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ABSTRACT: The initiation of (~) strand DNA synthesis by HIV-1 reverse transcriptase was examined
using a transient kinetic approach and a physiologically relevant RNA 18-mer/RNA 36-mer primer-template
substrate. HIV-1 reverse transcriptase (RT) was found to bind with reasonably high affinity to the RNA/
RNA substrate Kq = 90 nM), although the affinity for DNA/RNA and DNA/DNA substrates is higher

(Kq &~ 5 nM). A pre-steady-state burst of deoxynucleotide incorporatigRy= 1.0 s'1) into the RNA

duplex was observed followed by a slower steady-state release of the elongated primer-template product
(kss = 0.58 s1). The observation of a burst provides evidence that the release of the product is most
likely the rate-limiting step in the overall kinetic pathway for the enzymatic reaction during a single
deoxynucleotide incorporation event. Furthermore, the release of this product was 5-fold faster than that
for elongated DNA/RNA and DNA/DNA products. Single-turnover experiments showed that there is a
hyperbolic dependence of the rate of deoxynucleotide incorporation on the concentration of dCTP and
demonstrated that the maximum rate of dCTP incorporatign € 1.4 s!) is 33- and 12-fold slower

than the values for DNA/RNA and DNA/DNA primer-template substrates, respectively, while the affinity
of dCTP K4 = 780 uM) for the HIV-1 RT-RNA/RNA complex is 56- and 71-fold weaker than the
affinities for HIV-1 RT-DNA/RNA and HIV-1 RT-DNA/DNA complexes, respectively. Consequently,

the overall efficiency of dCTP incorporatiok,(/Kg) into the RNA/RNA substrate is approximately 1800-

and 800-fold less than that for DNA/RNA and DNA/DNA substrates, respectively. These findings provide
evidence which suggests that the HIV-1 /RNA/RNA-dCTP ternary complex exists in a significantly
different conformation compared to ternary complexes involving DNA/RNA and DNA/DNA substrates.

A model summarizing these results is presented, and implications for the molecular mechanism of initiation
of (—) strand DNA synthesis by RT are discussed.

Virally encoded human immunodeficiency virus (HIV)  whereby drug-resistant forms of RT may accumul&)e A
reverse transcriptase (RT) catalyzes the conversion of thedetailed understanding of the catalytic mechanism of RT may
single-stranded viral RNA genome to a double-stranded DNA facilitate the development of more effective antiviral drugs.

copy that is subsequently integrated into the host cell DNA.  The formation of the double-stranded DNA copy of the
To ultimately form the double-stranded DNA copy, RT must viral RNA genome involves four distinct stages of DNA
catalyze both RNA-dependent and DNA-dependent DNA polymerization that differ from each other with respect to
polymerization as well as RNase H cleavage activity to the specific nature of the primer-template substrate (Figure
remove the RNA template once the DNA has been synthe- 1), HIV-1 RT initiates () strand DNA synthesis from an
sized. Because RT is an enzyme with unique catalytic RNA/RNA primer-template duplex in which the human
properties, it has been the target of several antiviral thera-tRNALYs serves as a primer on the RNA genome, resulting
peutic agents used in the treatment of AID§ 2, 3). in the formation of ¢) strand strong-stop DNA (stage 1).
Nucleoside analogues such as AZT-g&ido 3-deoxy-  Continued synthesis of) strand DNA involves a DNA/
thym|d|_ne) have been thel drugs of choice tp |r_1h|_b|t viral RNA primer-template substrate (stage 2). Following) (
replication. However, their long-term use is limited by strand DNA synthesis, RT initiates-} strand DNA synthesis
toxicity (4, 5) and the high frequency of viral mutation  from a genomic RNA primer annealed to the) [DNA strand
(stage 3). Finally, to complete botk) and () strand DNA
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identification of enzyme intermediates and conformational E?&

changes that might be associated with chemical catalysis ( R TR TT

8,9, 10). Our laboratory 11, 12, 13) and others14, 15, 16) I ——

have used a transient kinetic approach to examine the ;;%,_ﬂ: 2> s
mechanism of DNA polymerization by RT using DNA/RNA Rov RS Swn R

(stage 2) and DNA/DNA (stage 4) primer-template sub- . o3t | macage

strates. These studies have shown that the reaction pathway ? 5 bt R

is ordered. The first step involves the binding of the primer- | st seana exchange

template (R'T) substrate to the enzyme to form a tighPFT I = —r—iz =
complex with aKq value in the nanomolar range. Together, sz | Gongaton ot () st

the enzyme and primer-template form a pocket at the active 3 S Ui, R U 05?\
site that provides the necessary contacts for the binding of ¥ AN RE

the correct deoxynucleoside triphosphét@)( The enzyme | e ceavage cﬁ
checks for proper base-pairing geometry and then undergoes Rl g

a rate-determining conformational change that limits chemi- stage | miatonor () srand DNA yntesi

cal catalysis. During a single deoxynucleotide incorporation o o w, A Us %SL
event, the slowest step in the pathway involves the dissocia- | wa; DEMCIRT-A
tion of the elongated primer-template substratg {F) from 5 S w. A us
the enzyme and is the step which is being examined in a 5 e ©

1 Second strand exchange

steady-state kinetic analysisq). In the presence of all four 5 oS v R s
deoxynucleoside triphosphates, the enzyme can processively =7+ °
extend the primer with multiple deoxynucleotides before siage4. | Compton f ) and (1) ONAstancs

