Available online at www.sciencedirect.com

SCIENCE DIRECT
(d) ¢
I

ELSEVIER Antiviral Research 62 (2004) 57-64

23 Antiviral
Research

—_—
www.elsevier.com/locate/antiviral

Investigating the effects of stereochemistry on incorporation and removal
of 5-fluorocytidine analogs by mitochondrial DNA polymerase
gamma: comparison af- andL-D4FC-TP
Eisuke Murakanf, Adrian S. Ray, Raymond F. Schina2il, Karen S. Andersoi*

a Department of Pharmacology, Yale University School of Medicine, 333 Cedar Street, New Haven, CT 06520-8066, USA
b Laboratory of Biochemical Pharmacology, Department of Pediatrics, Emory University School of Medicine/VAMC, Decatur, GA 30033, USA

Received 18 August 2003; accepted 10 December 2003

Abstract

Enantiomers of3-2',3-didehydro-2 3'-dideoxy-5-fluorocytidine §/L-D4FC) are nucleoside analog reverse transcriptase inhibitors
(NRTIs) currently under investigation as antiviral agents. One of the major problems of NRTIs is toxicity to mitochondria. It has been
shown that mitochondrial toxicity of NRTIs can correlate with incorporation and removal of these compounds by mitochondrial DNA
polymerase (Poy). Mechanistic studies have shown that, if activated, NRTIs are incorparetestfficiently by HIV-1 reverse transcriptase
(RT) andlessefficiently by Polvy, the corresponding nucleosides are considered to be more selective. In the present study, in order to
predict potential DNA Poly-related mitochondrial toxicity of- andL-D4FC, the incorporation and removal of the monophosphate form
of these compounds by Pgl were studied using transient kinetic methods. Our cell-free results showed thatiRmrporated the
naturalp-isomer significantly more efficiently than the unnaturdsomer. However, the removal rates of these enantiomers from the
chain-terminated primers were almost identical. While these results suggestbd&C may present more mitochondrial toxicity than
L-D4FC in cell-free assays, we have previously shown that HIV-1 RT pref®4FC-TP as a substrate over thésomer, particularly in
the case of mutant forms of RT associated with nucleoside drug resistance such as M184V. Since the effectiveness of NRTIs is a balance
between efficiency of incorporation by wild-type and drug-resistant forms of HIV-1 RT and mitochondrial toxicity, our kinetic results
suggest that both enantiomers may show promise as potential therapeutics.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction which is associated with mitochondrial DNA polymerase
(Pol v) because phosphorylated NRTIs are incorporated
In current anti-human immunodeficiency virus (HIV) into mitochondrial DNA (mtDNA) by Poly. This causes
chemotherapies, several steps in HIV replication, includ- replication of mtDNA to be inhibited and can lead to mito-
ing viral cell entry, reverse transcription, DNA integration, chondrial dysfunction\White, 200).
and proteolytic processing are targetéze (Clercq, 2002; Both enantiomers of3-2,3-didehydro-2,3-dideoxy-5-
Gulick, 2003. At the cornerstone of highly active antiretro- fluorocytidine ¢/L-D4FC) are currently in clinical trials
viral therapy are the nucleoside analog reverse transcriptasdargeting viral reverse transcription;:D4FC (Reversét/,
inhibitors (NRTIs) which lacks a’shydroxyl group on the  Pharmasset, Inc.)Ma et al., 1999; Shi et al., 1999;
ribose ring and, as a result, terminate elongation of DNA. Schinazi et al., 2002; Geleziunas et al., 2083n Phase Il
However, these NRTIs often show mitochondrial toxicity as an anti-HIV agent and-D4FC (elvucitabine, Achillion
Inc.) (Zhu et al., 1998; Le Guerhier et al., 2000, 2001;
- Krishnan et al., 2002is in Phase I/ll studies as an anti-HIV
* Corresponding author. Tek:1-203-785-4526; faxi-1-203-785-7670. and -HBV agent. The structures of the triphosphate forms
E-mail addresskaren.anderson@yale.edu (K.S. Anderson). __ of the compounds are shownfiig. 1 Recently, it has been
Author receives royalties for the sale of 3TC and is entitled to royalties .
from sales and marketing of nucleosides discussed in this article (FTC, ShOWﬂ at a molecular level that HIV-1 revers_e_transcrlptase
and p-D4FC) as recognition for his contribution to the discovery and (RT) incorporates>- andL-D4FC-MP less efficiently than
development of these drugs. dCMP by 2- to 3-fold and 20- to 30-fold, respectiveRay

