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ABSTRACT 

Gemcitabine [2',2'-difluorodeoxycytidine (dFdCyd)], a potent antitu- 
mor agent, inhibits DNA synthesis and is incorporated internally into 
DNA. The effect of a template-incorporated dFdCyd molecule (dFdCyd-) 
on DNA polymerase function was examined. Two 25-base deoxyoligo- 
nucleotides were synthesized with either a single dFdCyd- or template- 
incorporated deoxycytidine molecule (dCyd-) at the same position. Each 
was annealed separately to an identical complementary 5'-32p-labeled 
primer and extended by the Klenow fragment (3'--*5' exo-) of DNA po- 
lymerase I. "Correct" insertion of dGMP was 80-fold less efficient opposite 
dFdCyd- than dCyd-. A comparison of misinsertion efficiencies opposite 
template dFdCyd gave values of 2.7 x 10 -2 for dAMP insertion, 1.1 x 10 -3 
for dTMP insertion, and 5.9 x 10 -4 for dCMP insertion. A similar mea- 
surement opposite template dC gave values of 1.8 x 10 -4, 1.7 • 10 -4, and 
2.9 • 10 -6 for dAMP, dTMP, and dCMP insertion, respectively. Thus, the 
presence of dFdCyd on the template strand inhibited "normal" DNA 
synthesis and increased deoxyribonucleotide misinsertion frequencies. 
Pausing during DNA synthesis occurred directly opposite template dFd- 
Cyd suggesting that dFdC.dG base pairs might be less stable than normal 
dC.dG pairs, resulting in a decreased rate of primer extension beyond this 
site. Consistent with kinetic data, thermal denaturation measurements 
using comparable surrounding sequences showed that dFdC-dG "correct" 
pairs were less stable than dC.dG base pairs. Measurements on base 
mispairs showed that dFdC.dC was more stable than dC.dC, while no 
measurable Tm differences were found between polymers containing 
dFdC.dA and dC.dA or dFdC-dT, and dC.dT. 

reductase and ultimately reduces dNTP concentrations, particularly 
dCTP (5, 6). Insertion of dFdCTP also directly inhibits replication by 
inducing polymerase "pausing" one base after its insertion into a 
nascent strand of DNA (7, 8). In addition, based on clonogenicity 
assays, the cytotoxicity of the drug was strongly correlated with the 
amount of dFdCyd incorporated into the cellular DNA, >90% of 
which was incorporated internally (8). Thus, the possibility exists that 
internally incorporated dFdCyd contributes to the inhibition of DNA 
synthesis. Consequently, in this study we examined the effect of a 
template-incorporated dFdCyd on the rate and "fidelity" of deoxyri- 
bonucleotide insertions by a DNA polymerase (Klenow fragment, 
e x o - ) .  

In order to characterize this effect, we utilized a gel assay developed 
by Boosalis et al. (9) to determine base insertion rates and fidelity, 
since the assay allows a quantitative comparison of insertion efficien- 
cies (Vmax/Km) for any nucleotide examined at selected sites within 
any DNA template. Specifically, in this study, these kinetic parameters 
were compared for insertion of either "correct" (dGTP) or incorrect 
(dATP, dTYP, and dCTP) substrate nucleotides opposite dFdC and dC 
template sites. These values were used to assess whether dFdC tem- 
plate sites may contribute to the inhibition of DNA synthesis by 
directly inhibiting DNA polymerase function, and to make predictions 
regarding the effect of this nucleoside analogue, once incorporated, on 
the fidelity of base insertion. 

I N T R O D U C T I O N  

The newly developed chemotherapeutic antimetabolite, dFdCyd, 3 
gemcitabine, is a deoxycytidine analogue with two fluorine atoms 
substituted for the two hydrogens at the 2' position of deoxyribose 
(Fig. 1) (1). dFdCyd has demonstrated broad spectrum activity against 
leukemia and solid tumors in murine models and human xenografts. 
Growth of CCRF-CEM human leukemia cells following treatment 
with dFdCyd at a concentration of 1 ng/ml was inhibited by 50% (2). 
It was active against six of six murine solid tumors examined (2) and 
against human xenografts of breast (MX-1), lung (LX-1), and four 
different colon models (CX-1, VCR5, HC1, and GC3) (3). Its potent 
activity against solid tumors is in sharp contrast to the cytidine ana- 
logue and antileukemic agent, 1-/3-D-arabinofuranosylcytosine (2, 3). 

