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ABSTRACT:. We studied the kinetics of nontemplated nucleotide addition by the reverse transcriptase (RT)
of human immunodeficiency virus type 1 (HIV-1) using model substrates derived from' thied3of

HIV-1 minus-strand strong-stop DNA. The addition of a nontemplated nucleotide was highly dependent
on the nature of the base (fastest addition with dATP), type of nucleoside, and pH of the reaction buffer.
The salt concentration, presence or absence of nucleocapsid protein, and nature of the blunt-ended duplex
(DNA/DNA versus RNA/DNA) had only limited effects. The efficiency and base specificity were strongly
affected by the sequence at tHeeBd of the blunt-ended duplex. In every case, nontemplated nucleotide
addition was much slower than templated polymerization. Kaéor the incoming dNTP with an RT

bound to a blunt-ended duplex was at least 1000-fold higher than with a duplex with a template overhang.
At concentrations normally found in vivo, ATP can compete with dNTPs for binding to the polymerase
active site and reduce the efficiency of nontemplated nucleotide addition. Although a stable ternary complex
RT/DNA/ANTP could be readily detected by gel retardation assays if the DNA had a template overhang,
stable ternary complexes were not observed with a blunt-ended duplex substrate. At in vivo concentrations
of dNTPs (5-10 M), nontemplated nucleotide addition occurred, but it was very inefficient and the rate

of nontemplated polymerization is at least 10000-fold slower than the rate of templated polymerization.
We could conclude that, in vivo, the unfavorable binding of the incoming dNTP, low concentration of
dNTPs, the presence of a large concentration of ATP, and the inability to form a stable ternary complex
prior to the polymerization step collaborate to reduce the efficiency of nontemplated nucleotide addition.

Retroviral reverse transcriptases (RfTsynthesize viral immunodeficiency virus type 1 (HIV-1), human immuno-
minus-strand DNA using the RNA genome as a template deficiency virus type 2 (HIV-2), and human T cell leukemia
and plus-strand DNA using minus-strand DNA as a template. virus type 1 (HTLV-1), we showed that theseR ssDNAs
DNA synthesis is initiated from a primer tRNA bound to could self-prime in vitro and that self-priming could be
the primer-binding site (PBS)L{-3); the U5 and R regions  prevented by annealing a DNA oligonucleotide to therdd
at the 5 end of the RNA genome are the first to be copied. of —R ssDNA in the presence or absence of the HIV-1
The RNase H activity of RT degrades the RNA strand after nycleocapsid protein (NC)LQ, 11). However, when such

it has been copiedd(-6). When RT reaches the &nd of  DNA oligonucleotides were added in large excess, one-base-
the genomic RNA, the nascent single-stranded DNA (ss- pair strand transfer could be induced in vita®).

DNA), which is called minus-strand strong-stop DNA
(—sssDNA), is transferred to the R region at tHeeBd of

E:r:)entli:\::ljésg_(efg)r.ne and the synthesis of minus-strand DNA by the addition of a nontemplated dA or dC to tHeeBd of

Using ssDNA models whose sequences are complementar)}he blunt-ended duplex formed by a 20-mer DNA oligo-

to the R region of the genomic RNA-R ssDNA) of human hucleotide annealed tc_> theénd of HIV-_2—R SSDNA (12).
Strand transfer required the formation of at least one

'R - 4 by the National nstitut 4 by th canonical WatsonCrick base pair between the nontemplated
esearch sponsore y the National Cancer Institute an y the .
National Institute of General Medical Sciences. nucleotide afjded at the 8nd of the duplex and th.e last

* To whom correspondence may be addressed. Phone: (301) 846-base at the '3end of the ssDNA acceptor. Formation of
1619. Fax: (301) 846-6966. E-mail: hughes@ncifcrf.gov. mispairs or internal base pairs did not induce efficient one-

* Present address: Laboratoire d’Enzymologie et de Biologie Struc- _nai _ _
turales, CNRS, 1 Ave. de la Terrasse, 91198 Gif-sur-Yvette, France. base-pair strand transfer. We proposed that such one-base

1 Abbreviations: BSA, bovine serum albumin; DTT, dithiothreitol; ~ Pair strand transfer could explain some of the insertions and
EDTA, ethylenediaminetetraacetic acid; HIV-1, human immunodefi- deletions observed in retroviral genomes2)( Similar

ciency virus type 1; HIV-2, human immunodeficiency virus type 2; ] iti _ _pai -
HTLVL, human T cell leukemia virus type 1; MTO, multiple turnover. nontemplated nucleotide addition/one-base-pair strand trans

NC, nucleocapsid protein; PBS, primer-binding sit&® ssDNA, DNA fer reactions were also observed in vitro with otheR
molecule complementary to the sequence of the R region of a genomicsSDNA sequences, e.g., HIV-1 and HTLV-1R ssDNA,

RNA; RT, reverse transcriptase; SDS, sodium dodecyl sulfate; SSDNA, i _ ;
single-stranded DNA:-sssDNA, minus-strand strong-stop DNA; STO, and with other RTs, e.g., HIV-2 RT and SuperScript Il RNase

single turnover; TBE, Trisborate-EDTA,; Tris, tris(hydroxymethyl)- H™ RT (a Moloney murine leukemia virus RNase 1RT)
aminomethane. (11, 12).

Using HIV-2 —R ssDNA as a model, we previously
demonstrated that nonspecific strand transfer was induced
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The efficiency of the nontemplated nucleotide addition and preferentially added. The salt concentration, presence or
the one-base-pair strand transfer seemed to be dependent oabsence of NC protein, and nature of the blunt-ended duplex
the sequence of the 8nd of the blunt-ended dupleg?). (DNA/DNA versus RNA/DNA) have much more limited
Thus, both reactions were less efficient with HIV-1R effects on the addition of a nontemplated nucleotide. On the
ssDNA than with HIV-2—R ssDNA. If reactions of this type  basis of these in vitro results, we expect, in vivo, that the
occur in vivo with an efficiency similar to what we had unfavorable binding of the incoming dNTP, relatively low
observed in vitro, we would expect a large number of point concentration of dNTPs, presence of a large concentration
mutations, deletions, and/or insertions of nonspecific se- of ATP, inability to form stable binary and ternary com-
guences in retroviral genomes. However, even if some of plexes, and competition with the strand transfer reaction will
the errors that arise in retroviral genomes can be attributedact together to severely limit nontemplated nucleotide
to nontemplated nucleotide addition and one-base-pair strandaddition to the 3end of blunt-ended duplexes.
transfer reaction, these events are much rarer in vivo than
what we have observed in vitra%). How can we reconcile ~ MATERIALS AND METHODS
the in vitro and the in vivo data? ) ) )