0166-3542/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Structure of dCTP, ano/L-D4FC-TP.

et al., 2002, 2008 Thus, HIV-1 RT incorporates-D4FC-
MP 10-fold more efficiently than.-D4FC-MP, suggesting
that p-D4FC may exhibit higher potency against HIV than
the corresponding.-isomer. However, evaluation in cell

corresponding naturab-isomers as previously shown for
two sets of enantiomers @-2',3-dideoxy-3-thiacytidine
monophosphate, {)/(—)-3TC-MP? and B-2',3-dideoxy-
5-fluoro-3-thiacytidine monophosphate;+}/(—)-FTC-MP

culture indicates that the potency of the two enantiomers (Feng et al., 2001, 2004 Since additional analogs with

against wild-type HIV is similar$%chinazi et al., 2002; Lin

the unnaturalL-configuration have not been tested, it is

et al., 1996, suggesting that perhaps other cellular factors not known whether or not the high stereospecificity is
such as transport or metabolism of these analogs may alsdimited to analogs with the oxathiolane ring. Thus, in or-

contribute to the antiviral efficacyRay et al., 2008

Pol~ is a multifunctional enzyme which catalyzes DNA-
and RNA-directed DNA synthesis; 3> 5 DNA excision,
apurinic-apyrimidinic lyase, and other RNA-associated
reactions Johnson and Johnson, 200%a,RPinz and
Bogenhagen, 2000; Murakami et al., 2003ince Poly
is the only DNA polymerase found in mitochondria, in-
hibition of this enzyme could be a crucial determinant of
unwanted side effects. Efficient incorporation by Pol
leads to chain-termination, inhibition of mtDNA synthesis,
and potential mitochondrial toxicity. Mechanistic studies
have shown that mitochondrial toxicity from cell culture
studies may be correlated with efficiency of incorporation
of phosphorylated NRTIs by Pal (Johnson et al., 2001
Therefore, examining the effects of NRTIs on Roht a

der to understand if the high stereospecificity of Rals

a general behavior, it would be of considerable interest
to study the incorporation of a pair of enantiomers with
other structural modifications of the ribose ring, such as the
2',3-unsaturation found im- andL-D4FC-MP.

The 3 — 5 DNA excision reaction for proofreading by
Pol vy is also an important factor in considering mitochon-
drial toxicity of NRTI's, because once a nucleotide analog
is incorporated, the primer is chain-terminated, and if the
analog is removed efficiently, the primer can be used for
DNA replication again. Thus, it is important to study both
incorporation and removal of the drugs. Therefore, in this
study, both incorporation and excision reactions of two enan-
tiomers ofp- andL-D4FC-MP catalyzed by Poj were in-
vestigated using kinetic approaches. The results were com-

molecular level offers an efficient and convenient method pared with other nucleotide analogs and evaluated to predict
to understand and predict the propensity of a nucleotide tothe level of Poly-related mitochondrial toxicity ob- and

induce mitochondrial toxicity related to P9l

HIV-1 RT incorporates nucleotide analogs containing an

oxathiolane ring with unnatural-configuration relatively

efficiently (Feng and Anderson, 1999; Feng et al., 1999
On the other hand, Pol is more stereospecific and poorly
incorporates unnatural-isomers as compared with the

L-D4FC relative to the other analogs.

