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ABSTRACT: Single-turnover and equilibrium measurements were carried out to determine the basis of the
apparently slow, nonprocessive polymerization reaction catalyzed by HIV-1 reverse transcriptase (RT)
during transcription initiation, when both the primer and the template are composed of RNA. Comparison
of the binding and kinetic parameters of a 20-mer, all-RNA primer/35-mer RNA template substrate to
one identical in sequence but composed of a 20-mer, all-DNA primer/35-mer RNA template reveals striking
differences. Equilibrium titrations yielded a dissociation constigt £ 200 nM for the RNA/RNA-RT
complex which is at least 200-fold higher than that of the DNA/RMNAIbstrate Kq ~ 1 nM). The

affinity of the RT-RNA/RNA complex for dTTP was found to be at least 500 times lovier 3.4

mM) than that of the RFDNA/RNA complex Kq ~ 6.6 uM). The single-turnover dNTP incorporation

time course using the RNA-primer substrate, the DNA-primer substrate, or a series of RNA-primer
substrates preextended with one to eight deoxynucleotides showed that dNTP incorporation occurs with
a biphasic exponential burst 6f1 extension product, followed by a linear phase. At least three different
RT-bound forms of the p/ts exist: a fast, kinetically competent form (single-turnovertdle 50 s™1);

a slow form (rate~0.3—1 s1); and a form that is dead-end (no turnover). The studies further revealed
that a switch to a fast, kinetically competent p/t occurs after six dNTPs are incorporated into the RNA
primer, with the switch being defined as the transition from a minority to a majority of the p/t bound in
the optimal manner.

Transcription of the human immunodeficiency virus of a truncated (300 base) HIV RNA templaig §). Several
(HIV)* RNA genome by reverse transcriptase (RT) is secondary structure motifs were detected, including a-stem
initiated from a host cell-derived primer, a tRN2 mol- loop structure located on the viral RNA directly upstream
ecule, annealed to the primer binding sequence (PBS) onto the 3-end of the annealed primer, in addition to an
the viral RNA template (termed the “initiation complex”; interaction between the anticodon loop of the tR¥Awith
for reviews, seel, 2). Many studies have reported an this upstream loop. The resolution of these secondary
accumulation of short tRNA primer extension products structures during incorporation of the first few dNTPs onto
during initiation of () strand DNA synthesis, before the the tRNA primer could result in the observed nonprocessive
appearance of the full-length, strong-stop DNA produet (2 polymerization during this time.

5). This transcriptional lag and apparent nonprocessivity —Recent studies addressed whether the polymerization mode
during initiation are generally thought to arise from an of the RNA-primed initiation is distinct from that of DNA-
intricate architecture of RNA secondary structures within and primed polymerization which occurs during most of the
surrounding the initiation complex2(6). Ehresmann and  ~20 000 dNTP incorporations carried out to synthesize the
co-workers recently probed, by chemical and enzymatic double-stranded DNA copy of the RNA genonte ). The
footprinting techniques, the structure of the initiation complex work showed that the transcriptional pausing occurs during
formed by a natural tRNAs* molecule annealed to the PBS  the first 5 dNTP incorporations onto a natural tRN&
primer annealed to the PBS of a truncated (300 base) viral
RNA template, before the full-length DNA copy is synthe-
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s tand 13 s?, respectively). Since the RT affinity for the h, the reaction was stopped by addition of 50 mM EDTA.
tRNAYS3—p/t initiation complex was found to be comparable The RNA was extracted twice with phenol/chloroform/
to an all-DNA—p/t complex, the low processivity of initiation  isoamyl alcohol and precipitated with 1 volume of 2-propanol
was attributed to an intrinsically slow incorporation (catalytic plus 0.5 M LiCl for 20 min on ice.

step) rate by RT with RNA primer substrates (9). Interest-  All oligonucleotides used in this study were purified by
ingly, although the rates of polymerization from all of the denaturing polyacrylamide gel electrophoresis {26%
RNA primers studied were equally slow (of the order of 0.2 acrylamide 7 M urea) and eluted from the gel using the
s1), only the natural tRNAS3 primer efficiently facilitated Schleicher & Schuell Biotrap unit according to the manu-
the transition from the pausing, “initiation” mode, to the fast, facturer’s protocol. Primer and template oligonucleotides
processive mode (termed “elongation” mode by the authors; were annealed by heating equimolar amounts in 20 mM Tris/
5). The more efficient “switch” into the elongation mode HCI, pH 7.5, and 50 mM NacCl for 30 s at 9€ and then
was proposed to be due to a more specific interaction transferred to 70°C followed by slow-cooling to room
between RT with the natural tRN%® annealed to the PBS  temperature in a heat block.

of the viral RNA template§, 9). 5'-32p-Labeling of Primers Primers were 5end-labeled

To date, most detailed kinetic characterizations of HIV with T4 polynucleotide kinase (New England Biolabs) using
RT, including binding, catalytic, and drug-resistance mech- 10 uCi of 32P]JATP (DuPont-New England Nuclear, 3000
anisms, as well as structuréunction relationships, were ~ Ci/mmol) per 100 pmol of DNA and the reaction buffer
carried out using short, p/t substrates in which DNA is the supplied from NEB. The reaction was stopped by phenol/
primer. The work presented here characterizes the kineticchloroform extraction and the primer purified with a
and binding parameters for a p/t in which both the primer ProbeQuant G50 Micro Column (Pharmacia). Concentra-
and template are composed of RNA, thereby addressing thetions were determined by thin-layer chromatography using
basis of the seemingly slow, nonprocessive activity of @ phosphor imager (BioRad) for quantification. Dephos-
transcription initiation. The p/ts studied in this report phorylation of the in vitro transcribed RNA primer prior to
represent an RNA-only priming (“initiation mode”) p/t, a the end-labeling was carried out according to standard
DNA-only priming (“elongation” mode) p/t, and p/ts with ~ procedures (14).
primers representing fixed points between initiation and  Fluorescence Measurements of Primer/Template Binding.
elongation modes (RNA/DNA chimeras). The individual p/t Affinities of the different p/ts were measured by displacing
and dNTP binding affinities, in addition to rate constants of a fluorescently labeled 18/36-mer DNA/DNA p/t bound to
polymerization from single-turnover, single dNTP incorpora- RT (primer sequence,'@CCCTGTTCGGGCGCCAC-3
tion experiments, reveal the basis of the slow, nonprocessivetemplate sequence,-5GTGGAAAATCTCATGCAGTG-
activity of RT during initiation, as well as the point when GCGCCCGAACAGGGA-3. The fluorescently labeled
(i.e., after how many dNTPs incorporated) the “initiation” DNA primer was synthesized by coupling the phosphoro-
p/t turns into an “elongation” p/t. The work further amidite dye 6-FAM, a fluorescein derivative, directly to the
contributes to the notion that initiation is a distinct activity 5-end of the oligodeoxynucleotide during DNA synthesis
of HIV RT, and therefore a viable target for drug discovery according to the recommendation of the manufacturer

