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ABSTRACT

In order to identify the basis for the relaxed enantio-
selectivity of human immunodeficiency virus type 1
(HIV-1) reverse transcriptase (RT) and to evaluate poss-
ible cross-resistance patterns between L-nucleoside-,
D-nucleoside- and non-nucleoside RT inhibitors, to be
utilised in anti-HIV-1 combination therapy, we applied an

in vitro approach based on the utilisation of six recom-
binant HIV-1 RT mutants containing single amino acid
substitutions known to confer Nevirapine resistance in
treated patients. The mutants were compared on
different RNA/DNA and DNA/DNA substrates to the
wild type (wt) enzyme for their sensitivity towards
inhibition by the D- and L-enantiomersof2  '-deoxy-and
2',3'-dideoxynucleoside triphosphate analogs. The
results showed that the 3 ’-hydroxyl group of the
L-(B)-2'-deoxyribose moiety caused an unfavourable
steric hindrance with critic residues in the HIV-1 RT
active site and this steric barrier was increased by the
Y181l mutation. Elimination of the 3 '-hydroxyl group
removed this hindrance and significantly improved
binding to the HIV-1 RT wt and to the mutants. These
results demonstrate the critical role of both the
tyrosine 181 of RT and the 3 '-position of the sugar ring,
in chiral discrimination between D- and L-nucleoside
triphosphates. Moreover, they provide an important
rationale for the combination of D- and L-(  [3)-dideoxy-
nucleoside analogs with non-nucleoside RT inhibitors

in anti-HIV chemotherapy, since non-nucleoside
inhibitors resistance mutations did not confer cross-
resistance to dideoxynucleoside analogs.

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) high mutation
rate constitutes a major obstacle in the development of effective
drugs and vaccines. Error-prone DNA synthesis by HIV-1 reverse
transcriptase (RT) and high viral turnouerivoare responsible

for the emergence of cross-resistance between and within classes
of anti-retroviral drugs, either nucleoside inhibitors (NI) or
non-nucleoside inhibitors (NNIL{6). Recently, the combination of
two NI, the thymidine analog'-&zido-2,3-dideoxythymidine
(AZT) and the new compound B)2',3-dideoxy-3-thiacytidine
(3TC; Lamivudine), has proved to be particularly effective with
respect to AZT monotherapy~9) since 3TC resistance not only
did not confer cross-resistance to AZT, but was also able to restore
AZT sensitivity (L0-12). 3TC is an L-nucleoside, its sugar
moiety having the unnatural L-configuration, opposite to the
D-configuration of the natural nucleoside analogs such as AZT.
D-(B)- and L-@)-nucleotides have almost superimposable nucleo-
base andi-phosphorus, differing only in the mutual orientation
of the sugar ring 1(3). HIV-1 RT, contrary to cellular DNA
polymerases, has been shown to be able to bind and incorporate
L-2'-deoxythymidine triphosphate (L-dTTP) when acting on a
homopolymeric template—primer (TP)4(15), as well as the
L-enantiomers of "Z3'-dideoxynucleoside triphosphate analogs
such as L-23-dideoxythymidine triphosphate (L-ddTTP),
L-2',3-dideoxycytidine triphosphate (L-ddCTP) and 1,32
dideoxy-5-fluorocytidine triphosphate (L-FAdCTPL6(17).
Moreover, L-2,3-dideoxycytidine (L-ddC) and L‘B-
dideoxy-5-fluorocytidine (L-FddC) showed potent anti-HIV activity
on infected cells 18). Clinical trials are currently underway
which explore the efficacy of multiple drug therapy protocols,
involving the combined use of NI such as AZT and 3TC together
with NNI (19). In light of the potential use of L-nucleoside
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R Nucleic acid substrates

HO o The homopolymers poly(rA), poly(dA) or poly(dl) (Pharmacia)
were mixed at weight ratios in nucleotides of 10:1, to the
complementary oligomer oligo(di).1g or oligo(dC)>_1g
(Pharmacia) in 20 mM Tris—HCI (pH 8.0), containing 20 mM KClI
and 1 mM EDTA, heated at 65 for 5 min and then slowly cooled

