGC-5'
5'-GGACGGCATTGGATCGACG
3'-CCTGCCGTAACCTAGCTGCFACTCAACCAACCTGCCGACGC-5'
5'-GGACGGCATTGGATCGACGG
3'-CCTGCCGTAACCTAGCTGCFACTCAACCAACCTGCCGACGC-5'
5'-GGACGGCATTGGATCGACGT
3'-CCTGCCGTAACCTAGCTGCFACTCAACCAACCTGCCGACGC-5'
5'-GGACGGCATTGGATCGACGGT
3'-CCTGCCGTAACCTAGCTGCFACTCAACCAACCTGCCGACGC-5'
5'-GGACGGCATTGGATCGACGGTG
3'-CCTGCCGTAACCTAGCTGCFACTCAACCAACCTGCCGACGC-5'
5'-GCCTCGCAGCCGTCCAACCAACTCA

3'-CGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG-5"

5'-CGCAGCCGTCCAACCAACTCACG TCGATCCAATGCCGTCC-3'
3'-GCGTCGGCAGGTTGGTTGAGTGGCAGCTAGGTTAC-5'
5'-CGCAGCCGTCCAACCAACTCAF CGTCGATCCAATGCCGTCC-3’
3'-GCGTCGGCAGGTTGGTTGAGTG-GCAGCTAGGTTAC-5'

“ F denotes gemcitabine.

© The template base opposite primer at the 26th base was varied to allow correct base pairing of incoming dNTP.
¢ The downstream strand 19-mer of substrates 21-19/35-mer and 21F-19/35-mer were 5’-phosphorylated.

Measurement of the Excision Rate Constants of Matched
3'-dFdCMP and 3'-dCMP—The 3’ — 5’-exonuclease activity
of human pol vy recognizes mismatched 3'-base(s) in a DNA
primer and rapidly excises 1-7 mismatched bases at a rate of
1-9 nucleotides/s but slowly excises the matched 3’-terminal
base of a primer (41). Although paired with template base dG,
the incorporated 3'-dFdCMP in a primer may be a substrate for
this 3 — 5’ exonucleolytic proofreading mechanism and
thereby excised. We first synthesized and purified primer 23F-
mer (see “Experimental Procedures” and Table 1) and then
measured the excision rate constant (k,,,) of 3'-dFdCMP from
the DNA substrate 23F/41-mer (Table 1) by the wild-type pol y
under single-turnover reaction conditions. A preincubated
solution of the wild-type pol vy (100 nm large subunit, 500 nm
accessory subunit) and 75 nm 5'-[**P]DNA (23/41-mer or 23F/
41-mer) in buffer G was rapidly mixed and reacted with 2.5 mm
MgCl, for various time intervals prior to being quenched with
0.37 M EDTA. The concentration of the remaining full-length
primer versus reaction time was plotted and fit to Equation 3
(see “Experimental Procedures”), yielding the &, of 0.06 =
0.02 and 0.0011 *+ 0.0001 s~ ' for the 23/41-mer and 23F/41-
mer, respectively (Fig. 2 and Table 3). The k., of 23/41-mer
DNA was similar to 0.05 = 0.01 s~ ' measured previously with a
completely matched substrate 25/45-mer (Table 1) (41). Inter-
estingly, the excision of the matched 3'-dFdCMP moiety by the
wild-type pol ywas 55-fold slower than the excision of matched
3'-dCMP. This suggested that an incorporated dFACMP likely
escaped the editing process and subsequently would be embed-
ded into the mtDNA.
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Measurement of the Extension Efficiency of a Primer Termi-
nated with 3'-dFACMP—It is possible that an incorporated
dFdCMP moiety on the 3’ terminus of a DNA primer could
significantly alter the ability of pol y to extend that primer. To
examine this possibility, we measured the kinetic parameters
for the incorporation of correct dGTP into 23F/41-mer (Table
1) catalyzed by E200A under single-turnover conditions as
described above (data not shown). dGTP was incorporated with
ak,of 1.5+ 01s ' aK,of 7.2 + 0.9 um, and a k, /K, of 0.21
uM ™' s7! (Table 2). In comparison, a matched dGTP is incor-
porated into normal 25/45-mer (Table 1) with a k,, of 37 = 2 s !
and a K, 0f 0.8 + 0.1 uM, which defined a /K, of 45 um ™~ 's ™!
(40). Thus, the 3'-dFACMP decreased the incorporation effi-
ciency of the first downstream nucleotide by 214-fold, suggest-
ing that an incorporated gemcitabine was problematic for
primer extension. Such an inhibitory effect may persist beyond
1 nucleotide. Therefore, to examine if an embedded gemcitab-
ine inhibited the incorporation of the second downstream
nucleotide, we prepared primer 24FG-mer (see “Experimental
Procedures”). We then measured the kinetic parameters of cor-
rect dTTP incorporation into 24FG/41-mer (Table 1) catalyzed
by E200A (data not shown). Under single-turnover reaction
conditions as described above, dTTP was incorporated with a
k,of 28 = 0.1s !, a K, of 0.5 * 0.1 um, and a k,/K, of 5.6
uMm~'s™! (Table 2). In comparison, given a canonical DNA sub-
strate of 25/45-mer (Table 1), correct dTTP is incorporated
with a k, of 25 s, a K, of 0.6 um, and a k,/K; of 39 um ™~ 's™*
(Table 4) (40). Thus, primer 3'-dFdCMP lowered the second
downstream nucleotide incorporation efficiency by 7-fold.
Interestingly, the third nucleotide (dCTP) downstream from
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FIGURE 1. Concentration dependence of observed single-turnover rate
constant of dFACTP incorporation. A, autoradiograph gel image shows the
incorporation of dFdCTP (16 um) catalyzed by a pol y mutant E200A. B, prein-
cubated solution of E200A (90 nm), pol y accessory subunit (450 nm), and
5'-32p-labeled 22/41-mer (30 nm) was rapidly mixed with increasing concen-
trations of dFACTP-Mg?" (2.4 um, ®; 4.9 um, O; 9.7 um, Il 19.5 um, [J; 39 um, A;
78 um, A) and reacted at 37 °C for increasing times. The solid lines were fit to
Equation 1 using nonlinear regression which determined the observed rate
constants, kgy,.. G, ko Values were plotted as a function of dFdCTP concen-
tration. The data (@) were fit to Equation 2 using nonlinear regression, thus
yieldingak,0f2.0 + 035 'and a K, of 21 * 7 um.

