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ABSTRACT: Human immunodeficiency virus type 1 (HIV-1) reverse transcriptase catalyzes DNA synthesis
from RNA and DNA templates by a sequential mechanism. This enzyme is neither processive nor
distributive but has a rather intermediate behavior; at any template position, there is a certain probability
that the replica strand will be extended, which we define as extensibility. The extensibility depends on
the substrate concentration, i.e. on the concentration of the cognate (and to a smaller extent of the
noncognate) deoxynucleoside triphosphates, in a typical Michaelis-Menten mode. The extensibility varies
from position to position in a sequence-dependent manner, being particularly low at certain sites, accordingly
called pause sites. The rate and fidelity of successive incorporation of nucleotides were measured and
then compared with numerical integrations of the pertinent rate equations, which were composed to describe
a suitable reaction mechanism and parameterized starting with rate constants reported in the literature.
We found that agreement between simulation and experiment requires two-step binding of enzyme to the
template-primer. In an initial second-order step, an “outer” binary complex is rapidly formed; this is
followed by a slower conformational change into an “inner” complex. During multiple rounds of nucleotide
incorporation, the complex remains in the inner form; the rate-determining step for enzyme release is the
reversion from the inner to the outer complex, with a standard rate constant of 0.2 s-1. This rate constant
may be significantly increased at pause sites. In order to match the experimental results, the standard
rate constants had to be modified for pause sites. At low concentrations or in the absence of the cognate
nucleotide, the site-specific misinsertion frequency, a function of the nucleotide pool bias and of the
efficiency to discriminate against a noncognate nucleotide, can be determined from the dependence of
extensibility on concentration of cognate and noncognate substrates. The error frequency was found to
be somewhat smaller than the misinsertion frequency, because mismatches are extended less efficiently
than matched base pairs.

As all retroviruses, the human immunodeficiency virus
type 1 (HIV-1),1 which causes the acquired immunodefi-
ciency syndrome, begins its intracellular infection cycle with
reverse transcription of its plus-strand RNA genome; the
resulting double-stranded proviral DNA is integrated into the
genome of the host to induce the persistently infected state.
All three enzymatic activities required for production of the
proviral DNA, i.e. RNA-directed DNA synthesis, DNA-
directed DNA synthesis, and hydrolysis of the RNA strand
of RNA-DNA hybrids, are apparently provided by a single
enzyme, the viral reverse transcriptase (RT), a heterodimer
consisting of p66 kDa and p51 kDa subunits with identical
N-terminal sequences.
The mechanism of reverse transcription has been the

subject of many kinetic studies in vitro. Both steady-state

(Perrino et al., 1989; Ricchetti & Buc, 1990; Yu & Goodman,
1992; Bakhanashvili & Hizi, 1993) and pre-steady-state (Kati
et al., 1992; Reardon, 1993; Hsieh et al., 1993; Zinnen et
al., 1994) measurements using various short DNA or RNA
templates have been published. The picture this extensive
work offers is qualitatively consistent; quantitatively, how-
ever, there are significant differences between the reported
rates, most likely due to a strong influence of sequence
context or of template structure. Two important features
deserve special attention, the processivity and the fidelity.
Both are largely dependent on base sequence and related to
one another in a way that is not fully understood.

The processivity is defined as the average number of
nucleotides polymerized before the enzyme and template
dissociate (Huber et al., 1989). Natural RNA and DNA
sequences exhibit pausing of RT-catalyzed polymerization,
leading to low processivity at certain “pause site” template
positions (Klarmann et al., 1993). RT dissociates from
template-primer at some of them but remains bound at
others. In general, the more frequently the DNA extension
is interrupted, the lower the processivity.

The fidelity (or accuracy) reflects the error level introduced
into the DNA replica during reverse transcription of viral
RNA; the higher the frequency of mutation, the lower the
fidelity. Although an average misincorporation frequency
of 2.5×10-4 per nucleotide (Williams & Loeb, 1992)
characterizes DNA polymerization catalyzed by HIV-1 RT,
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large variations in error frequency are found at different
template positions, the ones with a high error frequency being
the so-called mutational “hot spots”.
In this work, we address the processivity and fidelity issues

by compiling the available kinetic data into a total mechanism
that describes the complicated kinetics of nucleotide incor-
poration and misincorporation by HIV-1 RT. It is shown
that the mechanism is in agreement with the measured time
profiles and nucleotide dependence measurements of many
consecutive incorporation cycles of reverse transcription.

MATERIALS AND METHODS

Materials

HIV-1 RT heterodimer (p66/p51) was prepared to near
homogeneity from recombinantEscherichia coli/strain 6222
(pRT66/51, pDMI,1), kindly provided by Prof. R. Goody
(Max-Planck-Institute for Molecular Physiology, Dortmund,
Germany), using the described procedure (Mu¨ller et al.,
1989). Protein concentration was determined by the Pierce
BCA Protein Assay (Smith et al., 1985). Polymerase activity
was measured as described by Restle et al. (1990). The
enzyme preparation had a specific polymerase activity of
about 4500 units/mg, with one unit catalyzing the incorpora-
tion of 1 nmol of TMP into acid-insoluble material in 10
min at 37 °C using poly(rA)‚oligo(dT) as template. Ac-
cording to the experiments described in the Results, only
about 20% of the protein had polymerase activity; this value
was confirmed by trap experiments. From filter-binding
tests, it was determined that about 35% of the protein had
DNA binding capacity. DNA oligonucleotides were syn-
thesized in an Expedite automatic DNA synthesizer from
Millipore. [γ-32P]ATP was supplied by Amersham. Deoxy-
ribonucleoside triphosphates were from Pharmacia. Enzymes
and other molecular biology reagents were purchased from
Pharmacia, Stratagene, USB, and Boehringer Mannheim.
Chemicals were from Sigma or Fluka.