X H at room temperature. For the preparation of then8-labelled
L-(B)-ribose D-(P)-ribose sp d24:d66mer DNA template, the d24mer primer was labelled with
R = thymine R = thymine T4 polynucleotide kinase (Ambion) an@g¥P]ATP, according to

the manufacturer’s protocol. After removal of unincorporated ATP
on a Sephadex G-25 column, tHeehd-labelled d24mer primer
X=H D-ddT was mixed at 1:1 molar ratio with the d66mer template in 20 mM
Tris—HCI (pH 8.0), containing 20 mM KCIl and 1 mM EDTA,
heated at 68C for 5 min and then slowly cooled at room

X =0H L-dT X=0H D-dT

X=N,  D-AZT

X=F D-3FT temperature. The concentrations of the d66mer and d24mer were
R = cytosine’ R = cytosine calculated according to their molar extinction coefficients
(758 760 I mat! cnt! and 250 950 | mot cntl, respectively).
X =0H L-dC X =0H D-dC
X=H L-ddC = -~ . " . .
x=t p-ddc Expression and purification of recombinant HIV-1 RT forms
R = 5-fluoro cytosine R = 5-fluoro cytosine
XoH L-FddC XH DoFddC The coexpression vectors pUC12N/p66(His)/p51with the wild

type (wt) or the mutant forms of HIV-1 RT p66 were kindly

provided by Dr S. H. Hughes (NCI-Frederick Cancer Research
Figure 1. Structure of the DR)- and L-@)-nucleosides and their analogs used and Development Center). Protein expression and purification
in this study. was as describe@®). All enzymes were purified to >95% purity.

analogs in combination therapy, we have usedinawitro  HIV-1 RT DNA polymerase activity assay

approach to study the sensitivity of HIV-1 RT mutants known to

confer NNI resistance to treated patients, to the D- an@NA- and DNA-dependent DNA polymerase activities were
L-enantiomers of deoxy- and dideoxynucleoside triphosphat@ssayed as described) in the presence of 0439 of either

and their analogs (Fidl), in order to: (i) identify structural poly(rA)/oligo(dT)o:1, poly(dA)/oligo(dT)q:1 or poly(di)/oligo-
determinants responsible for the interaction of HIV-1 RT with(dC)io:1 (0.3pM 3'-OH ends), 1QuM [*H]dTTP or PH]dCTP
L-deoxy- and -dideoxynucleoside triphosphates in comparisdk Ci/mmol) and 2-4 nM RT. When the'-3P-labelled
with the corresponding D-enantiomers; and (i) evaluate whethé24:d66mer template was used, a volume ofillGontained

NNI resistance mutations, which appear very rapidly during NN0.O5uM (3'-OH ends) of the DNA template. After incubation at
monotherapy40-23), could confer cross-resistance to NI and in37°C, samples were mixed with denaturing gel loading buffer,
particular to L-nucleoside analogs. This is because, even if NNpiled for 3 min and the products of the reaction were separated
resistance mutations involve residues outside the RT active sfig @ 7 M urea—20% polyacrylamide sequencing gel. Quantification
(24), it has been shown that some of them can affect both bindigg the products was performed by scanning of the gel with a
and incorporation of a nucleotide substra?g).(Our present Molecular Dynamics Phosphorimager and integration with the
results provide a rationale for the utilisation of L-dideoxynucleosiderogram ImageQuant.

analogs in combination with NNI during multi-drug chemotherapy

of HIV-1 infections. Steady-state kinetic measurements

MATERIALS AND METHODS Reactions were performed under the conditions described for the
HIV-1 RT RNA- and DNA-dependent DNA polymerase activity
assay. Time-dependent incorporation of radioactive nucleotides
[BH]dTTP or 2-deoxycytidine triphosphate (dCTP) (40 Ci/mmol) into the different TPs at different nucleotide substrate concentrations
and [-32P]ATP (3000 Ci/mmol) were from Amersham. L-dTTP, was monitored by removing gbaliquots at 2 min time intervals.
L-dCTP, L-ddCTP and L-FddCTP were prepared by a standatditial velocities of the reaction were then plotted against the
phosphorylation method from their corresponding nucleosidesorresponding substrate concentrations. When 'té3abelled

The B-triphosphate derivatives were fully characterised by nuclea?4:d66mer template was used, initial velocities after 10 min
magnetic resonancéH, 31P) and fast atom bombardment massncubation at 37C in the presence of different substrate
spectrometry and their purity was ascertained by high performancencentrations were calculated from the integrated gel band
liquid chromatography and UV spectroscopy. The 66mer anidtensities (see also below). For determination of theald kq;
24mer oligodeoxynucleotides and unlabelled dNTPs were fromalues, an interval of substrate concentrations from 0.2 te, 1@<
Boehringer. Whatman was the supplier of the GF/C filters. Alused. For Kdetermination, an interval of inhibitor concentrations
other reagents were of analytical grade and purchased frdmetween 0.2 and 5;vas used in the inhibition assays. Data were
Merck or Fluka. then plotted according to Lineweaver—Burke and Dixon.