In a previous studyl(2), we reported that HIV-1 NC does HIV-1 RT and Oligonucleotideswild-type HIV-1 RT
not prevent nontemplated nucleotide addition in vitro but (P66/p51) was expressedtfscherichia coliand purified as
can reduce the efficiency of one-base-pair strand transfer indescribed previously1g). HIV-1 NC (p7 Zr#" NC) was
vitro. NC might also reduce the amount of one-base-pair 9enerously provided by Drs. Robert Gorelick, Louis Hend-
strand transfer in vivo. In the present report, we measured€rson, and Larry Arthur (SAI€Frederick). A 30uM NC
the kinetics of nontemplated nucleotide addition by HIV-1 Solution was prepared by dissolving lyophilized NC in RT
RT and found that the addition of a nontemplated nucleotide binding buffer [S0 mM Tris-HCI, pH 8.3, 80 mM KCI, 1
was highly dependent on the nature of the base and the typenM dithiothreitol (DTT), 0.1 mg/mL bovine serum albumin
of nucleoside (the addition of ribonucleosides and dideoxy- (BSA)] containing 20% glycerol. NC was stored ingd-
nucleosides was less efficient than deoxynucleosides). Withaliquots in 150uL tubes at—80 °C. Fresh aliquots were
a blunt-ended duplex substrate whose sequence was similathawed immediately prior to use.
to the 3 end of HIV-1 —sssDNA, dATP was preferentially DNA oligonucleotides were purchased from Invitrogen/
added to the end of the DNA whereas dCTP and dTTP wereLife Technologies and BioSource International, Inc. RNA
incorporated much less efficiently. The apparent rate of oligonucleotides (except HIV-1 R RNA) were purchased
nontemplated nucleotide addition was much slower than from Oligos, Etc. HIV-1 R RNA was prepared by in vitro
templated polymerization even when the dNTP concentration expression as described previously)
was 500uM. This difference was due, at least in part, toa g end-labeling of DNA and RNA oligonucleotides was

much largerKq for dNTP for nontemplated nucleotide o formed usingyf-*2P]ATP (Amersham Pharmacia Biotech)
addition (greater than 2 mM) compared to templated nucle- and T4 polynucleotide kinase (New England Biolabs).

qt|de addition (typ|ca||y 510 uM). Moreover, when reac- Labeled oligonucleotides were purified on a 12% denaturing
tions were pe_rfor_mepl in the presence ofudd dATP and 3 polyacrylamide gel. Bands corresponding to the oligo-
mM ATP. _(typ|cal in vivo concentrations for d_ATP and ATP), nucleotide were cut out, and the oligonucleotides were eluted
the addition of the nontemplated nucleotide was reduced o o might in water in the presence of proteinase K. After
relative to reactions performeq in the absence of ATP. phenol extraction, the oligonucleotide was precipitated,
Ternary complexes that contain HIV-1 RT/DNA duplex/ dissolved in TE (10 mM Tris-HCI, pH 7.0, 1 mM EDTA)
dNTP are sufficiently stable that they can be observed in a ;4 quantified by absorption at 2’60 nm.’GeI imaging e{nd
gel retardation assay when the DNA duplex has a templatequantitation were performed with a Molecular Dynamics

overhang {3, 14). However, in the present study we found Storm 860 Phosphorimager using ImageQuant software

that the corresponding complex with a blunt-ended DNA (\{ersion 5.0. Curves were fit using KaleidaGraph software.
duplex as substrate was not stable enough to be observe

by a gel retardation assay. Thus, with a blunt-ended duplex, DPNA and RNA Duplex Substratégligonucleotides with
the ternary complex was considerably less stable than withS€quences derived from the &nd of the HIV-1 RNA
a template overhang. The stability of the binary complex 9enome [GenBank accession number GI132848)] fvere
was also reduced by the absence of a template overhangtS€d (Table 1). Duplexes were formed by annealing a

showing that a template overhang helps to stabilize both l€mplate strand (strand B or a modified form of strand B,
binary and ternary complexes. Table 1) to a 5end-labeled primer strand corresponding to

At an in vivo concentration of dNTPs {510 uM), the 3 end ofHIV-l—sssI_DNA (strand A or a modified form
nontemplated nucleotide addition occurred but was very Of strand A, Table 1) (Figure 1A). The unlabeled template
inefficient, and the rate of nontemplated polymerization was Strand was added in 3-fold excess to the primer strand
at least 10000-fold slower than the rate of templated containing 5-10% of *P-labeled molecules for kinetic
polymerization. When a blunt-ended duplex was formed Studies and up to 25% for the gel retardation assay. The
during reverse transcription, nontemplated nucleotide addition Mixture was incubated at 90C for 5 min in RT binding
competed with the strand transfer of the DNA primer to an Puffer and then was slowly cooled to room temperature.
homologous template. Nontemplated nucleotide addition was DNA Secondary Structure Predictiol®NA secondary
much slower than the strand transfer reaction. The sequencestructure predictions were made using mfold version 3.0
of the 3 end of the blunt-ended duplex and the pH of the software available on the Zuker and Turner web site (http://
reaction buffer affected both the apparent rate of the bioinfo.math.rpi.edutzukerm/export/) 17) (J. SantalLucia,
nontemplated polymerization and which nucleotide was Jr., M. Zuker, A. Bommarito, and R. J. Irani, unpublished
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Table 1: Sequences Used as Substrates

Strand A (primer)® Strand B (template)®
Strand A Strand B
GCTCAGATCTGGTCTAACCAGAGAGACC GGTCTCTCTGGTTAGACCAGAGAGC
Strand A Mutant Strand B RNA
GCTCAGATCAGGTCTAACCAGAGAGACC GGUCUCUCUGGUUAGACCAGAGAGC
Strand A Short Strand B Pol
TCTGGTCTAACCAGAGAGACC GCAGTGGGTCTCTCTGGTTAGACCAGAGAGC
Strand A Long Strand B Mutant
AGGCTCAGATCTGGTCTAACCAGAGAGACC GGTCTCTCTGGTTAGACCIGAGAGC
Strand A 41 mer Strand B Long
complementary to bases 1-41 of HIV-1 RNA® GGTCTCTCTGGTTAGACCAGATCTGAGCCTGEGAGCTC
Strand A+dA Strand B RNA Long
GCTCAGATCTGGTCTAACCAGAGAGACCA GGUCUCUCUGGUUAGACCAGAUCUGAGCCUGGGAGCUC
Strand A+dC HIV-1 RRNA
GCTCAGATCTGGTCTAACCAGAGAGACCC Bases | to 100 of HIV-1 RNA genome®™
Strand A Tail Strand B Tail

GCTCAGATCTGGTCTAACCAGAGAGACCAAAAA TTTTTGGTCTCTCTGGTTAGACCAGAGAGC

a Sequence differences between strand A and modified strand A and between strand B and modified strand B are indicated in bold (addition) or
are underlined (mutation}.HIV-1 genome GenBank accession number GI328416). (

A @) GOTCTCTCTGOTTAGACCAGAGAGE ) equivalent to the salt composition of the buffer used in most
AC of the experiments.
ar Kinetic ReactionsNontemplated nucleotide incorporation
GGTCTCTCTGGTTAGACCAGAGAGE @ by HIV-1 RT was investigated by measuring tHe&minal
{3') CCAGAGAGACCAATCTGGTCT* extension of a blunt-ended duplex formed by a labeled primer
. GGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTC (3) annealed to a template. Typically, 20 nM duplex (assuming
(3) CCAGAGAGACCAATCTGGTCTAGACTCGGA * o
that every strand A or modified form of strand A was
(@) ARARACCAGAGAGAGGAMTOTOGT T 18E « @ annealed) was added to a reaction with a final concentration
f;f\; of 200 nM HIV-1 RT, 1 mM fresh DTT, and 1 mM EDTA
in RT binding buffer. When an RNA template was used,
. GGTCTCTCTGGTTAGACCAGAGAGC 5) RNasin RNase inhibitor (Promega) was added to a final
(%) ACCAGAGAGACCAATCTGGTCT TCG* concentration of 1 unjtil. Nucleotide triphosphates [either
GA an NTP (Sigma), a dNTP (Gibco BRL), or a ddNTP (Roche
CCAGTGGGTCTCTCTOGTTAGACCAGAGAGE © Molecular_ Systems)] an_d HIV-1 NC were adde_d as specified.
(3) CCAGAGAGACCAATCTGGTCT TCG * The reactions were preincubated at’€7for 5 min and then
3 started by the addition of Mggl6 mM final), which had
also been preincubated at 3Z. Aliquots were removed from
B e Aa the reactions after appropriate incubation and transferred to
TCTGGTCTAGATCG .. .