. . 3 PBS vz A/ U5
releasing an elongated product. Earlier work has shown that —

. - . Sy . R U5 FBS
f[he Kinetic pathway for s!ngle deoxynUdeo.“de. Incorpora.tlon Ficure 1: Conversion of the single-stranded HIV RNA genome
is representative of multiple deoxynucleotide incorporations g 5 double-stranded DNA copy by HIV-1 RT. Reverse transcription
during processive DNA synthesi$1). involves four stages of DNA synthesis (indicated numerically),

Although much has been learned of the mechanism of RT ¢léavage of RNA that is annealed to DNA (RNase H activity), and
- A/DNA and DNA/RNA bri | b two strand-switching events. RNA and DNA are represented as
using DN an primer-template substrates, - ihin and thick lines, respectively. The human lysyl tRNA is shown

relatively little is known about the use of an RNA/RNA initially annealed to the primer binding site (PBS) of the HIV RNA
substrate to initiate{) strand DNA synthesis (Figure 1, stage genome. The relative locations of the U5, U3, and R sequences
1) (19). A kinetic study with a bovine modified tRNAS are also indicated.

5

3
3

primer using subsaturating concentrations of dNTP suggested
that dNTP incorporation is relatively slow compared to the . C_% L
incorporation of a dNTP into a short DNA prime2Q). It YR s | s R
was unclear, however, whether this slow rate was the result Initiation of () strand DNA synthesis

3 A

of attaching a dNTP to RNA or the presence of the bulky
tRNA primer and a long RNA template-@00 nucleotides).
More recently, an elegant and comprehensive pre-steady- \
state kinetic study was conducted using a series of RNA/ 3 ACCOCGAGCULGUCCOUGS

RNA, DNA/RNA, and DNA/DNA primer-template sub- A 5"UC“CUAGCAG“GGCGCCg‘g‘;ACAGGEAGCUGMAGC'a' RNA/RNA
strates 21). It was shown that the rate of dNTP incorporation

using an RNA/RNA duplex substrate is relatively slow and g uoucuncitieesoSSoSHSeeei S ommmsos DNAIRNA

the affinity of the incoming dNTP is very weak (in the low

millimolar range). However, the RNA/RNA duplex chosen , ,

for the study consisted of)(a 20-mer RNA primer, which C  5ICTCTAGCAGTGG000COOMERGEOAGCTGAMGE  DNA/DNA
contained the 18 nucleotides complementary to the primer Ficure 2: The primer-template substrates used in this study. HIV-1
binding site (PBS) sequence as well as two nonpairing basesRT initiates in vivo DNA synthesis from a primer-template complex
at the 5 end to avoid problems with blunt-end additions and in which the 18 nucleotides at thé &nd of a human lysyl tRNA

. ) L ) . primer are annealed to the primer binding site (PBS) of the HIV
(i) a 35-mer RNA template containing twd-@rminal genomic RNA template. The 18/36-mer RNA/RNA primer-template

nonpairing bases, the PBS sequence, and &ermbplate  supstrate (A) used in this study consists dfgn 18-nucleotide
overhang of random sequence predicted to have no definedRNA primer whose sequence is identical to thedd of the human
secondary structure. Complex kinetic behavior was observed!ysyé tRl\.lA Iart]d (tlk)] a 3H?;/nUC|90tlde RNé\ temprl?te W?Qse Stﬁqug%cg
; ; o i ~is identical to the genome and which contains the
m_both of these st_udl_es bec_ause of S|gn|f_|cant _nonproductlvesequence (boxed). The 18/36-mer DNA/RNA (B) and DNA/DNA
primer-template binding. This nonproductive primer-template ¢y sypstrates used are also shown.

binding mode and complex kinetics may be physiologically

relevant. On the other hand, these observations may bepNA/RNA, and DNA/DNA substrates, we designed the

related, in part, to primer-template design or the absence of pyrimer-template substrates shown in Figure 2;@ The

the single-stranded RNA-binding HIV nucleocapsid protein. RNA and DNA primers were made to be of the same length
To carefully compare the binding and incorporation of the to avoid the possibility of effects of primer length on primer-

incoming dNTP as well as the release of the elongated template binding that have been observed previou2}. (

primer-template product (R,/T) for RT-bound RNA/RNA, Furthermore, to eliminate contributions from the non-PBS-

S s e "R




15980 Biochemistry, Vol. 38, No. 48, 1999
binding regions of the tRNA® (23), a short RNA primer
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state burst experimentd 1) that gave burst amplitudes of

was chosen whose sequence is identical to the 18 nucleotidegl0%, and all enzyme concentrations reported in this study

at the 3-end of the tRNAYs that bind to the PBS. In addition,
the 36-mer RNA template used in this study is identical in
sequence to the HIV RNA genome. Although terminal

have been corrected using this fraction of active enzyme.
Filter-binding experiments with HIV-1 RT and the 18/
36-mer RNA homoduplex were performed as previously

nonpairing bases have been used in blunt-ended primer-described using a nitrocellulose-DEAE membrane double-

template duplexes to avoid blunt-end additia® (we chose

a primer-template substrate containing bdtartd 3 template
overhangs. This primer-template design avoids the possibility
of kinetic complexities introduced by RT-catalyzed blunt-
end additions that have been observed by our gr@4p (
and others 41, 25). Moreover, while blunt-ended primer-
template substrates have proven very useful in studying RT,
they are, in fact, nonphysiological structures that are not
encountered by RT in vivo (see Figure 1).

