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ABSTRACT. Abacavir (1592U89, or Ziagen) is a powerful and selective inhibitor of HIV-1 viral replication
that has been approved by the FDA for treatment of acquired immunodeficiency syndrome. Abacavir is
metabolized to the active compound carbovir triphosphate (CBVTP). This compound is a guanosine
analogue containing a,2'-unsaturation in its planar carbocyclic deoxyribose ring that acts on HIV-1
reverse transcriptase (RT) as a molecular target, resulting in chain termination of DNA synthesis. A
single amino acid change from methionine 184 to valine in HIV-1 RTMRY) has been observed
clinically in response to abacavir treatment. The ability of the natural substrate, dGTP, or CBVTP to be
utilized during DNA- and RNA-directed polymerization by BTand R84V was defined by pre-steady-

state kinetic parameters. In the case of'RTCBVTP was found to be a surprisingly poor substrate
relative to dGTP. In both DNA- and RNA-directed polymerization, a decrease in the efficiency of CBVTP
utilization with respect to dGTP was found with R4V, suggesting that this mutation confers resistance

at the level of CBVMP incorporation. The relatively low incorporation efficiency for’RTwas
unanticipated considering earlier studies showing that the triphosphate form of a thymidine nucleoside
analogue containing a plandr2-unsaturated ribose ring, DATTP, was incorporated with high efficiency
relative to the natural substrate, dTTP. The difference may be related to the isosteric replacement of
oxygen in the deoxyribose ring with carbon. This hypothesis was tested by synthesizing and evaluating
D4GTP (the planar'Z-unsaturated deoxyribose guanosine analogue that is complementary to DATTP).
In contrast to CBVTP, DAGTP was found to be an excellent substrate f& Rifd no resistance was
conferred by the M184V mutation, thus providing novel insight into struetactivity relationships for
nucleoside-based inhibitors. In this work, we illustrate how an understanding of the molecular mechanism
of inhibition and drug resistance led to the discovery of a novel prodrug of D4G. This compound shows
promise as a potent antiviral especially with the drug resistant M184V HIV-1 RT that is so often encountered
in a clinical setting.

Human immunodeficiency virus (HIV), the causative agent polymerasey (4—6)] and the ability of the virus to mutate
of acquired immunodeficiency syndrome (AIDS)equires and gain resistanc&), Other factors that affect the ability
reverse transcriptase (RT) to copy its single-stranded RNA of these inhibitors to reduce viral replication are uptake,
genome into a double-stranded DNA copy for integration transport, metabolism, and incorporation of the drug. All
into the host cell genome. Although almost all aspects of clinically approved nucleoside analogues lac¢ih@droxyl
HIV-1's replication cycle have been targeted for therapy ( groups and are metabolically activated by host cellular
3), a majority of the drugs that have been effective in clinical kinases to their triphosphate forms. These agents inclide 3
trials are nucleoside reverse transcriptase inhibitors (NRTIs). azido-3-deoxythymidine (AZT or Zidovudine),'B-dide-
However, treatment with NRTIs is limited by their toxicity —hydro-3-deoxythymidine (D4T or Stavudine);-{§--.-2',3-
to the host [often through their interaction with mitochondrial dideoxy-3-thiacytidine (3TC or Lamivudine),' ' -dideoxy-
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[>—nH has been associated with a#2-fold reduction in the virus’s
Ny susceptibility to abacavir. This same mutant virus has shown
¢ f\/)\ a more pronounced 56.000-fold clinical resistance to 3TC
HOUN N" “NH, (21, 22). Mechanistic studies have shown that™R¥ is
9 30—-140-fold more selective than wild-type RT (KT) in
o o o </NfL/Nk_H Abacavir di_stinguishing between dCTP and 3TCTP d_epe_nding on the
-0-p-0-P-0-p—0— o NN K, Adenosine primer and template that were use3) These findings show
0- 0- ©O- Phosphotransferase a good correlation between in vitro results and clinical
OH Abacavir monophosphate findi n_gS- ) ) ) )
dGTP l Collular While a stegdy_-stz_ite _kl_net|c anaIyS|_s of CBVTP has given
Deaminase a necessary initial inhibitory evaluatiodq, 18, 24), this
Carbovir Monophosphate approach cannot elucidate the dgtaile.d interactions of the drug
o with RT at the polymerase active site. The reason for the
N limited scope of steady-state experiments is their inability
0 0 0 ¢ ﬁN_H i Cellular to resolve kinetic steps masked by the rate-limiting step of
-0-8'0*8'0‘3—0 o ONTTNH, Kinases a reaction. This point is particularly important with the
IR = l reaction mechanism of RT. RT follows an ordered reaction
Q pathway £5). The first step involves binding of the DNA
DaGTR <,"‘ﬁw—y1 or RNA substrate to the enzyme to form afDEIA complex
Z with a dissociation constanKg) in the nanomolar range.

0 0 O N
ororot 0@ N Mk This step is followed by the binding of a deoxynucleoside
triphosphate (ANTP) to form the ternary complexBRA -
dNTP). The binding of dNTP is a two-step process with an
FiGurRe 1: Activation of abacavir to the dGTP analogue CBVTP jnjtial loose complex followed by a tighter binding complex
g% dcgféa{fgigrgfggsﬂg\fﬁsa (0. The structures of dGTP (26) as the enzyme undergoes the rate-limiting conforma-
tional change for catalysisk{,) and checks base geometry
(27) and pairing. Once the conformational change has taken
cytidine (ddC or Zalcitabine), and,2'-dideoxyinosine (ddl place, the 3hydroxyl of the elongating strand attacks the
or Didanosine). o-phosphate of the dNTP in a rapid chemical step. The rate-
The structures of the FDA-approved drugs abacavir and limiting step for the reactionkgy is the release of the
DAT are unigue because they contain,8 2insaturated bond  elongated DNA from RT. This is the step being examined
in the deoxyribose ring. Unlike DAT, abacavir contains a during steady-state kinetic analysis.
novel carbocyclic ring instead of the sugar ring. Abacavir  Abacavir has been approved for treatment of HIV-1, but
has been shown to be a potent and selective inhibitor of no in-depth mechanistic studies have been done on CBVTP
HIV-1 replication @). The metabolic activation of this and its interactions with HIV-1 RTT and RT'84V, |n the
analogue is unique. It is phosphorylated by adenosine study presented here, we use transient kinetic techniques to
phosphotransferase to a monophosphate and further metabagain a better understanding of CBVMP incorporation as well
lized in several steps to the triphosphate dGTP analoglie (  as to provide a broader understanding of structaativity
carbovir triphosphate (CBVTP; see Figure 9)X0). CBVTP relationships (SARs) for nucleoside-based inhibitors of
is thought to be the agent responsible for antiviral activity HIV-1 RT. Our preliminary results from studies with CBVTP
(9, 11—-13). Abacavir has a promising pharmacokinetic (28) prompted the synthesis and kinetic characterization of
profile, due in part to its modified amino group at the 6 another nucleoside analogue triphosphate, DAGTP, and allow
position of the purine ringg, 14). Viral resistance to abacavir  us to provide novel insight into the structural features of
develops relatively slowly, and the resistance of most nucleoside analogues that may be important for optimal
mutations is minimal & 15, 16). When evaluated against incorporation efficiency and interaction with HIV-1 RT, the
human polymerases, 5, andy, CBVTP was found to be  molecular target enzyme. The issues that these experiments
more selective for HIV-1 RT than AZTTP or othef,2- were designed to address include (i) differences between the
dideoxynucleoside triphosphates, suggesting that it may notincorporation of dGMP and CBVMP into both primer/
cause toxicity through inhibition of host polymerasés, ( template DNA/DNA and DNA/RNA, (ii) the impact of the
18). M184V mutation on HIV-1 RT’'s ability to distinguish
Although the resistance profile for abacavir is very good, between the two substrates, and (iii) the effect of replacing
studies in cell culture and clinical trials have isolated viral the carbon in the carbocyclic ring of CBVTP with an oxygen
mutants in response to prolonged passage or treatment with(to make D4GTP) on dNMP incorporation by KT and
the drug (5, 19, 20). A combination of three mutations in ~ RTM!*84V, A broader goal of our studies is to attain a better
HIV-1 RT has been found in cell culture to be necessary to understanding of the kinetic mechanism of incorporation and
confer an as high as 11-fold resistance: methionine 184 tothe contribution of individual residues to this process. The
valine (M184V), leucine 74 to valine (L74V), and lysine 65 derived kinetic information provides a quantitative basis for
to arginine (K65R) or tyrosine 115 to phenylalanine (Y115F). comparison of the utilization of CBVTP and D4GTP to the
The first mutation isolated in response to abacavir is the natural substrate (dGTP) by RT and R84V, Moreover,
M184V mutation (RT84V), and this mutation appears to coupled with previous transient kinetic studies of nucleoside
be the cornerstone of higher-level resistance conferred byanalogue incorporation28, 29—34), a structure-activity
further mutagenesis. On its own, the M184V mutant virus relationship (SAR) that correlates structural and stereochem-
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ical features of nucleoside analogue drugs with their kinetic sites (18 and 21 base pairs from the site of incorporation
and mechanistic behavior toward HIV-1 RT is emerging and shown in bold italics, respectively). The 30- and 45-mer
should serve as an integral part in future drug desgf). ( DNA oligonucleactides that are shown were synthesized on
an Applied Biosystems 380A DNA synthesizer (Keck DNA
MATERIALS AND METHODS synthesis facility, Yale University, New Haven, CT) and
Purification of HIV-1 RT.RTWT and R84V were used purified using 20% polyacrylamide denaturing gel electro-
for all experiments. The N-terminal histidine-tagged het- phoresis. The 45-mer RNA oligonucleotide was synthesized
erodimeric p66/p51 enzymes were purified using clones and purified by New England Biolabs.
generously provided by S. Hughes, P. Boyer, and A. Ferris The 30-mer DNA and 45-mer RNA weré-%P-labeled
(Frederick Cancer Research and Development Center, Frewith T4 polynucleotide kinase (New England Biolabs) as
derick, MD). Purifications were performed as previously previously described2§). [y-32P]JATP was purchased from