2 (+)3TC is also commonly referred to as BCH-189. 3TC generally
refers to the unnatural)-b-isomer of 2,3-deoxy-3-thiacytidine which
is in current clinical use.
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2. Materials and methods 2.4. Incorporation ob- and1-D4FC-MP

2.1. Materials All concentrations of reactants are reported as the final
concentrations after mixing in the rapid chemical quench
p- andL-D4FC-TP were synthesized as described previ- apparatus (see below). For burst experiment analyses, time-
ously Ray et al., 2002 The [y-32P]ATP was obtained from  dependent product formation was fitted to an equation;
Amersham Biosciences. Deoxyoligonucleotides were syn- [product]= A(1 — exp(—kopd)) + Aksg, WhereA is ampli-
thesized by Keck Oligonucleotide Synthesis Facility at Yale tude,kypsis observed burst rateis time, andkssis observed
University and purified by 20% polyacrylamide gel elec- steady-state rate. The program, Kaleidagraph (Synergy
trophoresis. Software, Reading, PA) was used for the data analyses.
A pre-steady-state kinetic analysis was used to ex-
amine incorporation of a single nucleotide into a DNA
2.2. Overexpression and purification of enzymes primer/ftemplate substrate using a KinTek Corporation
(Austin, TX) Model RQF-3 rapid-quench flow apparatus as
Two different subunits of Poj were overexpressed sepa- described previouslyKerr and Anderson, 1997; Kati et al.,
rately. Both wild-type (wt) and exonuclease deficient (Exo  1992.
mutant catalytic subunit were expressed in Sf9 insect cells Incorporation ofp-D4FC-MP into D23/D45 by Poly
using the baculovirus expression system as described prewas studied under burst conditions in which a slight excess
viously (Graves et al.,, 1998 The accessory subunit was primer/template substrate was mixed with the enzyme. Since
overexpressed ift. coli as described previoushdghnson a pre-steady-state burst of product formation was not ob-
et al., 2000. The holoenzyme was reconstituted by mixing served during.-D4FC-MP incorporation, the experiments
the catalytic and accessory subunits at 1:5 ratio and incu-were performed under single-turnover conditions, where the
bating for 10 min on ice prior to the experiments. HIV-1 enzyme concentration was slightly in excess over the DNA
RT was overexpressed and purified as described previouslysubstrate. The reaction time course fsD4FC-MP incor-
(Kati et al., 1992. poration was initiated by mixing a reactant solution contain-
ing varying concentrations @£D4FC-TP, 2.5 mM MgCl in
50 mM Tris—HCI/100 mM NaCl buffer pH 7.8 and another
2.3. Preparation of DNA substrates reactant solution containing 300 nM D23/R45, 80 nM exo
Pol v holoenzyme. For-D4FC-MP incorporation, all the
The B-end of the primer was radiolabeled wifP using experimental conditions were identical except D23/D45 and
T4 polynucleotide kinase ang{32P]JATP as previously de-  exo~ Poly holoenzyme concentrations were 50 and 200 nM,
scribed Kati et al., 1992. For annealing, the labeled primers respectively. The reaction was rapidly quenched using 0.3 M
and desired templates were mixed at 1:1.4 ratio and heat-EDTA at desired times. Products were separated on a 20%
treated at 90C for 5 min followed by slow cooling, typically ~ polyacrylamide gel containing 8 M urea and analyzed on a
50°C for 10 min and onice for 10 min. The complete anneal- BioRad GS-525 Molecular Imager System.
ing was confirmed by a native gel electrophoresis containing
15% polyacrylamide. DNA primers chain-terminated with 2.5. Removal ob- andL-D4FC-MP
p- and L.-D4FC-MP (D24-mer) were prepared by elongat-

ing D23 using HIV-1 reverse transcriptasilnson et al., Removal ofp- and L-D4FC-MP by Poly was studied

2001). All the primer-template sets used in this study are as described previouslyyghnson et al., 2001; Feng et al.,

shown inFig. 2 2001 except that the concentrations of the chain-terminated
DNA 23mer

5/ -*GCCTCGCAGCCGTCCAACCAACT -3’
3’ - CGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG -5/

DNA 45mer

DNA 24mer
5’ —*GCCTCGCAGCCGTCCAACCAACTX -3’ (X:D-/L-d4FC)
3’ - CGGAGCGTCGGCAGGTTGGTTGAGTTGGAGCTAGGTTACGGCAGG -5’