Methods

RNA Preparation.RNA template was prepared by in vitro
transcription from recombinant plasmid DNA and purified
by gel electrophoresis followed by electroelution. DNA
template for in vitro transcription was synthesized and cloned
by standard procedures (Sambrook et al., 1989) into the
pUC18 plasmid as expression vector. RNA transcript was
sequenced according to a protocol developed by G. Strunk
and S. Völker (MPI for Biophysical Chemistry, Go¨ttingen,
Germany) using the Applied Biosystems type 373A se-
quencer.
5′ End Labeling of DNA Oligonucleotides.To 10-20

pmol of oligonucleotide in 2µL of 10 × phosphorylation
buffer [0.5 M Tris-HCl (pH 7.6), 100 mM MgCl2, and 100
mM â-mercaptoethanol] was added 5µL of fresh [γ-32P]-
ATP (2 MBq, 105 TBq/mol), and the total volume was
adjusted to 18µL. Six units of T4 polynucleotide kinase
were added, and the reaction was allowed to proceed at 37
°C for 30 min. The 5′ 32P-end-labeled oligonucleotide was
purified by denaturing PAGE followed by autoradiography,
excision of gel bands, and elution by either soaking or
electroelution. In the end, 30-50 µL of stock solution of
5′-labeled DNA oligonucleotide in water was obtained with
a specific activity of 2× 103 to 2× 104 Bq/µL.

RNA Folding. Optimal secondary structure of oligonucle-
otides was calculated by the method of Zuker and Stiegler
(1981) using programs of the Genetics Computer Group
(GCG) Sequence Analysis Software package.
Enzyme Assays.The final buffer for the assays contained

50 mM Tris-HCl (pH 8.3), 80 mM KCl, 10 mM MgCl2, 1
mM dithiothreitol, 400 nM template-primer (35 Bq/µL 32P),
0.08 unit/µL reverse transcriptase, and variable dNTP
concentrations depending on the kind of assay. Template
was annealed to primer (in 0.02 M sodium acetate solution)
through mixing, heating for 3 min at 95°C, and then
incubation at 37°C for about 1 h. RT [freshly diluted in 50
mM Tris-HCl (pH 8.3)] was then added to give a volume of
25µL “premix” and incubation continued for another 5 min
at 37 °C. Time courses were started by addition to the
premix 25µL start mix (2× RT-buffer and 100µM dNTP,
unless otherwise stated), incubation at 37°C, and quenching
of 5 µL reaction time points in 5µL of denaturing loading
buffer (10 mM ethylenediaminetetraacetic acid, 1 mg/mL
Xylene Cyanol FF, 1 mg/mL Bromphenol Blue in forma-
mide) with shock freezing. For concentration dependence
measurements, distinct start mixtures were prepared, contain-
ing 2 × RT-buffer, 100µM pretarget site dNTP(s), and
different concentrations of the dNTP to be incorporated at
the target site. Each start mix received one volume premix,
and each reaction was quenched after 1 min. The RT-buffer
[50 mM Tris-HCl (pH 8.3), 80 mM KCl, 10 mM MgCl2,
and 1 mM dithiothreitol] was prepared as 5× stock solution,
sterile filtrated, and stored at-20 °C.
Product Analysis.Reaction products were resolved by

polyacrylamide (12%) gel electrophoresis (60 cm× 20 cm
× 0.4 mm gels) in electrophoresis buffer (100 mM Tris, 100
mM boric acid, and 1 mM ethylenediaminetetraacetic acid)
under strongly denaturing conditions (7 M urea, 2500 V).
Quantitative analysis was performed by autoradiography
(using DuPont X-Ray CRONEX films with overnight
exposure at-70 °C) followed by cutting out bands and
scintillation counting in a Packard Tri-Carb 1900CA Liquid
Scintillation Analyzer or by phosphorimaging using a Mo-
lecular Dynamics SF Phosphorimager and the ImageQuant
software.

RESULTS

Pausing of ReVerse Transcription. In this study, RNA
and DNA templates with identical sequences predicted to
form a hairpin loop secondary structure were used; the
templates and the oligodeoxynucleotide primers used are
shown in Figure 1. Extensive quantitative measurements
were made only with RNA template.
Nucleotide incorporation by the DNA polymerase activity

of RT was investigated by measurement of 3′ terminal
extension of 5′ 32P-labeled primers annealed to the template.
(In the following, template always means a primer-template
complex.) A high excess of template over enzyme was used.
The products corresponding to different reaction times were
resolved according to chain length by denaturing polyacryl-
amide gel electrophoresis (Figure 2) and quantified.
Extension bands of different intensities were seen. The