Chemicals
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Kinetic parameters calculation Table 1. Effects of deoxy- and dideoxy-TTP analogs on RNA-Odpat
~ DNA synthesis catalysed by HIV-1 RT wt and muténts
All values were calculated by non-least squares computer fitting

of the experimental data to the appropriate rate equatigps. K

Vmaxand karvalues were determined according to the Michaelis—?" atTe daTTP AzTTP SFTTP

Menten equation. Kvalues were calculated according to the Koy o KKK Kl KK Kl KKK K

equation for competitive inhibition.

kThe stereoselecti\léity index (S.l.) was calculated as the ratio: , 0 . 18 111 - 075 2666 16 125
Km)p- i KmL- i

(kealKm)p-nucteoticé(KeatKm)L-nucieotide L100l 48 24 38 126 21 081 5925 1.1 23 208 1.4

According to the minimal kinetic pathway proposed for both
processive and forced termination DNA synthesis catalysed bytosN 1.3 06 15 87 08 066 1970 09 19 67 12
HIV RT (26) it can be shown that:cl = ko, Km = Kqg for VI0BA 23 11 15 158 08 nd® nd. nd  nd nd nd.
processive synthesisgdt = KoolKoft/(Kpol + Koff); Km = KgKoft/
(Kpot + koff) for non-processive synthesis.

For both processive and non-processive DNA synthesis then:'®"" © % 75 183 42 18 7692 17 27 370 17

KeafKm = kpofKd. Accordingly, S.I. = (Koip-nucleotid& dL-nucleotide/ vissL 4 2 25 160 14 26 1538 35 23 173 14

V179D 12 06 25 48 14 nd. nd nd. nd. nd. nd.

(kpolL—nucleotidé(dD—nucIeotidé? KilKm = S-|-(l$)0IL—nucIe0tidé

KpolD-nucleotidg for processive synthesisyKm = S.1.(kffL-nucleotidd aAssays were performed with poly(rA)/oligo(dF) as described in Materials

Koffd-nucleotidd for non-processive DNA synthesis. and Methods. Experimental errosS(D.) between three independent
Since kolL-nucleotide< KpolD-nucleotide @Nd  kfL-nucleotide < experiments wers5%.

KoffD-nucleotide (Se€ Results) the /K, value derived from  Pn.d., not determined.
inhibition studies can be considered a lower limit estimation of
the true S.I. . o Stereoselectivity of HIV-1 RT towards L-dTTP is
The valu(_es of integrated gel banq intensities in dependence.dqﬁeremia”y affected by NNI-resistant mutations
2267:) r.1ucleot|de substrate concentrations were fitted to the equat@unring RNA- and DNA-dependent DNA synthesis
[* T/I.T ~1= Vima{dNTP)/(Ky + [ANTP]) In order to test whether NNI-resistance mutations could affect the
where: T = target site, the template position of interegtrithe  recognition of L-nucleotides by RT, the inhibition by L-dTTP of
sum of the integrated intensities at positions T, T + 1 ... T + n.both RNA- and DNA-dependent DNA synthesis (RDS and DDS,
respectively) catalysed by HIV-1 RT wt and Nevirapine-resistant

RESULTS mutants was studied. As summarised in Tabla most cases the
variations in stereoselectivity (expressed as the ratio between the K
Nevirapine-resistance mutations of HIV-1 RT result in for L-dTTP and the I for dTTP) observed for the different mutants
higher sensitivity to 3-azido-2,3'-dideoxythymidine with respect to RT wt correlated well with the corresponding
triphosphate (AZTTP) and 3-fluoro-2',3- changes in the relative affinities for dTTPx{/Kmwt Values)
dideoxythymidine triphosphate (FTTP) and L-dTTP (Ku/Kiwt values) on both RDS and DDS, so that the

