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Abstract

A novel non-chain terminating nucleoside analog anti-HIV inhibitor, KP-1212 has been designed to form base pairs with multiple bases
that may lead to mutagenesis in the HIV-1 viral genome. After multiple replication cycles, the accumulation of mutations surpasses a crucial
threshold beyond which the virus can no longer replicate. HIV-1 reverse transcriptase (RT) incorporates the KP-1212 monophosphate into th
genome during viral replication after metabolic activation of the KP-1212 nucleoside to the triphosphate. The propensity for forming alternate
base pairs with the KP-1212 nucleotide leads to mismatched nucleotides and the subsequent misincorporation is the basis for the inhibitor
activity. The results showed that HIV-1 RT and human mitochondrial DNA polymerasey]Rwdorporated KP-1212-TP with a significant
level of efficiency, whereas mouse DNA polymerg@s@ol 8) did not. Misincorporation studies suggest that both HIV-1 RT andyRohy
cause mutations at significantly high rates. These in vitro data confirm the mechanistic basis of KP-1212 as a viral mutagen but suggest th:
there may be a potential for toxicity to the mitochondria.
© 2005 Published by Elsevier B.V.
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1. Introduction contain an unmodified 2leoxyribose sugar with slight mod-
ifications in the base, which could further increase the high
Nucleoside (analog) reverse transcriptase inhibitors (NR- mutation rate of HIV Daifuku, 2003; Loeb et al., 1999; Loeb
Tls) are the most common class of compounds used in the cur-and Mullins, 2000; Anderson et al., 2004The increased
rent anti-HIV chemotherapy. The seven NRTIs approved by mutation rate could exceed the error threshold for viability
the FDA lack a 3hydroxyl group in the sugar moiety and the and the virus may no longer replicate, a process known as
eighth is actually an acyclic nucleotide analog. In each case,“lethal mutagenesis”. Because polymerases from riboviruses
once the nucleoside (or nucleotide) is phosphorylated to theand retroviruses show high mutation rates, covert nucleo-
active form and incorporated into an elongating DNA strand sides are currently being screened for activity against retro-
by HIV-1reverse transcriptase (RT), the DNA synthesisis ter- viruses and riboviruses including HIV and hepatitis C virus
minated. Due to their mechanism of action, these N(t)RTIs (Anderson et al., 2004They may also have activity against
are often referred to as “chain terminators”. However, many hepatitis B virus since the virus requires RNA-dependent
of these drugs may lead to development of resistant virusesDNA synthesis during replication processésderson et al.,
due to HIV's exceptionally high mutation rate. Thus, for the 2004). KP-1212 (5-aza-5,6-dihydro-2leoxycytidine) is one
virus, the high mutation rate serves as a self-defense systemof the covert nucleosides which has been modified in the cy-
In contrast to all the chain terminators, covert nucleosides tosine ring Fig. 1A). This analog has demonstrated antiviral
activity in the nanomolar range and an acceptable toxicity

* Corresponding author. Tel.: +1 203 785 4526; fax: +1 203 785 7670,  Profile (Harris et al., submitted for publicatiprin addition,
E-mail addresskaren.anderson@yale.edu (K.S. Anderson). KP-1212 has been shown to be active against NRTI-resistant
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(A) hHe the steady-state inhibition constants for KP-1212-TP for each
)\N X enzyme? (2) How efficiently is KP-1212-MP incorporated
k /K | /K under pre-steady-state conditions by HIV-1 RT and 42l
N o (3) How fast is KP-1212-MP removed by the exonuclease
activity of Polvy? (4) How is incorporation of the next cor-
° rect nucleotide affected when KP-1212 is at thee8d of
T the primer? (5) How frequently are mutations generated? (6)
-, How fast are mispaired natural nucleotides removed by the
KP1212 2'-Deoxycytidine . L.
proofreading exonuclease activity of R&
(B)
D20/D36 5/ -*TCAGGTCCCTGTTCGGGCGC-3" 2. Experimental procedures
3’ -CGAAAGTCCAGGGACAAGCCCGCGGTGACGATCTCT-5"
D21/D36 57 -*TCAGGTCCCTGTTCGGGCGCC-3" 21 Materials
3’ ~-CGAAAGTCCAGGGACAAGCCCGCGGTGACGATCTCT-5"
The KP-1212-TP was synthesized by Koronis Pharma-
D2IKPID3E o A oo Conmeren 2 F) ceuticals (structure of KP-1212 nucleoside is shown in
Fig. 1A). Oligonucleotides (D20, D21, D21G, D21A, and
D20/D3EKP 5’ -*TCAGGTCCCTGTTCGGGCGC-3'  (X:KP-1212-MP) D36) were synthesized at Keck facility (Yale University)
3’ ~CGAAAGTCCAGGGACAAGCCCGCGXTGACGATCTCT-5" g . .
and purified by 20% polyacrylamide gel electrophoresis.
D21G/D36KP 5/ % TCAGETCCCTGTTCGGECECG-3/ (X:KP-1212-MP) The _KP-1212 containing ollgonucl_eotlde (D36KP) was syn-
3’ -CGARAGTCCAGGGACAAGCCCGCGXTGACGATCTCT -5 thesized by Koronis Pharmaceuticals and Integrated DNA
) ) Technologies, Inc. (Redmond, WA and Coralville 1A, re-
D213k, o e cAnceoocmronConear e g M) spectively). Oligonucleotides were radiolabeled usinyg [