intensities increased continually with incubation time, but
after a short equilibration period, coherent growth was
observed. Unequal distribution of extension products has
been generally observed in nucleic acid polymerization (Mills
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et al., 1978; Aivazashvili et al., 1981; Huber et al., 1989).
For processive DNA and RNA polymerases, i.e. for poly-
merases which fall off only at the end of the template, this
can be attributed to the variation of the nucleotide incorpora-
tion rate along the template. The situation is more compli-
cated for RT because its DNA polymerase activity is neither
processive nor distributive, the latter meaning that the
enzyme falls off after each nucleotide incorporation and must
rebind to continue extension. To describe the intermediate
behavior of RT, a processivity has been defined as the
average number of bases incorporated per encounter of the
enzyme with the template (Huber et al., 1989). However,
whereas this definition may be satisfactory for reverse
transcription of homopolymeric templates, it does not seem
adequate in the case of natural templates, because significant
variation of processivity occurs from position to position due
to the influence of sequence context. At each position
locatedi bases downstream from the 3′ end of the primer
(i.e. afteri bases have been incorporated), the enzyme either
continues extension by incorporating a nucleotide, with the
rate ikinc, or aborts extension by dissociating from the
template, with the rateikoff (cf. definitions listed in Table
1). A quantity called “termination probability” has been
proposed to describe the site-specific variation in extension
(Abbotts et al., 1993; Klarmann et al., 1993); it is calculated
as ic/(ic + îc), where ic is the concentration of extension
products terminating at positioni and îc is the total
concentration of all extension products ending downstream
from that position, assuming “single-hit conditions” as
explained later. Because in general the intensity of a band
also depends on the probability of restart at that position,
we prefer a related notion corresponding to a specific
processivity that we will call extensibility,iX ) îc/(ic + îc).
It follows that the probability of reaching positioni can be
calculated as∏j)1

i jX, if we start counting the positions from
the 3′ end of the primer. Thus, from the probability to reach
full length product (0.262,i ) 36; see Figure 2), we
calculated an averageXh ) 0.96 corresponding to an average
processivity (1- Xh)-1 ) 27. In agreement with the results

of Klarmann et al. (1993), we found that these quantities
are generally dependent on the template site (and structure)
but independent of the primer positioning.
Bands of higher intensity are seen at pause sites, where

iX < Xh. In Figure 2, a pause site with anX value of 0.84
was found at position 35. The term pausing seems to imply
a temporal arrest of the polymerization. However, pausing
at a certain position can be caused by a low rate of nucleotide
incorporation, a high rate of dissociation of the enzyme from
the template, and/or a low rate of enzyme rebinding. The
contribution of the last process to pausing can be readily
estimated by following the time dependence of theiX values.
In the experiment shown in Figure 2, theiX values (i * 0)
were time-independent until about half of the primer has been
extended; thus, the influence that enzyme restart has on the
extensibility could be neglected under these conditions.
Pausing at template position 35 was examined more

closely by using a primer ending at position 37 (primer 1,
Figure 1) and preventing extension from proceeding beyond
position 31 by omission of dGTP; hence, the pause site
corresponds toi ) 2. Figure 3a shows the gel electrophero-
gram and the time-dependent concentration profiles obtained
with 50µM dATP, 50µM dTTP, and 5µM dCTP. During
the first 2 min, the intermediates and final products ac-
cumulated almost linearly. At longer incorporation times
(>5 min, not shown in the figures), the intermediate
concentrations peaked and then decreased due to rebinding
of enzyme and further extension.
Assuming thatikinc depends on the nucleoside triphosphate

concentration whileikoff does not, the substrate dependence
of 2X could be examined by varying the concentration of
the correct substrate, dCTP, to be incorporated at the pause
site. Figure 4a shows extension profiles after 1 min in the

FIGURE 1: Templates and primers used. Shown is the sequence of
the 101-base long RNA template predicted to form a stable hairpin
loop secondary structure near the 5′ end. Bases 54 through 97
belong to the HIV-1 genome but have no direct relevance to this
study. The rest of the sequence was designed to contain the hairpin
but was otherwise arbitrarily chosen; the ends resulted from the
cloning procedure. Structural features other than the stem-loop
involving positions 13-34 are not shown. Control experiments were
performed with a 63-base long DNA template homologous to the
5′ end of the RNA. As depicted, complementary oligodeoxynucle-
otide primers 27 bases in length were used. The measurements
presented have been mainly done with primer 1. Primer 2 was used
in an additional set of experiments to test the consistency of results
obtained with primer 1.

FIGURE 2: RT-catalyzed RNA-directed extension of primer 1 with
50 M of each dNTP. The reaction mixture was incubated for the
indicated times, resolved by polyacrylamide gel electrophoresis,
and subjected to phosphorimaging. Site-specific variation in exten-
sion is apparent from the variation in intensity of different extension
intermediates. The 3′ end of the primer (position 37), the first seven
cognate nucleotides that are added, as well as the template terminus
(position 1) are indicated at the right; correspondingi values (see
text) are also given. As suggested by the relative intensity of
individual bands, pausing is most pronounced at position 35; this
effect has been further examined here. Another strong pause effect,
visible toward the end of the template (positions 7-10), has not
been further pursued.
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presence of 50µM dATP, 50µM dTTP, and various dCTP
concentrations. During this incubation time, single-hit
conditions prevailed, where each enzyme molecule encoun-
ters many template molecules while each primer is extended
by a single enzyme molecule (Boosalis et al., 1987; Goodman
et al., 1993).