programs. (Applied Biosystems). The titrations were performed using
an SLM AB2 spectrofluorometer. To monitor the fluores-
MATERIALS AND METHODS cence change upon displacing the labeled p/t from RT, the

i ) o samples were excited at 492 nm, and the emission intensity

Proteins. Recombinant heterodimeric HIV-1 RT was \ya5 measured at 516 nm. These competitive titrations were
expressed irk. coli and purified as described before (10). oy gjuated by using the program Scientist (MicroMath
Enzyme concentrations were routinely determined using angejentific Software), which allows the user to define the
extinction coefficient of 260 450 M. system under investigation as a series of parallel equations

Buffers. All experiments were carried out at 2& in a defining (in this case) each discrete equilibrium, the relation-
buffer containing 50 mM Tris/HCI, pH 8.0, 10 mM Mg&l  ship between the total and free concentrations of the
and 20 mM KCI. components, and the way in which the observable signal is

Oligonucleotides. Oligodeoxynucleotides were synthe- generated. The&y of the 18/36mer DNA/DNA p/t was
sized on an Applied Biosystems 380 B DNA synthesizer. determined independentl{%, 16) and kept constant during
The hybrid oligoribo/oligodeoxynucleotides were synthesized the fit procedure.
on a Applied Biosystems 392 synthesizer. RNA synthesis Rapid Kinetics of Nucleotide IncorporatiorRapid-quench
was carried out by in vitro transcription with T7 RNA experiments were carried out in a chemical quench-flow
polymerase using synthetic DNA oligonucleotides as de- apparatus (KinTek Corp., University Park, PA). The ap-
scribed in Milligan et al. 11). T7 RNA polymerase was paratus was modified for using small reaction volumes (15
purified according to a protocol described by Jeruzalmi and uL). Reactions were started by rapidly mixing the two
Steitz (L2) using the expression system of Studi€B)( The reactants (15u«L each) and then quenched with 0.6%
standard 10 mL T7 reaction mixture contained 40 mM Tris/ trifluoroacetic acid (TFA) after defined time intervals. All
HCI, pH 8.1, 1 mM spermidine, 0.01% Triton X-100, 50 concentrations reported are final concentrations after mixing
ug/mL bovine serum albumin (RNase free, Boehringer in the rapid quench apparatus. Products were analyzed by
Mannheim), 8% (w/v) polyethylene glycol 8000, 40 mM gel electrophoresis (10% polyacrylamide/7 M urea) and
dithiohreitol (freshly prepared), 100 mM KCI, 20 mM Mgl guantitated by scanning the dried gel using a phosphorimager
4 mM each rNTP (Pharmacia) /M template, and 0.1 mg/  (BioRad). Data were evaluated by the program Grafit
mL T7 RNA polymerase. After incubation at 3T for 2 (Erithacus Software).
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For pre-steady-state kinetics, a preformed complex ef p/t
RT (100 nM p/t and 200 nM3 uM RT, respectively) was
rapidly mixed with an excess of dNTP (1M —5 mM)
and stopped after various times in the millisecond range. Data
were fitted to a burst equation (single or double exponential
plus a linear equation). The effective pre-steady-state rate
constantsKy) at the given dNTP concentration are derived
from the exponential rates.

Affinities of dNTPs were determined by the dependence

of the pre-steady-state burst rate on the dNTP concentration.

To measure the affinities of the different ANTPs, the—pl/t
RT complex (100 nM and 200 nM3 uM, respectively) was
rapidly mixed with various concentrations of nucleotide and
quenched aftetr, of the maximal pre-steady-state rate (sum
of both amplitudes). The corresponding rates were then
calculated from the concentration of elongated primer by
converting the exponential equation ikte= —In[1 — ([P+1]¢/
[Plo)J/t(s). [P} corresponds to the concentration of R/t
complex available for incorporation at= 0 (burst ampli-
tude), and equals the reaction timé f of the maximal pre-

steady-state rate). The observed rates were then plotted
against the dNTP concentration, and the dissociation constant

(Kg) was calculated by fitting the data to a hyperbola. The
experiment done in this way measures Kgfor the first
step of a two-step dNTP binding mechanism, as shown
previously for DNA/DNA p/ts (6—18) and a DNA/RNA

p/t 17). The amplitude of the plot of incorporation rate vs

concentration of dNTP represents the rate of the second step

of nucleotide binding, which is rate-limitindlL9).

In addition to the fluorescence measurements to determine

the affinities of the different p/ts to RT (see above), active
site titrations were performed. Here the amount of pre-steady
state-nucleotide incorporation as a function of enzyme
concentration was analyzed. The data were fitted to a
quadratic equation using the program Grafli6); The
method of active site titration to determine the affinity of
the p/t=RT complexes was chosen since it gave more

accurate results for the weakly binding substrates compared

to the fluorescence method. The error in using the fluores-
cence method to calculate th& values for the weakly
binding substrates is based on the large difference in affinities
(2 nM for the fluorescently labeled p/t vs 50 6200 nM

for the hybrid p/ts).