32pJATP (Amersham) and polynucleotide kinase (New
Fig. 1 (A) Structure of KI_3—12_12 and-Bleoxycytidine, and (B) sequence England Biolabs) as described previoudffi et al., 1992.
of primer/templates used in this study. The KP-1212-terminated primer (D21KP) was synthesized
using HIV-1 RT as described previouslyaohnson et al.,
HIV-1 reverse transcriptase mutants, which is perhaps not2003J). All the sequences for the DNA primer/template sub-
surprising as the covert nucleosides are not chain terminatorsstrates are shown fig. 1B. The unlabeled and-phosphate
and not physically inhibiting reverse transcriptase but rather labeled dCTP ang-phosphate labeled ATP were purchased
halt viral replication by increasing the mutation rate of the from Amersham Biosciences. HIV-1 RT was overexpressed
enzyme Harris et al., submitted for publicatipn in Escherichia coland purified as described previousKati
Until now, detailed studies on the mechanism of action of etal., 1992. The wild-type and exonuclease-deficient mutant
covert nucleosides have not been conducted. We have pereatalytic subunits of Poj were expressed in Sf-9 insect cells
formed mechanistic studies to address how efficiently HIV- using baculovirus expression system and the accessory sub-
1 RT incorporates KP-1212-MP using purified enzyme and unit was expressed iB. coliand both subunits were purified
the triphosphate form of KP-1212. A low toxicity profile for as described previouslysfaves et al., 1998; Johnson et al.,
KP-1212 has been observed in cell-based assays. It is impor2000. Pol vy holoenzyme was reconstituted by mixing the
tant to examine whether or not host cell DNA polymerases catalytic and accessory subunits at a 1:5 ratio and incubating
might incorporate KP-1212-MP and accrue mutations, if, for 5min before the reaction was initiated. Mouse BoVas
for instance, substantial levels accumulated in the mitochon-kindly provided by Prof. Joanne Sweasy at Yale University.
dria. A somewhat similar non-chain terminating NRTI, 1-(2  The mouse and human enzymes are almost identical with
deoxy-2-fluoro8-p-arabinofuranosyl)-5-iodouracil (FIAU)  96% sequence identity.
has shown severe mitochondrial toxicity probably due to
mutagenesis in the mitochondrial DNA genonhewis and 2.2. Steady-state competition assays
Dalakas, 1995; Lewis etal., 1994; Johnson et al., 200us,
we also have studied the effects of KP-1212-TP on mouse  An unlabeled D20-mer primer was annealed td-8%-
DNA polymerase3 (Pol B) and human mitochondrial DNA  labeled D36-mer template. The steady-state reaction was
polymerase (Pol), because the fidelity for P@ has been performed by adding 10 nM enzyme pre-equilibrated with
shown to be as low as that for HIV-1 RIghnson and John- 1M primer-template into a solution containing 0—24001
son, 2001k and Poly has been mechanistically shown to [a-3?P]dCTP, 0-673M KP-1212-TP, and 2.5mM MgGl
be associated with mitochondrial toxicity of NRT Bohnson (all the concentrations are after mixing). The reaction was
et al., 2001; Lewis et al., 2003; White, 2001n order to quenched after 10 min for HIV-1 RT, 20min for Pgl
understand the mechanism of action of KP-1212, we have (exonuclease-deficient mutant form, exo minus), and 2 min
specifically addressed the following questions: (1) What are for Pol by adding EDTA to the final concentration of 0.3 M.
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The reaction time was determined from the product forma- varying concentrations of dATP, 10 mM Mg{Cin 50 mM