Using the primer-template substrates shown in Figure 2,
A—C, the present study was designed to examihehg
affinity of the incoming dNTP for the R‘primer-template
complex Ky), (ii) the rate of dNTP incorporation into the

filter-binding assay with a 96-well double filter dot blot
apparatus that had been constructed from a modified acrylic
Minifold | dot-blot apparatus from Schleicher and Schuell
(27, 28). The nitrocellulose and DEAE membrane filters were
prepared as describe?ld). In this assay, HIV-1 RT (10 nM)
was preincubated with increasing concentrations-(1lG0
nM) of the doubly 5[3?P]-labeled 18/36-mer RNA homo-
duplex in buffer [50 mM Tris chloride (pH 7.8), 50 mM
NacCl] for =1 min at 37°C. With a vacuum applied to the
double-filter dot-blot apparatus, a well was washed with 100
uL of buffer immediately before filtering the sample. After
filtering 100 uL of the sample, the well was washed with
100 uL of buffer. This procedure was repeated in triplicate

primer (y), (iii) and the rate of release of the extended- for each concentration of the 18/36-mer RNA homoduplex.
primer-template product (R/T) from RT (ks9. The results The concentration of RT-bound 18/36-mer RNA homoduplex
from this study provide a quantitative description of the Was then determined by phosphorimaging analysis of the
interactions involving RT, the various primer-template nhitrocellulose and DEAE membrane filters on a BioRad GS-
substrates, and the incoming dNTP. A model summarizing 525 Molecular Imager System. Nonspecific binding of the
these results is presented, and implications for the molecular18/36-mer RNA homoduplex to the nitrocellulose membrane

mechanism of initiation of) strand DNA synthesis by RT
are discussed.

EXPERIMENTAL PROCEDURES

Materials. All chemicals were of analytical or reagent
grade and were used without further purification. All water
was prepared on a Milli-Q UF Plus Water System including
a QPAK; purification pack (Millipore). BA85 nitrocellulose
membranes (0.4%M, 4 x 5.25 in) and NA45 DEAE
cellulose membranes (0.48/, 4 x 5.25 in) were purchased
from Schleicher and Shuell. The dCTP was purchased from
Pharmacia Biotech.yf32P]ATP was obtained from Amer-
sham. The 18-mer RNA primer and the 36-mer RNA
template were synthesized by New England BioLabs. The
18-mer DNA primer and the 36-mer DNA template were
synthesized by the Keck Oligonucleotide Synthesis Facility
at Yale. HIV-1 RT was purified as previously describéd,(
26).

General MethodsThe concentrations of the RNA and
DNA oligomers were determined spectrophotometrically at
260 nm using the calculated extinction coefficieats, =
177 000 Micm ! andeygo = 396 000 Micm! for the 18-
mer and 36-mer RNA oligomers, respectively, angh =
170 000 Micm™t andezeo = 388 000 Micm for the 18-
mer and 36-mer DNA oligomers, respectively. The RNAs
and DNAs were 5labeled with T4 polynucleotide kinase
(New England BioLabs) andyf*?P]ATP. All 18/36-mer
duplexes were annealed by incubating a 1:1.4 molar ratio of
18-mer primer (68 Ci mmot) to 36-mer template (48 Ci
mmol™) in 50 mM Tris chloride (pH 7.8) buffer containing
50 mM NaCl at 90°C for 3 min and 50°C for 10 min.

The protein concentration of purified RT was measured
spectrophotometrically at 280 nm using an extinction coef-
ficient e,50 = 260 450 M 'cm™%. The concentration of active

at each concentration was determined to be negligible
(=0.3%). The observed amplitude in Figure 3 (5.3 nM) is
53% of the expected value of 10 nM based on the active
site concentration of HIV-1 RT used in the binding assay.
However, the amplitude has been observed to vary, in part,
with the strength of the applied vacuum without variations
in the value ofKy (Z. Suo and K. A. Johnson, personal
communication). Furthermore, similar amplitudes to the one
reported here previously have been observed with the binding
of duplexes to HIV-1 RT Z8).

Rapid chemical quench experiments were performed as
previously described with a KinTek Instruments Model
RQF-3 rapid-quench-flow apparatus thermostated at(37
(112, 26). All reactants (RT, primer-template, dCTP, and
MgCl,) are reported in their final concentrations after mixing
the contents of the two 15k sample loops. HIV-1 RT (250
nM) and the doubly 5[3?P]-labeled 18/36-mer duplex (50
nM) were preincubated on ice for 5 min in buffer [50 mM
Tris chloride (pH 7.8), 50 mM NacCl]. Polymerization was
initiated at 37°C by the rapid addition of dCTP {12000
uM) in buffer containing 10 mM MgGl and the reactions
were quenched at the indicated times with 0.3 M EDTA.
Products were analyzed on a 20% polyacrylamide gel
containing 7.5 M urea and 12% formamide followed by
phosphorimaging analysis on a BioRad GS-525 Molecular
Imager System.

Data AnalysesThe data were fit by nonlinear regres-
sion using the program SigmaPlot version 4.14 (Jandel
Scientific). The data from the filter binding experiment in
Figure 3 was fit to the quadratic equation: [fRNA/RNA]
= 0.5(K¢+E+[RNA/RNA]) — 0.5 (K4q+E+[RNA/RNA])?2
— 4E[RNA/RNA]} Y2, whereKy is the equilibrium dissocia-
tion constant for the RNA/RNA homoduplex aiidis the
concentration of active sites of HIV-1 RT. The data from
the pre-steady-state burst experiment in Figure 4 was fit to
a burst equation: [19-merF A(1 — e *sd) + rt, whereA

RT was determined as previously described with pre-steady-is the amplitudek,psqiS the observed first-order rate constant
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Ficure 3: Binding of the 18/36-mer RNA duplex to HIV-1 RT.