described 30, 36). Amersham/Pharmacia. Biospin columns for the removal of
Nucleoside TriphosphatesiGTP was purchased from excess §-*2P]JATP were purchased from Bio-Rad.
Pharmacia LKB Biotechnology Inc. The-§-CBVTP was Annealing of the 30- and 45-mer primer/template DNA/

generously provided by W. B. Parker (Southern ResearcnDNA and DNA/RNA was carried out by adding a 1:1.4
Institute, Birmingham, AL). The compound was further molar ratio of purified 30- to 45-mer at K for 5 min, at
purified using HPLC utilizing a gradient from 20 to 60% 50°C for 10 min, and on ice for 10 min. The annealed primer
triethylammonium bicarbonate (TEAB) in water and a and template were then analyzed using 15% nondenaturing
Pharmacia ion exchange column (mono Q HR 5/5). Its polyacrylamide gel electrophoresis to ensure complete an-
identity was verified using LEESI mass spectrometry. The nealing. Concentrations of the oligonucleotides were esti-
concentration of purified CBVTP was determined using an mated by UV absorbance at 260 nm using the following

extinction coefficiente,ss of 13 260 Mt cm™ (17). calculated extinction coefficientseo= 293 750 Mt cmt
D-D4G SynthesisD4G was synthesized by previously for DNA 30-mer, €60 = 491 960 Mt cm™ for DNA 45-

published methods3{). mer, andezso = 507 960 Mt cm™* for RNA 45-mer.
Preparation of D-D4G 5TriphosphateTo a solution of Pre-Steady-State Burst and Single-Tur@oExperiments.

D4G (7.5 mg) in (CHO);PO (250uL) at 0 °C was added  Rapid chemical quench experiments were performed as
2,4,6-collidine (25QuL), and the solution was stirred at 0 previously described with a KinTek Instruments model
°C for 10 min. A solution of POGIlin (CH;O);PO (1 M RQF-3 rapid-quench-flow apparatugy( 36).
solution, 75uL) was added, and the reaction solution was A pre-steady-state kinetic analysis was used to examine
stirred at 0°C for an additional 4 h. Then a solution of bis- the incorporation of dGMP, CBVMP, and DAGMP into a
(tributylammonium) pyrophosphate in anhydrous DMF (0.5 DNA/DNA or DNA/RNA duplex. A combination of single-
M solution, 300 L) and BuN (150 uL) were added  turnover and pre-steady-state burst experiments was used to
sequentially. After the mixture had been stirred at room determine the rate dependence on deoxynucleotide concen-
temperature for 30 min, a 0.2 M TEAB solution (2.2 mL) tration. In general for rates of2 s, pre-steady-state burst
was poured into the above solution and the resulting mixture experiments were used because the incidence of complex
was stirred at room temperature for 45 min. The solution kinetics was found to be reduced under these conditions and
was filtered, and the filtrate was purified by HPLC [DIONEX a more precise rate measurement was possible. Pre-steady-
NucleoPac PA-100 (9 mnx 250 mm) column; buffer A, state burst analysis was done with a primer/template con-
0.05 M TEAB; buffer B, 0.5 M TEAB; flow rate, 7.5 mL/  centration 3 times greater than the active enzyme concen-
min; gradient, increasing buffer B from 0% at 0 min to 50% tration. The reactions were carried out by rapid mixing of a
at 10 min, and then 100% at 12 min and maintained for 17 solution containing the preincubated complex of 200 nM
min]. Collection and lyophilization of the peak, which had (active site concentration) HIV-1 RT (wild type or M184V)
a retention time of 8.5 min, afforded the product as a and 600 nM 5labeled DNA/DNA or DNA/RNA duplex
colorless syrup. The purity of the product, as shown by with a solution of 20 mM M@" and varying concentrations
HPLC [DIONEX NucleoPac PA-100 (4 mnx 250 mm) of dNTP in the presence of 50 mM Tris-HCI and 50 mM
column; buffer A, 25 mM Tris-HCI (pH 8); buffer B, 0.5 M  NaCl at pH 7.8 and 37C. Polymerization was quenched
NaCl in 25 mM Tris-HCI (pH 8); flow rate, 1.5 mL/min;  using 0.3 M EDTA at varying time intervals. DNA polym-
gradient, starting from 100% buffer A, by increasing buffer erization and RNA cleavage products were separated using
B from 0% at 1 min to 50% at 15 min, and then 80% at 18 15% sequencing gel analysis.
min and maintained until 23 min; retention time, 9.0 min], Incorporation of CBVMP into a DNA/DNA duplex by
was >98%. MS (FAB) m/e 488 ([M — H]7). This HIV-1 RTWT with CBVTP concentrations of<20 uM
compound is very acid labile, and care was taken to keep itshowed a very shallow burst reflecting a slow rate of
in well-buffered, basic conditions. The concentration of incorporation relative to the steady-state rate. Thus, burst
D4GTP was determined using the extinction coefficient for experiments were not sufficient for precise measurements
dGTP €260 = 11900 Mt cmt at pH 7.0). of rate. Therefore, single-turnover experiments were neces-

OligonucleotidesA 30-mer DNA primer and a 45-mer  sary to determine observed rate constants at these concentra-
DNA or RNA template were used '@&CCTCGCAGC- tions. Single-turnover experiments were performed in the
CGTCCAACCAACTCAACCTC-3and 3-CGGAGCGTCG- same manner described above for a pre-steady-state burst
GCAGGTTGGTTGAGTTGGAEGTAGGTTACGGCAGG- except that enzyme (250 nM final active site concentration)
5, respectively). was used in excess of-abeled DNA/DNA duplex (50 nM,