the embedded dFACMP was incorporated into 25FGT/41-mer
with similar efficiency as it was incorporated into normal
22/41-mer (data not shown). Therefore, an incorporated
dFdCMP in the DNA primer only affected two downstream
nucleotide incorporation events, especially the first one. How-
ever, it did not terminate primer elongation.
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TABLE 2

Kinetic parameters of single nucleotide incorporation catalyzed by
pol v E200A under single-turnover conditions at 37 °C

Efficiency
DNA dNTP K, k, k,/IK, ratio®
M st um st

22/41-mer dCTP  09+02 37%2 41 1
22/41-mer dFACTP 217 20+03  0.095 432
23F/41-mer dGTP 72+09 15+01 021 214°
24FG/41-mer  dTTP  05*01 28=*01 56 7°
25/45-mer FIAUTP® 29 +0.7° 24 +2° 8.3 5

p
Data are calculated as (k,/K;)correct dNTP into normal DNA/

(k[l/I(d)correct dNTP into DNA containing dFdACMP*

b (k/l(d)correct dANTP into normal DNA 18 from Ref. 40.
¢ Data are from Ref. 40.
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FIGURE 2. Measurement of the rate constant of DNA primer degradation
by the 3’ — 5’-exonuclease proofreading activity of the wild-type pol y.
A preincubated solution of the wild-type pol y (100 nm), pol y accessory sub-
unit (500 nm), and 23/41-mer or 23F/41-mer (75 nwm) in buffer G was rapidly
mixed with 2.5 mm MgCl, and reacted for various time intervals. The excision
reaction was quenched by the addition of 0.37 m EDTA. The concentration of
the remaining full-length primer versus time was plotted and fit to Equation 3
(23/41-mer, l; 23F/41-mer, @) yielding a k,,, of 0.06 = 0.02 s ' for 23/41-mer
and 0.0011 = 0.0001 s~ ' for 23F/41-mer.