The binding of the 18/36-mer RNA duplex (33000 nM) to HIV-1

RT (10 nM) was determined in buffer [50 mM Tris chloride (pH

7.8), 50 mM NacCl] at 37C using a double-filter binding assay.

The binding of 18/36-mer RNA duplex to HIV-1 RT was fit to a
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FiIGUrRe 4: Pre-steady-state kinetics of dCMP incorporation by
HIV-1 RT. The incorporation of dACMP (2 mM dCTP) into the 18/

36-mer RNA duplex (500 nM) by HIV-1 RT (50 nM) was
determined at 37C in buffer containing 10 mM MgGl The time
course for dCMP incorporation by HIV-1 RT was fit to a burst

quadratic equation as described, and the curve is drawn for aneguation as described, and the curve is drawn for an amplAude

amplitude A = 5.3 + 0.2 nM and an equilibrium dissociation
constantKy = 90 £+ 11 nM.

= 40 + 8 nM, an observed first-order rate constégtq= 1.0 +

0.1 s}, and a steady-state rate= 23 4+ 2 nM sL. The steady-

state rate constarits (= r/A) was calculated to be 0.58 0.13

for dCTP incorporation in the burst phase, ansd the linear

s71 Inset Steady-state kinetics of dCMP incorporation by HIV-1

RT. The incorporation of dCMP (2 mM dCTP) into the 18/36-mer

steady-state rate of product release. The steady-state ratgna duplex (1000 nM) by HIV-1 RT (10 nM) was determined at

constanksswas calculated by dividingby A. The data from

the single-turnover experiments (see, for example, Figure 5A)
were fit to a single-exponential equation: [19-mer]A(1

— € %psd). The binding curve shown in Figure 5B was fit to
the following hyperbolic equationkopsa = Koa[dCTP)/(Kg

+ [dCTP]), whereky is the maximum first-order rate
constant for dCTP incorporation afg, is the equilibrium
dissociation constant.

RESULTS

The RNA/RNA primer-template substrate shown in Figure
2A was designed to be a physiologically relevant model
substrate with which to begin an initial study of the initiation
of (=) strand DNA synthesis by HIV-1 RT. Recently, we
have used this RNA/RNA substrate to establish that there is
a 2.6-fold increase in the selection for incorporation of the
natural nucleotide dTTP over the unnatural nucleoside
analogue AZTTP by AZT-resistant HIV-1 RT as compared
to its wild-type form @9).

Binding of RNA/RNA Primer-Templatéo estimate the
affinity of the 18/36-mer RNA/RNA duplex for HIV-1 RT,

a double-filter binding assay was performed. The advantage
of this technique is that both RT-bouadd free 18/36-mer
RNA/RNA duplex can be measured. This assay has been
used successfully in the past to examine the binding of
heteroduplexes to HIV-1 RT2@). Figure 3 shows a
hyperbolic dependence of the amount of RT-bound 18/36-
mer RNA/RNA on the total concentration of 18/36-mer
RNA/RNA with an equilibrium dissociation constarid

of 90 nM under conditions in which the concentration of
HIV-1 RT is 10 nM (active sites). The amount of RT-bound
RNA/RNA duplex was determined in triplicate for each
concentration of RNA/RNA, and the standard deviations in
the average values were typicalyl3%.

Pre-Steady-State and Steady-State Incorporation of dCTP
into RNA/RNABased on the sequence of the 36-mer RNA

37 °C in buffer containing 10 mM MgG! From the slope of the

line, it was determined thats = 0.454+ 0.04 s'1.

template, the first ANTP to be incorporated into the 18-mer

RNA primer is dCTP, which results in the formation of a
19-mer. During reverse transcription in vivo, dCTP is also
the first ANTP incorporated into the human tRN®primer

by RT though it is unclear whether this event occurs
immediately following host cell infection or during the
assembly of new virion particle28). As shown in Figure

4, the incorporation of dCTP into the 18/36-mer RNA duplex
exhibits burst kinetics under pre-steady-state burst conditions
in which the concentration of the 18/36-mer RNA substrate
(500 nM) was in a 10-fold excess over the concentration of
HIV-1 RT (50 nM). Formation of the 19-mer involves an
initial burst phase with an observed first-order rate constant
(Kobsg Of 1.0 s'1. The magnitude of the burst (48 8 nM)

is consistent with the concentration of HIV-1 RT active sites
(50 &+ 5 nM) used in the experiment. Following the burst is
a slower linear steady-state phase with a steady-state rate
constankss= 0.58 s* that corresponds to the release of the
19/36-mer product from the enzyme. The inset of Figure 4
shows the incorporation of dCTP into the 18/36-mer RNA
duplex under steady-state conditions in which the concentra-
tion of the 18/36-mer RNA substrate (1000 nM) was in a
100-fold excess over the concentration of HIV-1 RT (10 nM).
Under these conditions, the steady-state rate constaht (
for 19/36-mer release is 0.45's This rate constant is