DNA 45mer

Fig. 2. Sequence of primer-template.
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primer-template substrate and the holoenzyme concentra- 80g 3
tions were much higher to ensure that binding was not lim- S 70¢ E
iting. The reaction mixture containeduM D24/D45, 2uM £ 60 E
Pol v, and 2.5 mM MgC}. After the desired times, the re- g igg 3
action was quenched in 0.3M EDTA and the intact DNA S 30:
primer substrate was quantified on a DNA sequencing gel 2 5 E
and the data were fit to a single exponential decay equa- 10% E
tion: (% intact D24-mer) = A exp(—kexof), WhereA is the ot L L
amplitude,kexo is the rate of excision, andis the time in A) 0 10 %?ne (S‘Z%) 40 50
seconds.
250 prrrr e
2.6. Toxicity index —.
% 200;
Toxicity index was calculated using the equation: E 150
toxicity index = 1+ (kcat/ kexo) x ([Ana—TP]/[dNTP])/4D, £ ook ]
where ket is the maximum rate of incorporation of the S F 1
natural dNTP,kexo is the rate of exonuclease removal of S50F o° E
the chain-terminated drug, [Ana-TP] is the concentration ] 2 N T T T
of analog triphosphate, [NTP] is the concentration of the 0 50 100 150 200 250 300 350
natural nucleoside triphosphate, a@bds the discrimination ®) Time (sec.)
factor which is a ratio of the efficiency for natural dNTP
. : - : - 40 \ T T 3
incorporation to the efficiency of analog triphosphate in- _ 35k P o o
corporation, as described previousofinson et al., 2001 2 3k E
The ratio [Ana-TP]/[dNTP] was assumed to be 1. E 25k
£ 20§ .
S 15 :
3. Results © 10 .
5¢ 3
3.1. Incorporation of- andL-D4FC-MP 0 00 1000 {50025002%00
(©) Time (sec.)

Pre-steady-state kinetic analyses were employed to study
incorporation ofb- andL-D4FC-MP. These studies provide Fig. 3. Incorporation ofb- and L-D4FC-MP. (A) Pre-steady-state burst

two key kinetic parameters: the maximum rate of incorpora- kinetics of incorporation ob-D4FC-MP into _D2_3/D45 pr|mer—temp|a§e._ _
The presence of a pre-steady-state burst indicates that the rate-limiting

tion (kp0|) and equ'“b”um dissociation ConStamCo- Based step is the release of the product. (B) Incorporation-8f4FC-MP under

on these two parameters, efficiency of incorporation can bethe same conditions as (A). The rate of incorporation was slow so that

calculated I(p0|/Kd)_ Since the efficiency of incorporation is no pre-steady-state burst was observed, indicating that the rate-limiting

quantitatively expressed as a numerical value, it can easily P altered fromfpm%“:;ée:\jgse to SdUbStraFe ig"‘”%"raﬁ?”-l (C) The rate
. . of incorporation forr- -MP was determined under single-turnover

be compared among different compou'r!ds and prOVIde anconditions in which the concentration of the enzyme was in excess of the

assessment on how well the enzyme utilizes each of the Nu-qpstrate concentration.

cleotides.
A pre-steady-state burst experiment was performed for
p-D4FC-MP incorporation in the presence of 80 nM Rol ied under single-turnover conditions in which enzyme con-

300nM D23/D45, 2.5 mM MgGCJ, and varying concentra-  centration is in excess over the primer/template substrate

tions of p-D4FC-TP. A typical burst kinetic trace is shown (Fig. 3Q). The experiments were performed in the presence

in Fig. 3A. The presence of burst in single nucleotide incor- of 200 nM Poly, 50 nM D23/D45, 2.5 mM Mg, and vary-

poration is a characteristic of most DNA polymerases. The ing concentrations af-D4FC-TP. The reaction kinetic time

rapid burst phase represents incorporation of the nucleotidecourses were fit to a single exponential equation.