tion profile in the absence of KP-1212-TP. Since the reac- Tris—HCI/50 mM NacCl buffer pH 7.8 and another reactant
tion time was chosen where the product formation is still solution containing 300 nM primer/template (D21/D36 or
in a linear dependence, the amount of the products directly D21KP/D36) was pre-incubated with 100 nM HIV-1 RT in
correlates with the steady-state rate of product formation. the same buffer. The same experiments were performed for
The formation of radiolabeled D21-mer product was sepa- Pol y except that the reaction mixture contained 2.5 mM
rated by 20% polyacrylamide gel electrophoresis, analyzed MgCl,, and 100 mM NacCl. The reaction was quenched in
by a BioRad Molecular Imager FX System and quantified 0.3 M EDTA and the products were quantified and analyzed
by BioRad Quantity One software. In order to eliminate gel- as described above.

loading errors, the amount (radioactivity) of the product was

normalized against the amount of the radiolabeled D36-mer 2.5. Excision removal of KP-1212-MP by Bol

template. All the experimental data points were globally fit

to a competitive inhibition equation to obtain the inhibition Exonuclease removal studies were performed as described
constant, and, in order to clearly show competitive inhibition, previously gohnson et al., 2001; Feng et al., 2001; Mu-
Lineweaver—Burk plots were generated based on the param+akami et al., 2004 The reaction mixture contained 150 nM

eters from the non-linear regression. D21KP/D36, 300 nM wild-type Po}, and 2.5 mM MgQi.
After the desired times, the reaction was quenched in 0.3 M
2.3. Pre-steady-state KP-1212-MP incorporation EDTA and the shortened primer product was quantified on a

DNA sequencing gel and the data were fit to a single expo-
A pre-steady-state kinetic analysis was used to exam-nential equation: (excision productsPél — exp(—Kexot)),
ine incorporation of a single nucleotide into a DNA primer/ whereA is the amplitudekexo the rate of excision, ant
template substrate using a KinTek Corporation (Austin, TX) is the time in seconds.
Model RQF-3 rapid-quench flow apparatus as described pre-

viously (Kati et al., 1992; Kerr and Anderson, 1997All 2.6. Misincorporation assays
concentrations of reactants are reported as the final concen-
trations after mixing. Incorporation of all four ANTPs (dGTP, dATP, dCTP, and

Incorporation of KP-1212-MP into D20/D36 and dTTP) into a D20/D36KP primer/template by HIV-1 RT
D20/R36 by HIV-1 RT and into D20/D36 by Pol was and Poly was studied using pre-steady-state kinetics. This
studied under burst conditions in which a slight excess of D36KP template contains KP-1212 opposite of the next in-
primer/template substrate is mixed with the enzyme. In this coming dNTP siteKig. 1B). In the case of dGTP and dATP
experiment, exo minus Po} was used in order to avoid incorporation, pre-steady-state burst experiments were per-
complication due to exonuclease removal. The reaction for formed as described above. For dCTP and dTTP incorpora-
KP-1212-MP incorporation with HIV-1 RT was initiated by tion, single-turnover experiments were performed since the
mixing a reactant solution containing varying concentrations rates of catalysis were so slow that no burst kinetic behavior
of KP-1212-TP, 10 mM MgGl in 50 mM Tris—HCI/50 mM was observed.

NaCl buffer pH 7.8 and another reactant solution containing

300 nM primer/template, 100 nM HIV-1 RT. For Pglreac- 2.7. Exonuclease removal of mismatched nucleotide
tions, a mixture containing KP-1212-TP and 2.5 mM MgCl
was mixed with 300 nM D20/D36 and 80 nM exo minus fol Reactions were performed the same as shown above in

holoenzyme. The reaction was rapidly quenched using 0.3 M Section2.5 except that the primer/template substrates used

EDTA at the desired times. Products were separated on ain this case are D21G/D36KP and D21A/D36KP.