2The Kq value of 90 nM determined for the 18/36-mer RNA/RNA

duplex using the double-filter binding assay is a measure of both
productive and nonproductive binding modes. We are unable to confirm
this value using the method of active site titration to measure exclusively
the productive binding mode because of the error associated with pre-
steady-state burst amplitudes when the burst rate constant is slow as
seen in Figure 4. However, it has been shown both empirically and
mathematically that the observed affinities determined by either filter
binding or active site titration methods should be the sa2& (
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~p T Table 1: Kinetic and Equilibrium Constants for Binding and
>0 F dcTP . -A__ Incorporation of dCTP gy HIV-1 RT ’
__4of . primer/ Kool Ka Koo Ka Kss
E : . template (s™ (uM) (uM~tsha (s™
5 0T ] RNA/RNA 1.440.1 780+50 (1.840.2)x 103 0.58+0.13
E T 1 DNA/RNA 46+2 1442 3.3+ 0.5 0.11+ 0.05
T r . DNA/DNA 17+1 1144  15+06 0.114 0.02
10 . aError in the value ok,o/Kq was calculated using standard methods
46).
0 L 1 L 1 L 1 L 1 1 1 ] ( )
0 2 4 6 8 10 . .
Seconds Errors in the values okopsq Were typically <11%. At all
concentrations of dCTP, the amount of product formed upon
— T T T reaction completion was equal to the initial amount of RNA/
12 B RNA primer-template substrate. The valuegf determined
under single-turnover conditions is consistent with and
__09f - confirms the value of the rate constant obtained from the
"o L ] burst phase of the pre-steady-state burst experiment shown
2 o6} . in Figure 4.
= . 1 Single-Turneer Incorporation of dCTP into DNA/RNA
03} - and DNA/DNA Substrate3.o directly compare the kinetics
L 1 of dCTP binding and incorporation for the RNA homoduplex
0 PR S R R E—— primer-template substrate to that of the corresponding
0 400 800 1200 1600 2000 heteroduplex and DNA homoduplex forms, the DNA/RNA
[dCTP] (M) (Figure 2B) and DNA/DNA (Figure 2C) versions of the

FiGURES: Single-turnover dCMP incorporation kinetics and dCTP  RNA/RNA primer-template substrate shown in Figure 2A
concentration dependency for HIV-1 RT. (A) The incorporation \yere also prepared. Using either the 18/36-mer DNA/RNA
g;dﬁ:\\/l/l?l(léﬁ_n}l\z/lS%CI’\F;I)) w\:\t;;;hed §t8e/r3rr?i-nr2?jr EtNé%u%ebe?e?M) or 18/36-mer DNA/DNA primer-template substrates, the
containing 10 mM MgGl The time course for dCMP incorporation ~ dCTP concentration dependencekgfawas examined under
by HIV-1 RT was fit to a single-exponential equation as described, Single-turnover conditions as described above. Errors in the
and the curve is drawn for an amplitude= 46 + 1 nM and an values ofkopsqwere typically<14%. The results from these

observed first-order rate consta@bss= 0.94+ 0.03 . (B) The experiments are summarized in Table 1. The rate of dCTP

dependence d&,sqfor incorporation of dCMP into the 18/36-mer . . .
RNA duplex (50 nM) by HIV-1 RT (250 nM) on the concentration ncorporation k) for an RNA/RNA substrate is ap-
of dCTP (+-2000 uM) was determined at 37C in buffer proximately 33- and 12-fold slower than the values for DNA/

containing 10 mM MgGl. The dCTP concentration dependence RNA and DNA/DNA primer-template substrates, respec-

of kensafor HIV-1 RT was fit to a hyperbolic equation as described, tively, while the affinity of dCTP Kg) for the RTFRNA/

and the curve shown represents a fit for an equilibrium dissociation gnA complex is 56- and 71-fold weaker than the affinities

constantKqg = 780 + 50 uM and a maximum first-order rate for RT-DNA/RNA and RTDNA/DNA |

constant for incorporatioRpg = 1.4 + 0.1 s*¢ _Or an comp exe_s_, respec-
tively. Based on the values fég, andKy, the efficiency of

consistent with and confirms the steady-state rate constantncorporation of dCTPK;,/Kq) into an RNA/RNA substrate
determined under pre-steady-state burst conditions. IS ap/proxmatéely 18/00' and b800'f°|d less thanlthoseblfor

. X . DNA/RNA and DNA/DNA substrates, respectively. Table
T e L 50 65O e el & oianed rom pre-iacy
the burst phase. sinale-turnover exoeriments WerF()a erforme dstate burst experiments which show that the steady-state rate
Fiqure SAF\) ShO\;VS tﬁat the incor cf)ration of dCTPpto form of release of the 19/36-mer from the enzyme is about 5-fold
thg 19/36-mer exhibits simple firzt-order kinetics under the faster for an RNA/RNA substrate as compared to either
conditions in which the concentration of HIV-1 RT (250 nM) DNA/RNA or DNA/DNA substrates. During the course of

was in a 5-fold excess over the concentration of the 18/36- performing these single-turnover studies, we did not observe