A primary effect of dFdCyd that may be instrumental to its cyto- 
toxicity is its ability to inhibit DNA synthesis. This inhibition was 
closely correlated with the intracellular concentration of dFdCTP, the 
active form of the drug (4). dFdCyd appears to inhibit DNA synthesis 
by a combination of mechanisms, dFdCDP inhibits ribonucleotide 
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the di- and triphosphates of dFdCyd; dCyd- and dFdCyd-, internucleotide 2'-deoxycyti- 
dine and 2',2'-difluorodeoxycytidine with associated phosphoric residues; Klenow exo-, 
Klenow fragment of DNA polymerase I (3'---~5' exonuclease free); pol, DNA polymerase; 
dAdo- and dThd--, internucleotides 2'-deoxyadenosine and 2'-deoxythymidine; dNTP, 
deoxynucleotide triphosphate. 

M A T E R I A L S  AND METHODS 

Materials. Cloned Klenow fragment of DNA polymerase I (3'---, 5' exo- 
nuclease-free) was obtained from United States Biochemical Corp. Ultrapure 
dNTPs were purchased from Pharmacia LKB Biotechnology. T4 polynucleo- 
tide kinase was obtained from New England Biolabs. Both [~/-32p]ATP and 
[~-32p]dGTP (3000 Ci/mmol) were purchased from Amersham Corp. The 
phosphoramidite of dFdCyd was synthesized as described previously (10). 
Deoxyoligonucleotides were synthesized trityl-on using 0.2 p~M columns on an 
Applied Biosystems 381A DNA synthesizer and standard phosphoramidite 
methods, with one modification. For addition of the dFdCyd phosphoramidite, 
the coupling time was increased from 30 to 900 s (10). 

The primer and template sequences used in the gel assay were designed to 
closely approximate those used by Singer et al. (11). The 15-mer primer 
sequence 5'-ATFCGAGCTCGGTAC-3' used is truncated by two bases from 
the 3'end, relative to their primer, and is complementary to the 3'end of the two 
different 25-met templates used. The templates, the sequences of which are 
3'-TAAGCTCGAGCCATGGGCGTACGCC-5' and 3'-TAAGCTCGAGC- 
CATGGGdFdCGTACGCC-5'  are referred to as the dC and dFdC templates, 
respectively, since they differ only at position 18 (indicated in bold and 
underlined) from the 3' end, where either a dCyd- or a dFdCyd- was incor- 
porated. The dC template has the same base composition as that referred to as 
G-1 in Ref. 11 with the bases at positions 20 and 21 simply inverted relative 
to G-1. 

Purification of Oiigonudeotide Templates and Primers. Oligonucleo- 
tides were deprotected by incubating the sample in concentrated ammonium 
hydroxide at 55~ for at least 8 h. Oligonucleotides were purified and the trityl 
groups removed using an OPC (oligonucleotide purification column; Applied 
Biosystems). Following OPC purification, the oligonucleotides were gel puri- 
fied by electrophoresis on denaturing 20% polyacrylamide gels. Purified prod- 
uct bands were visualized by UV shadowing and excised from the gel, and 
oligonucleotides were recovered from the gel as described previously (12). The 
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Fig. 1. dCyd and the anfimetabolite dFdCyd. 
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Fig. 2. Annealed template/a2P-labeled primer used in gel assay to compare the kinetics 
of base insertion opposite dC and dFdC template sites. Numbers below template, number 
of bases the primer molecule has been extended. Each reaction mixture contained 60/~M 
dCTP to permit the polymerase to extend the primer opposite the template dG at sites 1 
and 2, at a rate approaching the Vma,, for the enzyme. In addition, the 60 O.M dCI'P permits 
further primer extension to site 4, following insertion of the dNTP of interest opposite 
dCyd or dFdCyd (site 3). The experimental design permits the determination of the rate 
of dNTP insertion at site 3 along with a qualitative measure of polymerase extension 
beyond site 3. 

purity of the oligonucleotides was assessed by end-labeling a small amount of 
oligonucleotide with 37p and electrophoresing on a denaturing 20% polyacryl- 
amide gel. Autoradiograms were overexposed to assure that any minor con- 
taminating bands present could be detected. 