TABLE 3

Excision rate constants for the 3’ — 5’-exonuclease activity of the
wild-type human pol y holoenzyme under single-turnover
conditions at 37 °C

DNA Fast phase Fast phase Slow phase Slow phase
exo, 1 amplitude exo, 2 amplitude
st % 57! %

23/41-mer 0.06 * 0.02 NA“ NA NA
23F/41-mer  0.0011 = 0.0001 NA NA NA
20/41F-mer 0.028 = 0.006 NA NA NA
20T/41F-mer 02*0.2 17 =8  0.008 = 0.002 83+ 8

“NA means not applicable.

Running Start Primer Extension Assays—To investigate
whether or not a dFdC lesion embedded in a DNA template
affects DNA synthesis catalyzed by human pol vy, we first
synthesized template 41F-mer (Table 1) as described under
“Experimental Procedures.” To examine the nucleotide
incorporation profile, a running start primer elongation
assay was performed to evaluate the ability of the wild-type
pol y (90 nm) to bypass the template dFdACMP lesion in
15/41F-mer (30 nm, Table 1) in the presence of four ANTPs
(100 um each). In comparison, a similar running start assay
was also performed with an undamaged control substrate
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FIGURE 3. Running start primer elongation catalyzed by the wild-type pol
v and the exonuclease-deficient mutant E200A. A solution of control sub-
strate 15/41-mer (A and C, 30 nm each) or DNA substrate 15/41F-mer (Band D,
30 nm each), preincubated with the wild-type pol y (A and B, 90 nm) or E200A
(Cand D, 90 nm) and pol y accessory subunit (450 nm) in buffer G, was rapidly
mixed with 2.5 mm MgCl, and 100 um each of dATP, dCTP, dGTP, and dTTP.
Reactions were allowed to continue for various time intervals before being
guenched by the addition of 0.37 m EDTA. Product lengths and the position of
the embedded dFdC moiety in the template are indicated.

15/41-mer (30 nMm, Table 1). With the 15/41-mer, the wild-
type pol y holoenzyme was able to extend the 15-mer primer
to the full-length 41-mer in 1 s (Fig. 3A). This rate was con-
sistent with the average maximum rate constant (38 s~ ') of
single nucleotide incorporation into normal 25/45-mer
(Table 4) (40). In contrast, the wild-type pol y paused oppo-
site the dFACMP lesion and 1 base downstream of the
dFdCMP lesion in the 15/41F-mer (Fig. 3B). Consequently, the
full-length product 41-mer was formed in 3 s, rather than just
1 s as observed with control 15/41-mer (Fig. 3A4). Although the
synthesis of the 41-mer was delayed, Fig. 3B showed that the
wild-type pol vy eventually bypassed the dFdACMP lesion.
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TABLE 4

Kinetic parameters of single nucleotide incorporation into DNA
containing a template base dFdACMP catalyzed by pol y E200A under
single-turnover conditions at 37 °C

Efficiency
DNA dNTP K, k, k, /K, ratio®
M st um 1571

18/41F-mer dGTP 1.1 0.2 21+0.1 1.9 2.4 X 10!
19/41F-mer dGTP 150 = 10 6.3 *0.2 0.042 1.1 X 10°
20/41F-mer dTTP 6.0+ 0.5 0.11 =0.01 0.018 2.2 X 10°
21/41F-mer  dGTP 5+2 1.7 £04 0.34 1.3 X 10?
22/41F-mer  dATP 0.7 £0.1 83 %03 12 4.8
25/45-mer®  dATP 0.8 £0.1 45+ 1 57
25/45-mer®  dTTP 0.6 £0.2 25+ 2 39
25/45-mer® dGTP 08*0.1  37*2 45
25/45-mer®  dCTP 09 *£0.2 43+ 2 47

“ Data are calculated as (k,/Ky)correct dNTP into 25/45-mer/

. (k! K4)anTP into DNA containing a template base dEdCMP-
I(lnetlc parameters are from Ref. 40.

To examine whether or not the 3" — 5’-exonuclease activity
of human pol vy plays any role in the bypass of the dFdACMP
lesion, we performed the same running start primer elongation
assays with pol y E200A. Fig. 3, C and D, showed that the prod-
uct formation patterns with both 15/41-mer and 15/41F-mer
were almost identical to the patterns in Fig. 3, A and B, respec-
tively. Thus, the 3' — 5’-exonuclease activity appeared not to
recognize template base dFdC as a lesion and was dispensable
for its bypass.