A GABGACC (@3) W a tube containing an equal volume ok Zormamide stop
Ga solution (90% formamide, 2 TBE, bromophenol blue, and
chA, xylene cyanol) containing 50 mM EDTA. When HIV-1 NC

c TCTGGACTAGATCG was present in the reaction, the 2ormamide stop solution

Aa AGAGACC @) @ also contained 4g/mL DNA plasmid and 0.5% SDS. The

) L samples were then denatured at°@0for 5 min and loaded
Ficure 1. Sequences and structures of the nucleic acid substrates 12% d turi I lamid | Aft lectrooh
used in this study. (A) Sequences of nucleic acid duplexes used in°®" & 1270 denaturing polyacrylamide gel. Alter electrophore-

this study: (1) the strand A/strand B duplex; (2) the strand A short/ SiS, gels were dried under vacuum and exposed to an X-ray
strand B duplex; (3) the strand A long/strand B long duplex; (4) film (Kodak) or a Phosphorimager screen (Molecular
the strand A tail/strand B tail duplex; (5) the strand-AdA/strand Dynamics)_ Temp|ated nucleotide incorporation reactions

B duplex; (6) the strand A/strand B Pol duplex. For all of the : .
sequences, the Bnd of the primer strand is indicated by an asterisk. were performed in a similar manner but at@. For some

(B) The most stable conformation of strand A (1) and strand A s_tudies, the typical RT binding b_Uff?r was replaced by a
mutant (2) with a double-stranded &d AG = —2.1 kcal/mol). similar buffer but at pH 7.0 (RT binding buffer pH 7.0) or

Calculations were performed using the SantalLucia algorithm as by one containing only 40 mM KCI (RT binding buffer 40
described in Materials and Methods. mM KCl).

data). Calculations were performed at @7 with oligomer Quantitation of Products on the Gel$he radioactivity
corrections and 80 mM NaCl and 6 mM MgCivhich is in the gels was quantified by phosphorimaging; the data were
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analyzed using ImageQuant software version 5.0. For each 5
time point, the amount of unreacted substrate and the total

amount of DNA in the lane (substrate and products) were
quantified, the percentage of extended primer was calculated
and the results were plotted and fit as a function of time
(variablet) using KaleidaGraph software.

Gel Retardation Assaw blocked primer (blocked strand
A) containing a dideoxycytidine at the 8nd (BioSource
International, Inc.) was'®nd-labeled using/f3?P]ATP, and
the excess)[-*?P]ATP was removed by passing the labeling
reaction through a G25 spin column (Roche Molecular
Systems). The blocked strand A (containing up to 25% of

32P-labeled molecules) was annealed to a template strand

(strand B) added in 2-fold excess. The reaction conditions
(DNA concentration, RT concentration, and buffer composi-
tion) of the gel retardation experiments were similar to those
used for the kinetic experiments. The duplex (20 nM final)
was incubated for 15 min with 200 nM HIV-1 RT in RT
binding buffer 40 mM KCI containing 1 mM EDTA and 6
mM MgCl; in the presence of variable amounts of dATP.
When specified, heparin (dg/mL final), 1uM PBS duplex

(5 GTCCCTGTTCGGGCGCCA/5 TGGCGCCCGAA-
CAGGGACQC), or 1uM PBS duplex and 100 mM NaCl were
added to the reaction as specified, and the mixture was
incubated at 37C for 1 min or less as specified. Novex
TBE sample buffer & (Novex) containing 45 mM Tris-
HCIl, 45 mM boric acid, 1 mM EDTA, 5.3% glycerol,
0.005% bromophenol blue, and 0.005% xylene cyanol was
added, and the samples<{8 uL) were immediately loaded
on a 6% polyacrylamide (1/29 bisacrylamide/acrylamide)
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Ficure 2: Nontemplated dATP addition to théénd of the blunt-
ended strand A/strand B duplex. (A) Autoradiogram representative
of nontemplated addition of dATP to thé@énd of the blunt-ended
strand A/strand B duplex. 20 nM strand A/strand B duplex was
preincubated at 37C for 5 min in RT binding buffer 40 mM KClI

in the presence of 1 mM EDTA, 5QtM dATP, and 200 nM HIV-1

RT. At the indicated time points the reaction was started by the
addition of 6 mM MgC}. Products were resolved on a 12%
denaturing polyacrylamide gel. (B) For each time point, the
percentage of primer extended by at least one base was calculated.
The plot represents the average of three independent experiments.
Data could be fit by a single exponentigo{1 — exp(—Kkopd))]

with Ag = 89 andkyps = 0.80 mirr1,

was extended by up to three nucleotides. In the presence of
higher concentrations of dATP or after longer incubation

TBE gel (1.5 or 3 mm thick) while the gel was running at times, four to five dAs could be added to theehd of the
200 V. After 3 min, the voltage was decreased to 100 V. pjunt-ended duplex (data not shown). The percentage of
After electrophoresis, the gel was soaked in a solution product (primer extended by at least one nucleotide), plotted
containing_?% acetic acid and 2% glycerol for 5 min. The 35 3 function of the incubation time (Figure 2B), showed
gel was dried under vacuum and exposed to a Phosphorimpat the kinetics of nontemplated nucleotide addition was
ager screen or an X-ray film. monophasic and the reaction went essentially to completion
(the plateau was typically reached whef0% of the primer
was extended). The timecourse experiment could be fit by

a single exponentialo(1 — exp(—Kkopd)] with Ay = 89 and
kobs= 0.80 mimr! (Table 2). Similar experiments were
performed with higher concentrations of substrate (20, 50,
characterized(18—24), considerably less information is 100 nM) and RT (200, 500, 1000 nM, respectively). The
available about nontemplated nucleotide additip®«27). values of the fit parameters were not affected by increasing
To study nontemplated nucleotide addition, we prepared athe concentrations of substrate and RT, indicating that, in
blunt-ended DNA/DNA duplex substrate by annealing a our initial experiment (20 nM substrate, 200 nM RT), the
labeled primer strand (strand A or a modified form of strand DNA was saturated and the apparent rate of the readtig (

A) to an unlabeled template strand (strand B or a modified \as not affected by th&, of RT for the duplex substrate.
form of strand B) whose sequences derived from the HIV-1

genome (Table 1). The two strands formed a duplex that
was blunt ended at the 8nd of the primer strand.