Ki/Km values decreased from RDS to DDS both for the mutants
In order to evaluate whether NNI-resistance mutations could altghd for the wt. A relevant exception was the mutant Y181l on
the recognition of NI, the effect of different dTTP analogs on the DS, which did not show any significant change in the relative
RDS catalysed by recombinant HIV-1 RT mutants L100lgffinity for dTTP, but nevertheless was 6-fold more stereoselective
K103N, V106A, V179D, Y181l and Y188L, known to confer than RT wt. Thus, (i) stereoselectivity decreased from RDS to DDS,
NNl resistance in both infected cells and treated pati28(sfas  as shown by the loweriiKy, values and (i) the mutation Y181l
analysed. The results are summarised in TabMost of the  specifically affected recognition of L-dTTP on a DNA template.
mutations did not significantly affect dTTP utilisation by
HIV-RT, with the exception of the mutant Y181l which showedhipjition of the Y1811 mutant by L-dCTP is influenced by
a 5-fold increase in thepjkvalue. Elimination of the'dwdroxyl 4 o 3-position of the sugar ring
group of dTTP significantly improved binding, but the mutant
Y181l displayed again a similar increase (4-fold) in thdoK  Next, the effect of L-dCTP and L-ddCTP on DDS catalysed by
ddTTP, compared to wt. On the other hand, an azido- &tlV-1 RT wt and the Y181l mutant was studied. The results are
fluoro-substituent at the’ Position of the ribose significantly summarised in Tabl8. The Y181l mutant was 5-fold more
improved the relative affinity to the Y181l mutant, which showedtereoselective than wt towards L-dCTR/KS, values), without
a K; value similar to the wt enzyme and displayed a 3.5-foldhowing significant differences in the relative affinity for dCTP
higher preference for both AZTTP an@BTP over dTTP when (Kju/Kjut values). However, when L-ddCTP was tested under the
compared to wt, as shown by the increase in thékKvalues. same conditions, Y181l showed no differences in both the
The mutant L100I also displayed @B-fold reduction in dTTP  relative affinity and stereoselectivity with respect to wt. Affinity
and ddTTP affinity with respect to wt, which corresponded to &r HIV-1 RT improved 8-fold from L-dCTP to L-ddCTP in case
proportional increase in preferential AZTTP afidl3dP binding  of the wt enzyme and >20-fold in case of the Y181l mutant. Both
over dTTP. These results indicated that NNI-resistance mutatioaazymes were no longer able to discriminate between the D- and
did not cause significant cross-resistance towards NI. Indeddienantiomers of ddCTP. These results indicated that the
3'-substituted NI such as AZT andflBioro-2,3-dideoxythymidine  presence of a’'dwydroxyl group in the L-ribose sugar moiety
(3-FT) could have an increased therapeutic potential towards thegatively influenced binding of L-nucleotides to HIV-1 RT and
Y181l and L100I mutants. this effect was enhanced by the Y181l mutation.
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Table 2.Inhibition by L-(3)-dTTP of RNA- and DNA-dependent However, the Y181l mutant was less efficient in L-dTTP
DNA synthesis catalysed by HIV-1 RT wt and muténts incorporation than RT wt and L100I (compare lane 15 to lanes 3
55 T and 8). Similar experiments with the D- and L-enantiomers of
dCTP were performed and the results are shown in Fifpuia
RT dTTP L-dTTP dTTP L-dTTP the presence of increasing amounts of dCTP gBiganes 2—4),
Ke Kok K KKe KK Ko Kok K Kk KiK. HIV-1 RT wt showed some misincorporation, whereas in the
o e M e presence of corresponding L-dCTP concentrations (lanes 5-7)
u ) o 05 14 a7 5s synthesis stopped after the first incorporation event, as expected
' from the template sequence. When dTTP (the next encoded
Lol 48 24 20 08 42 72 05 8 02 11 nucleotide) was added in combination with dCTP, RT wt showed
KIO3N 13 06 14 06 107 65 04 34 07 52 again misincorporated products (lane 8), whereas in the presence
ViosA 23 14 52 25 206 95 02 16 03 64 of a corresponding amount of L-dCTP, most of the synthesis
stopped after the second position (lane 9), indicating that
vizeb 1206 4722 %221 15 28 06 13 misincorporaton of an L-nucleotide is catalytically unfavoured.
Yigil 10 5 175 83 175 10 14 183 39 18 The mutant Y181l showed a similar pattern (lanes 11-18). In
vigsL 4 2 63 3 157 a5 25 250 53 74 order to achieve significant incorporation, the Y181l mutant was

used at a 5-fold higher concentration than in the experiment
shown in Figure2a. This confirmed that Y181l was severely