: bi- or triphasic kinetic behavior as has been reported for
mer RNA substrate (50 nM). At a concentration of 1.5 mM . S I
dCTP, the formation of the 19/36-mer occurred with an dNTP incorporation into alternate primer-template substrates,

i which provided evidence for significant nonproductive
observed_flrst-order rate constdgisq= 0.9_4 st The value_ bindingpof those duplexes to Hl%/—l RT20 25_ our
?gek"t;:r']s énd2e5|[§5ng§ nrt”af thehpC%ncergtr%c:acnsn gf .;'L\:]'(:leRJ];? observation of simple first-order kinetics for the incorporation
bindin gof dCTP to the' F\QN?IZLI8/36PmeVrI RNA \(l:lom lex or of dCTP into the primer-template substrates used in this study

| 9 fthe 19/36 tended product is not Ff[ limiti as well as the conversion of all of the primer-template
El'ehizsir?derethese é:)nnecjritei())(ninoﬁlyFz)ar(;i#g;else:gy:r?eetsjrpnl(;cg.rsubStrate (FT) to the elongated primer-template product
is being examined. To establish the equilibrium dissociation (Po/T) suggests that the great majority of these duplexes

constant Ky) for dCTP and the maximum rate constant for are bound productively to HIV-1 RT.

polymerization ko), the dependence dépsq On the con- DISCUSSION

centration of dCTP was examined. As shown in Figure 5B,

the value ofkonsq displays a hyperbolic dependence on the  Previous mechanistic studies of DNA polymerization by
dCTP concentration withq = 780uM andky, = 1.4 s'%. HIV-1 RT have focused primarily on DNA/RNA and DNA/
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DNA primer-template (P/T) substrated1(-16). These Scheme 1

studies have shown that both substrates bind tightly and with +RNA, +dNTP

similar affinities to HIV-1 RT K¢ ~ 5 nM). Following E — —— E4NTP
formation of the RTP/T complex, the dNTP then binds in 90 nM RNA, 750 m RNA,

a two-step binding process. The initial step in dNTP binding

involves the formation of a transient RA7T-dNTP complex 0s8s” || +RNA_ 145"
in which the incoming dNTP base pairs with the correspond-

ing nucleotide in the template. The formation of this initial +PP. fast

ternary complex induces a rate-determining conformational E i EPP.- * EdNTP
change that limits the rate of chemical catalysis for ANTP RNA, RNA,, RNA,

incorporation. Single-turnover experiments typically allow
the direct observation of the chemistry step in any enzymatic complex was provided by an examination of the kinetics of
reaction. However, in this case single-turnover studies of dCTP binding and incorporation.
HIV-1 RT result in the direct measurement of the relatively ~ Pre-Steady-State Kinetic Mechanishe first indication
slower conformational change that immediately precedes that the kinetics of DNA polymerization by HIV-1 RT were
dNTP incorporation. The recently determined structure of significantly different for an RNA/RNA substrate as com-
an RT-P/T-dNTP ternary complexl(7), together with previ- pared to DNA/RNA and DNA/DNA substrates can be seen
ous RT structures30—32), demonstrates that this confor- in the pre-steady-state burst experiment shown in Figure 4.
mational change involves the transition of the enzyme from In this type of experiment, the primer-template substrate is
an inactive open state to an active closed state in which thein excess over the enzyme such that the first enzyme turnover
active site residues become optimally aligned with respectas well as multiple turnovers can be examined simulta-
to the bound dNTP so that chemistry may proceed. The rateneously. We observed a slow, shallow pre-steady-state burst
for formation of this conformationkg,) was shown to be  of product formation (1.0) followed by a slightly slower
about 2-fold faster for a DNA/RNA substrate as compared linear steady-state phase (0.58")s The rate of product
to a DNA/DNA substrateX(1). The rate of formation of this ~ formation in the burst phase reflects the rate of dCTP
critical conformation also depends on proper Wats@nick incorporation during the first enzyme turnover. Subsequent
base pairing between the incoming dNTP and the templateturnovers, however, are limited by the relatively slower rate
(18). Previous work from this laboratory has demonstrated of product release that is manifested as the linear steady-
that this conformational change plays an important role in state phase of product formation. The general observation
DNA replication fidelity since mispairing between an incor- of a burst followed by a linear steady-state phase of product
rect dNTP and the template does not support the properformation for an RNA/RNA substrate is consistent with our
alignment of active site residue$]( 13). The slowest step  previous studies of HIV-1 RT using DNA/RNA and DNA/
in the overall reaction pathway of HIV-1 RT is the release DNA substrates {1, 13, 33). However, the rate of dCTP
of the elongated primer-template ,({'T) from the enzyme incorporation into an RNA/RNA substrate at this concentra-
during a single deoxynucleotide incorporation. tion of dCTP was much slower, while the rate of extended-
While most of these earlier studies focused on DNA/RNA RNA/RNA (19/36-mer) product release was faster. This
and DNA/DNA substrates of random sequence, the goal of faster rate of product release was confirmed by performing
the present study was to understand the mechanism by whicta steady-state kinetic experiment (Figure 4, inset). Therefore,
HIV-1 RT initiates () strand DNA synthesis from a  when compared to the corresponding DNA/RNA (Figure 2B)
physiologically relevant RNA/RNA primer-template sub- and DNA/DNA (Figure 2C) versions of the RNA/RNA
strate. This event is the first step in the overall pathway substrate shown in Figure 2A, the release of the extended-
catalyzed by HIV-1 RT in which the single-stranded viral RNA primer/RNA template product from HIV-1 RT is
RNA genome is converted to a double-stranded DNA copy approximately 5-fold faster than the release of extended-
(Figure 1).In vivo, the human tRNAS is used by HIV-1 DNA/RNA and extended-DNA/DNA products, respectively
RT as a primer for initiating<) strand DNA synthesisthe (see Table 1). The observation of a faster release rate is also
18 nucleotides at the' 2nd of the tRNAYS anneal to the  consistent with our finding of a decrease in the affinity of
primer binding site (PBS) sequence of the 10 kb HIV HIV-1 RT for the RNA duplex.
genomic RNA template. As a first approach to understanding  Following this confirmation of a faster rate of release for
the initiation of () strand DNA synthesis, we chose an 18/ the extended-RNA/RNA product, we focused our attention
36-mer RNA/RNA primer-template complex as a model on the slow pre-steady-state burst of product formation. To
substrate for our studies in which the RNA template is confirm that this rate was indeed relatively slow, the rate of
identical to the HIV-1 RNA genomic sequence and the dCMP incorporation into the RNA/RNA substrate at the
primer is complementary to the PBS (Figure 2A). The overall active site of HIV-1 RT was measured under single-turnover
results of the present study using this RNA/RNA substrate conditions. As shown by the time course in Figure 5A, the
are summarized in Scheme 1. We determined that this RNAincorporation of dCMP occurred with an observed first-order
duplex binds with reasonably high affinitiK{ = 90 nM) to rate constankopsqof 0.94 s. This slower-than-expected rate
HIV-1 RT (Figure 3); however, it appears that the enzyme suggested that one or both of the following had occurred:
has a higher affinity for DNA/RNA and DNA/DNA duplexes (i) the affinity of dCTP for the HIV-1 RTRNA/RNA
(K4~ 5 nM) (11). This observation suggests that RNA/RNA complex had decreased arid the maximum rate of dACMP
substrates are bound somewhat differently to the enzyme tharincorporation had decreased. For this reason the equilibrium
DNA/RNA or DNA/DNA substrates. Further evidence for dissociation constank() and maximum rate of polymeri-
a significantly different conformation of the RRNA/RNA zation o) values for dCTP were then determined by