We first used a complex formed by annealing strand A

RESULTS

Slow Addition of Nontemplated dA to thHeEad of a Blunt-
Ended DNA/DNA DuplexAlthough the mechanism of
templated polymerization by HIV-1 RT is reasonably well

If nucleotide addition is governed by rate-limiting &g
binding, a lag in product formation would be predicted.
However, we see no lag which shows that the binding of

(primer) to strand B (template) (Table 1, Figure 1A). This Mg=* was in rapid equi!ibrium re!ative to the slow step of
blunt-ended duplex was 21 bp long and had a bulge at thethe reaction. When similar experiments were performed by

5 end of the primer strand. Reactions were performed in Préincubating all of the components except dATP for 5 min
RT binding buffer 40 mM KCI. After 20 nM duplex was &t 37°C, and by starting the reactions by the addition of
preincubated at 37C for 5 min with 200 nM HIV-1 RT in dATP, the kinetic parameters were not affected (data not
the presence of 1 mM EDTA and 500M dATP, the shown). The absence of a lag under these conditions indicates
reactions were started by the addition of 6 mM MgCl that the binding of dATP was also in rapid equilibrium.
Aliquots were quenched after various incubation times, and Biphasic kinetics would place the rate-limiting step after the
the products were analyzed on a 12% denaturing polyacryl- chemistry step; the absence of burst kinetics places the rate-
amide gel (Figure 2A). Under these conditions, the duplex limiting step at or prior to the chemistry step (ANTP-induced
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Table 2: Rate of Nontemplated Nucleotide Addition with found that, with our annealing conditions, more than 90%
Blunt-Ended DNA/DNA Substratés of strand A was part of a duplex (data not shown).
dNTP If a significant amount of a hairpin could be formed at
conen the 3 end of strand A, this end could be extended by
substrate dNTP  (uM) Kobs (Min~1) templated nucleotide addition and dA would be the first
strand A/strand B dATP 500 (80 1.5)x 10°* nucleotide to be incorporated (Figure 1B). To determine
dCcTP 500 (7.3:0.7)x 1073 whether the formation of such a secondary structure could
dGTP 500 (1.H0.2)x 10" contribute to the rapid incorporation of dATP (relative to

dTTP 500 (5.6t 0.3)x 103

ddATP 500 (3.7 1.0)x 10°3 the other dNTPs), we performed a reaction with only strand
0]

A in the annealing reaction and 5™ dATP. dA addition

ATP 500

dATP 10 (3.4£0.9)x 102 was 50 times slower than when strand A and strand B were
strand A/strand BF NC°  dATP 500  (8.3t2.3)x 107" both present in the annealing step. Thus, the possible
strand A tail/strand B ggg ?3%% 193 104 formation of a secondary structure did not contribute

dGTP 500 N4>X< 104 significantly to the faster incorporation of dA at theehd

dTTP 500 ~5x 10°* of the blunt-ended duplex. This result was confirmed by
strand A+ dA/strand B dATP 500 (1.20.3)x 1072 using the blunt-ended strand A mutant/strand B mutant
strand A+ dC/strand B Agfp 55?80 (ZO duplex (Table 2, Figure 1A). With this substrate, if strand

A mutant folded back on itself, the first correct nucleotide
#Reactions were performed in RT binding buffer 40 mM KCl as {4 pe incorporated would be dT and not dA (Figure 1B).

described in Materials and Methods. When reactions went to completion H th te of dATP i fi t red d
in a 1 hreaction, data were fit by a single exponenti&j(lL — exp(~ owever, the rate o Incorporation was not reduce

kevd))]. For the reactions that did not go to completion, the linear part Y this mutation (data not shown). Thus, the faster dA
was fit by Adkond, andksps Was calculated from the slope of the linear  incorporation cannot be explained by templated base addition
fit us_ing Ao_= 85 (typical value of the amplitude of the exponential due to hairpin formation at the nd of strand A.
obtained with fast reactions). Each value s the average of at least four A sther possibility would be that the first nucleotide was
independent reaction$The reactions were performed in RT binding . .
buffer 40 mM KCl in the presence of a 2-fold excess of HIv-1 NC. added by nontemplated nucleotide addition; then the over-
¢ For these reactions, onlyeft h time point was made, and an estimate hang base could base pair with the eéhd of a ssDNA
of kops Was calculated by dividing the percentage of extended primer molecule (excess of strand B or unannealed strand A
5205/0*6 Clt-isg/f') i%éoa?riinzd?:/so) fg’sr ((tijEa{l \?&SI:LJT:bf(:hG(eTZﬁq é‘lﬂﬂdggp’ molecules) and induce a one-base-pair strand transfer as we
thepexpone);]tiasllfor the reactions goiﬁg to completidiyo eftension have_ descnbed_ preVIOL_J_SI)lZ). With this mechanism, only
of the primer was observed after 1 h. the first nucleotide addition would be nontemplated. In such
a case, strand transfer would occur only if the nontemplated
. — nucleotide added to the 8nd of the primer could form a
conformational changg or polymerization step) as reported base pair with the base at theedd of a ssDNA molecule.
for templated polymerizatior2g, 21). The base at the' nd of both strand A and strand B is dC,
dATP Is Added to the Blunt-Ended Strand A/Strand B which means that this mechanism would be more likely to

Duplex Faster Than the Other dNTR&milar reactions were  occur in reactions in which dG is added to the end of the
performed with each of the three other dNTPs in place of primer by nontemplated nucleotide addition. To determine
dATP. The dGTP addition reaction went to completion whether this mechanism contributed to the addition of
during a 1 hreaction. As with dATP addition, the data could mu|t|p|e nuc|e0tide5, we puriﬁed the dup|ex on a G50 Spin
be fit by a single exponential (data not shown) withs = column after annealing (to remove excess ssDNA) and
0.11+ 0.02 mirr? (Table 2) dCTP and dTTP additions were performal a 1 hreaction in the presence of dGTP. The
too slow to go to Completion in 1 h. The data were fit USing pattern of dGTP incorporation was not affected by the
a linear regression with a slope equal tk@$(85 corre-  removal of the excess ssDNA (data not shown). These results
sponds to the average percentage of primer extension whenndicate that the blunt-ended strand A/strand B duplex was
the plateau was reached in reactions using dATP or dGTP).formed during the annealing step and that the extension of
dCTP and dTTP were added at a much slower rate 7.3 strand A by several nucleotides was primarily due to

0.7) x 10°° min™* and (5.6 + 0.3) x 107 min™%, nontemplated nucleotide addition to tHee®d of the blunt-
respectively, Table 2]. With our experimental conditions and ended duplex.

the SpeCifiC blunt-ended DNA/DNA dUpIeX that we used The Aff|n|ty of the |ncoming dNTP for a Comp|ex
(strand A/strand B duplex), dATP was addedO times  Containing a Blunt-Ended Duplex Is Lowe studied the
faster than dGTP and approximately 100 times faster thaneffects of the concentration(s) of dATP and dGTP on the
dCTP and dTTP. rate of nontemplated nucleotide addition (Figure 3A); similar

Is It Really Nontemplated Nucleotide Additiowz looked results were obtained with dATP and dGTP. For dNTP
for possible secondary structures in strand A and found thatconcentrations up to 1 mM, the rate of polymerization
it could fold back on itself and form a hairpin at its éd increased almost linearly with the concentration of dNTP.
(Figure 1B). With our buffer composition, the theoretical At higher concentrations, the experiments were less repro-
Tm (17) of this secondary structure wasb5 °C; however, ducible. The rate of polymerization tended to decrease, and
the Tn, of the strand A/strand B duplex was above €D the results were quite dependent on the source of the dNTP
Theoretically, the formation of the strand A/strand B duplex (Pharmacia, Gibco, Roche) (data not shown). The results
would be favored relative to the formation of the hairpin at obtained at high dNTP concentrations could be explained
the 3 end of strand A. We measured the quality of the by the possible presence of small amounts of impurities in
annealing on a 6% nondenaturing polyacrylamide gel and the dNTP solutions.