3Assays were performed with poly(rA)/oligo(dd)y or poly(dA)/ : . . . - .
y P poly(#yolga(di paty(d#) impaired in L-nucleotides incorporation.

oligo(dT)10:1 as described in Materials and Methods. Experimental errors

(£S.D.) between three independent experiments we¥e

bRDS, RNA-dependent DNA synthesis; DDS, DNA-dependent DNA  Kinetic parameters for the incorporation of D- and

synthesis. L-enantiomers of dTTP and dCTP catalysed by
HIV-1 RT wt and mutants during DDS

Table 3.Effect of L-(3)-dCTP and L)-ddCTP on DNA-dependent DNA  Sybstrate titration experiments similar to those shown in FRyure

synthesis catalysed by HIV-1 RT wt and Y181l miant were performed with RT wt and mutants and the corresponding
Km and kgt values for D- and L-nucleotide incorporation were

RT dcTp L-dCTP ddeTp L-ddCTP calculated as described in Materials and Methods. Each experi-

oy Koo KKK TR K KK menta}l pointwas in duplicate. Erro:ﬁ(.[?.) weres10% inallthe

experiments. The results are summarised in Falle general,

w s - 8 - 22 o8 - w2 - 1s the major contribution to the stereoselectivity came from the low
kcatvalues displayed for L-dTTP incorporation by HIV-1 RT wt

Y181l 4.5 1.1 45 56 10 0.8 1 19 15 2.3

and mutants in comparison with dTTP. S.I. values were similar
between RT wt and the mutants. The only exception was the
3Assays were performed with poly(dl)/oligo(dg:) as described in Materials ,mmant Y1'81I, V,Vh'Ch showed a specific impairment in L-dTTP
and Methods. Experimental errorsS(D.) between three independent m_corporatlon with a 70-fold lowerck{Km value and a 50-fold
experiments were5%. higher S.1. value with respect to wt. When HIV-RT wt and the
Y181l mutant were compared for L-dCTP incorporation, a
similar result was obtained with a 20-fold lowgg# , value for
HIV-1 RT wt and mutants can incorporate both D- and L-dCTP incorporation by Y181l with respect to wt. In this case
L-enantiomers of dTTP and dCTP on a DNA template the difference in the S.I. value between the mutant and the RT wt
L ) o . was only 8-fold. This was due to highggdvalue for dTTP, which
The stereoselectlwty |nd_e>q/IKm derived from inhibition stu.dles reflected full-length synthesis, whereas thg kalue for dCTP
was only an approximation of the true S.I. value (Materials anglas measured under single nucleotide incorporation conditions
Methods). To better evaluate the differences in stereoselectivilyy therefore corresponded to thg Kor dissociation of the
between HIV-1 RT wt and mutants observed during DDS, thenzyme—primer complex (see also Material and Methods). These
incorporation of both D- and L-enantiomers of dTTP and dCTsgits confirmed that the Y1811 mutation specifically decreased
by HIV-1 RT was studied. In order to provide a more ‘physiologicalipe affinity of HIV-1 RT wt for L-nucleotides during DDS.
sequence context for HIV-1 RT, a synthetic 66mer oligodeoxy-
nucleotide corresponding to nt 1006—1071 of the Hpéllgene P . ) . -
(codons 169-190 of the RT coding sequence) was used a%m ﬁ'eregllgf;) :ﬁg{:rt:to ir; cr)échSgng; gﬁlé%s;%ﬁgrg]tﬂzphates
template, in combination with a complementary 24mer Olig°3'-hydroxyl group of the sugar ring
deoxynucleotide primer. Figurga shows the products of the
reactions catalysed by HIV-1 RT wt, L100I and Y181l in the
presence of D- and L-dTTP, resolved by electrophoresis on a 7INext, the incorporation of the D- and L-enantiomers of ddCTP
urea—20% polyacrylamide gel. Under the conditions used, HIV-4nd FAdCTP catalysed by HIV-1 RT wt and Y181l during DDS
RT wt showed significant misincorporation in the presence okvas studied. The calculated kinetic parameters are summarised in
dATP, dCTP and dGTP (Figa, lane 1). However, only when the Table 5. The Y181l mutant showed only a slightly reduced
reaction was complemented with either dTTP (lane 2) or witkea{Km value for both D- and L-enantiomers of ddCTP and
increasing amounts of L-dTTP (lanes 3-5), full-length productsddCTP with respect to wt. Moreover, both enzymes were unable
appeared in a dose-dependent manner. The same was obsetwatiscriminate between the two enantiomeric forms, incorporating
with the L100I (lanes 6-10) and Y181l (lanes 12—-16) mutant®- or L-nucleotides with almost the same efficiency as indicated
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Figure 2. Incorporation of D- and L-enantiomers of deoxynucleoside triphosphates by HIV-1 RT wt and mutants on the d24:d66mer DilAgeimmaporation