RESULTS

Primer/Template Design.A simplified version of the
natural initiation complex was used in this work to avoid
ambiguities in the data, such as nonspecific and/or multiple
binding sites due to the large size and structural complexity
of the natural initiation complex8j. This initiation p/t
(called PB%) is composed of a 20 base RNA primer,
containing the 18 base region spanning the primer binding
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Ficure 1: Displacement titration of fluorescent p/t bound to RT
with PBSna (A) and PB3 (B) p/ts. A complex of FAM-labeled
18/36-mer DNA/DNA p/t (25 nM) and RT (40 nM) was titrated
with increasing amounts of competitor. The curves show the best
fit by least-squares fitting to the model describing the two binding
equilibria from which dissociation constants of 1 nMQ.9) for
PBSna and>200 nM for PBS were obtained (see Materials and
Methods). The insets show the sequence of the two p/ts used for
displacement. The primer binding region is underlined. RNA is
shown in upper case letters, and DNA is given in lower case letters.
The sequence of the DNA/DNA p/t is shown in Table 1.

defined secondary structure, as determined by using the RNA
secondary structure prediction program RNA fold in PC/
Gene, based on the Zuker meth@®)( An “elongation”

p/t was studied for comparison (called RRS see Figure
1A), which contains a DNA primer.

Affinity of RT for the RNA/RNA p/t Compared to the DNA/
RNA p/t. To compare the single-turnover nucleotide incor-
poration kinetics for an initiation (RNA) vs an elongation
(DNA) primer, it was important to measure the binding
affinities for these p/ts and for the next, correct dNTP to be
incorporated (dTTP). This is to ensure that the single-

sequence, and a 35 base PBS-containing RNA template (seéurnover rate of incorporation observed is limited by internal

Figure 1B). The p/t therefore only mimics the initiation
complex insofar as the duplex is composed entirely of RNA,
and the proper PBS duplex region. In addition to a required
5'-overhang of at least six bases, RBfas constructed to
contain a nonpairing end to avoid nonspecific nucleotide
incorporation onto a blunt end, a problem observed in our
previous work (unpublished observation). The sequence of

rate-limiting kinetic parameters, rather than by binding
parameters, which occurs when concentrations are used
below the saturation level. The p/t affinities were measured
by a displacement titration using a fluorescently labeled
DNA/DNA pft, for which the affinity is already knownl§).

RT is precomplexed to the fluorescent p/t, and then displaced
by increasing amounts of one of the PBS p/ts. The

the template overhang is random, but ensured to contain nofluorescence increase observed upon displacement of the
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fluorescent p/t into solution is measured, as shown in Figure
1. TheKyis derived from a least-squares fit of the data to
a model describing both equilibria (see Materials and
Methods). For PB&a, the fit yielded &gy of 1 nM (Figure
1A), in agreement with th&y previously measured for a
25-mer DNA primer/45-mer RNA template substrate5(
nM; 17). For PBS, the binding was observed to be weak
and almost unmeasurable. The fit to the data shown in
Figure 1B, yielding &4 of >200 nM, contains a large error,
presumably introduced by the large difference in affinity
compared to the fluorescently labeled p/t. THevalue is
therefore assigned to a range of 2aM00 nM. The results
indicate that micromolar amountg 8 uM) of RT must be 0
used in the single-turnover experiments in order to achieve 0
saturation binding of the 100 nM PB&sed in the studies
(see below).

Deoxynucleotide Binding Affinity and Incorporation Rate
for the RNA Primer Compared to the DNA Primer p/t
Substrates.The binding constants of the incoming nucleotide
(dTTP) for the RT-bound p/ts PBSand PBSna wWere
measured to ensure that saturating concentrations of nu-
cleotide are used during the single-turnover experiments
described later in this work. The dissociation constants were
derived by measuring the dTTP concentration dependence
of the single-turnover rate of product formation (extending
the 20-mer primer to a 21-mer), as described for previous
studies 16—18). The experiments therefore determined not
only dTTP Kgs but also the maximal, single-turnover
incorporation rate (amplitude of the fits to the plots in Figure
2; see Materials and Methods). The plot of the rate of single
dTTP incorporation into PBSor PBSna Vs the concentra- 0 2000 4000 6000
tion of dTTP is shown in Figure 2. The best fit to the dTTP (pM)
hyperbolic equation relating the rate of incorporation to the rigyre 2: Dependence of the pre-steady-state burst rate on dTTP
concentration of dTTP yielded a dTTP dissociation constant concentration. Increasing amounts of dTTP were rapidly mixed with
(Kqg) of 6.6 uM for the PBSna p/t (Figure 2A), consistent  a preincubated solution of RT and p/t. Final concentrations after
with previous measurements of dNTP affinities using DNA Mixing were 200 nM RT, 100 nM PBsza (A); and 3uM RT, 100

: 1A nM PBS (B). The curves show the best fit of the data to the
primers (5-10 uM; 16-19, 21). Although both sets have hyperbolic equation relating the rate of incorporation to the

identical sequences and incorporate the same dNTP, the&oncentration of dTTP (see Materials and Methods), yielding dTTP
affinity of the dNTP for PB% (K4 ~ 3.4 mM) was found to Kq values of 6.6uM (40.7) for PB$na and 3.4 mM (0.2) for

be at least 500 times lower than that of the DNA/RNA p/t, PBS.