Gel Assay for Site-specific Kinetics. Procedures for end-labeling primers, 
template/primer annealing, time course experiments, kinetic experiments, gel 
electrophoresis, and autoradiography were performed as described previously 
(9). Kinetic analyses of the rate of base insertion opposite the dFdC or dC 
template sites were made under the following reaction conditions. The final 
reaction mixture (6/xl) contained 60 mM Tris-HC1 (pH 7.5), 12 mM MgCI/, 2.5 
mM dithiothreitol, 1 mu/3-mercaptoethanol, 25/xg/ml acetylated bovine serum 
albumin, 35 nM annealed template/primer, 60 p,M dCTP to initiate polymeriza- 
tion by the Klenow exo- enzyme, and a range of concentrations of the dNTP 
being analyzed (Fig. 2). 4 Each reaction mixture contained 4.8 • 10 -3 units of 
the Klenow exo- enzyme, where 1 unit is the amount of enzyme capable of 
incorporating 10 nmol of dNTP into acid-insoluble material in 30 min at 37~ 
The template/primer:enzyme ratio for each reaction mixture was approxi- 
mately 43:1, sufficient to saturate the enzyme. Reaction conditions, including 
the amount of enzyme added and the reaction time, were adjusted following 
time course experiments so that extended primers accumulated linearly with 
time and only 10--30% of the primer was extended by the polymerase (13). 
Reactions were incubated at 37~ for 60 s and were terminated by the addition 
of 2 volumes (12 p,l) of 95% formamide-20 mM disodium-EDTA. Following 
termination of the reaction, the templates and labeled primers were denatured 
at 100~ for 5 min and placed on ice before loading on a 8 M urea-16% 
polyacrylamide gel (44 cm x 22 cm x 0.4 mm). Gels were run at 2000 V (45 
volt-cm) for 3.5 h or until the bromophenol blue marker dye reached the 
bottom of the gel. The undried gels were covered with plastic wrap and 
autoradiographed at -20~ with the duration of exposure adjusted so that the 
resulting band densities were within the linear range of the X-ray film (Kodak 
XOMAT) response (9). 

Thermal  Denaturat ion Experiments. Using a series of eight different 
15-mer duplexes, where one strand in each duplex closely mimicked the 5' end 
of the templates used in the gel assay experiments, the effect of a centrally 

4 For the dCTP reactions the 60 p.M dCTP, added to initiate polymerization in the 
reactions containing the other 3 dNTPs, was omitted. 

located dFdCyd- molecule on duplex stability was examined for both the 
correctly matched base pair and the three possible base pair mismatches at the 
center of the duplex (Fig. 3). Duplex stability was measured as described 
previously (14), using an UV spectrophotometer equipped with a Beckman 
DUB Tm analysis system to measure the absorbance of UV light at 260 nm 
(A26o) as a function of temperature for each annealed duplex. Duplex solutions 
were prepared by mixing equimolar amounts of each oligonucleotide pair so 
that the final concentration of each duplex was 1.5 p,M (-- 0.55 absorbance 
units) in a 50 mM sodium phosphate buffer, pH 7.2 (adjusted to 150 mM with 
respect to Na § by adding NaC1). To assure maximum annealing prior to 
thermal denaturation, each oligonueleotide pair was first denatured by heating 
at 100~ for 5 min and annealed by gradual cooling to room temperature. The 
spectrophotometer was programmed to measure the A26o over the temperature 
range of 40-85~ with a rate of temperature change of l~ The melting 
temperature (Tm), corresponding to the temperature where 50% of the duplexes 
remain annealed, was determined for each duplex by plotting the DAe6o over 
each 1 min interval as a function of temperature and noting the temperature 
where the slope of the curve = 0. 

Competition Experiment. The protocol used was identical to the gel assay 
kinetic experiments above except (a) the primer was not end-labeled with 32p 
and (b) three dNTPs were added to each reaction mixture: 60 /ZM dCTP to 
initiate polymerization; a fixed concentration of [ot-32p]dGTP to insert opposite 
the template dC or dFdC sites; and a range of concentrations of dATP (dC 
template, 20/XM--2.5 mM; dFdC template, 1 p,M--2.5 mM) was added to compete 
with the [a-32p]dGTP for insertion. The [a-32p]dGTP (1300 Ci/mmol) con- 
centrations used were 0.05 and 4 p,M for the dC and dFdC templates, approxi- 
mately one-fourth of the respective Kms previously determined for "correct" 
insertion of dGTP in the kinetic assays. 