into the primer/template substrate which is pre-bound to the Dependence of the observed burst ratesB4FC-TP

enzyme. The slow linear phase represents the rate-limitingconcentration is shown iRig. 4A. Based on the hyperbolic

elongated product release. fit, parameterskyo andKgq were determined to be. 27 +
When a pre-steady-state burst experiment was performed0.06 s™1, and 082+ 0.2 uM, respectively. Efficiency of in-

for L-D4FC-MP incorporationno burst of the elongated  corporation Kyo/Kq) was calculated to be 1.5V 1s71,

product formation was observe&ig. 3B). This indicates The single exponential rates were plotted agairB4FC-

that the rate-limiting step has changed from product releaseTP concentrations and the parametggs Kq, and efficiency

to a step prior to it. Therefore, in order to specifically focus of incorporation were determined to bed80+ 0.010s ™2,

on elongation steps,-D4FC-MP incorporation was stud- 167+ 39uM, and 0.000uM~1s71, respectively Fig. 4B).
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Fig. 4. Dependence of observed incorporation ratespAhRD4FC-TP
concentration. (A) Observed burst rates were plotted agaiitFC-TP
concentrations and the data were fit to a burst equation $&=tion

2). (B) Observed single-turnover rates were plotted agaiAS#FC-TP
concentrations and the solid line indicates the single exponential fit.
Parameters are summarizedTable 1

The parameters are summarizedTiable 1including the
previously determined numbers for the natural substrate,
dCTP. Bothp- and L-D4FC-MP were incorporated much
less efficiently than the natural nucleotide, dCMP. When the
efficiency was compared between the two enantiomers,
D4FC-MP was a 3000-fold better substrate thaB4FC-

MP.

3.2. Removal ob- andL-D4FC-MP

In order to evaluate how much mitochondrial toxicity the
analogs might show, it is important to consider the exonucle-
ase removal of the analog from the chain-terminated primer
end. Removal ob- and L-D4FC-MP from the 3end of
the primer by DNA excision activity of Po} was studied
under single-turnover conditions where the concentrations
of D24/D45 and Poly holoenzyme are 1 and M, re-
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Fig. 5. Removal ob- andL-D4FC-MP. Intact D24-mer substrate concen-

tration (%) was plotted against time. Closed and open circles shamd
L-D4FC-MP removal with rates of 0.00064 and 0.0008% sespectively.

Table 2
In vitro kinetic toxicity index

Analog Toxicity indeX
ddC-TP 160,000
ddA-TP 18,500
DAT-TP 3,120
p-D4AFC-TP 662
ddI-TP 7
(+)-3TC-TP 4
PMPApp 2.1
(=)-3TC-TP 1.2
L-D4FC-TP 1.15
AZT-TP 1.05
CBV-TP 1.007

@Numbers other tham- and L-D4FC-TP were taken frondohnson
et al. (2001)

b(4)-3TC is also commonly referred to as BCH-189.

¢(—)-3TC is generally referred to as 3TC.

spectively. The intact substrate was quantified from a 20%
polyacrylamide gel and the rates were calculated by fitting
into an exponential decay equation. As showrrig. 5, the
rates betweem- andL-D4FC-MP removal by Poly were
almost identical with 0064+ 0.00004 51 and 000087+
0.00004 51, respectively.

3.3. Toxicity index

Toxicity index is a kinetically derived parameter that at-
tempts to predict the mitochondrial toxicity of a nucleotide
analog. This index was calculated ferandi-D4FC-TP us-
ing the equation shown in the experimental section. A higher
number predicts a more toxic analog. The valuesfoand
L-D4FC-TP are shown ifiable 2in bold characters together

Table 1
Kinetic parameters for dCTP analL-D4FC-TP

kool (571 Kg (M) Efficiency uM~1s1) Discrimination
dCTP 444 22 1.1+ 0.22 407 —
D-D4FC-TP 1.27+ 0.06 0.82+ 0.2 1.55+ 0.39 26
L-D4FC-TP 0.080+ 0.010 167+ 39 0.0005+ 0.0001 83,500

@Numbers were taken froreng et al. (2001)
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with the numbers for other analogs determined previously mined previously. Since-D4FC-MP was 3000-fold more

(Johnson et al., 2001p-D4FC-TP showed similar toxicity
index as DAT-TP which contains the samg2unsaturated
ribose ring.L.-D4FC-TP presented much lower toxicity and
the value was similar to that of{)-3TC-TP which contains
an oxathiolane ring with an unnatunalconfiguration.