Nontemplated Nucleotide Addition by HIV-1 RT

0.01 - e : -
0.01 0.1 1

dNTP concentration (mM)

0.01 ©

0.1 1
dNTP concentration (mM)

0.01

Ficure 3: Effect of ANTP concentration, salt concentration, and
pH of the reaction buffer on the rate of nontemplated nucleotide
addition. (A) 20 nM blunt-ended strand A/strand B duplex was
preincubated at 37C for 5 min in RT binding buffer 40 mM KCI

in the presence of 1 MM EDTA, 200 nM HIV-1 RT, and a variable
amount of dJATP @) or dGTP (x). The reactions were started by
the addition of 6 mM MgCl. (B) 20 nM blunt-ended strand A/strand

B duplex was preincubated at 3 for 5 min in RT binding buffer
(®), RT binding buffer 40 mM KCI &), or RT binding buffer pH

7.0 (©) in the presence of 1 mM EDTA, 200 nM HIV-1 RT, and

a variable amount of dATP. The reactions were started by the
addition of 6 mM MgC}. Products were resolved on a 12%
denaturing polyacrylamide gel. When reactions went to completion,
data were fit with a single exponential. When the reactions did not
go to completion, the linear part was fit by a linear regression, and
kobs Was calculated from the slope. Each valuekgf represents
the average of at least three independent experiments.

The dependence dés on the concentration of dNTP
(Figure 3A) indicated that, even in the presence of 1 mM
dATP or dGTP, saturation was not reached. If nucleotide
incorporation is much slower than the dNTP binding step,
Kobs = Kpo[ANTP]/(Kq + [dNTP]), wherekqpsis the observed
pre-steady-state ratég is the rate of polymerization at
saturation, and{y represents the equilibrium dissociation

Biochemistry, Vol. 41, No. 18, 2005899

Table 3: Effects of Salt Concentration and pH on the Rate of
Templated and Nontemplated Polymerization

KCl
temp concn
substrate (°C) pH (MmM) Kobs (Min—1)

strand A/strand B 37 8.3 40 (8H1.5)x 10!
37 8.3 80 (6.0t 1.1)x 10t
37 7.0 80 (6.1-0.4) x 1072

strand A/strand B Pol 4 8.3 40 1830.2

4 8.3 80 1.0£ 0.2
4 7.0 80 (4.1£0.6) x 1071

a Reactions were performed in either RT binding buffer, RT binding
buffer 40 mM, or RT binding buffer pH 7.0 in the presence of 00
dATP (strand A/strand B duplex) or 500M ddCTP (strand A/strand
B Pol duplex) as described in Materials and Methods. When reactions
went to completionn a 1 hreaction, data were fit by a single
exponential Po(1 — exp(—kond))]. For the reactions that did not go to
completion, the linear part of the curve was fit by the linear equation
Aokond, andkqpswas calculated from the slope of the linear fit usiag
= 85 (typical value of the amplitude of the exponential obtained with
fast reactions). The nontemplated nucleotide addition (strand A/strand
B duplex) reactions were run at 3C. The templated polymerization
(strand A/strand B Pol duplex) reactions were run &C4Each value
is the average of at least three independent experiments.

Effects of Salt Concentration and pH on the Rate of
Nontemplated and Templated Polymerizatigve studied
the effects of salt concentration and pH on nontemplated
nucleotide addition using the blunt-ended strand A/strand B
duplex and 50«M dATP in RT binding buffer (pH 8.3, 80
mM KCI), RT binding buffer 40 mM KCI (pH 8.3, 40 mM
KCI), or RT binding buffer pH 7.0 (pH 7.0, 80 mM KCI).
The results in Table 3 show that the rate of nontemplated
nucleotide addition was not significantly affected by increas-
ing the KCI concentration from 40 to 80 mM bukts
decreased by a factor of 10 when the pH was decreased from
8.3 to 7.0 (at a KCI concentration of 80 mM). There are
two distinct possibilities. The affinity for the dNTP could
be affected (the reactions were not done at saturating
concentrations of dNTP) or the rate of polymerization at
saturation Kyo) could be different. With the three buffers,
the value ofk.ps increased with the concentration of dATP,
and saturation was never reached. In all cases, the estimated
Kg was at least 2 mM dATP (Figure 3B).

Several previous studies have focused on the effects of
pH and salt concentration on templated polymerization under
multiple turnover (MTO) conditions (excess of nucleic acid
substrate over RT) and, consequently, on the effects of these
two parameters on the product release step which is rate
limiting under MTO conditions 30—32). A DNA/DNA
duplex formed by annealing strand A to strand B Pol (Table
1, Figure 1A) was used to study the effects of these
parameters on polymerization under single turnover (STO)
conditions (excess of RT over nucleic acid substrate) under

constant of the dNTP at the step just before the slowest step.conditions similar to those used to study nontemplated

The curves presented in Figure 3A did not allow us to make

nucleotide addition. In this case, ddCTP was the first correct

accurate hyperbolic fits. However, from these data, we could nucleotide to be incorporated. Tkg for a ddNTP comple-

estimate thaky values were at least 2 mM for both dATP
and dGTP. For templated polymerization, tkg for the
incoming complementary nucleotide is typicathp—10 uM
(19, 20, 22, 23, 28, 29). The low affinity for ANTPs in these

mentary to the next base of a template is typically lower
than 10uM (19, 20, 22, 23, 28, 29). We studied the effects

of salt concentration and pH on templated nucleotide addition
under STO conditions at saturating concentration of ddCTP

nontemplated nucleotide addition reactions provides further (500 uM). In this case, the variations of the value lafs
evidence that the primer was not extended by a templatedcan be attributed to effects dg, (rate of polymerization at

polymerization mechanism.

saturation) and not on the dissociation constant of the
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A (Figure 5C); furthermore, the amount of excision products
i (products shorter than the primer before the reaction) was
;;Jbsme reduced relative to the products seen in reactions performed
_ -3 in the presence of only 3 mM ATP. This difference is

LT R ey ——2 probably the result of extension of some of the excision
Time(min) 0 10 20 30 40 50 60 products by templated nucleotide addition due to the presence
of dATP; there was less extended primer than when only

B dATP was present. Quantitation of the amount of extended
- - =41 primer in each reaction (Figure 5D) showed that the rate of

= Snbstrate nontemplated nucleotide addition when both dATP and ATP

T e 2 were present was approximately half of the rate when only

Time(min) © 10 20 30 40 50 60 dATP was present. There are two possible explanations for