20% polyacrylamide gel containing 8 M urea and analyzed

on a BioRad Molecular Imager FX System. For data analy-

ses, time-dependent product formation was fitted to an equa-3. Results

tion: [product] =A(1 — exp(—kopd)) + Aksd, whereA is the

amplitude kops the observed burst ratethe time, andkssis 3.1. Steady-state competition study

observed steady-state rate. The program, Kaleidagraph (Syn-

ergy Software, Reading, PA) was used for the data analyses. In order to determineK; values for KP-1212-MP,
Michaelis—Menten steady-state kinetic studies for HIV-1 RT,

2.4. Next correct nucleotide incorporation Pol+y, and Polp were conducted in the presence of varying
amounts of KP-1212-TP. (It is important to note that even

Incorporation of dAMP into D21KP/D36, whosé-8nd if KP-1212-MP is incorporated, the RT and other host poly-

nucleotide of the primer is KP-1212, was studied under merase activities may not be inhibited.) Double reciprocal

burst conditions as described above. For comparison, dAMP (Lineweaver—Burk) plots are shown Kig. 2 and the val-

incorporation into D21/D36 was also studied. The reac- ues are summarized fable 1 As shown inTable 1 theK;

tion was initiated by mixing a reactant solution containing value for Poly (28 .M) was lower than that for HIV-1 RT
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400 g 3.2. Pre-steady-state incorporation studies
(A) :
Pre-steady-state single nucleotide incorporation kinetics
300 . : . .
is an often-used technique to elucidate the mechanism of
5 v polymerase re_actions. T)_/pically, DNA polyme_rases present
£ 2001 @) a rapid “burst” incorporation of natural nucleotide substrates
g v as well as some nucleotide analogs containing modifications.
= The presence of a burst indicates that the overall rate-limiting
100 step is release of an elongated DNA product. Since KP-
: 1212-TP was not efficiently utilized by P@l based on the
0 . ; ; . . steady-state experiments above, the pre-steady-state experi-
-010 -005 000 005 010 015 020 ments were performed with HIV-1 RT and RBolSince HIV-1
1/[dCTP] (uM-T) RT catalyzes both DNA- and RNA-directed DNA synthe-
80 : sis, incorporation of KP-1212-MP into both D20/D36 and
' D20/R36 was studied. Although Peglis known to catalyze
RNA-directed DNA synthesisMurakami et al., 2008 the
60 1 physiological role of the activity is not fully understood,; thus,
?g effects of KP-1212-TP were studied only on incorporation
5 401 into D20/D36. In all cases, a burst phase was observed indi-
o) cating that the mechanism of incorporation should be simi-
T lar to that of natural nucleotide incorporatioig. 3). The
20 1 equilibrium dissociation constankg) for KP-1212-TP and
the maximum rate of incorporatiotky,) were determined
0 . ; ‘ . . by plotting the observed pre-steady-state burst rate against
-010  -005 000 005 010 045 020
1/ [dCTP] (uM-1)
70 :I T 1T I T 11T | T T I TT 1T "\ TTT | LI =
60 3
_ s0F 3
= o 3
[= L -
T 40 =
[0] - -
\_ E = =
[9] — 30 -
£ ol C =
— ] C 3
=) 20 -
- 10 (A 3
0 111 I | | ! | | | | | I 1L 111 I 111 | 111 I:
0 0.5 1 1.5 2 2.5 3 3.5
5 ’ | ’ ’ | Time (sec.)
-0.02 000 002 004 008 008  0.10 5
1/ [dCTP] (uM-T)
100 T T L 1 T T T 1 I T T 11 I L LI r7
Fig. 2. Double reciprocal plots showing competitive inhibition. Experiments ]
were performed using HIV-1 RT (A), Pgl(B), and PoB (C) in the presence 80 —
of 0 uM (closed circles), 336.M (open circles), 505.M (closed triangles), ]
and 673.M (open triangles) of KP-1212-TP. s < 4
= ]
(95uM), whereas the value for P@ (650uM) was much g ]
higher. Based upon the relatie values of KP-1212-TP for é 40 ]
each polymerase, further mechanistic studies were warranted ]
for HIV-1 RT and Poly. =0 B) ]
0 111 1 | 1 11 1 ] 111 1 I 1111 I 1111 ‘ 111 L—
Table 1 0 1 2 3 4 5 6
Steady-state inhibition parameters Time (sec.)
HIV-1 RT Poly PolB
Kan (M) for dCTP 122+ 0.66 102+ 0.97 9.66+ 1.67 Fig. 3. Pre-steady-state incorporation of KP-1212-MP. Incorporation reac-

tions catalyzed by HIV-1 RT in the presence of 134 KP-1212-TP (A)

Ki (uM) for KP-1212-TP 952+ 57.5  28.0+ 26.3 650+ 231 and by Poly with 336..M KP-1212-TP (B).
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Fig. 4. Dependence of burst incorporation rates on dCTP and KP-1212-TP concentrations using HIV-1 RT (A and B, respectivelyy é8daRadID,
respectively).