PBSna. The data also show that at saturating amounts of

RT and dTTP, the incorporation rate for PBS about 50 ~ nhucleotide, dGTP, yielded a dissociation constant afvg

times slower than the PBSa rate (0.78 st and 35 s?, also in the range of that measured for nucleotide binding to

respectively), consistent with the difference in rates observed PBSna (and consistent with previous measurements of the

for more natural initiation compared to elongation complexes Ka 0f dGTP for other DNA p/ts22). The dramatically lower

observed by Lanchy et al9). affinity of dTTP for PBS is therefore due to other factors
Deoxynucleotide Binding Affinity for a DNA Primer than the presence of a ribonucleotide on ther8l. Interest-

Preextended by One Ribonucleotid&he data in Figure 2  ingly, the single-turnover rate of incorporation for RIgS:1rna

show that the binding of a dNTP to an RT-bound p/t (Keo ~ 3.7 s) is faster than PB&~0.78 s™), but an order

containing an RNA primer is very weak compared to that Of magnitude slower than that of PB%. Although the

of a DNA primer. The lower affinity could be due to the PBSna+1rna p/t and dNTP are bound tightly, the slower

presence of a ribonucleotide’{ydroxyl group) instead of ~ rate of incorporation suggests that orientation of the terminal

a deoxynucleotide (zhydrogen) at the'3end of the PB& ribonucleotide is suboptimal, or that th€-QH group

In addition, the lower affinity for PBScould result from a  somehow interferes with the catalytic mechanism.
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different RT-bound orientation, and thus altered dNTP
binding pocket of the duplex RNA p/t compared to the DNA/
RNA duplex. To test this, a DNA primer preextended by
one ribonucleotide (called PBS+1rna; S€E Table 1) was

characterized. The affinity of this p/t for RT was measured
as before, yielding a dissociation constant of 3 nM, indis-
tinguishable from that of the unextended RRS (data not

shown). Measurement of the affinity for the next incoming

Single-Turneer Nucleotide Incorporation Time Courses
for the RNA/RNA Compared to the DNA/RNA p/t Substrates
The single-turnover kinetics of dTTP incorporation appeared
to be slower for PBS&compared to PBsa (Figure 2). The
time courses of dTTP incorporation for P8&d PBSna,
using saturating amounts of enzyme and dTTP, are shown
in Figure 3. Previous characterizations of a variety of DNA/
DNA and of DNA/RNA p/ts, using p/t concentrations in
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Table 1: Summary of the Parameters for p/t and dNTP Binding and dNTP Incorporation

Kl
Ky plt (nM) Ky dNTP (uM) rates (s™)

. l a
primer/templates Kpor and kpolzb

GEGUCCCUGUUCGGGCGCCAL
AACAGGGACAAGCCCGCGGUACGUCUCTUAAUTGGE PBS, >200 3400 (£200)  8.5(x1.7),0.5(x0.07)

GGGUCCCUGUUCGGGECGCCALY ¢
BAACAGGGACAAGCCCGCEGUACGUCUCUARUUGGE PBS.,, > 200 305 (x42) 0.9(x0.04)

GEGUCCCUGUUCGEGCACCAtgea
ARCAGGGACAAGCCCGCGEUACGUCUCUAAUUGGEG PBS., 213 (x22) 24(x02) 23 (£6.5), 0.35( 0.04)

GEEUCCCUGUUCGGGCGCCAtgoaga
AACAGEGACAAGCCCECGGUACGUCUCUARUUGGE PBS.s 92 (x9.6) 24(x32) 21(£4.9),08(x0.1)

GGGUCCCUGUUCGGGCGCCAtgcagag
AACAGGGACAAGCCCACGGUACGUCUCUAAUUGGE PBS,q 42(x27) 36 (x3.2) 23(x24),06(02

GGGUCCCUGUUCGGGCGCCAtgragaga
AACAGGGACAAGCCCGCGGUACGUCUCUAAUUGGE PBS., 91 67 (=37 19(=1),13(x04)

GEEUCCCUGUUCGEGCGCCAtgeagagat
AACAGGGACAAGCCCGCEEUACGUCUCUARUUGGE PBS,; 6= (12 19(32),1.9(x0.7)

ttgtcectgttecgggegecat
AACAGGGACAAGCCCGCGGUACGUCUCURAUUGGS PBSpya 109 66(x0.7) 52 (+6.4),5(x5)

ttgtccetgttegggegecalyg ¢
AACAGGGACAAGCCCACGGUACGUCUCUARUUGGE PBSonartrNa 308 5(02) 37017

tcccotgttegggegecact
agggacaagcccgeggtgacgtactctaaaaggtgt DNA/DNA 2(=02) 82(x02) 82(x25),14(x02)

aRNA is shown in upper case letters, and DNA is given in lower case letters; the boldface letters represent the nucleotides to be incorporated.
b The two exponential phases represent the single-turnover dNTP incorporation kinetics of two different RT-bound forms of the p/t: a fasy, kineticall
competent bound form, incorporating a dNTP at a rate ef3®s* (kyoin); and a slow, less-competent bound form, incorporating at a rate 6f10.3
s (kooi2). € PBS;1 and PBSna+1rna Were fitted to a single-exponential equation plus slope.

120

O DNA/RNA O RNA/RNA
100 - L li.eecciit

80

60

21 mer (nM)

40

21 mer (nM)

0 4 8 12 16 20
time (s)

Ficure 3: Comparison of the single-turnover, single-dTTP incorporation into,RBS PB3na. Data were fitted to a double-exponential
equation plus slope (boldface lines) or to a single-exponential equation plus slope (dashedd®nAspréformed complex of 100 nM
PBSna p/t and 200 nM RT was mixed with 10@M dTTP. In the case of PBIO), 100 nM p/t and M RT were mixed with 5 mM
dTTP. The double-exponential analysis of the experimental data yielded burstkgateandkyor) of 8.5 st (+1.7) and 0.5 st (+£0.07)
for PBS, and 52.5 st (+£6.3) and 5.5 st (+5) for PBSna. The single-exponential analysis gave a burst rigig) ©f 0.5 s (+0.05) for
PBS and 43 st (+3.3) for PBSna. Comparison of the reduced values for single- vs double-exponential analysis for P&® PBSna
gave values of 13.4 and 12.3 vs 1.8 and 8.6, respectively. The inset shows the reaction on a shorter time scale.