The initial intensity of the [c~-32p]dGTP-labeled bands resulting from cor- 
rect nucleotide insertion (I ~ was determined by running three reactions where 
dCTP and [a-32p]dGTP were the only substrates included in the reaction 
mixture. Thus, in these reactions, only [ot-3Ep]dGTP was inserted opposite 
dCyd- or dFdCyd-. Polymerase reactions were terminated after 2 min, the 
template/primer was denatured and separated by gel electrophoresis, and gels 
were autoradiographed as described under "Gel Assay for Site-specific Kinet- 
ics." Using densitometry, an average/o was determined for each template. Each 
dATP concentration assayed yielded a value for/,  which is the density of the 
extended primer band labeled by correct insertion of [ot-32p]dGTP opposite 
dCyd- or dFdCyd- less that of unlabeled dATP misinserted. The misinsertion 
frequency, f, was determined for each template/primer by plotting/o _ I / I  

as a function of dATP concentration and noting the dGTP/dATP ratio where 
1 ~ - I / I  = 1 (or alternatively, the point where I = �89 as described previously 
(9). 

R E S U L T S  

E f f e c t  o f  T e m p l a t e - l o c a t e d  d F d C y d  o n  B a s e  I n s e r t i o n .  The ef- 

fect o f  a template- incorporated dFdCyd molecule  on the kinetics for 

insertion of  a "correct"  nucleotide (dGMP) and subsequent  extension 

by Klenow exo-  polymerase  is illustrated in Figs. 4 and 5. Compared  

to the dC template site, higher  dGTP concentrat ions were  necessary to 

achieve the same rate o f  correct  base insertion opposite the d F d C y d -  

3' C C A T G G G , G C T C G C C  5' 
I I I I I I I I I I I I I I I C o r r e c t b a s e p a i r  

5' G G T A C C C G C G A G C G G  3' 

3' C C A T G G G . G C T C G C C  5' 
t ] )  ) J J [ ) I I I  I I )  3' 

5' G G T A C C C A C G A G C G G  

3' C C A T G G G . G C T C G C C  5' 
I I I I I I I I I I I I I I I n c o r r e c t b a s e p a i r s  

5' G G T A C C C T C G A G C G G  3' 

3' C C A T G G G . G C T C G ~ C  5' 
l l l l l l l  I l l l l  I 

5' G G T A C C C C C G A G C G G  3' 

* - D e n o t e s  d C -  o r  dFdC- 

Fig. 3. Oligonucleotide duplexes (15-mers) analyzed in thermal denaturation experi- 
ments. 
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EFFECT OF TEMPLATE- LOCATED dFdCyd- ON KLENOW EXO- POLYMERASE 

a ~ 6 
dC or dFdC 

Fig. 4. A, autoradiogram of gel from dGTP reactions for 
templates containing dCyd or dFdCyd at the same site. The p 
relativc rate (v) of correct (G) base insertion at site 3 for each 
dGTP concentration was determined from the [3/[,- ratio, corre- 
sponding to the sum of the intensities of primer bands that were 
extcndcd to, or beyond, site 3 (I3) and the sum of intcnsities of 
primer band extended prior to site 3 (I2) (sec Fig. 2 for reference 
to site numbers). For both template sites, the rate of insertion 
increased with the concentration of dGTP. However, higher con- 
centrations of dGTP were required to achieve the same rate of 
insertion opposite the dFdCyd- site. The presence of more in- 
tense bands (primer pause sites) opposite sites 2 and 3 in the 
dFdC template, relative to the dC template, reflect decreases in 
both the rate of correct nucleotide insertion at site 3 (creating the 
pause band at site 2), as well as the rate of extension beyond it 
(pause band at site 3). B, autoradiogram of dATP reactions used 
to determine the rate of incorrect (transition) base insertion 
opposite dC and dFdC template sites, dFdCyd- did not decrease 
the rate ofA misinsertion relative to the dC template site, as was T 
observed for insertion of the correct base in A. Dense bands, G 
opposite the dC and dFdC template sites indicate that, as ex- 
pected, neither the dC'dA nor the dFdC'dA mismatches were ac or dFdC 
efficiently extended in the absence of 3'~,5' exonuclease proof- 
reading. However, whereas low levels of extension past dC.dA G 
mismatches were detectable (arrow), no extension past r 
dFdC.dA mismatches was apparent, despite prolonged exposure t: 
of the autoradiogram. 
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site (Fig. 4A). Kinetic analysis based on linear least-square fits to 

Hanes-Wolff ([dGTP]/V versus  [dGTP]) plots (Fig. 5; Table 1) indi- 

cated that the efficiency of base insertion (Vmax/Km) was decreased 

approximately 80-fold opposite a dFdC template site. The analysis 

further revealed that the decreased rate of  insertion opposite d F d C y d -  
was primarily attributable to an increase in the apparent Km for in- 

sertion of  dGMP (Table 1). Only small amounts of  extended primer 

accumulated opposite either template site (Fig. 4A), indicating that 

both dFdC.dG and dC.dG base pairs at the template/primer 3'-termi- 

nus were readily extended in the presence of  a saturating concentra- 

tion of  the next correct dNTP (60/xM dCTP). However, the presence 

of  a more intense band at the dFdC template site implies a reduction 

in extension efficiency at the dFdC template site relative to dCyd- .  