KP-1212-TP concentration§ig. 4). As shown inTable 2 both sets of primer/templates showed burst product formation
theKy andkyel for KP-1212-TP with HIV-RT are 18{M and (data not shown). Dependence of the burst rate on KP-1212-
10.6 51 for D20/D36 and 50¢.M and 83.2 51 for D20/R36, TP concentration is shown iig. 5. As shown inTable 3
respectively. When these values were compared with naturalthe efficiency of dAMP incorporation into the KP-1212 ter-
dCMP incorporation, thkyo values were very similar within -~ minated primer (D21KP) was 19- and 5.5-fold lower than
two-fold, whereas thi&g value for KP-1212-TP was approx- the D21-mer for HIV-1 RT and Pa| respectively, indicating
imately 16—18-fold larger than that for dCTP. Similar trends a higher level of discrimination for the mitochondrial poly-
were observed with PglwhereKy andkyo were determined  merase. Interestingly, the lower incorporation efficiency was
to be 53.8.M and 67.351, and compared to the values for due to the rate of incorporatiorkd,) rather than binding
dCTP, thekno was within a 2-fold difference anidy was ap- (Kg), indicating that the incorporation was influenced by the
proximately 13-fold greater. These results indicate that the presence of KP-1212 at the primer end.

binding of KP-1212-TP was significantly weaker than that of

the natural nucleotide substrate, dCTP. 3.4. Excision removal by Pgl

3.3. Next correct nucleotide incorporation Only Poly out of the three polymerases studied here pos-
sesses’3+ 5 exonuclease proofreading activity and this may
Since the binding of KP-1212-TP was much weaker than play animportantrole in mitochondrial toxicity of nucleoside
that of dCTP (as shown iffable 2, the incorporation of  analogs. The excision removal of KP-1212-MP was studied
the next correct nucleotide after KP-1212-MP incorporation under single-turnover conditions where the enzyme concen-
may be affected. To address this question, dJAMP incorpora- tration was in excess over the DNA substrate D21KP/D36
tion into D21-mer and D21KP-mer was studied (Bég 1B, concentrationKig. 6). The shortened primer products were
for the sequence) using both HIV-1 RT and Rolunder guantified and the rate of removal was determined to be
pre-steady-state burst conditions. The reaction kinetics for 0.0269+ 0.0011 5. The rate of KP-1212-MP removal was

Table 2
Pre-steady-state kinetic parameters for KP-1212-MP incorporation
HIV-1 RT Poly
DNA/DNA DNA/RNA DNA/DNA
Kd (wM) kool (574 Efficiency K (uM) Kpol (s71) Efficiency Kg (nM) kool (571 Efficiency
(WM~1s7h) (nM~ts7h) (LM~1s7h)
dCTP 10520 122+ 05 0.86 32.1+£ 5.3 61.0+ 3.3 1.9 4.0+ 0.2 130+ 2 325

KP-1212-TP 18132 10.6+ 0.5 0.06 506+ 183  83.2+ 145 0.16 53.8t 156.3 67.3£ 6.4 125
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Table 3
Pre-steady-state parameters for the next correct dAMP incorporation by HIV-1 RT afd Pol
D21KP/D36 D21/D36
Kg (n.M) Kpot (571 Efficiency @M~1s™1) Kg (M) Kool (571) Efficiency @WM~1s™1)
HIV-1 RT 6.7+£1.2 1.73+ 0.07 0.26 3.:0.4 14.8+ 0.4 49
Poly 5.1+1.0 38.1+ 2.8 7.44 3.1#0.9 128+ 12 41

very similar to that of previously reported natural ANMP re-
moval (0.02-0.053") (Johnson and Johnson, 2001a