excess over RT, showed that the dNTP is incorporated with turnover rate) followed by a slower linear phase. The linear,
a single-exponential burst of product formation (single- steady-state phase was shown to be caused by the rate-
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limiting dissociation of the extended p/t product, which must ~ Deoxynucleotide binding affinities were measured as
occur before more p/t can be turned ovér)( Both time described for PB&Sand PBSna. Table 1 summarizes the
courses in Figure 3 contain a burst and a linear phase. Sinceesults, and shows that the pattern essentially follows an
the concentration of RT used in both experiments was in increasing affinity with increasing number of deoxynucleo-
excess over p/t, a linear phase was not expected. Furthertides present on the'-2nd of the primer. The largest
more, the burst amplitude, especially for RB& clearly enhancement of dNTP affinity compared to RBfpears
lower than 100 nM. Although RT should be saturated with to be for the p/t extended by one and three deoxynucleotides,
p/t (concentrations are considerably higher th&s), a which increases the dNTP affinity by at least an order of
portion of the p/t appears to bind nonproductively. This magnitude for each extented pK4«PBS) ~ 3.4 mM; Ky
effect is examined in detail in a later section. (PBS;1) ~ 305uM; Kq(PBS;3) ~ 2.4uM). The affinity of

Initial fitting of the data in Figure 3 was carried out using dATP With PBSs, Kq ~ 2.44M, was reproducibly measured
an equation including the sum of a single-exponential and at® be higher than the nucleotide affinities measured using
linear equation. The single-turnover rates were thereby &l the p/ts in this study. The affinity is also higher than
determined to be-43 s for PBSna and~0.5 st for PBS, that of dATP for an all-DNA p/t 17). The reason for this
consistent with those found from the amplitudes of the plots higher affinity is unknown. From PBS to PBSs, the
shown in Figure 2. The data, especially for RB®wever,  affinities for dNTPs Kqs 24-41 uM) appear to be fairly
appear to deviate from a single exponential in the first 0.6 s constant and almost an order of magnitude lower than the
of turnover, as illustrated in the inset plot in Figure 3. The 2ll-DNA primer, PBSya (Kq ~ 6.6 uM). As before, these
data clearly fit better to the sum of two exponentials (solid 2ffinity measurements allowed determination of substrate and
lines in Figure 3), plus the linear contribution. The observa- RT concentrations to be used in the comparative single-
tion was found to be reproducible, and is further examined turnover experiments described in the next section.

in the next sections. Single-Turneer Nucleotide Incorporation Kinetics for p/ts
Binding Parameters for p/ts with RNA Primers Preex- With RNA Primers Preextended with Increasing Numbers of
tended with Increasing Numbers of Deoxynucleotid@sth Deoxynucleotides.The single-turnover incorporation time

the p/t and the dNTP binding affinities varied significantly Ccourses for the various preextended RNA primer p/ts, with
between the all-RNA primer, “initiation-p/t’ PBSand the = the exception of PBS and PBSna+irna, displayed a
all-DNA primer, “elongation-p/t’ PBSya. To determine  Significant and reproducible deviation from the single-
how many dNTPs added on the RNA primer substrate _exponential le_Js Ii_near profile previously reported for p/t
transform the p/t functionally into a DNA primer-like ~incorporation kinetics{6-18, 21, 23. The effect was also
substrate, the nucleotide and p/t binding constants were0bserved for PBSas described earlier (see Figure 3). Figure
measured for p/ts consisting of the RRStended with one, 4 illustrates with the PBS and PBSs p/ts how the time
three, five, six, seven, or eight dNTPs (see Table 1 for COUrses of dNTP incorporation clearly showed a burst of

structures and nomenclature). Table 1 summarizes theProduct formation, followed by a second, slower exponential
results. phase, followed by a linear phase. The expanded plot in

Figure 4B shows the difference between fitting the data to a

The dissociation constants for the various plts were single-exponential equation (plus linear equation) compared
measured by fluorescence displacement titrations, as de- 9 P g P q b

scribed earlier, and by active site titrations, analyzing the to an equation including the sum of two exponentials (plus

dependence of the amount of pre-steady-state nucleotideIInear equation). The points in the first0.3 s of tumnover

. ) . ; are clearly missed by the single-exponential fits.
incorporation on the RT concentration (see Materials and - _

Methods). The method of active site titration to determine  Fitting of the time courses for all of the preextended RNA
the pit affinity was found to yield more accurate results for Primer p/ts, in addition to those for PB&nd PBSna, to &

the weakly binding substrates, compared to the fluorescenceliexponential plus linear equation yielded similar rates for
method. As described for the PB8q determination, the  the first, fast exponential phase-10-50 s°*) and for the
fluorescence method yields large errors in the fits, introduced S€cond exponential phase-q.3-1 s°%; results are sum-
from the large difference in affinity of the p/ts compared to Marized in Table 1). Since the concentrations of RT and
the fluorescently labeled p/K¢s 50 to>200 nM for the ~ ANTP used in the experiments are saturating, the two
hybrid p/ts, and~2 nM for the labeled p/t). The results of exponential phases represent the single-turnover dNTP
the K4 determinations are summarized in Table 1. As the incorporation kinetics of two different RT-bound forms of
number of deoxynucleotides present on ther®d of the Fhe p/t: a fast, kinetically competent bound form, incorporat-
RNA primer increases, the affinity of RT for the p/t increases, Ind @ dNTP at a rate of 2650 s™* (kyon); and a slow, less-
from the lowest affinity with no deoxynucleotides (PBS ~ competent bound form, incorporating at a rate of-@L3™