The 2X values calculated from experiments as shown in
Figure 4a are plotted against dCTP concentration in Figure
4b. At low dCTP concentrations,2X increases linearly; at
higher dCTP concentrations, the rate of increase of2X slows
and finally reaches a maximum value,C

2Xmax, suggesting
Michelis-Menten behavior. (The C subscript denotesX
values pertaining to incorporation of the correct C nucleotide;
a T subscript is introduced below to denoteX values for
misincoporation of T nucleotides.) Indeed, the quite good

linearity of the Hanes-Woolf plot (apart from deviations at
very small substrate concentrations) confirms a wide range
of conditions where the Michaelis-Menten formula2X )
2Xmax[S]/(2Kx + [S]) holds (Figure 4c). Thus, we were able
to derive values forC

2Xmax and (in analogy toKm) for C
2kx,

the dCTP concentration at whichC
2X reaches half of its

maximum value. Similar measurements at the positions
preceding the pause site demonstrated that the dATP and

Table 1: Definitions
ikinc composite rate constant for nucleotide incorporation at positioni (s-1)
ikoff composite rate constant for enzyme dissociation at positioni (s-1)
iX extensibility; probability for extension to occur at positioni
iXmax maximum extensibility at positioni
Xh average extensibility over a position range
(1- Xh)-1 processivity; average number of nucleotides incorporated during a single encounter between enzyme and template
iKx dNTP substrate concentration for half-maximum extensibility at positioni (µM)
N
i m discrimination coefficient; proportion of incorporation of the cognate nucleotide compared to that of the

noncognate nucleotide N at positioni

N
i f misinsertion frequency; probability of incorporation of the noncognate nucleotide N at positioni
if overall misinsertion frequency; probability of incorporation of any noncognate nucleotide at positioni
iε error frequency; probability of finding an incorrect nucleotide at positioni among full length products
1- iε fidelity; probability of finding the correct nucleotide at positioni among full length products

FIGURE 3: Successive nucleotide additions at the end of primer 1.
Five-minute time courses are shown as resolved by polyacrylamide
gel electrophoresis (upper part; phosphorimage) and as quantified
data (lower part). Represented is the relative amount of DNA strands
terminated at positioni as a percentage from all extended and
unextended primers present at the given time point. The experi-
mental results are shown as symbols, whereas the continuous lines
correspond to the results from the simulations using the mechanism
from Figure 6 and the rate constants from Tables 2 and 3. Symbols
are as follows: (O) i ) 0, position 37; (b) i ) 2, position 35; (9)
i > 2, position 34 and beyond. (a) Extension of primer 1 in the
presence of the cognate base for position 34, i.e. with 5µM dCTP,
50 µM dATP, and 50µM dTTP. Although the extension beyond
position 31 was prevented by omission of dGTP, considerable
misinsertion was observed. (b) Extension in the absence of the
cognate base for position 34, i.e. with 50µM dATP and 500µM
dTTP. FIGURE 4: Extensibility at the pause site. (a) Primer 1 extension

profiles (autoradiogram) obtained under “single-hit conditions” in
the presence of 50µM dATP, 50 µM dTTP, and variable dCTP
concentrations, as indicated. (b) The extensibility at the pause site
as a function of dCTP (cognate nucleotide) concentration. (c) The
linearized (Hanes-Woolf) representation of data from panel b.
Experimental points are shown by symbols (O) and simulations
by the continuous line. The calculated values of the Michaelis-
Menten parameters are as follows:C

2Xmax ) 0.84 andC
2kx ) 4.6

µM.
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dTTP concentrations used (50µM) ensured maximum values
of 0X and1X. At [dNTP] , iKx, the extensibility is linearly
dependent on substrate concentration withiX ) (iXmax/iKx)
[dNTP]; hence,iXmax/iKx is proportional toikinc.
Misinsertion during ReVerse Transcription.When the

concentration of the cognate substrate for a given position
is low compared to the concentrations of the noncognate
ones, misinsertion, i.e. incorporation of noncognate nucle-
otides, cannot be neglected. This is clearly reflected by the
extension pattern obtained with 50µM dATP and 500µM
dTTP and in the absence of dCTP (Figure 3b); the extension
beyond the pause site could be explained only by misinser-
tion, since effects of dCTP present as impurity in the dTTP
solution could be ruled out. (Use of different batches of
high-performance liquid chromatography (HPLC)-purified
dNTPs did not change the misinsertion frequency; further-
more, the incorporation pattern showed characteristic mis-
match extension behavior.) Thus, biased nucleotide pools
have both mutagenic and pausing effects, and kinetic analysis
of pausing cannot disregard the effects of misinsertion.
We also measured the dependence of2X on dTTP

concentration in the absence of dCTP and derived values
for T

2Xmax andT
2Kx (Figure 5). As expected,T

2Xmax < C
2Xmax

andT
2Kx > C

2Kx. If we neglect contributions by dATP, the
misinsertion frequency2f is equal toT

2f, i.e. the probability
of incorporation of a T at this position, and is of course 1
when dCTP is absent. When both dCTP and dTTP are
present, direct observation of misinsertion is not possible,
because denaturing gel electrophoresis separates products
according to lengths, irrespective of sequence differences.
However, a discrimination coefficientT

2m could be esti-
mated from

(Fersht, 1985; Goodman et al., 1993). In the absence of
dCTP, incorporation of dTMP at position 34 (i ) 2) was
strongly preferred over that of dAMP or dGMP; we thus
neglected the contributions ofA

2m and G
2m to the overall

misinsertion frequency at this position. When the pool bias
between dTTP and dCTP was not extreme, the contribution
by misinsertion to the total incorporation could be neglected
and the misinsertion frequency

was estimated from2f ≈ T
2m-1[dTTP]/[dCTP].