In the RNA template, the T's are replaced by U’s and the final concentration). Single-turnover experiments were also
underlined sequences represent expected RNase H cleavagesed to study the kinetic behavior of dGMP and DAGMP
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FiGure 2: Sequencing gel (16%) analysis of a pre-steady-state burst experiment examining the incorporation of dGMP or CBVMP. For
each time course, 300 nM DNA/RNA primer/template was preincubated with 100 nM (active site concentraiBrariiTthen rapidly

mixed with either 4quM dGTP (A) or 40uM CBVTP (B) with 10 mM MgCh with buffer (all concentrations final, after mixing). The
reactions were quenched at the indicated times, and the gels were analyzed by phosphorimaging. The size of the RNA template (45-mer),
the DNA primer (30-mer), and the incorporation product (31-mer) are indicated. RNase H cleavage is also observed during incorporation
studies with a DNA/RNA primer/template. Upon quantification, it was found that the observed rate constant for cleavage in the presence
of dGTP was 3.0t 0.3 s and in the presence of CBVTP was 0.200.04 s1. These gels are representative of cleavage observed at all

the dGTP and CBVTP concentrations that were tested.

incorporation. To test the effect of the order of addition of incorporation into a DNA/DNA primer/template, the incor-
Mg?*, experiments were carried out under single-turnover poration of DAGMP into either a DNA/DNA or DNA/RNA
conditions, but unlike the normal methodology, 10 mM primer/template displayed biphasic kinetic behavior. There-
MgCl, was incubated with both solutions before mixing. fore, the determination of the kinetic parameters for DAGTP
Products were quantified using a Bio-Rad GS525 Molecular was carried out under burst conditions where the initial, fast
Imager (Bio-Rad Laboratories, Inc., Hercules, CA). phase of elongated product formation was quantitated.

Data Analysis.Data were fitted by nonlinear regression  |n some cases, the complex kinetic behavior under single-
using the program KaleidaGraph version 3.09 (Synergy turnover conditions could be altered by preincubating the
Software, Reading, PA) Results from pre-steady-state burstprimer/temp|ate enzyme solution with M'g(see Figure A4A
experiments were fitted to the burst equation [prodeet]  for dGMP incorporation below). Earlier studies have noted
Al — exp(—kobsd) + Ksd], whereA represents the amplitude  effects of M@+ preincubation under pre-steady-state burst
of the burst which correlates with the concentration of active conditions 40). The data for RNase H cleavage of R45 under
enzyme kopsa is the observed first-order rate for dNMP or  single-turnover conditions displayed monophasic behavior
analogue incorporation, argsis the observed steady-state and were fit to a single-exponential equation.
rate constant. Incorporation of dGMP, CBVMP, and DAGMP The dissociation constank¢) of dGTP, CBVTP, and

was f(_)und to fit this equation under pre-steady-state burst D4GTP binding to the binary complex of RT and the primer/

Condltlons_. o . template was calculated by fitting observed rate constants
As previously reported, complex kinetics were Sometimes o4 jitterent concentrations of dNTP to the hyperbolic

encountered during this study under single-turnover condi- expressiorkess = (koo[dNTP])/(Kg + [ANTP]), whereko,

tions .68(’1 39);1 and dllscussmn of ”:]'IS k|fnet|c pef;awor IS"is the maximum first-order rate constant for dNMP incor-
contained in the text. In most cases, data from single-turnover, , inn andy is the equilibrium dissociation constant for

experiments were biphasic, exhibiting exponential and linear the interaction of dNTP with the-DNA complex. Reported
phases, and therefore were fit to a burst equation. Theerrors represent the deviation of points from the curve fit

pLesen(ije 9f cc()jmplex _kinetic be.havior,dinclqdir}g a linear generated by KaleidaGraph or were calculated by standard
phase during dNMP incorporation under single-turnover statistical analysis4(l).

conditions by HIV-1 RT, has been previously noted by others
(38, 39). In the case of dGMP incorporation into a DNA/  ResULTS

DNA primer/template under single-turnover conditions, the

data showed three distinct phases of incorporation and were In this comparative study, the kinetic parameters for the
found to be most consistent with an equation containing two addition of dGMP or CBVMP (triphosphate forms shown
exponentials followed by a linear pha§groduct] = Aq[1 in Figure 1) into an elongating DNA strand directed by either
— exp(—Kopsat)] + Al — exp—Kopsad)] + (Ar + Az)Ksd}. a DNA or RNA template were determined for HIV-1 RT
The incorporation of dGMP into a DNA/RNA primer/ and RT"84V, Pre-steady-state bursts and single-turnover
template was biphasic, including exponential and linear experiments were used to define the maximum rates of
phases. This was also the case for the incorporation ofincorporation ko) and the dissociation constankg). These
CBVMP into either a DNA/DNA or DNA/RNA primer/  values were then used to calculate the efficiencies of
template. D4GTP also exhibited complex kinetic behavior incorporation Ky,/Kg) to allow for comparison of CBVTP
under single-turnover conditions. Like the case of dGMP with the natural substrate, dGTP. The efficiencies determined
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with each deoxynucleotide with RT and R84V were used

to calculate the selectivity (efficiengyrdefficiencyegyrp) of

each enzyme for the natural substrate, dGTP, relative to the
nucleoside analogue, CBVTP. A change in selectivity for
RTYT and R84V would be anticipated if R84V displays

drug resistance to a compound and would serve as a basis
for comparison with the drug resistance seen in cell culture
and clinically. Analysis of the elongation of the DNA/RNA
heteroduplex also allowed for the measurement of the rate
and the observation of the pattern of RNase H cleavage of
the template RNA in the presence of either dGTP or CBVTP.
The results obtained for CBVTP prompted the synthesis and
study of D4GTP utilization by R¥T and RT84V for
determining the importance of oxygen in the deoxyribose
ring. This analysis is part of a broader effort to develop a ]
comprehensive SAR for understanding, at a structural and 35 7
functional level, the interaction of nucleoside analogues with T
HIV-1 RT.

Pre-Steady-State Incorporation of dGMEBVMP, and
D4GMP by HIV-1 RYT. Previous studies have shown that
the overall rate-limiting step for the catalysis of deoxynucle-
otide incorporation with RT occurs after chemisti35s).
Under pre-steady-state burst conditions, in which the primer/
template is in slight excess over enzyme, a burst of elongated
product followed by a linear phase is observed reflecting
the overall rate-limiting step (in this case, the release of
product). Earlier studies with natural substrates, dATP, dTTP, 06—l bl L
and dCTP, have revealed bursts of product formatf ( 0 07 14 21 28 35
29, 30). Similarly, incorporation of dGMP into both DNA/ Time &)

DNA homoduplex and DNA/RNA heteroduplex showed a FIGURE 3: Pre-steady-state kinetics of incorporation of various
burst of produe:t followed by a slower Iinearpphase dNMPs into a homoduplex DNA/DNA 30-mer/45-mer primer/

; - : . template by HIV-1 RT were measured by mixing a preincubated
In the assessment of the incorporation of nucleoside sojution of R (100 nM) and 30-mer/45-mer DNA/DNA primer/
analogues under similar pre-steady-state burst conditionstemplate (300 nM) with dNMP and Mg (10 mM) under rapid
observation of a burst of product formation indicates a kinetic quench conditions. The reactions were quenched at the indicated
reaction pathway similar to that of the natural dNTPs. Results ime points and analyzed by sequencing gel electrophoresis. (A)

f d b . b d usi Incorporation in the presence of 1@ dGTP. The solid line
rom pre-steady-state burst experiments were observed Usingepresents the best fit of the data to a burst equation with an

gel electrophoresis and showed that dGMP (Figure 2A) and amplitude A) of 124+ 4 nM, an observed first-order rate constant
CBVMP (Figure 2B) were incorporated in a similar manner, for the burst phasek{ss) of 21 + 1 s°%, and an observed rate
although the rate of CBVMP incorporation was drastically constant for the linear phask of 0.27 + 0.06 s. (B) Similar