Ficure 4: Nontemplated ddA and A additions to theed of the this result. Primers extended by nontemplated nucleotides
blunt-ended strand A/strand B duplex. 20 nM strand A/strand B could be a substrate for pyrophosphorolysis, and the slower
duplex was preincubated at 3C for 5 min in RT binding buffer apparent rate of nontemplated nucleotide addition could
40 mM KCl in the presence of 1 mM EDTA, 200 nM HIV-1 RT,  reflect a competition between nontemplated polymerization
and 500uM ddATP (panel A) or 50uM ATP (panel B). The  anq pyrophosphorolysis. Alternatively, at high concentrations,
reactions were started by the addition of 6 mM Mg®roducts ATP Id te for bindind to the dNTP-bindi Ket:
were resolved on a 12% denaturing polyacrylamide gel. could compete for binding to the -dinding pocket,
only complexes with dATP in the dNTP-binding pocket

nucleotide. To slow the rate of polymerization, the reactions could carry out nontemplated nucleotide addition.
were performed at 4C; as a consequence, the values of  Duplexes with a Primer Extended by One Nontemplated
kobs cannot be directly compared with those obtained for Nucleotide Are Poor Substrates for Nontemplated Nucleotide
nontemplated nucleotide addition measured at@G7With Addition and Pyrophosphorolysi¥he DNA/DNA duplex
the strand A/strand B Pol duplex, decreasing the KCI containing strand A+ dA and strand B (Table 1, Figure
concentration from 80 to 40 mM did not significantly affect 1A) represented the product formed by addition of one
the rate of templated polymerization, and decreasing the pHnontemplated dA to the’3nd of the blunt-ended strand
from 8.3 to 7.0 reducekl,,sonly by a factor of 3 (Table 3).  A/strand B duplex. In the presence of 500 dATP,
Effect of the Type of Nucleoside Triphosphate on the nontemplated nucleotide addition occurred (Figure 6A) but
Apparent Rate of Nontemplated Nucleotide Additibor was much slower than with the strand A/strand B duplex
templated polymerization, replacement of a dNTP by a (Kobs= 1.9 x 102 min~* andko,s= 0.8 min 2, respectively;
ddNTP does not significantly affect tig for the nucleoside  Table 2). Similar experiments were performed with twice
triphosphate but reducdg, by at least a factor of 102@). as much of the strand A dA/strand B duplex and RT. The
The use of an NTP reduces tKg by at least 56-100-fold values of the fit parameters were not affected, indicating that
whereasky is reduced by 1001000-fold 0). We per- the slowerkg,s was not due to a poor affinity of RT for this
formed experiments using the strand A/strand B duplex in substrate.
RT binding buffer 40 mM KCI in the presence of 500/ Similar experiments were performed in the presence of 3
ddATP or ATP (Figure 4, Table 2). The addition of ddATP mM ATP (Figure 6B). As for the strand A/strand B duplex,
was more than 200 times slower than dATP addition. Under nontemplated addition of ATP was not observed. There was
our experimental conditions, nontemplated ATP addition no measurable pyrophosphorolysis. When experiments were
could not be observed during the time of the reaction (Figure performed with a duplex formed by annealing strand-A
4). In this case, while the primer was not extended, i.e., theredC to strand B (model of the product of nontemplated dC
was no nontemplated nucleotide addition, excision products addition to the blunt-ended strand A/strand B duplex; Table
were produced due to pyrophosphorolyss, (33—35). 1, Figure 1A), similar results were obtained with ATP (Table
High Concentrations of ATP Can Significantly Reduce 2). These results showed that duplexes with a one-nucleotide
Nontemplated Nucleotide Additioim vivo, dNTP concentra-  overhang on the primer were not good substrates for
tions are typically~5—10 uM, and the ATP concentration  pyrophosphorolysis. Because there was no competition
is around 3 mM. We found that the rate of nontemplated between nontemplated nucleotide addition to a blunt-ended
dATP addition was dependent on the concentration of dATP duplex and removal of the nontemplated nucleotide by
and that ATP was a poor substrate for nontemplated pyrophosphorolysis, the reduction in the rate of nontemplated
polymerization. Moreover, it is known that, with a nucleic dA addition to the blunt-ended strand A/strand B duplex seen
acid duplex with a template overhang, ATP can participate in the presence of a large concentration of ATP was likely
in pyrophosphorolysis reaction®3, 33—35) and/or bind due to competition between the ATP and dATP for the
weakly to the polymerase active si@0( 36). We measured  dNTP-binding pocket.
the effect of ATP on the nontemplated addition of JATP ~ Nontemplated Nucleotide Addition with the Strand A Tail/
using in vivo concentrations of dATP (10M). In the Strand B Tail DuplexSimilar experiments were performed
absence of ATP;-60% of the primer was extended after 1 with a blunt-ended duplex formed by annealing strand A tail
h (Figure 5A). In the presence of 3 mM ATP, very little to strand B tail (Table 1). In this case, theeBd of the primer
nontemplated nucleotide addition was observed, and shorteistrand was formed by five A’s double-stranded with five T's
products were formed due to pyrophosphorolysis (Figure 5B). (Figure 1A). Addition of a dNTP was quite slow (less than
When both 1Q:M dATP and 3 mM ATP were present, there 3% of the primer was extended afté h in the fastest
was both extension of the primer by nontemplated nucleotide reaction; Figure 7). No nucleotide addition was seen with
addition and excision of the primer by pyrophosphorolysis dATP. Of the four dNTPs, dTTP addition was the fastest
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Ficure 5: High concentrations of ATP reduce nontemplated addition of dATP. 20 nM strand A/strand B duplex was preincubated at 37
°C for 5 min in RT binding buffer 40 mM KCI in the presence of 1 mM EDTA, 200 nM HIV-1 RT, and eithes IGDATP (panel A),

3 mM ATP (panel B), or 1«M dATP and 3 mM ATP (panel C). The reactions were started by the addition of 6 mM MB&iducts

were resolved on a 12% denaturing polyacrylamide gel. (D) Extension of the blunt-ended strand A/strand B duplex in the presence of 10
uM dATP (@) or 10uM dATP and 3 mM ATP () as a function of the incubation time. The conditions of the reaction are similar to those
described previously. The curves are the average of seven independent experiments.

A B
500 uM dATP 3 mM ATP

+2—

1 . -
Substrate > “. - “‘; z:#.“**""

Time (min) 0 2 5 10 20 30 40 50 60 0 2 5 10 20 30 40 50 60

FiGure 6: The strand A+ dA/strand B duplex is a poor substrate for nontemplated nucleotide addition and pyrophosphorolysis. 20 nM
strand A+ dA/strand B duplex was preincubated at €7 for 5 min in RT binding buffer 40 mM KCI in the presence of 1 mM EDTA,

200 nM HIV-1 RT, and 50«:M dATP (panel A) or 3 mM ATP (panel B). The reactions were initiated by the addition of 6 mM MgClI
Products were resolved on a 12% denaturing polyacrylamide gel.

reaction. The preference for the addition of dATP over the g

other deoxynucleotides observed with the blunt-ended strand § < Q9 ¢k

Alstrand B duplex was not seen with the blunt-ended strand

A tail/strand B tail duplex. Thus, both the rate and the :g:

specificity of nontemplated nucleotide addition were strongly +4—

affected by the sequence at theeBd of the primer strand. Bz - ;
Nontemplated dATP Addition to a Blunt-Ended RNA/DNA =