However, the fidelity at a given position, defined as the
probability of finding the correct nucleotide at this position
among all full length transcripts, is only partly determined
by the single-position misinsertion frequency. Base mispairs
formed by misinsertion are further discriminated against at
subsequent incorporation steps. Some strands containing
misinsertions are extended to full length products much later
or not at all, i.e. the error frequencyiε < if. Therefore, a
thorough analysis of fidelity (1- iε) required a more detailed
kinetic mechanism, including the incorporation of the next
nucleotides.
Mechanism of ReVerse Transcription.The mechanism of

reverse transcription has been studied by several groups (Kati

et al., 1992; Reardon, 1993; Hsieh et al., 1993; Zinnen et
al., 1994), mainly by pre-steady-state measurements. In these
experiments, identification of the intermediates formed during
a single nucleotide incorporation was not possible; therefore,
conclusions about the properties of these intermediates had
to be drawn from indirect mechanistic arguments. While
the results obtained by these groups agree on the general
mechanism and the rate-determining steps, the differences
between the rate constants reported are often too large to be
explained by the limited accuracy of the experimental
method. The rates clearly depend on the sequence context,
which was different in each of these studies.
We compared experiments as those presented in Figures

3-5 with results of a numerical integration of the rate
equations that describe the multistep incorporation reaction.
Since it would be an impossible task to identify all
elementary steps of a reaction as complicated as the reverse
transcription, we sought instead a schematic mechanism that
would adequately describe our experimental data and those
published by other groups. For most rate constants, we used
values reported in the literature; since these values vary from
position to position, we did not attempt to obtain rate
constants by fitting individual experiments but focused
instead on the essential features of the extension profiles in
order to reconcile the different experimental results. The
computer program enabled us to use the concentration values
at the end of one simulation as initial values for another run;
we could thus mimic changes of conditions during a single
experiment, e.g. addition of nucleotides after preincubation
of enzyme and template.
The reverse transcription mechanism must include binding

of the enzyme to the template, complexation of the appropri-
ate dNTP, phospho diester formation, and liberation of
pyrophosphate. The rate-limiting step during the incorpora-
tion of a single nucleotide (single turnover) was identified
as a unimolecular process following substrate complexation
and preceding the chemical step, which presumably repre-
sents a conformational change of an “inactive” ternary
complex into an “active” one (Kati et al., 1992; Hsieh et al.,
1993). On the other hand, dissociation of the enzyme from
the extended product (ikoff) was rate-limiting during the
multiple turnover reaction (Hsieh et al., 1993). Making use
of these findings, we started to build our model by consider-
ing that successive incorporation of more than one nucleotide
does not proceed as a simple repetition of a closed reaction
cycle; rather, after each incorporation event, the enzyme-

T
2m) C

2kinc

T
2kinc

) C
2Xmax/C

2Kx

T
2Xmax/T

2Kx

2f ≈ T
2f ) (1+ T

2m
[dCTP]

[dTTP])-1

FIGURE 5: Extensibility at the pause site in the absence of dCTP.
The linearized (Hanes-Woolf) representation of extensibility as a
function of dTTP concentration is shown. The symbols (O)
correspond to the experimental results, whereas the continuous line
was obtained by simulation. The calculated values of the Michae-
lis-Menten parameters are as follows:T

2Xmax ) 0.28 andT
2Kx )

830µM.
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template complex arrives at a state that is equivalent but not
identical to the one preceding that incorporation cycle.
Therefore, we visualized the successive incorporation of
nucleotides like a spiral, with entry and leaving points
corresponding to enzyme binding to and release from the
template, respectively (Figure 6).
However, when the published mechanism and the reported

rate constants were used to simulate the successive incor-
poration of several nucleotides, it was impossible to reconcile
the calculations with the experiments; the calculated exten-
sibilities were too high. The discrepancy was resolved by
subdivision of the enzyme-template binding (Divita et al.,
1993; Rittinger et al., 1995) into a fast second-order reaction
which results in a complex we may call the “outer” complex
(because it is outside of the spiral) and a subsequent first-
order reaction wherein the outer complex is converted into
an active, “inner” complex. When we included these steps
in the multi-incorporation mechanism, we had to decide in
which of these two states the enzyme-template complex will
arrive after addition of one nucleotide. By comparing the
extension patterns obtained experimentally with the calcu-
lated ones, we found that after the completion of an
incorporation cycle the binary complex remains in its inner
form and does not need to undergo an activation to be further
extended. It resulted therefore thatikoff is a composite rate
that is limited by the conformational change reverting the
inner complex to the outer one (ikri, see Figure 6). However,
the rate constant reported for this step, 0.01-0.04 s-1

(Rittinger et al., 1995), was compatible neither with published
steady-state single-nucleotide incorporation measurements

(Hsieh et al., 1993) nor with our experiments; we obtained
good agreement with our experiments, as well as with other
kinetic data, by usingikri ) 0.2 s-1, resulting in anikoff rate
constant of 0.11 s-1, consistent with published results.