15984 Biochemistry, Vol. 38, No. 48, 1999

examining the dependence ks for dCTP incorporation
on the concentration of dCTP (Figure 5B). The affinity of
dCTP (78QuM) for the HIV-1 RT-RNA/RNA complex was
found to be relatively weaker compared to the affinities for
the corresponding RDNA/RNA and RT-DNA/DNA com-

Vaccaro et al.

conformation 86), an H-form DNA/RNA heteroduplex has

a minor groove that is narrower and contains DNA residues
with sugars generally in the Géndo conformation37).

On a molecular level, one can speculate that the structural
discontinuities in the chimeric RNADNA/RNA duplex may

plexes (see Table 1), which is consistent with earlier studies produce a structural feature at or near the RNINA

of dTTP binding 21). The rate of dCTP incorporation into
the RNA/RNA primer-template substrate (1.4)swas found

to be slower as compared to the corresponding DNA/RNA
and DNA/DNA substrates (see Table 1). The slow rate
observed in the current study is consistent with an earlier
report using a modified bovine tRNX% primer 0). These
similar rates suggest that the slow rate of ANTP incorporation
is the result of the conformation of the RRNA/RNA
complex and not the presence of a bulky tRMAor its

interactions with non-PBS template sequences. In addition,

the weaker affinity and slower rate of incorporation for dCTP
when using an RNA/RNA substrate may not be restricted
to HIV-1 RT. Rather, it may be a general feature of DNA

junction which may influence the binding and incorporation

of the next incoming dNTP29). Such a feature may include
a bend, which has been observed in an RNDNA chimera
that is annealed to DNA3g). However, in the absence of
structural information for a chimeric RNADNA/RNA
duplex, the maximal conclusion that can be made based on
the results of this study is that the HIV-1 RFRNA/RNA
complex exists in an alternate conformation which decreases
the affinity of the incoming dCTP as well as its rate of
incorporation but increases the rate of release of the extended
primer-template product as compared to the HIV-1RNA/
RNA and HIV-1 RT-DNA/DNA complexes.

Implications for In Vbo (=) Strand Strong-Stop DNA

polymerases that must attach a deoxynucleotide to an RNASynthesisAlthough the results of the present study provide

primer (for example, during lagging strand DNA synthesis).
Structural Consequences of RNA-Primed DNA Polymer-
ization. The observation of a weaker affinity of dCTP for
the HIV-1 RT'-RNA/RNA complex provides evidence that
suggests that the nucleotide binding pocket of the HIV-1
RT-RNA/RNA complex exists in a significantly different

evidence for the existence of an alternate conformation of
the HIV-1 RT-RNA/RNA-dCTP complex, the physiological
significance of this conformation and its kinetic properties
during the initiation of {) strand DNA synthesis in vivo is
unclear. It may be useful, however, to consider the following:
(1) Initiation of (=) Strand DNA Synthesis is a Rate-

conformation as compared to those of the correspondingLimiting Step in HIV-1 ReplicationCompared to dNTP

HIV-1 RT-DNA/RNA and HIV-1 RT-DNA/DNA com-
plexes. In addition, the slower rate of dCTP incorporation
at the active site of the HIV-1 RRNA/RNA complex
suggests that it is more difficult to achieve a conformation
that includes optimal alignment of the active site residues
as well as proper WatsetCrick base pairing between the
incoming dNTP and the templateDuring the initiation of
(=) strand DNA synthesis from an RNA/RNA primer-
template duplex, HIV-1 RT is required to be sufficiently
flexible to accommodate the structural transition from an
A-form RNA duplex to a non-A, non-B H-form DNA/RNA
hybrid. Moreover, at the beginning of this transition, a
chimeric RNA-DNA junction is formed upon dCTP incor-
poration into the RNA primer, which remains annealed to
the RNA template. While an A-form RNA duplex has a very
wide minor groove and consists of sugars in thé-&#&lo