Kg > 200 nM) to the highest affinity with all deoxynucleo-  (Keol2)-

tides (PB®na, Ko ~ 1 nM). The binding appears to be weak The observation of two exponentials in the time course
and essentially nonspecifi&K{s > 200 nM) for the p/ts of dNTP incorporation extends to the all-DNA primer p/t,
containing zero to three deoxynucleotides. After that, the PBSya, as well as to the DNA/DNA p/t (data not shown),
affinity increases incrementally with each deoxynucleotide which is the p/t analogous to most p/ts characterized to date.
addition, until eight (PB%) when the affinity is almost  Although the data in Figure 3 for PBS appear to fit well
comparable to that of the all-DNA primer p/t, PR&. to a single-exponential (plus linear) equation, closer exami-
Among the higher affinity hybrid p/ts (PBg PBS.7, and nation found that a double exponential fits the data more
PBS;s), good agreement was found between the fluorescenceprecisely. Since the amplitude of the second phase is small
and active site titration methods (data not shown). relative to the amplitude defining the first, fast phase, the fit
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5 s Ficure 5: Summary of the single-turnover, single-nucleotide
T O PBS+5 incorporation time course for the different p/ts used in this study.
o b b b b e All data were fitted to a double-exponential equation plus a slope.
The data were normalized so that 100% incorporation equals the
0 005 01 015 02 025 03 sum of the two burst amplitudes. The curves for RB&nd
time (s) PBSna+1rna @re not shown. (A) Time courses showing both

exponential phases; and (B) expansion of the first 0.12 s of the
Ficure 4: Single-turnover kinetics of the incorporation of dATP  time courses in (A), to illustrate the percentage incorporated in the
into PBS.3 and PBSs. A preformed complex of 100 nM PBS fast first phase. A summary of the observed burst rates and the
p/t and 1uM RT was mixed with 1 mM dATPQ©). In the case of relative distribution of the burst amplitudes is given in Table 1 and
PBS;5 (), 100 nM p/t and IuM RT were mixed with 50Q«M Figure 6, respectively.
dATP (A). The analysis of the experimental data using a double- . .
exponential equation plus slope yieldkeg; andk,p; rates of 23 amount of p/t bound productively (i.e., the sum of the two
s™1(£6.5) and 0.3 st (£0.04) for PBS3 and 21 st (£4.9) and exponential amplitudes).
0.7 s* (£0.09) for PBSs, respectively. The dashed curves  The difference between the p/t time courses lies in the

represent the best fits to a single-exponential equation plus slope. : : . :
A comparison of the reduceg? values for single- vs double- relative amplitudes of the two exponential phases. Figure 5

exponential analysis for the PBSand PBSs data gave numbers ~ Shows that with an increasing number of deoxynucleotides

of 16 and 11 versus 1.3 and 0.9, respectively. (B) shows the reactionlocated on the '3end of the primer, the amplitude of the

on a smaller time scale. first fast phase increases, while that of the slow phase
_ _ _ ~ decreases. For PBS’BS.3, and PBSs, most of the single-

of the data to a single-exponential (plus linear) equation turnover time course~80%) is represented by the slow,

yields a rate (43'9) close to the rate of the first exponential  k,,, ~ 0.3-0.5 s, p/t-bound form, while only~20% of

(52 s) from a fit to the double-exponential equation. the p/t is bound in the fast fornkyon ~ 9—23 s, Starting

Analysis of a DNA/DNA p/t also found that the data similarly ~ from six deoxynucleotides located on théedd of the

fit best to a double-exponential equation plus slope (data notprimer, PBSs, the distribution switches: more-(60%) of

shown; T.R. and B.M.W., manuscript in preparation). the p/t is bound in the fast, kinetically competent form than
Comparison of the Single-Turper Time Courses of All  in the slow form. The switch to an overall more kinetically

Primer/Templates.All of the p/ts listed in Table 1 (except competent p/t substrate after six deoxynucleotides are

PBS;; and PBSna+1rna) have similar rateskfon andkgor) incorporated is best illustrated by Figure 5B and Figure 6.

corresponding to the two productive RT-bound forms. But Figure 5B shows the portion of the time courses in Figure
the respective time courses varied dramatically, going from 5A that are completely due to the fast, kinetically competent
the overall slow time course shown for PBS the overall form of the bound p/t (first exponential). A jump in the
fast time course seen for PB& (see Figure 3). Since the size of the amplitude of the first exponential phase, when
different p/ts varied in the amount of total (100 nM) p/t that going from PBSsto PBS., can be clearly seen. For PBS
binds productively (discussed in the next section), compari- the fast phase correlates t+20% of the bound p/t, while
son of all p/ts in one plot was found to be best accomplished for PBS,, the fast phase correlates to greater than 60% of
by normalizing the data. Figure 5 shows the time courses the bound p/t. PBsa represents the optimal substrate with
plotted after normalization, where 100% equals the total almost all (~90%) of the p/t bound in the fast form. The
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100 — 1st phase nM RT) was carried out in the presence of an excess amount

’ of competing p/t [2uM poly(rA)/oligo(dT)] as a trap. The
resulting time course showed a total burst size (amplitude)
equal to that of the time course carried out in the absence of
trap, but no longer contained a linear phase (data not shown;
T.R. and B.M.W., manuscript in preparation). The linear
phase in the time courses therefore corresponds to the fraction
of p/t bound nonproductively, and incorporation occurs only
after the p/t dissociates (rate-limiting) and rebinds as one of
the productive complexes.

The plot in Figure 6 shows that the amount of nonpro-
ductively bound p/t decreases slightly with increasing number
of deoxynucleotide incorporations. PBSvas the exception,

PBS, PBS, PBS,, PBS, PBS, PBS, PBS,, and reproducibly showed a majority of nonproductively
primer/template bound fractions £60%). The DNA/DNA p/t (data not
FiGURE 6: Graphical representation of the distribution of the two SNOWN) kinetics also displayed a high amount of p/t bound
burst amplitudes for single-turnover nucleotide incorporation for nonproductively {-50% or 50 nM of the 100 nM), consistent
the different p/ts. The overlapping open and hatched columns showwith reports from previous studies with similar p/ts, which
the percentage of the two burst amplitudes relative to the maximal found burst sizes of the order of 50% of the total p/t used in

possible incorporation of dNTP as calculated by the double- ; 3
exponential fit (see Figure 5). The first amplitude (representing the the experiment7). The results therefore define three modes

fast phase~10-50 s?) is given by the hatched area, and the Of P/tbinding to RT, the relat_ive amounts of each depending
second amplitude (representing the slow phas@3—1 s is on how many deoxynucleotides comprise theBd of the

given by the open area. The black columns represent the percentag@rimer: a fast, kinetically competent form (single-turnover
of the first amplitude relative to the sum of the amplitudes. The (5te~10-50 s1); a slow form (single-turnover rate0.3—1
errors are indicated by error bars. s9); and a dead-end form (no turnover).