Insertion of  incorrect bases by DNA polymerase is highly unfa- 
vored and occurs in vitro with a frequency of  10-3-10 -5 

misincorporations/base pair replicated (15, 16). Since a d F d C y d -  site 

decreased the rate of  "correct" nucleotide insertion, subsequent ex- 
periments examined whether  this inhibitory effect on the insertion rate 

by an incorporated dFdCyd was maintained for incorrect bases. The 

range of  dNTP concentrations assayed were 0.12-2000/xM for dATP 

and 0.2-6 m u  for dTI 'P and dCTP. Concentrations greater than 2.5 mM 

inhibited insertion by the polymerase (data not shown). The Vmax/gm 

values (Table 1) for misinsertion of  dAMP opposite d C y d -  and dF- 
d C y d -  were similar (1.5 • 104 M -1 and 2.9 X 10 -4 M -I)  as was the 

case for misinsertion of dCMP (2.5 X 102 M -1 and 6.5 • 102 M-J), 

implying that when correct and incorrect dNTP substrates compete for 

insertion opposite dFdCyd- ,  the resulting increase in misinsertion 

induced by d F d C y d -  is attributable primarily to a reduction in the 

efficiency of  "correct" deoxynucleotide insertion. There appeared to 

be a 1 order of magnitude decrease in Vmax/K m for misinsertion of 

dTMP opposite d F d C y d -  compared to dCyd- .  
Nevertheless, an elevation of  misinsertion efficiencies accompanied 

replacement of  d C y d -  by d F d C y d -  in the template. The efficiency of 

forming the transition base mispair was 150-fold higher opposite 

d F d C y d -  [dFdC.dA, f = 2.7 • 10 -2 (Table 1)] compared to d C y d -  
(dC-dA, f = 1.8 • 10-4). The efficiency of  forming pyrimidine- 

pyrimidine mispairs dFdC-dT [f = 1.1 X 10 .3 (Table 1)] compared to 

dC-dT ( f  = 1.7 x 10 -4) and dFdC-dC If --- 5.9 • 10 -4 (Table 1)] 

compared to dC.dC ( f  = 2.9 • 10 -6) increased 6- and 200-fold 

opposite the d F d C y d -  site, respectively. Qualitatively, the gels indi- 

cated that extension beyond a dC-dA mismatch at the template/primer 
3 ' - terminus was greatly reduced relative to the correct dC.dG pairing, 
as shown by the accumulation of  most of  the extended primer opposite 

the dC template site in the dATP reaction lanes (Fig. 4B). However,  a 

low level of extension past the dC-dA mismatch was evident from the 

extended primer bands opposite the dT template site in the gel. In 

contrast, no extension was detectable beyond a dFdC.dA mismatch,  

even when autoradiograms were overexposed (Fig. 4B). Similar re- 
sults were observed for the dFdC.dC mismatch and only extremely 

low levels of  extension were detected beyond the dFdC,dT mismatch 

(data not shown). 
Thermal  Denaturation Experiments.  "Correct" insertion of 

dGMP opposite a dFdC template site in the presence of  the next 

correct dNTP (dCTP) was accompanied by a primer pause site oppo- 
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Fig. 5. Hanes-Wolff plots ([dNTP]/v versus [dNTP]) used to determine kinetic con- 
stants, Km, V . . . .  and Km/Wma x for insertion of dGMP (A, B) and dAMP (C).The lines for 
dCyd (O) and dFdCyd (O) templates were obtained from linear least-square fits to the data 
obtained from densitometry scans of autoradiograms. 

site dFdCyd- (Fig. 4A). There was no corresponding pause site op- 
posite dCyd in the template (Fig. 4A). The decreased efficiency of 
primer extension when dFdCyd- is present may be caused by de- 
creased stability of the dFdC.dG base pair compared to dC.dG. The 
80-fold increased apparent K~ for insertion of dGMP opposite dFd- 
Cyd- compared to dCyd- may also be indicative of a less stable base 
pairing involving the drug (9, 17). 