3.5. Misincorporation studies

In order to study the frequency of generation of muta-
tions, incorporation of all four natural nucleotides into a
D20/D36KP primer/template containing KP-1212 in the tem-
plate strand at the site opposite to incoming nucleotide was
tested with both HIV-1 RT and Pol. As shown inTable 4
both enzymes incorporated dGTP very efficiently, since KP-
1212 is considered as a cytidine analog and predicted to
basepair with guanine. The efficiency of dGTP incorpora-
tion was 0.3fuM~1s~1 for HIV-1 RT and 1.7uM~1s!
for Polvy. The other purine nucleotide, dATP was also incor-
porated at significantly high efficiency of 0.0pM 1 s~ 1 for
HIV-1 RT and 0.32.M~1s~1 for Pol vy, considering dTTP
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Fig.5. Dependence of dAMP incorporation rate on dATP concentration with
HIV-1 RT (A) and Poly (B). The experiments were performed using both
D21/D36 (closed circles) and D21KP/D36 (open circles).
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Fig. 6. Exonuclease removal of KP-1212-MP by Rol

and dCTP showed very poor incorporation with efficiencies
of 2.1x 107° and 7.5x 108 uM~1 s~ for HIV-1 RT and
5.6x 10~%and 1.6x 10~* pM~1s~ 1 for Polvy, respectively.

3.6. Removal of mispaired nucleotide

Although dATP is incorporated efficiently opposite KP-
1212 relative to dGTP, if either of the nucleotides is removed
by Polvy’s exonuclease activity effectively, the likelihood of
generating mutations at a high rate may decrease signifi-
cantly. Thus, removal of the natural substrate, dGMP and
a mispaired end terminating with dAMP were studied us-
ing D21G/D36KP and D21A/D36KP, respectively (data not
shown). The rate for the mispaired-end containing dAMP
(0.090+0.008s1) was slightly faster than for the natural
base pair, dGMP (0.0650.007 s1).

4. Discussion

The KP-1212 is a nucleoside analog that is modified from
cytidine and anticipated to be activated to triphosphate form
by cellular kinases and incorporated by HIV-1 RT. Inthis case,
KP-1212-TP would serve as a competitive substrate against
dCTP. Thus, we have performed steady-state competition as-
says using HIV-1 RT and other mammalian polymerases (Pol
v and PolB) which may be associated with toxicity of this
compound since an NRTI containing’a@H, FIAU, has been
shown to present high level of mitochondrial toxicityevis
and Dalakas, 1995; Lewis et al., 1994Although we have
not tested inhibition of replicative DNA polymerases such as
DNA polymerasex, those polymerases exhibit higher fidelity
and the inhibition might be expected to be weaker than for
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Table 4
Misincorporation studies with HIV-1 RT and Pl

HIV-1 RT Poly

Kool (5°) Ka (M) koo/Ka (WM~Ts7)  Fidelity? kool (s7%) Ka (M) koot/Ka (uM~1s71)  Fidelity®
dGTP 28.0£ 15 76.5+ 11.8 Q37 - 92.7+ 6.8 51.7+ 11.9 179 -
dATP 45+ 0.3 1121+ 166 Q004 94 239t 1.2 74.2+ 14.2 Q32 6.6
dCTP  (4.1£0.3)x 1073 538+ 93 75x 1078 49000 0.054+ 0.002 340+ 33 16x 104 11200
dTTP 0.11+ 0.02 5300+ 1500 21x 1075 18000 0.066+ 0.003 118+ 17 56x 1074 3200

& Calculated as Kpol/Kd)incorrect* (Kpol/Kad)correcl/(Kpot/Ka)incorrect

Pol B and Poly. As shown inTable ] theK; for KP-1212-
TP with PolB was the highest among the three polymerases.
The K; value for HIV-1 RT, 95.M, was seven-fold lower
than that for PoB, suggesting that perhaps Rbimay dis-
criminate against KP-1212 better than both HIV-1 RT and
Pol+y. The other host polymerase enzyme, ffopresented
about a three-fold lowe; than HIV-RT, suggesting that if
the triphosphate of KP-1212 were in sufficient amounts in
the mitochondria, it may be incorporated into mitochondrial
DNA and cause mitochondrial toxicity.