Measurement of the Excision Rate Constant of Primer
3'-dNMP Opposite Template Base dFACMP—To quantita-
tively interrogate the effect of an embedded dFdACMP moiety on
the 3’ — 5'-exonuclease activity of pol vy, we synthesized two
DNA substrates (see “Experimental Procedures”) as follows:
20/41F-mer and 20T /41F-mer (Table 1) which contain a 3'-ter-
minal “correct” base pair and a mispair, respectively. Under
single-turnover conditions, the wild-type pol y holoenzyme
was found to excise the primer 3’-bases of the 20/41F-mer with
ak,.0f0.028 = 0.006s™ ' (Table 3). This k_,, value was roughly
2-fold slower than the k., of 0.06 * 0.02 s~ observed with a
normal substrate 23/41-mer (Table 3). In comparison, the time
course of the cleavage of the 20T /41F-mer by the wild-type pol
v under single-turnover reaction conditions was biphasic and
fit to Equation 4 (see “Experimental Procedures”) to yield a
Kexo, 0f0.2 £ 0.2 s " and an amplitude of (17 * 8)% in the fast
phase and a k., , of 0.008 + 0.002 s ' and an amplitude of
(83 = 8)% in the slow phase (data not shown). Similar biphasic
kinetics are also observed previously with the cleavage of nor-
mal DNA containing a single 3’-mismatched base but with
larger k., values in the fast phase (1.1 s~ ") and slow phase (0.04
s~1) (40). These data confirmed that template base dFdC inhib-
ited the proofreading activity of human pol y.

Measurement of Incorporation Efficiency of Nucleotides
Opposite Template dFACMP—The reason that pol y strongly
paused in Fig. 3, B and D, is likely because the dFACMP lesion
altered the local template structure and significantly decreased
the incorporation efficiencies of adjacent nucleotides. To eval-
uate this hypothesis, we measured the incorporation efficien-
cies of correct nucleotides into 18/41F-mer, 19/41F-mer,
20/41F-mer, 21/41F-mer, and 22/41F-mer (Table 1) catalyzed
by pol y E200A under single-turnover reaction conditions (data
not shown). The measured kinetic parameters in Table 4 indi-
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TABLE S5
Fidelity at the two strong pause sites
DNA  dNTP K, k, k,/K,  Fidelity"
wat 1 L1

19/41F-mer dGTP 150 * 10 63+02 4.2 X 1072 1
19/41F-mer dTTP? 110 +30 0.0015 + 0.0002 1.4 X 107° 3.0 X 10°
20/41F-mer dTTP 60+05 0.11*001 18X10°2 1
20/41F-mer dATP? 120 =20 0.0059 * 0.0003 4.9 X 10~° 3.7 X 10?

“ Data are caleulated as (k,/Ki)correct ante/ (Kp/Kaincorrect anre-
® Boldface type indicates incorrect nucleotide.

cated that, relative to the corresponding values with normal
25/45-mer (Table 1) (40), the ground-state binding affinity
(1/K,) of a correct incoming nucleotide was up to 2 orders of
magnitude lower at the two strong pause sites but was within
5-fold at the non-pause sites. In comparison, the maximum
nucleotide incorporation rate constant dropped by 3 orders of
magnitude at the second strong pause site, whereas the k,, val-
ues at other positions were 5-30-fold lower than the corre-
sponding parameters given for 25/45-mer (Table 4). As
expected, the substrate specificity (k,/K,) values were more
informative in demonstrating why pol y paused at the two posi-
tions in Fig. 3, B and D. Before encountering the template base
dFdCMP, pol yE200A incorporated correct dGTP into 18/41F-
mer with only 24-fold lower substrate specificity compared
with normal 25/45-mer (Table 4). The efficiency ratio increased
from 2.4 X 10! to 1.1 X 10® when pol y E200A incorporated
dGTP opposite dFACMP and to 2.2 X 10 when pol y E200A
incorporated dTTP into 20/41F-mer to extend the primer and
bypass dFACMP. These significant decreases in the efficiency
ratio indicated that pol y was inefficient at incorporating nucle-
otides at these two positions and paused (Fig. 3, B and D). After
pol vy bypassed the dFdACMP, the efficiency ratios for the next
two downstream nucleotide incorporations (Table 4)
decreased to 130 and 4.8, respectively. Although we did not
measure the substrate specificity of dGTP incorporation into
23/41F-mer, we expect the inhibitory effect of an embedded
gemcitabine in the template will disappear at this position and
further downstream. Notably, based on the low nucleotide
incorporation efficiency with 21/41F-mer (Table 4), pol vy
E200A was expected to pause at this position. However, the
pause was not obvious in Fig. 3D. This discrepancy was because
the k, of 1.7 s~ * is relatively fast, and the reaction times were
relatively long.