|:] 2nd phase

] Il 1st phase relative to the sum of phases
80

7 E3
60 —

40

burst amplitudes (%)

20 —

amplitudes of the fast pha_\se from the time courses in Figure DISCUSSION
5 are replotted as black-filled columns in the summary plot
shown in Figure 6. The goal of this work was to determine the basis of the
Productive and Nonproductie Primer/Template Binding. ~ Slow, nonprocessive polymerization reaction catalyzed by RT
The concentration of p/t used in all of the kinetic experiments during transcriptional initiation, when both the primer and
was 100 nM. Although the affinity measurements deter- template are composed of RNA. The studies examined
mined that all (100 nM) of the p/t should bind to the RT whether the slower activity, compared to DNA-primed
present (in excess), the total amount of the p/t bound in atranscription, is merely a binding effect, or whether incor-
productive manner (sum of the fast and slow burst sizes) poration of a deoxynucleotide onto the-ehd of RNA is
was consistently observed to be less than 100 nM. Theinherently inefficient or slow (a catalytic effect), as suggested
percent of the 100 nM p/t used in the experiments that is by the work of Ehresmann and co-workers (9), using more
RT-bound and extended by one dNTP (productive fast and hatural p/t species. The results were also anticipated to reveal
slow forms) is depicted by the overlapping open and hatchedwhen, i.e., after how many dNTPs incorporated, the “initia-
columns in Figure 6. The hatched columns represent thetion” p/t turns functionally into the optimal, processive
percent of total 100 nM p/t that binds and incorporates dNTP “elongation” p/t.
with the fast ko1 ~ 10—50 s°1) polymerization rate, while The results presented show that RT binds the RNA/RNA
the open column represents the rest of the productively boundduplex PBS very weakly and nonspecifically compared to
p/t that incorporates at the slowek,{, ~ 0.3—1 s the corresponding DNA primer p/t substrate, BBS A
polymerization rate. For PBShe total amount of p/t bound  weaker binding affinity was also measured for the p/t
productively is~65 nM (65%), with~10 nM (10%) bound complex formed from a synthetic form of tRN¥3 compared
in the fast form, and 55 nM (55%) in the slow form. The to an 18-mer DNA oligonucleotide annealed to a 300 base
rest of the p/t (35 nM or 35%) binds to RT nonproductively. RNA template §). At saturating enzyme concentration, the
For PBSna, for which the affinity is more precisely known  binding affinity of the incoming deoxynucleotide, dTTP, to
(K¢ ~ 1 nM), 100% of the 100 nM p/t must be bound to the the RT-PBS, complex K4~ 3.4 mM) is dramatically lower
200 nM RT used in the experiment, and ye88% (88 nM) than the dNTP affinity using PBRa (Kq ~ 6.6 uM), or
of the bound p/t is bound productively, with75 nM bound any other DNA primer containing p/t reported in the literature
in the fast form, and~10 nM in the slow form. Twelve (16—19, 21-25). The pausing, nonprocessive activity during
nanomolar, or 12%, is therefore bound nonproductively. initiation is therefore at least in part due to the lower p/t and
The linear phase of product formation, following the two dNTP affinities for an RNA/RNA duplex.
burst phases, corresponds to turnover of the rest of the p/t Initial analysis of the single-turnover time courses for the
used in the experiment. To test whether the linear phaseincorporation of single dNTPs into RNA and DNA primer
represents the nonproductive binding fraction of p/t, and p/t substrates showed that the overall rate of incorporation
therefore corresponds to the rate-limiting dissociation of for PBS is about 50 times slower than the R rate (0.78
nonproductively bound p/t (that must dissociate and rebind s and 35 s?', respectively). This apparently slower
productively to be turned over), the single-turnover experi- catalytic rate for RNA-primed polymerization is consistent
ment (using 100 nM DNA/DNA or DNA/RNA p/ts and 200  with the results reported by Lanchy et al. (9), who also found
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a 50-fold difference in the dNTP incorporation rates for an competent form presumably contributes a relatively insig-
oligodeoxynucleotide-primed (139 vs oligoribonucleotide- nificant amount to théKy measurement.

primed (0.2 s?) reaction. The experiments reported by these  gjnce the nucleotide binds to the R/t complex, and
authors, however, measured the incorporation rate of two nqt to RT alone 19, 26, the pit is involved in creating a

n_ucleo_tid_es, at concentrations of only M each. If t_he_ binding site for the nucleotid®{). Most of the DNA primer
dissociation constants of the dNTP for the RNA-priming 1 pBs,, . is bound in the fast form, for which both the
initiation complexes used in their studies are also in the pinging affinities and polymerization rate are maximal. The
millimolar range, the rates of incorporation measured may fast form therefore represents the optimal orientation of the

not be maximal. _ . pltfor creation of an optimal binding site for the nucleotide.
Further analysis revealed that the slower polymerization g, PBS, whose predominant binding mode is that of the

rate during initiation is not due to a single, slow incorporation ¢, productive form, the nucleotide binding affinity is
mode. Comparison of the pre-steady-state time courses forg s matically lower than that of PBSs. But characterization
PBS, for PBSya, and for p/ts containing RNA primers o o o consisting of a DNA primer extended with one
preextended by increasing numbers of dNTPs showed thatyj, o cleotide revealed a normal nucleotide binding affinity
with the exception of PB§ and PBSna+irwa, Single dNTP ' 5 /\1y comparable to that of DNA primer pits. The
incorporation occurs in two exponential phases (two bursts), lower dTTP’binding affinity for PB§compared to PBSia
followed by a linear phase. Each exponential was found to is therefore not due to the presence of théayroxyl group
represent a different mode of productive p/t binding, a fast on the terminal nucleotide of the RNA primer. For PBS