8 The use ofa-thio-dCTP in a single-turnover experiment resulted
in approximately a 10-fold decrease, relative to dCTP, in the rate of
incorporation. However, this thio effect is difficult to interpret since
we cannot exclude the possibility that the presence of the bulkier sulfur
atom may reduce the rate of optimal positioning of active site residues,
Mg?", and RNA/RNA primer-template during the conformational
change 84). Therefore, we cannot exclude the possibility of a slow
rate of chemical catalysis (attachment of dCTP to ther@l of the
RNA primer) that is no longer limited by the preceding conformational
change. However, this possibility seems unlikely for the following two
reasons. First, the rate of dNTP attachment to th©13 of a DNA
primer has been estimated to B®000 s* (35). If the rate that we
observe for dCMP incorporation into the 18-mer RNA primer (13 s

incorporation into DNA/RNA and DNA/DNA duplexes, the
incorporation of dCTP by HIV-1 RT into the RNA/RNA
primer-template substrate is the slowest. Overall, this slow
rate, together with the decreased affinity of dCTP, results in
an approximate 1000-fold reduction in the efficiency of
incorporation relative to that of the DNA/RNA and DNA/
DNA substrates. In addition to being a measure of incorpora-
tion efficiency,k,o/Kq also provides a lower limit on the value
of the second-order rate constant for the binding of dCTP to
the HIV-1 RT-RNA/RNA complex. Therefore, the large
decrease in the value f,/Kq implies that the rate of dCTP
binding to the HIV-1 RTRNA/RNA complex is much
slower than the rates for dCTP binding to the HIV-1
RT-DNA/RNA and HIV-1 RT-DNA/DNA complexes. A
slower rate of dCTP binding would suggest that following a
collision between dCTP and HIV-1 RRNA/RNA, it is
more difficult for the molecule of dCTP to orient itself in
such a way that leads to productive binding. Stopped-flow
fluorescence measurements will be required to determine
directly if the second-order rate constant for dCTP binding
has indeed decreased.

(2) The Current Study was performed with a Model RNA/
RNA Substratelt is possible that the full-length natural
tRNADYS is required for the formation and stabilization of
an HIV-1 RT-tRNAYS/RNA-dCTP complex, whose confor-
mation is better poised for initiation. Other intermolecular
interactions may also be required to reestablish the structural

were a measure of chemical catalysis rather than the conformationalfeatures of the true tRNAY/HIV genome RNA/RNA duplex.

change that precedes chemistry, then the incorporation of a dNTP into

an RNA primer would be= 9000-fold less favorable than incorporation
into a DNA primer. It seems thermodynamically unlikely that the rate
of chemistry would decrease ky 10* for an RNA primer. Second,

For example, chemical and enzymatic probing studies
performed in the absence of RT have shown that the
anticodon loop of the tRNAS interacts with an A-rich loop

we have also measured the rate of incorporation of the next correct of a hairpin structure upstream of the PE8S,(40). Deletion

dNTP following dCTP which is dTTP29). This dTTP incorporation
rate is also relatively slow (0.769 even though now the chemistry

involves attaching a deoxynucleotide to another deoxynucleotide rather

than attaching a deoxynucleotide to a ribonucleotide.

of this A-rich loop from the RNA genomic template results
in a reduction in viral replication in vivo and decreased (
strand DNA synthesis in vitro, thus providing evidence for



Initiation of Minus-Strand DNA Synthesis

the importance of the A-rich loop in HIV-1 reverse transcrip-
tion (41). In addition, templatetemplate interactions have
been identified between the two copies of the HIV RNA
genome near theirfends 42). Although these intermolecu-

lar interactions may be important at some stage of reverse

transcription, a study of the initiation of-) strand DNA
synthesis using a substrate consisting of a natural tRNA
primer annealed to a longer genomic RNA templa&Q0

nucleotides) showed that the rate of dNTP incorporation is

just as slow (0.2 §) (20) as the rates reported here and

elsewherel, 29). This observation argues against the notion

that the tRNAYs and its interactions with the genomic RNA

template are the minimal requirements for a more catalyti-

cally active initiation complex.

(3) Other Factors may be required to Actite Catalysis
in the Initiation Complex.The formation, stability, and
catalytic activity of the HIV-1 RTRNA/RNA-dCTP complex

may be augmented in vivo by the presence of cellular or

other viral factors that are involved in viral replication. One
potential factor is the HIV nucleocapsid prote#8), a small
basic Zi* finger-containing protein that binds to single-
stranded regions of RNA4¥) and interacts with HIV-1 RT
(45). Other factors may include precursors of tiegpol
genes of HIV as well ag-actin 23).

ConclusionsWe propose that the active site of the HIV-1
RT-RNA/RNA-dCTP complex exists in a significantly

altered conformation as compared to complexes involving

DNA/RNA and DNA/DNA substrates. This conclusion is

supported by the observations that the affinity of dCTP is
weaker, the incorporation of dCTP is slower, and the release
of the extended-primer-template product is faster for an

RNA/RNA substrate compared to DNA/RNA and DNA/

DNA substrates. Overall, the unique kinetic and structural

properties of the initiation complex make it an additional

therapeutic target for the development of novel inhibitors of

HIV-1 replication.
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