Duplex.Nontemplated nucleotide addition experiments were Substrate =

performed with a duplex formed by a DNA primer and an 120335

RNA template (strand A/strand B RNA duplex; Table 1, Ficure 7: Nontemplated nucleotide addition to theedd of the
F_lgu_re 1A). These expe.rlments were performed in RT blunt-ended strand A tail/strand B tail duplex. 20 nM strand A tail/
binding buffer 40 mM KClin the presence of 50M dATP  strand B tail duplex was preincubated at %7 for 5 min in RT
(Figure 8). The data cannot be fit with a single exponential binding buffer 40 mM KCl in the presence of 1 mM EDTA, 200
but do fit a double-exponential equatiof(1 — exp(—kit)) nM HIV-1 RT, and no dNTP (lane 1), 500M dATP (lane 2),

_ - i ; ; dCTP (lane 3), dGTP (lane 4), or dTTP (lane 5). The reactions
A1~ exp(ke]. The amplitude of the first exponential were initiated by the addition of 6 mM Mggl After 1 h, the

was small_ (abO‘Jt 10_% of the extended primer). Consequently'reactions were quenched, and products were resolved on a 12%
the error in estimating the rate of the first exponenti@) ( denaturing polyacrylamide gel.

was relatively large (2.8- 0.6 min?) (Table 4);k, was much

slower [(7.0+ 1.4) x 1072 min~1%. One possible explanation  partially hybridized to strand B RNA, and the rapid first
for this biphasic behavior would be that strand A was only phase would correspond to the nontemplated addition of dA
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exponentials were not affected (G£70.1 min* and 0.08+

0.02 min'%, respectively). Similar results were obtained when
the strand A long/strand B long RNA duplex was used
(Tables 1 and 4, Figure 1A). With the strand A long/strand
B long (DNA/DNA) duplex, the data could be fit by a single
exponential with a rate of 1.%& 0.1 min*. Thus, with the
DNA/DNA duplex, the kinetics were always monophasic,
and the rate of nontemplated nucleotide addition was not
affected by the length of the DNA template strand. In the
case of the RNA/DNA duplex, the kinetics were biphasic,
and the amplitude of the first phase increased with the length
of the RNA template, but the rates were not significantly

80 |
70
60 F

50

Extended primer (%)

affected.
I ; b HIV-1 NC Does Not Reduce Nontemplated Nucleotide
¢ 1 2 30 4 5 60 70 Addition. Experiments using the strand A/strand B blunt-
Time (min) ended duplex were performed in the presence of 400

Ficure 8: Nontemplated dA addition to blunt-ended RNA/DNA dATP and a 2-fold excess of HIV-1 NC. The excess of
duplexes. 20 nM blunt-ended strand A/strand B R\ ¢r strand  H|\/-1 NC was calculated assuming that each NC molecule

A 41-mer/HIV-1 R RNA (x) duplex was preincubated at 3T i
for 5 min in RT binding buffer 40 mM KCI in the presence of 1 covers seven base37). Nontemplated dA addition was not

mM EDTA, 200 nM HIV-1 RT, and 50%M dATP. The reactions  affected by the presence of HIV-1 NC (Table 2), even when
were initiated by the addition of 6 mM Mgg&lProducts were the reactions were performed with an 8-fold excess of HIV-1
resolved on a 12% denaturing polyacrylamide gel. Data were fit NC (data not shown).

by a double-exponential equatioAy(1 — exp(-kit)) + Ax(l — RT Did Not Form a Stable Ternary Complex with Blunt-
exp(ket))]- Ended DNA/DNA Duplexesor duplexes with a template
overhang, the RT/nucleic acid binary complex is considerably
weaker than the ternary compled9 38); the ternary
complex is also weaker before the conformational change

Table 4: Rate of Nontemplated Nucleotide Addition with
Blunt-Ended DNA/DNA and DNA/RNA Substrates

substrate AR ka(minh ke (min”?) than after. The conformational change can be studied under

Stfg[‘rgr%/ 5 89+2 (8.0+15)x 10" conditions where the chain extension is blocked. RT com-
strand A/ 1044 2.0+06 (7.0+ 1.4) x 10°2 plexed with a nucleic acid substrate in which the primer lacks

strand B RNA a 3-hydroxyl group can bind the next complementary dNTP,
strand Ao, 19+4 11203 (6.0+£2.1)x 1072 thus forming a dead-end complex that can be identified by
strand A long/ 8543 11401 its slow rate of dissociation1@, 38). The stable ternary

strand B long complex can be detected using a gel retardation assay (
Strg[‘rgrﬁj'g‘l%’ng i 0ES (05200107 (4.3£1.9)x 107 14). The structure of the nucleic acid/RT/dNTP complex after
strand A4l-mer/  42+10 (7.2+1.4)x 10! (7.842.1)x 102 the conformational change has been solvé&g).(

HIV-1 R RNA We used gel retardation assays to study the stability of

aReactions were performed in RT binding buffer 40 mM KCl as the complex formed by RT and a blunt-ended DNA/DNA
described in Materials and Methods. Data were fit using a double- duplex. Strand A was blocked by replacing the dC at the 3

exponential equationAi(1 — exp(kit)) + Ax(1l — exp(kat))] for ; ; .
DNA/RNA duplex substrates and using a single-exponential equation end of the primer with ddC (blocked strand A; Table 1).

[Ai(1 — exp(—kit))] for DNA/DNA duplex substrates. Each value is 1€ experimental conditions (salt concentration, pH, and
the average of at least four independent experiments. concentrations of the duplex substrate and RT) were similar

to those used in the kinetic studies. With the blocked strand
to the blunt-ended duplex and the amplitude of the first A/strand B Pol duplex (Figure 1A) that had a six-nucleotide
exponential would correspond to the portion of strand A that template overhang, most of the duplex substrate was bound
was double stranded at the beginning of the reaction. Theto RT even in the absence of dCTP, which was comple-
slower second phase would then reflect the slow annealingmentary to the first base of the template overhang (Figure
of the remaining strand A. When we performed these 9A, lane 1). The amount of the RT-DNA/DNA duplex
experiments with a larger excess of strand B RNA over strand complex was not increased by large concentrations of dCTP
A (up to a 10-fold excess), the amplitude of the first (Figure 9A, lane 2)A 1 min chase with an unlabeled DNA
exponential did not increase (data not shown), indicating thatduplex (lanes 1418) was not able to separate the binary
the biphasic nature of the reaction was not due to poor complex from the ternary complex, and no clear differences
annealing of the two strands. in the amount of shifted duplex could be seen as a function
Experiments performed with a duplex formed by strand of the dCTP concentration. Similar results were obtained with
A short annealed to strand B RNA (Table 1, Figure 1A) gave a 1 min heparin chase (lanes-B0). When the chase was
similar results, showing that the removal of the bulge at the performed by adding unlabeled DNA duplex and by increas-
5" end of the primer strand did not significantly affect the ing the salt concentration by 100 mM, the amount of shifted
reaction (Table 4). From experiments performed with a complex increased with increasing concentrations of dCTP
duplex formed by strand A 41-mer annealed to HIV-1 R (lanes 19-26). Similar experiments were performed with the
RNA (Table 1), the data could be fit by a double-exponential blunt-ended blocked strand A/strand B duplex (Figure 9B).
(Figure 8) equation, but the amplitude of the first exponential In the absence of a chase (lanes 1 and 2), most of the duplex
was much larger (42 10%) while the rates of the two  was shifted, and there were no differences in the amount of
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Ficure 9: Formation of the ternary complex with the blocked strand A/strand B Pol and the blocked strand A/strand B duplexes. (A) 20
nM blocked strand A/strand B Pol was incubated in RT binding buffer 40 mM KCI in the presence of 1 mM EDTA, 6 mM,Mggl

variable amounts of dCTP for 15 min. The samples were immediately loaded on a 6% nondenaturing polyacrylamide gel (lanes 1 and 2)
or chased for 1 min before being loaded by the addition of heparin (lan&6)3unlabeled DNA duplex (lanes +18), or unlabeled DNA

duplex and 100 mM NacCl (lanes ¥26). (B) 20 nM blocked strand A/strand B was incubated in RT binding buffer 40 mM KCI in the
presence of 1 mM EDTA, 6 mM Mggland variable amounts of dATP for 15 min. The samples were directly loaded on a 6% nondenaturing
polyacrylamide gel (lanes 1 and 2) or chased for 1 min before being loaded by addition of heparin {{&esrabeled DNA duplex