m?dffndﬁa .SIOW m;)_ﬂe,lyvhere Last and S:COW r(tjafterz todtheand PBSs, however, whose predominant binding mode is
catalytic efhiciency. € linear phase was found to be Au€ 4, 1hat of the slow form, nucleotide binding is close to

zlc\)/ha'll fr?hctlon of Itlhel p/t boulnd in a ?.onpdrod.uct[vgt. rr:.annler. optimum Kgs ~ 2.4 uM and 24uM, respectively). These
ile the overall slower polymerization during initiationis ¢ s suggest that, with exception to RBEhe slow

gue(;ﬁsnl,?;?ke) pr(;tlorr]]azfethr? 'lor:;[ak?#gdcg] ?SS;OV;;%E c()?etﬁgnd/tproductive form represents a mode of p/t binding that orients
xp 1] burst p : : urse), Plihe aNTP properly for the first step of binding (resulting in

Il:?u?sotunhdalsne)a iﬁggslcoar!\){ir?owfggirt]it dglf/’v?; g':ztt:)égronnear;gzllenormal dNTP affinities), but improperly or suboptimally for
b f b 9 P triggering the rate-limiting, second step of nucleotide binding,

to that of DNA-primed transcription. which is thought to be rate-limiting for the incorporation
' . been proposed to involve a closing of the “fingers” domain,
of each mode depend on how many deoxynucleotldesOI : - - .
; . ) uring the second step of nucleotide binding (for a review,
comprise the 3end of the RNA primer. It is unclear why see2?)
PBS.1 and PBSna+1rna reproducibly exhibited a single, ' o )
slow mode of incorporation. The first, fast-reacting p/t ~ Characterization of the preextended RNA primer p/ts
binding mode represents the optimal binding mode for p/t, Showed that once six dNTPs are incorporated, a majority of
resulting in an incorporation rate in the maximal ranigg{ ~ the resulting p/t binds to RT in the fast kinetically competent
~ 10-50 s %) observed for HIV RT using a variety of DNA- form. The definition of the “switch” from initiation to
priming p/ts (6—18, 21, 23. The second, slow form also elongation can therefore be defined as the point when more
represents a productive binding mode, but incorporadgs ( of the p/t binds in the fast, productive mode than in the slow
~ 0.3-1 s} the incoming nucleotide at least an order of Productive, or nonproductive mode. The structural basis for
magnitude more slowly than the fast form. The third type this switch remains to be addressed. Also unknown is the
of binding mode is the nonproductive, dead end form, with basis of the low affinity of dTTP for PBS compared to
no turnover possible. The trap experiment demonstrated thatother p/ts that also bind predominantly in the slow mode.
in order to incorporate a dNTP, the nonproductively bound Insights may come from comparison of the structural features
p/t must dissociate and rebind in one of the productive forms. of the p/t-bound form of RT and of other polymerases (for
The differentKys for ANTP and p/t found for the various @ review, se@7, 2§. The crystal structure of RT complexed
plts, in combination with the varying distribution of binding to a p/t showed that the 18/19-mer duplex DNA assumes an
modes depending on the number of deoxynucleotides A-like form in the first 5-7 bases of the duplex, followed
incorporated, suggest that the two productive p/t binding by a 40-45° bend in the DNA, as the rest of the duplex
modes have correspondingly different INTP and p/t affinities. assumes the B form, which extends from the polymerase
As the fraction of p/t bound in the fast, kinetically competent active site into the RNase H active si@9). Furthermore,
form increases, the affinities of the p/t and dNTP generally recent structural analysis of a p/t-bound form of T7 DNA
increase too. This means that the affinities determined in polymerase also showed an A to B form transition, occurring
this work reflectoverall affinities, representing an average after two bases from the-Berminus of the primer, and for
of a mixture of different binding species. Since the majority the structure oBacillus stearothermophiluBNA polym-
of the p/t is bound to RT in one of the two possible erase, the transition occurs between the fourth and fifth base
productive modes (except for PBS see Figure 6), th&gy (30, 3). Both structures showed that the A to B transition
determinations (by active site titrations) are therefore most represents a transition from G8ndo to C2endo sugar
representative of the predominantly bound form. In other puckering. The conformation of the A-like form of thé 3
words, theKgs of RT-PBS, for dTTP and p/t were measured terminal region of the primer, with G&ndo sugar puckering,
from the turnover corresponding to the majority bound creates a widening of the minor groove, presumably provid-
species {£84%), which is the slow form. The small ing the necessary access of protein side chains to nucleotide
percentage of PBY~16%) bound in the fast, kinetically  bases 32, 33.
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The significance of the A to B transition is that it can
occur only for DNA/DNA or RNA/DNA hybrids 84). Both
the crystal and solution structures of an RNA/DNA duplex
hybrid showed that the conformation assumes neither an A
nor a B form 85—37). While the sugars of the RNA strand
adopt the C3endo conformation, the DNA strand adopts
an intermediate, O4endo conformation which results in a
narrowing of the minor groove. This intermediate confor-
mation of the sugars is impossible for an RNA/RNA duplex
to adopt, due to the'zhydroxyl groups which lock the RNA
in the A form (34). The all-RNA duplex PB&p/t cannot
adopt the A to B transition which appears to be a component
in p/t binding by polymerases. Interestingly, the authors in
Fedoroff et al. 88) proposed that more than four successive
DNA bases are necessary to nucleate the B form in an A
form RNA duplex. The switch to an overall more competent
p/t substrate after six dNTPs are incorporated may reflect
the ability of the p/t to switch from the classical RNA A
form to the A-like to B conformation observed in the RT
p/t structure reported by Jacobo-Molina et &9)(

In summary, binding and not catalytic properties of the
initiation p/ts lead to the overall slow, nonprocessive
polymerization rate during initiation. Analysis of the
structural basis for the large differences seen between RNA-
and DNA-primed transcription will be essential for the
identification of inhibitors which specifically block the
critical transition to the optimal DNA-primed activity.
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