: : ; analyses show that gtV CBVTP is utilized with anA of 60 + 5
reduced (note the difference in the time scale for panels A M, @ Kopea OF 0.74 4+ 0.13 S, and ake of 0.05+ 0.01 s™. (C)

and B). Quantitation of these data showed that, like pata showing that 40M DAGTP is utilized with anA of 60 + 3
incorporation of the natural substrate, dGMP, a burst of nM, akysqof 9.6 + 1.1 s, and aks of 0.41+ 0.05 sL.

product formation was observed for both homoduplex and
heteroduplex elongation with CBVMP, and this was also the involving the incorporation of dGMP into a DNA/DNA
case for the incorporation of DAGMP. Representative pre- primer/template under single-turnover conditions, an ad-
steady-state burst experiments for dGTP, CBVTP, and ditional exponential phase was observed as illustrated in
D4GTP are shown in panels A, B, and C of Figure 3, Figure 4A @). Here the data are consistent with two
respectively. exponential phase?{ = 13 + 1 nM andkgps1 = 19 + 3
Single-Turneer Experiments for Ealuating the Incor- s A, =264 1 nM andkopsz= 1.7 4 0.3 s%) followed by
poration of dGMP CBVMP, and D4GMP by HIV-1 R¥". the steady-state ratés{ = 0.24 s?). Interestingly, it was
Experiments were performed to study the incorporation of found that by altering the reaction conditions so that the
dGMP, CBVMP, and D4GMP under single-turnover condi- enzyme and primer/template were preincubated witi'iylg
tions (enzyme in excess of primer/template). Since this type before mixing with the dNTP, the second, slower exponential
of experiment is carried out under pseudo-first-order condi- phase was eliminated. Under these conditions, the data for
tions, the formation of an elongated DNA product would be incorporation are most consistent with the burst equation
expected to fit a single-exponential phase as all of the [Figure 4A (O)]. The rate of incorporation during the first
prebound primer/template substrate is converted to productexponential phase was increased with¥greincubation
in a single kinetic step. In each case, however, complex (30+ 3.5 vs 19+ 3 s ' at 100uM dGTP). Both dGMP and
kinetic behavior was observed. In most cases, the kineticsCBVMP incorporation into a DNA/RNA primer/template
were best described by the biphasic formation of product was consistent with a pre-steady-state burst of product
having exponential and linear phases consistent with a pre-formation (data not shown). CBVMP incorporation into a
steady-state burst equation. In experiments using dGTP,DNA/DNA primer/template was also found to fit the pre-

Product (nM)

0 02 04 06 08 1
Time (s)

Product (nM)
~
o
T
I

Product (nM)
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40— —T— 1.0 s}, andkss= 0.61+ 0.17 sL. It is noteworthy that in

] experiments involving DAGTP as a substrate, it was found
that the amplitude of the exponential phase was lower and
may, in part, reflect the much faster steady-state rates
observed as compared with that for either dGTP or CBVTP.
A single-turnover experiment was carried out, similar to the
experiment with dGTP, in which the enzyme DNA/DNA
combination was preincubated with Ktgand an increase
in the amplitude of the exponential phase was observed (data
50 not shown).

L L BRI AR L L AL A . . . . .
B : To provide the most accurate determination of kinetic
40 - 7 parameters, the observed rates at varying concentrations of
30 i DAGTP were measured by quantitating the initial fast phase
of incorporation from pre-steady-state burst experiments by
i fitting that data to a single-exponential equation.

10 . Determination of the Dissociation Constant and Maximum
Y SR Rate of Incorporation for dGMP and CBVMP by HIV-1

0 5 10 15 20 25 30 35 40 RTVT. Burst experiments were carried out with various

Time (s) concentrations of dGTP and CBVTP for a DNA/DNA
25— duplex. The difference between the observed burst kaig) (
- C : and steady-state ratks§ was insufficient for accurate burst
20r ] analysis at CBVTP concentrations €20 uM. Consequently,
151 . single-turnover experiments were used to derive the observed
] rate constants at these concentrations.

The interactions between dGTP or CBVTP with the
5 . primer/template-bound enzyme were found by plotting the
o ] observed rate constants at various concentrations of dGTP

0 03 06 09 12 or CBVTP and fitting the data to a hyperbolic curve. This
Time (s) curve gave the maximum rate of incorporation of the dNMP

Ficure4: Observation of complex kinetics for dNMP incorporation (k) and the binding affinity for dGTP or CBVTPK().
under single-turnover conditions. (A) Effects of Mgreincubation Figure 5A shows the result of this analysis for CBVMP

on single-turnover kinetics of dGMP incorporation into a DNA/ . . T i
DNA primer/template. Results of a single-turnover experiment incorporation by RY™ with a DNA/DNA and DNA/RNA

where RTT (250 nM) is in a 5-fold excess over the primer/template duplex @). Similar curves for dGTP were also constructed
(50 nM). The enzyme primer/template was preincubated with 10 for DNA/DNA and DNA/RNA primer/templates (data not
mM Mg?* (O) or not @) and rapidly mixed with a mixture of 100 shown). The values determined from these curkgs gnd

#M dGTP in the presence of 10 mM Mgand buffer. Best fit for ) \vere used to calculate the efficiency of deoxynucleotide
the experiment without preincubatio®)was a double exponential . tion by dividi by K. A f th

plus a line. The first exponential yielded a rate of 8 s and incorporation by dividingk.o by Ka. A summary of these
an amplitude of 16 1 nM. The second exponential had a rate of data for dGTP and CBVTP for DNA/DNA and DNA/RNA
1.7+ 0.3 s and an amplitude of 26 1.0 nM. The linear phase  primer/templates is shown in Table 1.

was found to be consistent with the steady-state rate of dGMP  \ijth a DNA/DNA homoduplex, dGTP proved to be a

incorporation (0.24 9. The best fit found for data generated with ; : : :
Mg?+ preincubation®) was a single exponential plus a line (burst superior substrate for RT. Its maximum rate of incorporation

equation). Where the exponential phase had a rate of 30s! (koo) Was 24 times faster than that found in the presence of
and an amplitude of 3@ 1 nM, the linear phase was once again CBVTP (24+ 1 s* compared to 1.6+ 0.06 s'). dGTP
consistent with the steady-state rate (0.24.9B) The best fit to also bound to the enzyme primer/template with a slightly
a single-turnover experiment studying the utilization of A1 greater affinity Kq) than CBVTP (14+ 2 uM compared to

CBVTP during DNA-directed incorporation by RT was found - g
t0 be a burst equation with akof 35 + 2 M, akopsqOf 0.36 %+ 21+ 3 uM). The efficiency of utilization for dGTP was 1.7

0.04 s, and akes of 0.0061+ 0.0022. (C) A single-turnover ~ + 0.3 M~ s™* which was 30 times greater than that for
experiment was performed to study the utilization ofddD4AGTP CBVTP (0.05+ 0.01x4M~* s71). Analysis of the data for a
during DAGMP incorporation into a DNA/RNA primer/template  DNA/RNA primer/template showed that dGTP was also a
by RT"T. The data were found to fit a burst equation withoga better substrate; however, a smaller but significant, 10-fold

of 7.4 £ 0.96 s* and an amplitude of 13 1.2 nM followed by . : - . .
a slow increase in product formation at a rate of 0466.17 s difference in the incorporation efficiency between dGMP and

(a rate similar to the steady-state rate of RNA-directed D4GMP CBMP for DNA/RNA was noted.