Measurement of Nucleotide Incorporation Fidelity at the
Pause Sites—Opposite dFACMP, pol y may favor mismatched
dNTPs over dGTP. To examine this possibility, each dNTP
(200 M) was reacted individually with a preincubated solution
of E200A and 19/41F-mer (Table 1) for 15 s or 1 h. The supple-
mental Fig. 34 showed that pol y E200A preferred to incorpo-
rate dGTP opposite dEFEACMP at both time intervals. Interest-
ingly, dTTP was misincorporated multiple times. This
suggested that pol y E200A may have a high tendency to mis-
incorporate dTTP. To check if this was the case, we measured
the k,/ K, value for dTTP incorporation into 19/41F-mer under
single-turnover conditions (data not shown). The calculated
fidelity in Table 5 indicated that pol y E200A only favored
dGTP over dTTP by 3,000-fold, which was much lower than the
6.4 X 10°-fold observed with normal 25/45-mer (43). Thus, the
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fidelity of nucleotide incorporation opposite dFdACMP was low-
ered by 213-fold.

To further examine the effect of template lesion dFACMP on
polymerase fidelity, we tested whether or not pol y was error-
prone when extending primer 20-mer to 21-mer. Opposite
template base dAMP, pol y E200A incorporated correct dTTP
more efficiently than incorrect nucleotides (supplemental Fig.
3B), and dATP was the most favored incorrect nucleotide. We
further measured the kinetic parameters of dATP misincorpo-
ration into 20/41F-mer under single-turnover conditions (data
not shown). pol 'y E200A favored correct dTTP over incorrect
dATP by only 370-fold (Table 5), which was 757-fold lower
than the corresponding fidelity (2.8 X 10°) observed with
canonical 25/45-mer (43).

DISCUSSION

Konerding et al. (44) have solved the solution-phase struc-
ture of an Okazaki fragment (12-bp) with an internally embed-
ded dFACMP using NMR. This structure reveals the following
perturbations caused by gemcitabine: (i) the ribose ring of the
dFdCMP moiety forms a 3’-endo pucker as opposed to the
canonical 2'-endo pucker of a dCMP moiety; (ii) the highly elec-
tronegative geminal difluoro group increases the electron den-
sity in its vicinity; and (iii) the two fluorine atoms in dFdCMP
are physically larger than the corresponding hydrogen atoms in
dCMP. These factors are predicted to affect DNA polymeriza-
tion catalyzed by DNA polymerases, including human pol y
holoenzyme.

Inhibition of DNA Synthesis by Gemcitabine as an Incoming
Nucleotide—The pre-steady state kinetic data in Table 2
revealed that relative to dCTP, dFdCTP was incorporated into
normal 22/41-mer by pol y with an 18.5-fold lower k,,, whereas
the K, was 23-fold higher, leading to a 432-fold lower k,/K,
value. These kinetic differences can be rationalized as follows.
(i) Although dFACTP is not the same as embedded dFACMP in
DNA, we assume that dFACTP initially adopts the 3'-endo
pucker once it is bound to form the ground-state ternary com-
plex (E-DNA-dNTP). (ii) In order for the phosphodiester bond
formation to occur, the conformation of the bound dFACTP
has to be converted to the canonical 2'-endo pucker to allow
proper alignment of the primer 3’-OH and the a-phosphate of
dFdCTP. (iii) The energy penalty for this conformational con-
version should reduce the incorporation rate of dFdCTP.
Moreover, the electron-withdrawing difluoro group withdraws
electron density from the triphosphate of dFdCTP and thereby
reduces the reactivity of the a-phosphate moiety during phos-
phodiester bond formation. This difluoro group also increases
the size of dFdCTP, which may cause a steric clash with the
polymerase active site residues. Relative to dCTP, the altered
conformation, electrostatics, and physical size likely weakened
the interactions between dFdCTP, the template base dGMP,
and polymerase active site residues, hence the lower binding
affinity of dFACTP.