To examine this possibility, thermal denaturation experiments were 
conducted to compare the stability of a duplex containing a centrally 
located dFdCyd- with its dCyd--containing counterpart in aqueous 
solution (Fig. 3). A duplex 15-met, where dFdCyd- is "correctly" 
paired opposite G (dFdC.dG), decreased the thermal stability by 
nearly 4~ compared to the duplex containing dC- in the same po- 
sition [dC.dG (Fig. 6; Table 2)]. For two of the three base mispairs, 
there were no observable effects of dFdCyd- on thermal stability, the 
exception being the duplex containing dFdC.dC. In this case, dFdCyd 
stabilized the highly unstable dC.dC mismatch by about 3~ (Fig. 6; 
Table 2). 

Competition Experiment. In the kinetic measurements to deter- 
mine the fidelity of copying the dFdC and dC templates, Vmax/g m 
values were determined for each dNTP substrate in separate assays 
(Table 1). As an internal consistency check on the effect of replacing 
dCyd by dFdCyd in the template, a competition experiment was 
conducted using unlabeled dATP to compete with [ot-32p]dGTP for 
insertion opposite the dFdC or dC template sites as described in 
"Materials and Methods." For the dCyd site, the concentrations of 
dGTP and dATP which reduced the band intensity at the target tem- 
plate site by a factor of 2 (I = �89 were 0.05 and 750/.LM, respec- 
tively, yielding f = 6.67 • 10 -5. For the dFdCyd site, the concentra- 
tions of dGTP and dATP where I = �89 /o were 4 and 392 O.M, 
respectively, yielding f = 1.02 • 10 -2. Hence, taking the ratio of the 

two values o f f  from the competition experiment, we find that misin- 
sertion of dAMP opposite dFdCyd- was 153-fold greater than oppo- 
site dCyd- for the transition base mispair, in agreement with the 
150-fold increase derived from the kinetic data (Table 1). 

DISCUSSION 

A template-located dFdCyd molecule had three main effects on 
DNA synthesis catalyzed by the Klenow exo- enzyme: (a) it de- 
creased the rate of inserting a "correct" dGMP by a factor of 80; (b) 
the fidelity of nucleotide insertion was significantly diminished for 
both transition and transversion mispairs. The decrease in fidelity was 
attributable primarily to the 80-fold lower "correct" (dGMP) insertion 
rate opposite dFdCyd- compared to dCyd-. In contrast, for the base 
mispairs there appeared to be less than a 3-fold difference in Vmax/gm 
values for misinsertion of either dAMP or dCMP opposite either 
dCyd- or dFdCyd-, while Vmax/Km for dTMP misinsertion was about 
10-fold less opposite dFdCyd- compared to dCyd- (Table 1); (c) the 
rate of extension beyond a mismatch involving dFdCyd- was de- 
creased, possibly to the point of blocking extension entirely. These 
inhibitory effects on DNA synthesis occurred even though dFdCyd 
differs from the normal deoxynucleoside dCyd only by virtue of a 
difluoro substitution at the 2' position of the deoxyribose sugar. A 
previous study involving a template-incorporated 1-/3-D-arabinofura- 
nosylcytosine demonstrated that a structural modification at the 2' 
position of the sugar can also reduce the rate of correct base insertion 
(18). 

Thus, although a decreased efficiency (gmax/Km) of "correct" 
nucleotide insertion was observed opposite a dFdC template site, there 
was no decrease corresponding in magnitude for the incorrect nucleo- 
tide insertion efficiencies (Table 1). The disparate effect of dFdCyd- 
on the rate of correct and incorrect base insertion could have important 
implications with regard to the misinsertion frequencies by the po- 
lymerase at this site. Based on the Vmax/Km values obtained for correct 
and incorrect base insertion at each template site, and the resulting 
values for f (Table 1), 1 dATP will be misinserted for each 5660 
dGTPs correctly inserted at a dC template site, while at a dFdCyd- 
site, 1 dATP will be misinserted for each 38 dGTPs correctly inserted. 

A competition experiment where both dGTP and dATP simulta- 
neously competed for insertion opposite dC and dFdC template sites 
was used to check the kinetic fidelity measurement. The relative 
increase in f opposite dFdCyd- determined by both methods were in 
agreement (150-fold versus 153-fold). However, each individual value 
for f i n  the competition experiment was approximately 3-fold lower at 
both template sites than those derived from the kinetic analysis. 5 
Replacement of dCyd by dFdCyd in the template also increased the 
misinsertion rate for both transversion mispairs, by 6-fold for the 
C---,A pathway (dFdC.T, dC.dT mispairs) and by 200-fold for the 
C--~G pathway (dFdC.C, dC-dC mispairs). 