30

20

Product (nM)

10

Product (nM)

20 b

Product (nM)

10 - -

incorporation). Pre-Steady-State Incorporation of dGMP and CBVMP by
M184V HIV-1 RT.Similar to results obtained with R,

steady-state burst equation (Figure 4B)= 35 4 2 nM, RTM184V showed a burst of product formation during

Kobs= 0.36+ 0.04 s%, kss= 0.00614= 0.0022 s%). Similarly, incorporation of dGMP and CBVMP at all concentrations

the incorporation of DAGMP into a DNA/DNA or DNA/  that were tested and with both primer/templates. This
RNA primer/template also exhibited biphasic kinetics con- suggests that the mutant RT incorporates these deoxynucle-
sistent with exponential and linear phases. A representativeotides by a similar kinetic pathway (data not shown).

time course for DAGMP incorporation into a DNA/RNA Determination of the Dissociation Constant and Maximum
primer/template is shown in Figure 4C. The data fit a burst Rate of Incorporation of dGMP and CBVMP by M184V
with the following values:A = 13+ 1 nM, kops = 7.4 + HIV-1 RT. Comparison of Selectity of R™84V and R,
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Ficure 5: Dependence of the first-order rate constdggsf) on
analogue concentration during both DNA- and RNA-directed
synthesis. (A) The observed rates of CBVMP incorporation by
RTVT (@) and RT184V (O) were plotted against CBVTP concentra-
tion for both DNA/DNA and DNA/RNA primer/templates. The
hyperbolic fit gave a dissociation constant for CBVTP and the
primer/template-bound RTKg) of 21 + 3 uM and a maximum
rate of incorporationk) of 1.0+ 0.06 s for RTWT and a DNA/
DNA primer/template. Similar analysis gavekg, of 0.45+ 0.02
s1and aKqy of 51 + 5 uM for RTM184V and a DNA/DNA primer/
template. Kinetic constants for RT and R™184V during RNA-
templated incorporation were equal to 3%.05 and 0.65 0.06

s (koo) @and 3.7+ 0.5 and 38t 7 uM (Kg), respectively. (B) The
observed rates of DAGMP incorporation by\R (@) and RT184V

(O) were plotted against DAGTP concentration for both DNA/DNA
and DNA/RNA primer/templates and fit to hyperbolic curves.
Kinetic constants for R¥T and R84V during DNA-templated
incorporation were equal to 1t 1 and 8.6+ 0.4 s (ky) and 11

+ 2 uM and 9.3+ 1.2 uM (Kg), respectively. Kinetic constants
for RTWT and R™184V during RNA-templated incorporation were
equal to 13+ 0.5 and 17+ 0.8 s (kyo) and 9.5+ 1.1 and 13+

2 uM (Kgq), respectively.

Ray et al.

RNA. More importantly, the differences in kinetic parameters
between CBVTP and dGTP were larger with the mutant than
with wild-type RT and provide a basis for understanding the
molecular mechanism of drug resistance. Khgefor dGTP
was 78 times faster than that of CBVTP with a homoduplex
(35+ 1 st compared to 0.45- 0.02 s1), and accordingly,
dGTP bound to the enzyme with a 3-fold tighter dissociation
constant Kq) than CBVTP (16+ 2 uM compared to 5h

5 uM). This corresponds to an efficiency for CBVTP 6-fold
lower than that obtained with RT (0.009+ 0.001uM ™1

s 1 compared to 0.05- 0.01uM~* s71). There was a 200-
fold difference in the efficiency of utilization by R84V
between dGTP and CBVTP (22 0.3uM~* s* compared

to 0.009+ 0.001uM~* s™1). This 200-fold difference is
termed the enzyme selectivity for one substrate over another,
which is defined as efficiengyrdefficiencyegyrp. RTM84Y
experienced an almost 7-fold increase in selectivity for dAGTP
over CBVTP compared to RT with a homoduplex.

Results obtained for the heteroduplex were similar to those
found with a homoduplex. The efficiency for CBVTP was
25-fold lower than that obtained with RT (0.017+ 0.004
uM™t st compared to 0.42+ 0.06 uM~* s%). This
differential change in selectivity for dGTP relative to CBVTP
illustrates that R84V has an even greater, 20-fold increase
in selectivity over RT'T with a heteroduplex (200 vs 10).

Pre-Steady-State Incorporation of DAGMP by"R&nd
RTM184V_ Our detailed kinetic analysis with CBVTP indicated
that the planar carbocyclic deoxyribose ring resulted in an
incorporation efficiency much lower than that of the natural
dGTP substrate. This was unanticipated since earlier studies
comparing DATTP and dTTP with HIV-1 RT showed
equivalent incorporation efficiencie84) and, based upon
the results with CBVTP, lead to the hypothesis that the
presence of oxygen in the deoxyribose ring was an important
factor in determining incorporation. To directly test this
hypothesis, DAGTP (see Figure 1) was synthesized and
similar kinetic experiments were carried out as described
above.

Determination of the Dissociation Constant and the

Pre-steady-state burst experiments were carried out at variougiaximum Rate of Incorporation for DAGMP by HIV-1 T

concentrations of dGTP and CBVTP for both DNA/DNA
and DNA/RNA primer/templates with R4V, Similar to
results obtained with RYT, incorporation in the presence
of dGTP was much more rapid than with CBVTP.

and R, Comparison of Selecity of RT'84Vand RT'".
Similar to the analysis of dGTP and CBVTP described above,
the rates of incorporation at various concentrations of DAGTP
and a DNA/DNA or DNA/RNA primer/template with R

The rate dependence on concentration for dGTP or and R84 were determined and used to find tKe and

CBVTP with primer/template-bound HIV-1 R4V was

Koo for DAGMP incorporation (curves shown in Figure 5B).

determined by plotting the observed rates at various con-These values were then used to calculate the efficiency and
centrations of dGTP or CBVTP and fitting the data to a selectivity for DAGTP utilization by each enzyme as a basis
hyperbolic curve. Figure 5AT) shows the curve generated for comparison with dGTP and CBVTP (data summarized

for CBVTP with both a homoduplex and a heteroduplex.

Similar curves were also generated for dGTP with both

primer/templates (data not shown). Tkg and Ky values

in Table 1).
In contrast to the results with CBVTP, the efficiency of
utilization of DAGTP was found to be only 2-fold lower than

obtained from these curves were used to calculate thethe values obtained for dGTP with both enzymes and primer/

efficiency of deoxynucleotide incorporation by dividikg
by Kg. A summary of the results of these calculations for
dGTP and CBVTP for DNA/DNA and DNA/RNA duplexes
with both RTT and R84V is shown in Table 1.
Interestingly, dGTP proved to be an equivalent or slightly
better substrate for R84V, The efficiencies of incorporation
of dGMP into a DNA/DNA primer/template by R and
RTM184V wwere 1.7+ 0.3 and 2.2+ 3.3 uM™! s7%, respec-
tively, and similar efficiencies were determined for DNA/

template combinations. DAGTP was found to be-&l60-

fold better substrate than CBVTP depending on the enzyme
and primer/template combination. The lack of a difference
in the selectivity value between RT and R84V suggests
that R™184V does not have any advantage over'RTat
selecting dGTP over D4GTP. The marked differences
between the incorporation of DAGMP and CBVMP may be
explained by the structural features of the protein active site
(Figure 6 and Table 2) or deoxynucleotide (Figure 7).
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Table 1: Kinetic and Equilibrium Constants for Binding and Incorporation of dGTP, D4GTP, and CBVTP by Wild-Type and M184V HIV-1
RT

primer/template RT dNTP Kool (S71) Kg (uM) efficiency? (st uM 1) selectivity*?
DNA/DNA RTWT dGTP 24+ 1 14+ 2 1.7+ 0.3 -
DAGTP 11+1 11+ 2 1.1+ 0.3 2
CBVTP 1.0+£0.1 21+ 3 0.05+ 0.01 30
RTM184V dGTP 35+ 1 16+ 2 2.2+0.3 -
D4GTP 8.6 0.4 9.3+1.2 0.93+0.13 2
CBVTP 0.45+ 0.02 51+ 5 0.009+ 0.001 200
DNA/RNA RTWT dGTP 35+ 2 11+ 2 3.1+ 0.6 -
DAGTP 13+ 0.5 95+1.1 1.4+0.2 2
CBVTP 1.5+ 0.1 3.7 0.5 0.42+ 0.06 10
RTM184V dGTP 1204+ 13 42+ 10 29+0.8 -
DAGTP 17+ 1 13+ 2 1.7+ 0.3 2
CBVTP 0.65+ 0.06 38+ 7 0.0174+ 0.004 200

2Values for dGTP and CBVTP previously reported in association with a poster presengfiohJelectivity= efficiencysrd/efficiencyanaiogue
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FiGure 7: Important deoxynucleotide structural features to be
considered for nucleoside analogues with a planar dideoxyribose
ring conformation. Ring torsion anglgsandy are labeled. Torsion
angley reflects the position of the'®xygen and torsion angle

the base. Different values o¢f lead to three general positions of
the 8-oxygen (-, —, andr). The 5-oxygen is depicted in the™
position.