Although the efficiency ratio in Table 2 defined dFACTP as a
432-fold less efficient substrate than dCTP, the incorporation
probability of dFdCTP relative to dCTP in vivo, theoretically
defined as {[dFdCTP]/[dCTPI}X{(k,/K ) aracre! K,/ KacTph 18
likely to be high. Self-potentiation activities of gemcitabine
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(supplemental Fig. 2) (28, 29) are known to bring about a dramatic
cytoplasmic accumulation of dFdCTP, thereby raising the cellular
concentration ratio of [dFdCTP]/[dCTP]. For example, Heine-
mann et al. (26) found that mammalian cells exposed to 100 um
gemcitabine for 4 h showed that cellular pools of dCTP were
reduced by 50% and that the cytoplasmic concentration of
dFdCTP had risen to over 1 mm. Because relative sizes of individ-
ual ANTP pools in the cytosol and mitochondria are similar (45),
we expect to find an enriched dFACTP pool in mitochondria as
well. Therefore, it is reasonable to assume that incorporation of
dFdCMP into mitochondrial DNA ix vivo may be significant.

Compared with FIAUTP, another non-chain-terminating
nucleoside analog, dFdCTP is incorporated by pol y with a
7-fold higher K, value and a 12-fold slower k,, value (Table 2).
Comparison of the efficiency ratios for these two nucleotide
analogs indicated that dFACTP is an 86-fold less efficient sub-
strate for human mitochondrial DNA polymerase, which cor-
responds to and may account for the diminished toxicity of
gemcitabine compared with the highly toxic FIAU.

Following dFACTP incorporation, the DNA primer termi-
nated with 3'-dFACMP is likely to adopt the 3'-endo pucker
conformation as observed in the solution structures of gemcit-
abine embedded in DNA (44). The electron density of its 3'-OH
group should be lowered by the electron-withdrawing fluorine
group, thereby rendering the 3'-OH group less nucleophilic.
These factors are expected to lower the suitability of the
dFdCMP-terminated DNA primer as a substrate for pol y and
hinder the incorporation of the next incoming nucleoside
triphosphate. This hypothesis was supported by the observa-
tion that correct dGTP was incorporated into 23F/41-mer
(Table 1) with a 25-fold smaller &, and a 214-fold lower catalytic
efficiency compared with the canonical DNA template 25/45-
mer (Table 2) (40). However, the inhibitory effect of a 3'-termi-
nated dFEdCMP primer on the catalytic efficiency of extension
via correct ANTP incorporation was reduced by 7-fold for the
second downstream nucleotide incorporation (Table 2) and
was not observed for the third and subsequent nucleotide
incorporations (data not shown). Interestingly, human DNA
polymerases a and €, which belong to the B-family, have also
been found to inefficiently incorporate dFdCTP. However, in
contrast to what has been observed for the A-family enzyme pol
Y, these B-family human DNA polymerases exhibit masked
chain termination following dFdCMP incorporation. For
example, Huang et al. (22) demonstrate that, following the
incorporation of a 3" dFdACMP moiety on a DNA primer, DNA
elongation is possible but is very strongly inhibited. In a time
period of 1,800 s, only a portion of the primer was extended past
the masked termination event, and of those elongation events,
only a few ANTPs were added. In contrast, pol vy did not exhibit
the expected masked chain termination and was able to extend
a DNA primer containing 3'-dFdCMP although with decreased
nucleotide incorporation efficiency at the first two downstream
positions (Table 2). So far, there are no reported studies on
how human DNA polymerases « and e bypass a template lesion
dFdCMP. Interestingly, Fig. 3 showed that within 3 s pol y was
highly successful at bypassing the dFACMP lesion, albeit in an
error-prone manner (Table 4). For wild-type pol vy, only 4% less
full-length product was produced in the 3-s time period given a
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template with embedded dFACMP (Fig. 3B) compared with the
control template (Fig. 34) (22). Additionally, DNA polymerase
0, the only other member of the A-family DNA polymerases yet
identified in humans, has been shown to bypass abasic site and
thymine glycol DNA lesions but is completely unable to bypass
a variety of DNA lesions resulting from exposure to UV light
and cisplatin-based chemotherapy drugs (46). However, the
ability of pol 0 to bypass dFdACMP or any other nucleoside ana-
log within the context of DNA has yet to be examined.