The extended mechanism depicted in Figure 6 was able
to adequately describe all experiments presented here as well
as most kinetic experiments reported previously by other
groups. The rate constants used, together with their standard
values, are listed in Table 2; some of these values had to be
modified at certain positions, as noted earlier, to describe
pausing. This holds in particular for the pause site at position
35, as we tried to obtain the closest fit to the time profiles
and the substrate dependence measurements shown in Figures
3-5. Considering the large number of parameters, it would
of course be possible to generate more than one simulation
in agreement with the experiments using distinct sets of rate
constants. These sets, however, would have to be very
similar ones because the actual number of parameters was
reduced by the following constraints. (i) A sensitivity
analysis, which revealed the impact changes of rate constants
have on the calculated extension pattern, indicated little
influence of the fast phospho diester formation and pyro-
phosphate release steps when the pyrophosphate concentra-
tion is low. (ii) The two second-order reactions leading to
complex formation, i.e. formation of the (outer) binary
complex and of the (inactive) ternary complex, were, at the
time periods examined, very close to equilibrated; therefore,
they contributed only through their equilibrium constants as
was pointed out also by Rittinger et al. (1995). Thus, the
data shown in Figures 3-5 suffice to determine an unequivo-
cal, if not completely unique, set of rate constants that fit
all experiments. Site-specific rate constants deviating from
the standard ones in Table 2 are listed in Table 3.

Site-Specific Error Rates.The experiments performed
with low amounts of correct substrate permitted fitting of
fidelity parameters. However, attempting to fit the param-
eters for every position of the sequence would make the
determination of the pertinent rate constants a difficult task;
we therefore concentrated on those positions where experi-
ments in the absence of the correct substrate showed a high
degree of read-through, indicating particularly low fidelity.
By using sufficiently high concentrations of correct nucle-
otides for all positions other than the target site, misinsertion
could be evaluated at a specific site. As an important factor
contributing to fidelity, the discrimination against mismatch
extension also had to be considered; the rate constants we
used for mismatch extension were derived from values
reported in the literature (Zinnen et al., 1994). As seen in
Figures 3-5, the rate constants we used (Table 3) fitted the
experimental extension profiles well. However, we cannot
exclude the possibility that other sets of rate constants for
mismatch extension give comparable agreement with the
experimental data, since we had no direct information on
the substrate dependence of mismatch extension from our
results.

Assuming that the mechanism (Figure 6) and rate constants
(Tables 2 and 3) describe the mutagenic process correctly,
quantitative fidelity parameters were derived from the
simulations. Since at low pyrophosphate concentrations
nucleotide incorporation is essentially irreversible,2kinc could
be determined from the flow through the incorporation cycle
at i ) 2. A relatively low value for the discrimination

FIGURE 6: Mechanism of reverse transcription. Successive nucle-
otide incorporations are depicted like turns of a spiral, theith turn
corresponding to theith incorporation cycle. Every next position
is reached during the phospho diester bond formation. The standard
rate constants are as defined in Table 2. Molecular species involved
within one incorporation cycle are as follows:iI, free template with
primer ending at positioni; E, free enzyme;i(IE), outer binary
complex at positioni; i(EI), inner binary complex at positioni; S,
dNTP substrate added at positioni; i(EI)S, inactive ternary complex
at positioni; i(EI S), active ternary complex at positioni; i+1(EI
pp), pyrophosphate ternary complex at positioni + 1; and pp,
pyrophosphate. As suggested by this scheme, it is their location
outside and inside the incorporation cycle that led to the naming
of the two binary complexes as outer and inner, respectively.
Although misinsertions were also considered in the simulations,
they are not shown in this scheme. Not shown also are the
decomposition of the inner binary complex and that of the inactive
ternary complex with the ratesikli and iklt, respectively.
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coefficient was determined, i.e.T
2m ) 560; the dependence

of misinsertion frequency on pool bias proved to be correctly
predicted by the equation given above. The error frequency
at the pause site appeared to be determined mainly by the
misinsertion frequency; the discrimination by mismatch
extension contributed about 20% to the error frequency.
Modeling of ReVerse Transcription.To test the generality

of the conclusions drawn from the analysis at position 35,
we made a similar set of experiments with a primer ending
at position 42 (primer 2; Figure 1); weaker pausing was
observed at sites 40 (i ) 2) and 38 (i ) 4). We could
describe the new experimental measurements well (Figure
7) using the same mechanism (Figure 6) and the parameters
listed in Tables 2 and 3. We observed faster incorporation
in this region and thus had to duplicate the rate constant of
ternary complex activation (ika) for 1-3 and 5, as well as
2ks in order to account for the data obtained experimentally.
Pausing at position 40 was fitted by a 20-fold increase of
2kri. The discrimination coefficientT