Ficure 6: Possible interactions for the deoxyribose oxygen in the

RT active site. Structural picture generated from the crystal structure
of the ternary complex of HIV-1 RT, primer/template, and dTTP S * for CBVTP and between 7.7 and 27'dor dGTP), the

(54). A solvent accessible contoured surface surrounds RT active rate of RNase cleavage was relatively consistent for each.
site reSid\l;eiS Y115(,RQé51, afno(l) N:}%? Sng ;N%S tprotdulqe? USin theA representative time course of the gel electrophoresis for
rogram Volumes (R. Esnouf, Oxford, U.K.). Potential interactions i N Ei
get\?veen Y115 (4.53 A) or M184 (4.66 A) and the deoxyribose CBXTPh and dC.;T.IT (bolth at 40M) is Showﬁ n ';Igure 2f
oxygen depicted from two different angles. Arrows are used to help Both show a similar cleavage pattern wit pr_o ucts of 36
orient the viewer and show the angle of observation in the opposite 2nd 33 bases. The rate of RNase H cleavage in the presence
panel. This figure was produced using Bobscriff) @nd Raster3D of CBVTP was found to be 3 times lower than in the
(73). presence of dGTP (0.9 5compared to 3). D4GTP also
exhibited a slightly slower rate of RNase H cleavage with
Tabl_e 2: Proximity of the_Oxygens of SteriC C_Eate An_1in0 Acid Side no diﬁerence in pattern When Compared to that of dGTP (data
Chains and the Ribose Ring Oxygens in a Wide Variety of DNA ¢ shown). Similar results were obtained when analyzing

Polymerases . . .
Y oo cleavage products formed during incorporation of dGMP,
polymerase steric gate distance CBVMP, and D4GMP by R84V (data not shown).
family polymerase aminoacid  (A) ref
reverse transcriptase HIV-1 RT Tyr 4.53 54(1RTD) DISCUSSION
family A (Pol 1) T7 DNA Pol Glu 3.72 55(1T7P) - : : .
Klentag Pol | o 331 57(10S9) In.th|s paper, we have examined the trar_15|ent kinetics for
family B RB69 Tyr 486 56(1IG9) the incorporation of dGMP and CBVMP into homo- and
family X Pol 8 Tyr 3.86  60(1BPY) heteroduplex primer/templates catalyzed by'R@nd R84V,
a Distance between the ribose oxygen and the oxygen present in theSubsequent synthesis and evaluation of DAGTP was then
amino acid side chain of the steric gate. used to gain a better understanding of the HIV-1 RT active
site and structural features that govern efficient incorporation
RNase H Cleaage in the Presence of dGTEBVTR and of nucleoside analogues. Our ultimate goal is to use this

D4GTP.It has been shown that rates of polymerization and mechanistic analysis to build a comprehensive SAR for the
RNase H cleavage are independent and that the two activenteraction of these analogues with wild-type and drug-
sites lie between 18 and 21 bases apart on the template strantesistant mutant forms of HIV-1 RT. This information may
(25, 36). Previous work has illustrated that altered dNTP impact the design of novel nucleoside analogues that are
binding at the polymerase active site can effect the rate andincorporated more efficiently and are less susceptible to
pattern of cleavage at the RNase H sig0)( The R45 developing drug resistance.

template was '5*?P-labeled in experiments utilizing a het- Obsewation of Complex Kinetics under Single-Tuteo
eroduplex to facilitate analysis of the rate and pattern of Conditions by HIV-1 RTDuring the course of our studies
RNAse H cleavage. Although rates of polymerization for with these guanosine analogues, upon examination of the
the heteroduplex varied between different concentrations of incorporation kinetics of R¥T and R84V under single-
dGTP and CBVTP with HIV-1 RTT (between 0.64 and 1.4  turnover conditions, the data did not fit with the anticipated
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single-exponential under pseudo-first-order conditions. In all constant for each with the -BNA complex Kg), the
cases under single-turnover conditions, a slow linear phasemaximum rate of incorporation into the 30-mer primigi,
of primer elongation was observed after faster initial and the efficiency of incorporatiorkf/Kg). In accord with
exponential behavior (Figure 4AC). This has been previ-  previous studies on the incorporation of dCMP and dTMP
ously noted by others and suggested to be due to RT’s poorand some of their nucleoside analogues, the maximum rates
ability to align itself at the 3hydroxyl of the elongating chain  of incorporation were faster with DNA/RNA than with DNA/
(38, 39). It is also possible that inactive enzyme may DNA (23, 30, 31, 34, 36). The rate obtained for dGMP
sequester the substrate during the initial round of synthesis,incorporation into DNA/RNA by HIV-1 RT184V (120 s%)
contributing to the observation of the linear phase. This is the fastest rate that has been measured for dNMP
possibility cannot be ruled out since the active site concen- incorporation by HIV-1 RT and is an illustration of the
trations of purified RT are sometimes low (often around dramatic changes this mutation causes in the enzyme reaction
30%). In either case, the rate of incorporation observed kinetics. This rate is only-23-fold lower than rates measured
during the first exponential phase of incorporation should with bacteriophages T7 and T4 DNA polymeras43 @4).
represent the maximum rate of catalysige) without However, the weaky obtained for dGTP with R84V (42
compromising the kinetic analysis. uM) causes the efficiency to be 1 order of magnitude lower
In addition, dGMP was found to be incorporated byYRT  than values obtained with these other polymerases and
during single-turnover experiments looking at a DNA/DNA consistent with efficiencies obtained with KT
primer/template by a process that includes two exponential An increased maximum rate of incorporation and affinity
processes [Figure 4/8()]. This type of behavior has been for the EDNA complex of dGTP and CBVTP with RAT
seen with all natural dNTPs under single-turnover conditions and a RNA template defines a higher efficienky,(Kq) for
during the elongation of a DNA/DNA primer/template (data each with the heteroduplex than with the homoduplex. dGTP
not shown). A previous report observed these kinetics and showed a 2-fold increase in efficiency during RNA-directed
attributed them to different binding interactions between RT polymerization versus DNA-directed polymerization. CBVTP
and its primer/template 39). Interestingly, no double- showed an 8-fold increase in efficiency with a DNA/RNA
exponential behavior could be detected for dGTP when primer/template with respect to a DNA/DNA primer/
incorporation was studied using pre-steady-state burst conditemplate. This differential increase in efficiency for dGTP
tions. This may suggest that there is a preferential binding and CBVTP reflects a 3-fold decrease in selectivity (effi-
of substrate in the most catalytically competent complex ciencygerdefficiencyegyre) for RNA-directed versus DNA-
when there is an excess of primer/template. Another possibledirected incorporation of dGMP over CBVMP. This result
explanation for the observed kinetics is that the binding of is in contrast to those with other nucleoside analogues where
the primer/template was rate-limiting; however, experiments RT has been shown to be more likely to incorporate a chain
conducted at higher enzyme concentrations did not result interminator during DNA-templated polymerizatiods( 46).
higher rates. Moreover, this explanation is less plausible This difference may be an illustration of the extreme effect
when considering that, under all experimental conditions, the the carbocyclic ring elicits on the kinetics of CBVMP
concentrations of the enzyme and primer/template wereincorporation.
approximately 1 order of magnitude higher than the binding  Effects of a Carbocyclic Ring on Incorporation Efficiency
constant of the enzyme for the primer/template [around 15 and RNase H Cleamge.Previous studies with D4TTP have
nM (42)]. shown it to be the most effective analogue at mimicking its
To study the role of Mg in the complex kinetics observed natural dNTP (dTTP) in the HIV-1 RYT active site 84).
for dGMP incorporation into a DNA/DNA primer/template  The substitution of the oxygen in the unsaturated dideox-
under single-turnover conditions, Mfgwas preincubated  yribose ring with a methylene group, as found in the
with the enzyme and primer/template. Using these experi- carbocyclic ring present in CBVTP, seemed to be a minimal
mental conditions, the second, slower exponential phaseperturbation, and therefore, the marked impact this isosteric
disappeared and an increase in the exponential rate of dGMReplacement had on the incorporation kinetics for this
incorporation into the primer/template was noted as well. analogue was surprising. Only minor changes in binding were
However, no change was detected in the linear phaseobserved with RTT; the K4 of CBVTP was less than 2-fold
discussed above [Figure 4/J]. This suggests that Mg greater than that for dGTP with a homoduplex, and the
plays an important role in determining the catalytic compe- affinity was 3-fold lower than that for dGTP with a
tence of the enzyme during DNA-directed incorporation. The heteroduplex. This finding is supported by a computer
increase in the rate of incorporation also suggests that themodeling study comparing NRTIs in their lowest-energy state
preferred order of binding for RT is Mg prior to dNTP. conformation. This study predicted that CBVTP would bind
The effect of M@* preincubation on RNA-templated incor-  well to HIV-1 RT’s active site 47). Our kinetic analysis
poration cannot be determined because the associated metashowed that the primary effect of the carbocyclic ring of
dependent RNase H activity would slowly degrade the CBVTP was reflected in the maximum rate of incorporation
template. Additional studies are required to define the (ku) into a homo- and heteroduplex, which was found to
parameters that are responsible for the complex reactionbe reduced 2324-fold relative to the rate of dGMP
kinetics observed under single-turnover conditions and the incorporation with RTT. Furthermore, steady-state studies
role that Mg" may play in modulating binding or catalysis. of the triphosphate of the carbocyclic analogue 6f 2
RNA-versus DNA-Dependent Polymerizatidéncomplete deoxyguanosine triphosphate (CdGTP) found that it was a
study of dGTP or CBVTP concentration dependence on the poor substrate for HIV-1 RT4@) and CdG showed no anti-
observed rate of incorporatioRyfsg with mutant and wild- HIV-1 activity in cell culture despite its conversion to the
type HIV-1 RT provided measurements of the dissociation potentially active triphosphate, CAGTRY. Also, further
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evidence that CBVTP is a poor substrate for DNA poly-
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(Kg) and the maximum rate of incorporation of the analogue