Incorporation of KP-1212-TP by HIV-RT and Pglwas

ity of nucleoside analog reverse transcriptase inhibitors is
evaluated, this activity plays a significant rolmbnson and
Johnson, 2001a)bOne can easily imagine that if a drug is
removed quickly, the drug is less toxic. Our earlier studies
demonstrating the failure of exonuclease removal of ddC
chain-terminated DNA by Po} suggested this may play
a major role in the greater toxicity observed for ddC (Zal-
citabine) Feng et al.,, 2001 In contrast, the rate of re-
moval for KP-1212-MP (0.027) by the exonuclease ac-
tivity of Pol v was as fast as natural nucleotide removal
(0.02-0.0531). Thus, it is possible that the removal of KP-

further studied using a pre-steady-state kinetic analysis. As1212 may play a role in modulating toxicity.

shown inTable 2 the efficiency of KP-1212-MP incorpo-
ration for HIV-1 RT and Poly was, respectively, 11- and
26-fold lower than dCMP incorporation. This indicates that
even though the KP-1212 incorporation efficiency for #ol

is higher than that of HIV-1 RT, Pa} is more selective than
HIV-1 RT. In both cases, the lower KP-1212 incorporation
efficiency was due to weaker binding (high€y) compared

to dCTP. Since KP-1212 contains a modified cytosine ring

On the other hand, it has been previously shown that the
exonuclease removal of a mismatched nucleotide is very fast
compared to the correctly matched nucleotidehfhson and
Johnson, 200Jaindicating that the exonuclease active site
may to some extent recognize the perturbed basepair between
KP-1212 and guanine ring as a correct basepri(s et al.,
submitted for publication

While mechanistic studies examining incorporation by Pol

and the base is no longer planar, the base pairing with a gua-y suggest KP-1212 may possibly have the potential to present
nine in the template strand may be altered, hence influencingmitochondrial toxicity, the KP-1212-MP can be efficiently

the binding of the nucleotide.
Based upon the results described above Khdor KP-
1212-TP rather thark,o was significantly affected, and

accordingly, may be due to perturbed basepairing. Conse-

quently, this may cause a shift in the positioning of the incor-
porated KP-1212 that in turn may affect the next nucleotide
incorporation. Therefore, the next correct nucleotide incor-
poration was studied. As shown ig. 5andTable 3 when

the primer end is KP-1212, the efficiency of dAMP incor-
poration was approximately 20- and 6-fold lower compared
to the regular primer with HIV-1 RT and Pe| respectively.
Interestingly, with both HIV-1 RT and Po, the decreased
incorporation efficiencies of JAMP into a primer containing
KP-1212 at the 3end were due to changes in the rate of in-
corporation Kpo), but not nucleotide binding<). Since the
DNA elongation reaction involves a nucleophilic attack of the
3'-OH group at thex-phosphate of the incoming nucleoside
triphosphate, the position of th&-@H of the KP-1212 at the

primer-end may be suboptimal due to less favorable base-

pairing, therefore resulting in a decrease in the incorporation
rate.

Unlike HIV-1 RT or PolB, Poly possesses 3> 5 exonu-
clease proofreading activity. When the mitochondrial toxic-

excised by exonuclease removal and cell culture studies show
no indication of mitochondrial toxicity based upon an ex-
amination of both lactic acid levels and mitochondrial DNA
synthesisffiarris et al., submitted for publicatiprinlike all

other FDA approved nucleoside analog RT inhibitors, KP-
1212 contains an unmodified ribose ring with’&384 group

that allows polymerases to further elongate the DNA. Our
studies to examine the molecular mechanism suggest that
both the viral and host polymerases recognize the KP-1212
as a correct nucleoside (cytidine) and thereby incorporates
dGMP when the KP-1212 is in the template.

In order to predict the nature and frequency of misincor-
porations, a series of experiments were performed in which
the incorporation of all four natural dNMPs was examined
using a D20/D36KP primer/template contained a KP-1212
at the position opposite to the next incoming dNTP in the
template strand. Both HIV-1 RT and Pglincorporated the
natural substrate, dGMP and the purine mismatch, dAMP, ef-
ficiently, yet incorporation of pyrimidine nucleotides (dCTP
and dTMP) was very poorTable 4. These results are in
accordance with cell culture data discussed below and lend
support for suggestion that tharine-to-purinemutation rate
may increase based upon predictions that as KP-1212 can
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undergo tautomerization between imino and amino forms Daifuku, R., 2003. Stealth nucleosides: mode of action and potential use

that could basepair with adenine and guanine, respectively in the treatment of viral diseases. BioDrugs 17, 169-177.
(Harris et al.. submitted for puincatiam Feng, J.Y., Johnson, A.A., Johnson, K.A., Anderson, K.S., 2001. Insights