4, Discussion

In order to estimate possible mitochondrial toxicity of an
enantiomeric pair of nucleoside analogs,and L-D4FC,

efficiently incorporated by Poj thani-D4FC-MP, and the
removal rates were almost the same between the two, a
higher kinetic toxicity index was obtained for tineisomer.
This suggests that the-D4FC might present higher mito-
chondrial toxicity than.-D4FC, although in vitro kinetic re-
sults do not always correlate with cell culture data. The ki-
netic toxicity index fom-D4FC-TP is slightly lower than for
DAT-TP and relatively high among all the analogs studied,
suggesting that the analogs containifi@2unsaturation in
the ribose ring with the natural configuration present higher
toxicity indexes. The number for<)-3TC-TP which con-

we have studied effects of phosphorylated forms of these tains an oxathiolane ring with unnatural configuration is low

analogs on two catalytic activities (DNA polymerization and
3 — 5 DNA excision) by human mitochondrial DNA poly-
merase (Pol). Bothp- andiL-D4FC-MP were incorporated
by Pol vy with less efficiency compared to the natural nu-
cleotide, dCMP. Remarkably, the DAFC-TP was highly

and similar to that for.-D4FC-TP, suggesting that analogs
with unnatural configuration may present lower toxicity in-
dexes. Since previous studies have shown thaRTC-MP
was 100-fold less efficiently incorporated than{3TC-MP
by Pol+, this trend should also be consistent fer){FTC-

discriminated against relative to dCTP, as its incorporation TP (Feng et al., 2004

efficiency was 83,500-fold less. When the two enantiomers

were compared, the incorporation efficiency f&D4FC-
MP was 3000-fold higher than far-D4FC-MP. This ob-
servation that Pok incorporates the unnaturalisomer at
lower efficiency agrees with the previous results with two
enantiomeric pairs of)/(—)-3TC-TP, and 4)/(—)-FTC-
TP where the stereoselectivity (efficiency of natural iso-
mer/efficiency of unnatural isomer) was 16- and 7900-fold,
respectively Feng et al., 2001, 2004Thus, the trend that
unnatural.-isomers are incorporated by Pgless efficiently

Previously, we have reported studies on the incorporation
of both p- and L-D4FC-MP by wild-type and 3TC resis-
tant (M184V) HIV-RT Ray et al., 200 Thep-D4FC-MP
was incorporated as efficiently as the corresponding nat-
ural substrate dCMP with the wild-type and the M184V
mutant RT, suggesting that RT may have difficulty distin-
guishing between the analog and the natural nucleotide.
This may be the reason whyD4FC was found to develop
only one mutation (K65R) with minor resistance (5- to 8-
fold) in cell culture studiesGeleziunas et al., 20030n

is not restricted to analogs with an oxathiolane ring but also the other handrL-D4FC-MP was incorporated 20- to 30-

extends to 23'-unsaturated ribose rings. In order to further
generalize this observation, it is important to test other
analogs with different structural modifications in the ribose
ring.

Pol v possesses 3> 5 exonuclease proofreading activ-
ity. This activity has been shown to be higher in excising

fold less efficiently than dCMP by the wild-type RT and
it was highly selected against by the M184V mutant RT
where a three order of magnitude drop incorporation effi-
ciency relative to dCMP was observed. Cell culture studies
have shown that-D4FC-MP elicits K65R in addition to
M184V (Schinazi et al., 2001 Therefore,p-D4FC is less

a mismatched nucleotide than correctly matched one at theprone to lead to resistance mutation development than-the