merases can be obtained from a recent transient kinetic study(kyo). The smaller change in selectivity by the mutant enzyme

on mitochondrial polymerasg¢ where it was found that

for CBVTP when compared to that for 3TCTP is consistent

CBVTP was the worst substrate in a panel of FDA-approved with the clinical findings that the M184V mutation only

nucleoside analogue triphosphaté} (
The reduced ability to be utilized may reflect the fact that

imparts a low level (2-4-fold) of resistance to abacavit§
20) while a 506-1000-fold resistance is observed for 3TC

CBVTP cannot assume a favorable conformation like that (21, 22). The amount of resistance to incorporation found
adopted by the conventional deoxyribose ring during cataly- in this study is greater than that found in cell culture or in

sis. Studies with D4TTP have shown that tHe82unsat-

uration does not have a negative effect on D4ATMP incor-

poration 84). It is improbable that dGTP analogues function

differently than dTTP analogues and likely that the replace-

clinical studies 15, 19, 20). This slight discrepancy may be
due to inherent differences in the measurements, or the
smaller amount of resistance recognized in vivo may reflect
a decrease in the fitness of the virus due to the presence of

ment of the dideoxyribose oxygen with the methylene carbon the M184V mutation %0).

is the structural moiety that is responsible for the decreased

rate of incorporation. Perturbations in thHe32dideoxyribose
ring present in {)-BCH-189TP and 3TCTP caused by the
presence of a sulfur in place of the@rbon caused similar
kinetic consequences for these compourdd. (t is possible

Importance of the Sugar Ring Rather Than Base Identity
in Analogue Incorporation by HIV-1 RTRrevious kinetic
studies with DATTP showed that DATMP was as efficiently
incorporated as dTMP3@, 51). Similar to this result,
elongation in the presence of DAGTP was found to be only

that preferred conformations in the sugar ring may be 2-fold less efficient than in the presence of dGTP. RT with
required for high rates of incorporation that are precluded the M184V mutation was also found not to be resistant to

by the replacement of the oxygen with a carbon (as in CBV),

D4GTP. While DATTP has not been tested against'R¥

a change in stereochemistry (as in 3TC), or the introduction in a transient kinetic study, this mutation has never been

of a sulfur atom [¢)-BCH-189 and 3TC]. It is also possible

associated with D4T resistance in vivo or in viti®). These

that these changes affect electrostatic or steric interactionsresults suggest that the',2-dideoxyribose ring of the
with the RT active site which are responsible for higher rates analogue is an important factor in governing its incorporation

of catalysis (see the structural discussion that follows).

and the base may play a less prominent role in determining

Studies with 3TCTP showed an altered binding of the drug incorporation efficiency or resistance. The differences be-
in both the kinetic data for incorporation and the pattern and tween CBVTP’s and D4GTP’s utilization and resistance

rate of RNase H cleavag8(@). In the study presented here,

found in this study show that RT is exquisitely sensitive at

RNase H cleavage was evaluated to determine if there weredetecting small changes in the2-deoxyribose ring.

any altered interactions between CBVTP and thBNA

Structural Basis for the Large Differences in Incorporation

complex at the polymerase active site that may be sufficient in the Presence of CBVTP and DAGTP by'Ra@nd RT"184,

to affect the distant RNase H active site. The pattern for CBVTP was found to be 30-fold less efficiently utilized than
cleavage was very similar between dGTP and CBVTP dGTP by RTT, and the mutation of methionine 184 to valine
(Figure 2). However, the rate was found to be 3-fold higher increased this difference to 200-fold. This is in stark contrast
in the presence of dGTP than in the presence of CBVTP to D4GTP, which is utilized with efficiencies very similar

with both R84V and RTT. Subsequent experiments with
DAGTP also showed a similar reduction in the rate of

to that of dGTP and isiot selected against by the M184V
mutation. The differences in these two compounds, which

cleavage (data not shown). These reduced cleavage rates armenly differ in the replacement of a carbon with an oxygen,
similar to the difference in the rate seen in the presence of suggest that some attribute of the RT active site or some

dCTP and 3TCTP3J0). This difference in rate may reflect

structural feature of the deoxynucleotide analogues must be

a perturbation in the ternary complex in the presence of markedly affected by this change.

3TCTP, CBVTP, and D4GTP. Further kinetic experimenta-
tion and a better structural understanding of HIV-1 RT are

Two residues in the RT active site that could potentially
interact with the oxygen in the'2leoxyribose ring are

required to define the significance of these types of changestyrosine 115 and methionine 184. Tyrosine 115 is the “steric

in RNase H cleavage.