. . . into the molecular mechanism of mitochondrial toxicity by AIDS
Cell-based mutation rate studies have been studied by se- drugs. J. Biol. Chem. 276, 2383223837,

quencingpol and envgenes after 11 serial passages in the Graves, S.W., Johnson, A.A., Johnson, K.A., 1998. Expression, purifi-
presence or absence of KP-12H&(ris et al., submitted for cation, and initial kinetic characterization of the large subunit of the
publicatior). The results showed increased mutation rate in  human mitochondrial DNA polymerase. Biochemistry 37, 6050-6058.
the presence of KP-1212 and type of mutation was either Harris, K.S., Brant, W., Styrchak, S., Gall, A., Daifuku, R. KP-1212/1461,

fine-t rin r ovrimidine-t rimidine which i n a nucleoside designed for the treatment of HIV by viral mutagenesis.
purine-to-purine or py e-to-py € ch I1s con- Antiviral Res., submitted for publication.

S_iSte_ntWith Ourin_VitrO data-_ltwas s_omEWhatsurpriSing that jonnson, A.A., Johnson, K.A., 200la. Exonuclease proofreading by
fidelity for dATP incorporation against KP-1212 by Pyl human mitochondrial DNA polymerase. J. Biol. Chem. 276,

was low. The exonuclease removal rates are slightly higher =~ 38097-38107.

for dJAMP relative to the natural dGMP substrate. These in Johnson, A.A., Johnson, K.A., 2001b. Fidelity of nucleotide incorpora-

. . . . tion by human mitochondrial DNA polymerase. J. Biol. Chem. 276,
vitro results suggest that mutations could be introduced into 38090)'_38096 pol

mitochondrial DNA at a significantly high rate, however, the  johnson, A.A., Ray, A.S., Hanes, J., Suo, Z., Colacino, J.M., Anderson,
exonuclease activity may play arole in modulating mitochon-  K.S., Johnson, K.A., 2001. Toxicity of antiviral nucleoside analogs

drial toxicity. In cell culture studies, KP-1212 did not show a and the human mitochondrial DNA polymerase. J. Biol. Chem. 276,

significant increase in lactic acid production nor a significant _ 40847-40857.

decrease in mitochondrial DNA levels at drug concentrations Johnson, AA., Tsai, Y., Graves, S.W., Johnson, K.A., 2000. Human mi-
9 tochondrial DNA polymerase holoenzyme: reconstitution and charac-

up to 320uM, which indicate that KP-1212 is not toxic to mi- terization. Biochemistry 39, 1702—1708.
tochondria. Differential results comparing cell-based and in Kati, W.M., Johnson, K.A., Jerva, L.F., Anderson, K.S., 1992. Mecha-
vitro assays may be due to cellular factors such as metabolism nism and fidelity of HIV reverse transcriptase. J. Biol. Chem. 267,

or transport into mitochondria and further studies are war- = 25988-25997. o
ranted to clarify this issue Kerr, S.G., Anderson, K.S., 1997. RNA dependent DNA replication fi-

. delity of HIV-1 reverse transcriptase: evidence of discrimination be-
In summary, we have studied effects of a novel covert nu-  yyeen DNA and RNA substrates. Biochemistry 36, 14056—14063.

cleoside triphosphate on HIV-1 RT, human Roknd PolB. Lewis, W., Dalakas, M.C., 1995. Mitochondrial toxicity of antiviral drugs.

The results suggest that HIV-1 RT and Robut not Polp Nat. Med. 1, 417-422.

utilize KP-1212-TP as a substrate with significantly high ef- Lewis, W., Day, B.J., Copeland, W.C., 2003. Mitochondrial toxicity of

.. . NRTI antiviral drugs: an integrated cellular perspective. Nat. Rev.
ficiency. Moreover, the pre-steady-state KP-1212-MP incor- Drug Discov. 2, 812-822.

poration and the next correct nucleotide incorporation stud- | ewis, w., Meyer, R.R., Simpson, J.F., Colacino, J.M., Perrino, F.W.,
ies coupled with the misincorporation studies provide insight ~ 1994. Mammalian DNA polymerases alpha, beta, gamma, delta, and
into the molecular interactions that allow KP-1212to serve as  epsilon incorporate fialuridine (FIAU) monophosphate into DNA and
a viral mutagen. As the underlying mechanism, a previously are inhibited competitively by FIAU triphosphate. Biochemistry 33,

dicted i fth . t . tati te h 14620-14624.
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