2m at this position was
560, the same low value as found for position 35.
The reaction model does not consider any influence of

the RNase H activity of the RT. Since DNA polymerization
and RNA degradation by RNase H may proceed simulta-
neously (Gopalakrishnan et al., 1992), some effect can be

expected. Indeed, we observed effects that we could not
explain with our reaction model. At late times, the poly-
merase activity in the experiments was observed to slow.
For incubations longer than 10 min, the simulated concentra-
tions of the unextended primers were lower and those of the
paused intermediates higher than in the experiments. We
examined possible influences of enzyme denaturation or
binding of enzyme to a trapping compound. However, the
enzyme was not found to lose activity when incubated
without template. Trapping by a DNA reaction product
should be detected as enzyme-bound material. Yet when
we isolated the enzyme-bound products and analyzed them
by gel electrophoresis, no preferential affinity to any of the
labeled products could be measured (data not shown).
Furthermore, the enzyme-bound fraction did not decrease at
later times; therefore, a substantial trapping of enzyme by

Table 2: Standard Reaction Rate Constants
ikae rate constant for enzyme-template binding at positioni 1× 108 M-1 s-1

ikde rate constant for dissociation of outer complex at positioni 10 s-1
ikli rate constant for decomposition of inner complex at positioni 10-3 s-1

iklt rate constant for decomposition of inactive ternary complex at positioni 2 s-1
iki rate constant for conversion from outer to inner binary complex at positioni 0.5 s-1
ikri rate constant for conversion from inner to outer binary complex at positioni 0.2 s-1
iks rate constant for dNTP substrate binding at positioni 1× 108 M-1 s-1

ikds rate constant for dNTP substrate dissociation at positioni 1× 103 s-1

ika rate constant for conversion from inactive to active ternary complex at positioni 15 s-1
ikra rate constant for conversion from active to inactive ternary complex at positioni 0.06 s-1
ikc rate constant for phospho diester bond formation at positioni 100 s-1
ikrc rate constant for pyrophosphorolysis at positioni 20 s-1
ikp rate constant for pyrophosphate binding at positioni 1× 107 M-1 s-1

ikdp rate constant for pyrophosphate release at positioni 7.2× 104 s-1

Table 3: Rate Constants Deviating from Standarda

rate constant standard primer 1 primer 2
2kri 0.2 1.2 3
4kri 0.2 0.2 0.5

C
2ks 1× 108 2× 107 2× 108

T
2ks 1× 108 5× 105 2× 106

A
2ks 1× 108 5× 104 2× 105

T
3ks 1× 108 7× 106 5× 107

A
3ks 1× 108 2.5× 106 2× 106

T
4ks 1× 108 5× 107 2× 106

A
4ks 1× 108 2× 107 1× 107

C
2ka 15 10 30

T
2ka 15 0.7 5

A
2ka 15 0.02 0.03

T
3ka 15 7 15

A
3ka 15 0.5 0.5

T
4ka 15 12 2

A
4ka 15 5 1

aUnits like in Table 2.

FIGURE 7: Primer 2 extension profiles. The experiments were
similar to those shown in Figures 3-5. Symbols correspond to
experimental results, whereas continuous lines were obtained by
simulation using the mechanism from Figure 6 and the rate constants
from Tables 2 and 3. (a) Shown as quantified data is a 5 min time
course in the presence of the cognate base for position 39 (see
Figure 1), i.e. with 5µM dCTP and 50µM dATP. Quantification
was done as explained in the legend to Figure 3. Symbols are as
follows: (O) i ) 0, position 42; (b) i ) 2, position 40; (9) i > 2,
position 39 and beyond. (b) Extensibility at position 40 in the
absence of dCTP. The linearized (Hanes-Woolf) representation
of extensibility as a function of dTTP concentration is shown. The
calculated Michaelis-Menten parameters are as follows:T

2Xmax)
0.73 andT

2Kx ) 190 µM. Not shown are the time course in the
absence of dCTP as well as the dependence of2X on the dCTP
concentration (C

2Xmax ) 0.94 andC
2Kx ) 0.4 µM).
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an unlabeled compound seems unlikely. These effects were
observed for both primers, suggesting systematic deviation
due to a reaction not taken into account by the model.
The experiments described were performed with RNA as

template. When the extension experiments with primer 1
were repeated using instead the homologous DNA template
(Figure 1), similar features were essentially observed (data
not shown); in particular, pausing appeared to occur at the
same position. The analysis confirmed the somewhat higher
incorporation rates and extensibilities observed previously
with RNA templates compared to those seen with DNA
templates (Kati et al., 1992; Huber et al., 1989); a more
thorough analysis with DNA as template would be expected
to result in modification of some rate constants, but
fundamental differences in the mechanism of pausing and
fidelity seem unlikely.

DISCUSSION

The study we present was based on the steady-state kinetic
gel assay developed in the group of M. F. Goodman
(Boosalis et al., 1987; Goodman et al., 1993). The experi-
mental results were compared with results from computer
simulations, i.e. from the numerical integration of the rate
equations using the mechanism and rate constants proposed
(Figure 6, Tables 2 and 3). Our results show that the
previously published kinetic mechanism (Kati et al., 1992;
Hsieh et al., 1993) cannot adequately describe the multicycle
extension of a primer-template by the polymerase activity
of reverse transcriptase. Only when we extended this
mechanism by introducing the two-step binding of enzyme
to template (Divita et al., 1993; Rittinger et al., 1995; Jaju
et al., 1995) did we obtain a satisfactory description;
moreover, this was possible only by assuming that after each
incorporation cycle the binary complex remains in its active,
inner form. Another activation step at the end of each cycle,
e.g. translocation, does not seem to be necessary; if it occurs,
it does not contribute to the rates we have measured. In
general, the published rate constants fitted the extension
patterns well, except for the conversion of the inner complex
into the outer one; to obtain a good fit both with our
experiments and with the reported compositeikoff value (0.11
s-1; Hsieh et al., 1993), the rate constant for this reaction
had to be adjusted to 0.2 s-1. We also included the published
rate for decomposition of the inactive ternary complex (Kati
et al., 1992); however, the simulations showed that under
our conditions this step did not contribute significantly to
the total enzyme liberation rate.
We introduced the notion of extensibility, the probability