of D- and L-dTTP by HIV-1 RT wt and mutants on the d24:d66mer DNA template. Reactions were performed as described infdaethisds in the presence
of 20 nM HIV-1 RT wt (lanes 1-5), L100I (lanes 6-10) or Y181l (lanes 12-16). Reaction mixtures were supplemented with lardNIys5.M dATP, dCTP
and dGTP (lanes 1, 6 and 1319 dATP, dCTP, dGTP, dTTP (lanes 2, 7 and 13)MbdATP, dCTP, dGTP and 3 L-TTP (lanes 3, 8 and 15) or {&1 L-TTP
(lanes 4, 9 and 14) or 3¢ L-TTP (lanes 5, 10 and 16); f.1., full length 66mer produzt.liicorporation of D- and L-dCTP by HIV-1 RT wt and Y181l on the
d24:d66mer DNA template. Reactions were performed as described in Materials and Methods in the presence of 20 nM Highe&RT~+9) énd 100 nM Y181l
(lanes 10-18). Reaction mixtures were supplemented with no nucleotides (lanes 1 an@gMIOJCAP (lanes 2 and 11); 30 dCTP (lanes 3 and 12); 200/
dCTP (lanes 4 and 13); M L-dCTP (lanes 5 and 14); M L-dCTP (lanes 6 and 15); 20M dCTP (lanes 7 and 16); 200 dCTP and 20@M dTTP (lanes 8
and 17); 20uM L-dCTP and 20M dTTP (lanes 9 and 18).
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Table 4.Kinetic parameters for the incorporationf andL-(B)-dTTP can be activated and exert their antiviral effects, due to the lack
and D- and L)-dCTP catalysed by HIV-1 RT wt and mutats of enantioselectivity of the cellular deoxycytidine kinase, which,
contrary to other nucleoside kinases, has been shown to
phosphorylate L-deoxy- and dideoxycytidine analods).(

RT dTTP L-dTTP dcTp L-dCTP Further activation to the metabolically active triphosphate form
Ko Ko KalKn Ko Ko KalKn  SI° Ky Koy kKo Ky Ky KadKo  SI. is catalysed by cellular nucleotide kinases. In light of the potential
UAD () GA'ST) ) (57 ') W) AT G 6 (D application of these L-nucleosides in combination therapy
regimens together with other NI and NNI, we wanted to
Wt 04 05 1 38 00514 724 09.5005 0005 47 003 64 8 investigate possible patterns of cross-resistance between these
L100l 0.43 0.02 015 23 0.008 3.4 382 nd* nd. nd nd nd  nd  nd different drugs. Thus, recombinant HIV-1 RT containing the
K103N0.33 0.22 0.67 84 008 7.1 943 nd. nd. nd. nd. nd nd  nd single substitutions L100Il, K103N, V106A, V179D, Y181l and
VI0SA04 007 0.63 73 008 44 1547 nd nd  nd  nd md  nd nd Y188L, known to confer NNI resistances], were tested for their

sensitivity to inhibition by D- and L-nucleoside triphosphate

analogs during RDS and DDS. None of the mutations tested
induced significant cross-resistance to ddTTP, AZTTP and
8Assays were performed with the oligodeoxynucleotide d24:d66mer as the 3 FTTP. Remarkably, mutants L100l and Y181l showed a
template as described in Materials and Methods. Experimental errors»_ 13 fold increased preference for AZTTP affelld P over dTTP

(xS.D.) between two independent experiments wdi@%. Background . . .
subtraction and linearity correction were performed with the program with respect to wt (Tablé)' The Only mutation which showed