Incorporated dFACMP Eludes Editing Mechanism—Upon
incorporation at the 3" DNA primer terminus, the 3" — 5'-ex-
onuclease activity of pol y may recognize and excise incorpo-
rated dFACMP as a lesion because of its different conformation
and electrostatic character compared with dCMP. Surprisingly,
Table 3 revealed that the excision rate of dFACMP from the
DNA primer 3’ terminus (0.0011 s~') was 55-fold slower than
the excision of a corresponding primer terminated with
3’'-dCMP (control substrate 23/41-mer). At a nucleotide con-
centration of 100 um, pol y E200A incorporated dGTP into
23F/41-mer withak, of 1.55™ ' (Table 2). Based on the principle
of kinetic partitioning, the probability of the exonuclease func-
tion editing dFAGMP, (k.,./(k., + k,)) X 100 = (0.0011/
(0.0011 + 1.5)) X 100, is calculated to be 0.07%. This probability
is much lower than the 80% observed for the correction of a
mismatched canonical ANMP (41). Taken together, although
the extension of a dFdCMP-terminated primer is 25-fold
slower than the extension of a canonical DNA primer, the
reduced excision rate constant and thus the extremely low
probability of exonuclease editing activity by pol vy increase the
likelihood of an incorporated dFACMP persisting and becom-
ing embedded within the mitochondrial genome if it is not
removed by other DNA repair mechanisms. Furthermore,
given that mtDNA repair is limited and inefficient (47), persist-
ence of dFACMP within mtDNA is predicted to be likely.
Finally, the toxic side effects of chain-terminating nucleoside
analog drugs recede when therapy with the drugs is discontin-
ued (36). However, in the case of FIAU, which has a free 3'-OH
group and is not a chain-terminating nucleoside analog, toxic-
ity has been shown to persist and worsen despite immediate
withdrawal of the drug, eventually leading to the death of five
patients from severe mitochondrial toxicity (48). This suggests
that the mitochondria may be able to effectively remove chain-
terminating nucleoside analogs and resume normal mtDNA
replication, but nucleoside analogs that do not chain terminate,
and therefore can become part of the mitochondrial genome,
may exert long term toxicity.

Inhibition of Human pol y-catalyzed DNA Synthesis by Gem-
citabine as a Template Base—Fig. 3, B and D, showed that
human pol vy holoenzyme, both wild-type and E200A, paused
strongly opposite the template base dFACMP and at the next
template position. The kinetic data in Table 4 demonstrated
that the efficiency ratio correlated well with the observed pause
patterns (Fig. 3). The efficiency ratio (2.2 X 10°) reached the
poorest value when pol y attempted to extend the 20/41F-mer,
the strongest pause site (Fig. 3, B and D). The second strongest
pause site, where pol vy attempted to incorporate dGTP oppo-
site dFACMP, correlated with the second poorest efficiency
ratio value of 1.1 X 10? (Table 4). Our analysis also revealed
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that, in comparison with the extension of canonical 25/45-mer
DNA template, nucleotide incorporation efficiency of pol y
dropped to between 5- and 132-fold at 1 nucleotide preceding
dFdCMP and at 2-3 nucleotides downstream of the dFdACMP
lesion (Table 4). However, Fig. 3, Band D, did not show obvious
pausing by pol vy at these positions. This lack of pausing was
because of the relatively high k, values (2—8 s~ ') and long reac-
tion times that allowed pol 7y to rapidly elongate the corre-
sponding intermediate products. Taken together, one embed-
ded dFACMP moiety in a DNA template unfavorably affected
five nucleotide incorporation events surrounding that lesion.
This inhibitory effect may also be due to local DNA structural
perturbations caused by dFdACMP (44) as described above. The
3'-endo pucker conformation of template base dFACMP likely
caused unproductive base pairing between an incoming dGTP
and dFACMP, leading to a 188-fold higher K, value for the
binding of dGTP to pol y-19/41F-mer (Table 4). Similarly, dFd-
CMP also decreased the binding affinity of the next 2 down-
stream nucleotides by 6 —10-fold before recovering to normal.
The predicted decrease in the structural integrity of the DNA
duplex caused by the presence of a dFACMP moiety with a
3'-endo pucker is supported by the fact that the melting tem-
perature of the 12-bp Okazaki fragment is lowered by 4.3 °C in
the presence of an internal dFEACMP (44). Such a noncanonical
conformation of dFACMP in a template should also affect the
positioning of an incoming ANTP for in-line attack by the prim-
er’s 3'-OH group during phosphodiester bond formation. If this
indeed is occurring, it would readily explain the reduction in k,,
values observed. The negative impact was largest (227-fold) for
dTTP incorporation into 20/41F-mer. Interestingly, the inhib-
itory effect of gemcitabine was larger as a template base than as
an incoming nucleotide when we compared the efficiency
ratios in Tables 2 and 4. This suggested that if a ribose pucker
conversion is necessary for correct orientation of the nucleo-
tide triphosphate prior to the chemistry step, it may be more
difficult when gemcitabine is constrained within the template
sequence than when it is either an incoming nucleotide triphos-
phate or a 3’-primer terminal base. However, the reason for
these interesting observations cannot be unambiguously deter-
mined here.