that the extension proceeds at a certain position, to replace
the similar notions of termination probability or specific
processivity used in previous work, because the newly
proposed quantity is conceptually and numerically easier to
handle. Measured extensibility values were compatible with
the calculated data only when the expanded mechanism
(Figure 6) was used. When all four triphosphates were
present at the relatively high concentration of 50µM, we
found an average processivity of 27 yet were able to account
for the accumulation of intermediates without the unphysical
assumption that the enzyme release rate is higher during
consecutive incorporation cycles as compared to that during
a single cycle (Kati et al., 1992). The average processivity
we found is lower than that reported for poly(rA) template

(90; Reardon et al., 1991), consistent with the observation
that pausing is more pronounced on natural RNA templates
than on homopolymers (Huber et al., 1989), but somewhat
higher than the value of 10-20 obtained by Kati et al. (1992).
It should be noted that pausing is usually not restricted to
an isolated position; regions with higher or lower extensi-
bilities, comprised of several bands, can be discerned (Figure
2). Since the measurements with primer 1 were done in a
low-extensibility region, it is possible that the standard values
need further readjustment when more data are available.
Site-specific changes of the standard rate constants were

introduced to account for pausing. The rate constant
adjustments were not done by fitting a single experiment,
however. Changes of individual rate constants produced
characteristic changes of the computed concentration profiles;
these suggested which rate values had to be changed, and to
approximately what extent, to obtain agreement with the
experimental results. The parameters were then adjusted to
obtain a satisfactory fit to all experimental data available. It
resulted that the pausing at position 35 was mainly caused
by an enhanced rate of reversion of the inner binary complex
to the outer one, rather than by a low equilibrium constant
for initial enzyme-template binding. It is likely that the
formation of the outer complex merely involves electrostatic
interactions between the binding site of the enzyme and the
template, whereas the subsequent conversion to the inner
complex involves conformational changes of both enzyme
and template, leading to proper positioning and alignment
(Patel et al., 1995); sequence-induced variations in the energy
difference between the outer and inner complexes are
plausible. The pause site at position 35 coincides with a
site where, for extension to continue, a secondary structure
of the RNA template probably has to be opened; this opening
may be responsible for energy changes. On the other hand,
pausing was also found to occur at positions where changes
in the secondary structure of the template are not suggested
by the sequence (Pop, 1996). Furthermore, about the same
pausing at position 35 was observed also when using DNA
as template, in which case the secondary structure is less
stable. Similar pausing patterns at homologous RNA and
DNA sequences have been observed by others (DeStefano
et al., 1992). An additional contribution to the pausing at
position 35 is provided by a reduced equilibrium constant
for binding of the dNTP substrate to the inner complex. Since
this binding is believed to involve proper base-pairing to the
template (Johnson, 1993), it is conceivable that this process
is impaired by the template base participating in a secondary
interaction. For the subsequent step, i.e. activation of the
ternary complex, modest adjustment of the rate constant value
sufficed (Table 3) to bring calculation and experiment into
agreement.
The simulations and the experiments both support a

Michaelis-Menten formalism for dNTP substrate incorpora-
tion under single-hit, running-start conditions where a quasi-
steady-state is achieved. However, despite the fact that the
sensitivity analysis suggested correlations betweeniX and
iKx on one side and certain rate constants on the other, the
model used does not lead to compact instructive analytical
equations.
The discrimination coefficients found at both sites inves-

tigated were lower than expected. In this respect, the fact
that both these sites are associated with pause effects may
bear some significance. The kinetic analysis suggested that
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the mechanisms responsible for misinsertion of dTTP at the
two sites are different. Both steps of dNTP binding
contribute to the discrimination against misinsertion (Johnson,
1993). At position 34, the binding equilibrium constant
discriminates against dTTP by the unusually low factor of
40 (compared to the normal 200-400; Johnson, 1993), while
the selectivity factor of 14 contributed by the second step
(ka) is in the normal range. At position 39, on the other
hand, the discrimination factor in the first step (100) is close
to normal, being unusually low in the second step (6). It
seems plausible that dTTP misinsertion at position 34 is
mainly due to transient misalignment (Kunkel & Alexander,
1986; Kunkel & Soni, 1988; Bebenek et al., 1993), the
vicinity of template-35A favoring the binding of dTTP. At
position 39, where an adjacent A is missing, dTTP binding
is not favored; the reason for the unusually low selectivity
during the activation step is not clear.
Why are reverse transcriptases not processive enzymes like

most other DNA and RNA polymerases? Intuitively, one
would assume that processive polymerases accomplish their
goal faster and thus have a selective advantage. The answer
is not easy; other processes involved in the production of
the provirus DNA, like strand transfer (DeStefano et al.,
1994), might provide a selective advantage for a polymerase
that frequently terminates and restarts synthesis.
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