Increase in Selectity of dGTP aer CBVTP by R84V
Compared with R, Insights into the Molecular Mechanism
of Drug ResistancePrevious transient kinetic studies with
3TCTP have shown a 140-fold increase in selectivity by
RTM184V gver RTT in DNA-directed polymerization and a
smaller 34-fold increase in selectivity in RNA-directed
polymerization 23). The M184V mutant exhibited a less
dramatic increase in selectivity against CBVTP (a 7-fold
increase for DNA-directed polymerization and a 20-fold
increase for RNA-directed polymerization). The higher level
of resistance conferred during RNA-directed polymerization
shows that R84 can compensate for RT's enhanced
sensitivity to CBVMP chain termination during RNA-

gate” of RT that is partially responsible for excluding the
binding of the 2-hydroxyl of an RNA nucleotide53). This
residue also has important stacking interactions with the
deoxyribose ring §4). Structural analyses of ternary com-
plexes of a wide variety of DNA polymerases from different
polymerase families54—60) and the position and identity

of their steric gates show that this residue can normally serve
as a hydrogen bond donor [the presence of phenylalanine in
the active sites of Moloney murine leukemia virus FoB)(

and some DinB homologue$Y, 62) are two exceptions].

In almost every case, not only is this residue a hydrogen
bond donor, but the position of this donor also is in the
proximity of the oxygen of the deoxyribose ring (Table 2).
This is especially true of Pol | family members from bacteria

directed polymerization. The increase in selectivity obtained and bacteriophage$3) where the residue is a glutamate

by the enzyme in RNA- and DNA-directed polymerization

and in the available ternary crystal structures, withiA of

is a consequence of a decrease in both the affinity for CBVTP the deoxyribose oxygerb%—59). The distance in RT is
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slightly longer than a normal hydrogen bond, but the crystal ence in the position of the-phosphate could explain the
structure is a static view of a dynamic active site and may slower rate of incorporation of CBVMP relative to those of
not be of sufficient resolution to allow solid conclusions to dGMP and D4AGMP. A mutation at position 65 (lysine 65 to
be drawn $4). The sulfur of residue M184 is also in the arginine) has also been noted in response to abacavir
proximity of and could potentially interact with the ribose treatment 5, 19) and is responsible for the 3-fold resistance
ring (possible interactions are illustrated in Figure 6). to abacavir in cell culturelf). Lysine 65 is in contact with
The polar attributes of Y115 and M184 may also repel they-phosphate, and a mutation at this position may sense
the more hydrophobic carbocyclic ring present in CBVTP. differences in analogues at this phosphate. This mutant has
While the repulsion of these residues might serve to weakennot been reported in response to D4B)(and does not show
the binding of the analogue, CBVTP binding over the resistance to DAT in cell culturd®). Taken together, these
aromatic ring of Y115 could allow for a very tight hydro- findings may also suggest differences in the phosphate
phobic and possible— orbital stacking interaction between position of DAGTP and CBVTP, which could be due to the
the sugar ring and this residue. These two opposing forcesy torsion angle. As discussed, the M184V mutation may also
may cause CBVTP to bind very differently depending on alter the dNTP binding site and exaggerate differences in
its positioning in the presence of different substrates or dideoxyribose structure.
mutant forms of the enzyme. This may explain CBVTP’s  ConclusionsThe transient kinetic study of CBVTP as a
relatively loose binding during DNA/DNA incorporation by  substrate for RT and resistance to the incorporation of
RTWT and, conversely, its tight relative binding during DNA/  CBVMP caused by the M184V mutation have yielded many
RNA incorporation by RYT. insights into not only the incorporation of this deoxynucle-
The resistance caused by the M184V mutation may also otide analogue but also the mechanism of incorporation of
be associated with the position of the RT active site. It is natural dNMPs. Complex kinetics observed during deoxy-
unlikely that resistance to CBVTP is conferred by steric nucleotide incorporation suggest that the preferred order of
hindrance due to the presence of fhbranched amino acid  binding is Mgt before the dNTP, implying that Mg plays
[as is the case with the-isomer 3TC 23, 64)] because of  an important role in the proper positioning of substrates for
the large distance between the dideoxyribose ring of an effective catalysis. While the identity of the base had little
analogue that mimics the natumalisomer orientation and  effect on the efficiency of incorporation, RT was found to
this amino acid. However, methionine 184 has many be exquisitely sensitive to changes in the deoxyribose ring.
important contacts in the RT active site. This residue is at a The sensitivity to substitutions in the deoxyribose ring may
reasonable distance to interact in a hydrogen bond with Y115, be due to key polymerase active site residues and effects on
which has already been discussed as a possible importantleoxynucleotide structure. A combination of these factors
residue in the active site for CBVMP incorporation. Further is probably responsible for the poor incorporation of CBVMP
evidence for the intimate nature of the contact of Y115 with and resistance conferred to CBVTP by the M184V mutation.
the incoming dNTP is suggested by the observation that a An Understanding of SAR for Nucleoside-Based Analogues
conservative mutation to phenylalanine (Y115F) is found in Targeting HIV-1 RT and Implications for Drug Desighs
response to abacavir in cell culture, and evaluation by steady-discussed above, the mechanistic studies reveal that ana-
state kinetic analysis shows a slight resistari&eg5). M184 logues containing an unsaturated deoxyribose ring as in
also makes steric contact with the primer/template, and lossD4ATTP and DAGTP are very efficiently incorporated into
of this interaction may change the position of the active site. DNA by HIV-1 RT (34, 51) and, accordingly, are difficult
If the change from valine to methionine in M184V caused a for the enzyme to distinguish from the respective natural
subtle alteration in the deoxynucleotide sugar binding site substrates, dTTP and dGTP. Consequently, a low selectivity
into a slightly more hydrophilic position, this could explain or ability of HIV-1 RT to distinguish between natural dNTP
the drop in affinity seen for CBVTP with the mutant enzyme. and substrate analogue suggests that it may be more difficult
Another possible reason for the difference in incorporation for the virus to develop drug resistance through mutations
and resistance between CBVTP and D4GTP is the structurein RT. Cell culture and clinical data support this suggestion
of the dideoxyribose ring of the analogue. While in both cases in the case of DAT5, 70).
the dideoxyribose rings of these compounds are locked in  Having established that DAGTP was a good substrate for
planar conformations that probably have only limited flex- RT, we were surprised to find an early literature report
ibility [this is illustrated by the crystal structure of D468)], indicating that the corresponding nucleoside had no antiviral
the different rings may have effects on the rotational activity in cell culture 87). The lack of antiviral activity
conformations effecting the positions of thedxygen and may be due to a number of factors, including metabolic
the guanine base (Figure 7). Studies on adenosine deaminasactivation, stability, or transport. Prompted by our mecha-
have shown that the ability of nucleoside analogues to obtainnistic studies, we have recently re-examined D4G in an
ay* conformation is critical for determining their efficiency attempt to understand why the compound is inactive. Our
as a substrate, and suggest that most analogues can easistudies have found that the nucleoside was acid labile, and
adjust they torsion angle to favorably position the ba&&,( moreover, when tested under carefully buffered conditions,
68). dTTP is also found to be in the" position in the HIV-1 D4G exhibits excellent antiviral activity7(). Furthermore,
RT active site $4). The y* position places the'®xygen we have synthesized and tested a prodrug form of D4G
directly above the deoxyribose ring. In the case of CBVTP, containing a cyclopropylamine substitution in the 6 position
this might be unfavorable because of increased hydrophobic-of the guanine ring which has improved acid stability and
ity of its dideoxyribose ring. If CBVTP was limited in its  retains good antiviral activity against HIV-TT).
ability to adopt they™ torsion angle, this would lead to a In summary, this work illustrates the general importance
difference in the triphoshpate positioning. Indeed, a differ- of mechanistic studies and how the information they provide
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can impact the design of novel nucleoside analogues. More
specifically, this study exemplifies the value of understanding
the mechanism and SAR for HIV-1 RT. In this example,
there is a very clear link between translating the molecular
mechanism of inhibition and drug resistance to observations
in the clinic. These mechanistic insights have aided in the
design, synthesis, and discovery of a new compound that
has promise as a potent antiviral especially with the drug
resistant M184V HIV-1 RT that is so often encountered in
a clinical setting.
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