The increased f opposite dFdCyd- observed here does not neces- 
sarily imply an increased mutation frequency would be observed in 

vivo at such sites. The fixation of mutation during DNA replication 
requires base misinsertion, the lack of removal of the mismatch by 
3'--~5' exonuclease proofreading, and extension of the nascent strand 
past the site of misinsertion. In our experimental system using Klenow 
exo- DNA polymerase lacking in 3'--->5' exonuclease proofreading 
(20, 21), an increased f was observed at the dFdCyd- site, with a 
concomitant decrease in the rate of extension, possibly arresting ex- 
tension entirely past a mismatch involving dFdCyd-. A lack of ex- 
tension past dFdCyd- mismatches that result from an increased f 

5 Kinetic determinations of f allow for greater accuracy than using a competitive 
approach when the values of f a r e  small (19). 
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Table 1 Kinetic constants and predicted misinsertion efficiencies 09 obtained from gel assay experiments measuring insertion of all four deoxyribonucleotides 
by Klenow exo- polymerase opposite dC or dFdC template sites 

Apparent Relative 
Substrate a Krn ~ (/xM) Wma x Vmax/g m ( M - l )  fc 

dGTP 
dC (3) 0.2 • 0.1 17 • 3 8.6 X 107 • 3.9 1 
dFdC (3) 18 • 7 18 • 3 1.1 X 106 • 0.4 1 

dATP 
dC (2) 122 • 85 1.3 • 0.4 1.5 X 104 • 1.4 1.8 X 10 -4 
dFdC (3) 53 • 13 1.4 • 0.4 2.9 X 104 • 1.6 2.7 X 10 -2 

dTI'P 
dC (2) 158 • 63 1.8 • 1.4 1.5 X 104 • 1.5 1.7 X 10 -4 
dFdC (3) 341 _+ 140 0.4 _ 0.16 1.2 X 103 • 0.3 1.1 X 10 -3 

dCTP 
dC (2) 1000 - 1160 0.13 • 0.07 2.5 X 102 • 2.1 2.9 X 10 -6 
dFdC (2) 302 +- 76 0.18 - 0.08 6.5 • 102 • 3.5 5.9 X 10 -4  

a dNTP added to the reaction mixture that was inserted opposite the dC or dFdC template site. Numbers in parentheses, number of independent experiments run for each dNTP. 
b Values for apparent Kin, relative Vmax, and the insertion efficiency (Vmax/grn) are shown as the mean _+ SD of values obtained from linear least-square fits to Hanes-Wolff 

([dNTP]/v) versus [dNTP]) plots. 
c The predicted misinsertion efficiency, f, for each dNTP was determined relative to dGTP for both the dC and dFdC template sites by dividing the efficiency of insertion of the 

incorrect nucleotide (Vmax/Km) i by the insertion efficiency of the correct nucleotide (Vmax/Km) c. 

would act to prevent the fixation of these mismatches into base pair 

substitution mutations at dFdC template sites. The decreased exten- 
sion observed past a mismatch at the dFdC template site is consistent 
with previous observations that polymerases lacking 3'--->5' exonucle- 
ase activity extend mismatches inefficiently at template/primer 3'- 
termini (13, 22). Replacement of dCyd-  by dFdCyd-  in the mis- 

matched base pair appears to offer even greater impedance to 
mismatch extension. 

Insertion of dGMP opposite dFdCyd-  followed by insertion of the 
next correct nucleotide, dCMP opposite dGuo- ,  was characterized by 
the presence of two primer pause bands, the first stopping one base 
prior to the dFdC template site and the second directly opposite the 

analogue (Fig. 4A). Corresponding bands, barely discernible when 
dCyd was present in the template (Fig. 4A), reflect the backgound 
level of primer termination visible opposite even those template sites 
that are efficiently extended. Therefore, the replacement of dCyd-  by 
dFdCyd-  resulted in a decrease in both the rates of correct nucleotide 
insertion and continued primer extension, suggesting the possibility 
that dFdC-dG forms a less stable base pair than dC.dG. Thermal 
melting measurements confirmed that dFdC-dG base pairs were less 
stable than dC.dG pairs (Table 2), but the results also indicated that 

N C 1.20 1.20 "1 . - - 0 1  

o ~  1.10 1.101 
1.05 1.05 "t 
1.00 1.00 1 

i i m m l / 

40 so 60 To 0o 90 ;o 5'0 6'0 r 8'0 90 
1"201 odFdC:dCDuptex C ,  1.25| 

�9 o1.15 "4 : 1"2~ odF?C:dTDuplex D 

:~1 .10  ~ 1"151 
:~,~ 1.05 t 1"10 1 

,oo1 1~ , , �9 1 1.00_ 
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Fig. 6. Thermal denaturation curves obtained for oligonucleotide duplexes with a 
centrally located correct base pair involving dCyd or dFdCyd (A), and with the 3 possible 
base pair mismatches (B-D). The initial value for the absorbance at 260 nm for the 
completely annealed duplex prior to heating was normalized to a value of 1.0. 