Y181l 0.4 0.3 075 78 0.002 0.2 37500 13 0.03 0.002 80 0.003 0.3 66

ImageQuant. significantly increased stereoselectivity towards L-dTTP and
bs.l., stereoselectivity index calculated according to the equation: L-dCTP with respectto RT wtwas the Y181l substitution on DDS
(KcalKm)p/(KcalKm)L - (Tables2 and4). However, this enhanced discrimination between
“n.d., not determined. D- and L-enantiomers was completely abolished by elimination

of the 3-hydroxyl group of the sugar ring. In fact the Y181l

mutant, similarly to RT wt, was completely unable to discriminate
by the similar S.I. values. Thus, elimination of thénadroxyl  between the D- and L-enantiomers of ddCTP and FddCTP,
group of the sugar ring increased >150-fold the affinity oincorporating both with the same efficiency (Taldesds). The
L-ddCTP for HIV-1 RT wt and Y181l with respect to L-dCTP on|-ribose should bind in the enzyme active site with an opposite

this template and completely abolished the higher stereoselectivifyientation with respect to the D-enantiomer. The fact that affinity
observed for the Y181l mutant in the case of L-dTTP and L-dCTlﬁcreased from the L’_ﬁeoxy. to the L-Zg’-dideoxynudeoside

Incorporation. triphosphate analogs for both RT wt and Y181l, suggest that the
hydroxyl group at the '3position of the sugar moiety makes

Table 5.Kinetic parameters for the incorporation of D- and3)-dCTP unfavourable steric hindrances with residues in the RT nucleotide
and D- and L)-FddCTP catalysed by HIV-1 RT wt and the Y181l binding site {6). The Y181l mutation lies outside, but very close to,

the enzyme active sit@4). This mutation has been already shown
to affect nucleotide incorporatiofg). As shown in Table$ and5,

RT ddcTP L-ddCTP FddCTP  L-FddCTP the leqt values of the Y1811 mutant for both L-dTTP and L-dCTP
Ko Ko KodKn Ko Koy klKn SIP Ko Koy ke Ky K Kadn S1. incorporation were 10-fold lower than those observed for dCTP and
©M) (s7) @MY (M) (8T UM'sT) ©M) (") M) (MM)(s™) (uM's™)

the D- and L-enantiomers of ddCTP and FAdCTP. It is then possible
that, once an unnatural L-deoxynucleotide is bound to the Y181l
mutant, the rate of the conformational change preceding the catalytic
step, which is the rate limiting step for polymerisation by HIV-1 RT
(29), is considerably slowed down, thus explaining the reduction in
@Assays were performed with the oligodeoxynucleotide d24:d66mer as the the k4 value and the impaired recognition of L-deoxynucleotides.
template as described in Materials and Methods. Experimental errors The results of our study clearly show that HIV-1 RT is able to
(¢S.D.) between two independent experiments wdi@. Background  jncorporate L-deoxy- and dideoxynucleotides, albeit with very
Is:]t;g:cQtllj);mand linearity correction were performed with the program different efficiencies, in agreement with previous wotk,(5).

bsS.I., stereoselectivity index calculated according to the equation: Recently, anOther study3Q) failed to _dEteCt _mcorp_oratlon of
(KealKm)/(KealKm)L- L-deoxynucleotides by HIV-1 RT on a singly-primed circular DNA
template. However, the differences in both enzyme sources and
substrate structure and concentration between that study and our one
could likely account for these discrepancies.

DISCUSSION In conclusion, our present results indicate that theo8ition

HIV-1 RT, contrary to cellular DNA polymerases, is able to0f the sugar moiety is critical for stereoselectivity and that azido- or
incorporate both D- and L-enantiomers of nucleotidésif) as  fluoro-substitutions at this position of D- and L-dideoxynucleoside
well as the triphosphates of nucleoside analogs such as L-ddC &@flogs, could confer an increased therapeutic potential towards
L-FddC, extremely poterit vitro as RT inhibitors {7) and in ~ NNI-resistant HIV-1 RT mutants. Moreover, we have provided an
infected cells against HIV-1 proliferationd). Phosphorylation important rationale for the utilisation in anti-HIV chemotherapy
of nucleoside analogs to their monophosphate forms is the fist D- and L-dideoxynucleotides analogs in combination with
and often the rate limiting step of their activation. L-nucleosidesINI, due to the lack of significant cross-resistance.

wt 0.2 0.05 0.25 0.3 0.05 0.17 14 0.6 0.05 0.08 1.1 0.05 0.04 2

Y181l 0.4 0.02 0.05 0.5 0.02 0.04 12 2 0.03 0.015 3 0.03 0.01 1.5
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