Unfaithful Bypass of Template dAFdCMP—When a template
lesion causes a DNA polymerase to pause, the enzyme tends to
catalyze 5 — 3’ DNA polymerization in an error-prone man-
ner. This general trend was found to hold true when pol vy
bypassed the template dFdACMP moiety. Table 5 shows that the
polymerase activity of pol vy has a fidelity of 3.7 X 10 to 3.0 X
10° at the two strong pause sites (Fig. 3, B and D), which is
significantly lower than the corresponding fidelity of 2.8 X 10°
to 6.4 X 10° determined with canonical DNA substrate 25/45-
mer (43). Thus, pol y was 200-800-fold less faithful upon
encountering a dFdACMP template lesion, thus promoting DNA
mutagenesis. To compound these mutagenic events, the misin-
corporated canonical nucleotide (for example 3'-dTMP in 20T/
41F-mer) was excised more slowly than a single 3’-mismatched
primer base in a canonical DNA template (40). In addition, the
matched primer terminal 3'-dGMP in 20/41F-mer was
removed at half the speed of another correctly paired, canonical
3'-primer terminal dNMP (23/41-mer substrate, Table 3).
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Therefore, the inhibited exonuclease activity as a result of the
template-embedded dFACMP may actually facilitate nucleo-
tide misincorporation by slowing the 3" — 5’-exonuclease
activity of pol y. With respect to the editing function of pol v,
the currently established mechanism is that the primer 3'-mis-
matched base is transferred from the polymerase active site to
the 3" — 5'-exonuclease active site for excision, whereas the
template strand remains at the polymerase active site of pol y
(41). With this in mind, there arise at least two possible expla-
nations for the observed exonucleolytic rate. Either the pres-
ence of dFACMP in the template directly inhibited the exonu-
cleolytic activity or it hindered the transfer of the 3'-primer
terminus to the proofreading active site or possibly both. More
studies in our laboratory are under way to examine these
possibilities.

Potential Relevance to Observed Gemcitabine Clinical
Toxicity—Our kinetic analysis directly confirmed that gemcit-
abine, as both an incoming nucleotide and as a template base,
inhibited DNA synthesis catalyzed by human pol y. Moreover,
our studies also revealed that each template dFACMP was a
mutagenic “hot spot” during DNA replication. Additionally,
mutagenic effects may be exerted by gemcitabine metabolites
within the mitochondria. For instance, it is known that gemcit-
abine metabolites cause cellular ANTP pool imbalances by
inhibiting ribonucleotide reductase (23, 24), CTP synthetase
(25, 26), and dCMP deaminase (27). Therefore, gemcitabine
therapy is also likely to cause an imbalance of mitochondrial
nucleotide pools. Such imbalances have been found previously
to be mutagenic to the mitochondrial genome (49) and lead to
disease states such as mitochondrial neurogastrointestinal
encephalomyopathy (50). Considering that mammalian cells
have 1,000-5,000 copies of the mitochondrial genome (51, 52)
and given that mtDNA replication occurs continuously
throughout the entire cell cycle (45, 53), these inhibitory and
mutagenic effects of gemcitabine may result in growing mito-
chondrial genomic instability over time and, like FIAU, may be
persistent.
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