Table 2 Tm determination for deoxyoligonucleotide duplexes containing dCyd and 
dFdCyd either correctly paired or mispaired at the central position 

of the 15-mer duplex 

dC template T m (~ dFdC template Tm (~ ATm (~ 

dC.dG 69.7 dF.dG 65.8 -3.9 
dC.dA 54.6 dF.dA 54.6 0 
dC.dT 54.7 dF.dT 54.7 0 
dC.dC 49.7 dF.dC 52.8 3.1 

a Tm measurements are • I~ 

the effect of dFdCyd-  on duplex stability depended on the nature of 
its base pairing partner in the duplex. For a correctly paired duplex, a 

single dFdCyd-  molecule decreased the stability of the duplex by 
nearly 4~ compared to a dC-dG base pair. In contrast, for base 
mispairs with dA and dT, dFdCyd-  did not appear to further de- 
crease duplex stability (Table 2). For the duplexes containing central 
dC.dC and dFdC.dC mismatches, dFdCyd-  increased duplex stability 

(Table 2). 
Inhibition of "normal" DNA synthesis by DNA polymerases, re- 

sulting from an incorporated dFdCyd, might also occur within cells. 
The magnitude of such an effect would depend on the number of sites 
of dFdCyd incorporation, the intracellular dNTP concentration, and 
the Vmax/Kmvalues for nucleotide insertion opposite, and extension 
beyond, these sites. Although dFdCTP competes only weakly with 
d C r P  for insertion by pol a and pol �9 (8), the high intracellular 
dFdCTP concentration achieved and its long half-life (4) produce a 
high dFdCTP/dCTP concentration ratio that promotes analogue incor- 
poration. Decreased intracellular dNTP pool concentrations, resulting 
from the inhibition of ribonucleotide reductase (5, 6), increase the 
possible biological significance of a decreased rate of correct base 
insertion at dFdCyd-  sites. Although we observed decreased exten- 
sion efficiencies past dFdC template sites, particularly those involved 
in mispairs, it is an open question whether the same effect would occur 
in cells, since they utilize eukaryotic polymerases with intact 3'--->5' 
exonuclease function. 

Evidence from X-ray crystallographic and nuclear magnetic reso- 

nance analyses may provide a structural basis for the dFdCyd-induced 

decrease in base pairing stability. These studies, utilizing free sugars, 
demonstrated that a 2' monofluoro substitution affects the puckering 
conformation of the sugar, shifting the predominant conformation 
from the C(2')endo, characteristic of the sugar conformation found in 
the backbone of DNA, to the C(3')endo conformer typically found in 
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R N A  (23).  A s s u m i n g  that a d i f luoro  subs t i tu t ion  at the 2 '  pos i t ion  has 

a s imilar  e f fec t  on  sugar  pucker ing ,  si tes o f  d F d C y d  incorpora t ion  into 

D N A  cou ld  induce  a loca l ized  change  in b a c k b o n e  shape,  to that more  

charac ter i s t ic  o f  R N A .  Such  a subt le  change  in shape  cou ld  eas i ly  

a f fec t  base  pa i r ing  stabil i t ies ,  par t icu la r ly  for  cor rec t ly  pa i red  bases ,  

and be  re f lec ted  in the Km va lues  for  cor rec t  ba se  inser t ion and in 

dup lex  s tabi l i ty  (Tin) m e a s u r e m e n t s ,  as w a s  obse rved .  Fur ther  w o r k  

wil l  be  requ i red  to de t e rmine  if  such  s t ructural  changes  do,  in fact,  

resul t  f rom d F d C y d  incorpora t ion  into D N A .  A charac te r iza t ion  o f  

such  changes  m a y  lead to a m o r e  rat ional  and e f fec t ive  des ign  o f  

an t ime tabo l i t e s  the cy to tox i c i t y  o f  w h i c h  m a y  be,  in part ,  de r ived  f r o m  

a direct  inhibi t ion o f  D N A  synthes is .  
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