3'-end Johnson and Johnson, 2001Although nucleotide

analogs are different from natural substrates, they are still

isomer.
In summary, we have found thatD4FC-MP was incor-

able to make correct base pairs as most of the modificationsporated into a DNA primer approximately 3000-fold more

are in the ribose ring. The rates of removabe&indL-D4FC-

efficiently thanL-D4FC-MP by Poly and that the rates of

MP from the chain-terminated primers were slow as ex- removal of bothp- andL-D4FC-MP by exonuclease activ-

pected and they were very similar (0.00064 and 0.00087 s
respectively). These results indicate that Rahay be un-

ity of Pol v were almost identical. The combined results
suggest thab-D4FC may cause higher mitochondrial tox-

able to distinguish between the two enantiomers at the ex-icity than.-D4FC in cell-free systems. On the other hand,
onuclease active site. This observation is also supported byour previous study has shown that HIV-1 RT incorporates

previous studies with+)/(—)-3TC-MP and ¢)/(—)-FTC-
MP, where the rates of removal were similar for the two
enantiomeric pairsHeng et al., 2001, 2004

p-D4FC-MP approximately 10-fold more efficiently than
D4FC-MP, suggesting that-D4FC may present higher ef-
fectiveness against wild-type and M184V mutant forms of

Incorporation and removal of other nucleoside analog HIV than theL-isomer Ray et al., 200 Since the effective-
monophosphates have been studied and taking into accountess of NRTIs is a balance between efficiency of incorpora-
discrimination factors between the analogs and the corre-tion by wild-type and drug resistant mutant forms of HIV-1
sponding natural nucleotide, toxicity indexes for the analogs RT and mitochondrial toxicity, which for certain nucleotides

have been calculatedghnson et al., 2001The kinetic tox-
icity indexes forp- andL-D4FC-TP are shown ifable 2

correlate with efficiency of incorporation and removal by
Pol v, our enzyme kinetic results suggest both enantiomers

in bold together with the numbers for other analogs deter- show promise as antiviral agents.
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While inhibition of DNA Pol y is a potential indicator
in predicting mitochondrial toxicity, overall mitochondrial
toxicity is clearly a composite of many factors. These are
mitochondrial transport and activation, the relative ratios of

natural dNTPs and analog-TPs inside the mitochondria, and

toxicity unrelated to inhibition of DNA Poy. For instance,
it was demonstrated thai-D4FC was less toxic than-
D4FC in various cell culture systemSHi et al., 1999 Fur-
thermore, similar results showing low toxicity ofD4FC

were reported in a cell-based HepG2 assay for mitochondrial

toxicity (Schinazi et al., 2002; Lin et al., 1996Although
higher mitochondrial toxicity was observed foiD4FC by

lactic acid assay, the mitochondrial DNA synthesis was not

inhibited in the presence of 1M of eitherb- or L-D4FC

Johnson, A.A., Johnson, K.A., 2001b. Fidelity of nucleotide incorporation
by human mitochondrial DNA polymerase. J. Biol. Chem. 276, 38090—
38096.

Johnson, A.A., Ray, A.S., Hanes, J., Suo, Z., Colacino, J.M., Anderson,
K.S., Johnson, K.A., 2001. Toxicity of antiviral nucleoside analogs
and the human mitochondrial DNA polymerase. J. Biol. Chem. 276,
40847-40857.

Johnson, A.A., Tsai, Y., Graves, S.W., Johnson, K.A., 2000. Human mi-
tochondrial DNA polymerase holoenzyme: reconstitution and charac-
terization. Biochemistry 39, 1702-1708.

Kati, W.M., Johnson, K.A., Jerva, L.F., Anderson, K.S., 1992. Mechanism

and fidelity of HIV reverse transcriptase. J. Biol. Chem. 267, 25988—
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Kerr, S.G., Anderson, K.S., 1997. RNA dependent DNA replication fidelity

of HIV-1 reverse transcriptase: evidence of discrimination between
DNA and RNA substrates. Biochemistry 36, 14056-14063.

Krishnan, P., Fu, Q., Lam, W,, Liou, J.Y., Dutschman, G., Cheng, Y.C.,

(Schinazi R.F., unpublished data). Taken together, these data 2002. Phosphorylation of pyrimidine deoxynucleoside analog diphos-

indicate that the toxicity of -D4FC may not be related to
incorporation of the drug into DNA by Pal. The cellular
data, however, suggest thaD4FC may exhibit mitochon-
drial toxicity by a mechanismnrelatedto an effect on the
mitochondrial DNA Poly.
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