(lanes 16-16), or unlabeled DNA duplex and 100 mM NaCl (lanes-2B). To avoid problems with disassociation of the complex, the
samples were loaded onto the gel at different times with the gel running (see Materials and Methods). As a consequence, the samples
loaded first migrated the farthest.

complex as a function of the dATP concentration-gD0 chase conditions which differentiated the stable ternary
uM). However, if the reactions were subjecteda 1 min complex formed after the conformational change from the
chase with heparin (lanes—3), unlabeled DNA duplex  binary complex with a DNA/DNA duplex that had a template
(lanes 16-16), or unlabeled DNA duplex and 100 mM NaCl overhang but not with a blunt-ended DNA/DNA duplex
(lanes 1723), the band corresponding to the complex indicates either that the stability of the complex with a blunt-
formed by HIV-1 RT and the DNA substrate disappeared, ended duplex after the conformational change is considerably
and no differences could be seen as a function of the dATPreduced or that the conformational change does not occur.
concentration. If the unlabeled DNA duplex was added and

the sample was immediately loaded on the gel (the chaseP!SCUSSION
time could be estimated at about-50 s), more shifted We studied nontemplated nucleotide addition by HIV-1
substrate could be seen, but again, the dATP concentratiorRT under STO conditions (large excess of HIV-1 RT relative
made no difference (data not shown). Experiments were to the nucleic acid substrate). With the blunt-ended DNA/
performed with even larger dATP concentrations-20 DNA duplex formed by strand A and strand B (primer and
mM), and again, no shifted band remained after the chasetemplate strands, respectively; Table 1, Figure 1A), the
(data not shown). It was easier to chase the binary complexaddition of a nontemplated nucleotide was monophasic. This
when a blunt-ended duplex was used than when there was dehavior indicates that the slow step occurred at or before
template overhang. Although RT was able to bind blunt- the chemistry step. Thi&y for ANTP was at least 2 mM.
ended duplexes, the stability was much lower than if the dNTPs were added200 times faster than ddNTPs; insertion
duplex had a template overhang. The fact that we could find of NTPs was not observed at concentrations up to/8d0
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This preference for dNTPs is similar to what was observed
for templated polymerization2(Q, 22). At 500 uM, dATP
was added-10 times faster than dGTP and 100 times faster
than dCTP and dTTP. This specificity was completely lost
with the blunt-ended strand A tail/strand B tail duplex.
Moreover, with this duplex, the reaction was much slower.
Previously, we found that, with a blunt-ended duplex whose
sequence was identical to theehd of HIV-2 —R ssDNA,
dATP and dCTP were added the most efficiently by HIV-1
RT (12). Previous studies of nontemplated nucleotide addi-
tion by diverse DNA polymerases showed that the efficiency
and specificity of nontemplated nucleotide addition are highly
dependent on the sequence of thed of the primer40,

41); however, Patel et al26) proposed that nontemplated
nucleotide addition by HIV-1 RT is highly specific for the
addition of deoxypurine nucleotide (dA better than dG).
Although nontemplated nucleotide addition may be more
efficient with deoxypurines (more specifically with dATP),
the efficiency and specificity of nontemplated nucleotide

Golinelli and Hughes

a dA or a dC overhang on the primer strand are not substrates
for the excision reaction. The reduction in the rate of
nontemplated nucleotide addition cannot be explained by
excision of the nontemplated nucleotide by pyrophospho-
rolysis reaction as has been suggesgt). (Ribonucleotides
can be incorporated during templated polymerization, but
the dissociation constant for an NTP is-3800 times higher
than for a dNTPZ0). At in vivo concentrations, NTPs cannot
compete with dNTPs for binding to the polymerase active
site during templated polymerization. However, in the case
of a blunt-ended duplex, th€, for dATP is in the millimolar
range. We propose that the reduction of nontemplated
nucleotide addition in the presence of in vivo concentrations
of ATP and dATP (3 mM and 1QM, respectively) is
primarily due to competition between dATP and ATP for
binding to the active site of RT. Nontemplated nucleotide
addition is not affected by NC protein. For both mismatch
formation and nontemplated nucleotide addition, kdor

the incoming dNTP is in the millimolar range whereas the

addition by HIV-1 RT are clearly dependent on the sequence Ky for the dNTP complementary to the first base of the

at the 3 end of the blunt-ended template-primer duplex.
Under our experimental conditions, tKg for dATP was

template overhang is in the micromolar range. Using high
concentrations of dNTPs in the absence of ATP will increase

at least 2 mM. With a duplex containing a template overhang, the binding and incorporation of noncomplementary dNTPs

the K4 for the dNTP complementary to the first base of the
template overhang is typically5—10 uM (19, 20, 22, 23,
28, 29). When the incoming dNTP is not complementary to
the first base of the template overhang (formation of a
mismatch), theKy is also in the millimolar rangel@, 20),
as it is for nontemplated nucleotide addition. It has been

to templated primers and dNTPs to blunt-ended duplexes,
both of which will increase the error rate of RT. Thus, in
vitro studies of RT fidelity performed at ANTP concentrations
much higher than the concentrations present in vivo and in
the absence of millimolar concentrations of ATP may
overestimate the number of errors made during reverse

proposed that the formation of hydrogen bonds between thetranscription.
incoming dNTP and the first base of the template overhang When a blunt-ended duplex is formed due to a break in

is not essential for high efficiency and fidelity of DNA

the RNA template or because RT reaches the cappedd

synthesis and that the shape of the base plays an importandf the RNA, there is competition between nontemplated
role (42). Our results indicate that the absence of a template nucleotide addition and specific strand transfer to the other

overhang significantly reduces the affinity for the incoming

RNA copy. We measured the rate of annealing of strand A

dNTP and, consequently, that formation of hydrogen bonds to strand B Pol (duplex with 21 base pairs; Figure 1A) and

between the incoming dNTP and the template base contrib-

utes significantly to dNTP binding. In the absence of a
template overhang, the efficiency of dNTP binding can be

found that, in the absence of NC, the second-order rate
constant of the annealing of the two strands was7 x
10° min-! M~ In the presence of a 2-fold excess of NC,

affected by the structure and geometry of the base (how wellthe rate was increased by at least 3-fol®(7 x 10° min™!

it fits into the active site of RT) or by stacking interactions M~™1). Moreover, the rate of the strand transfer increased with
between the incoming dNTP and the last base at tren@ the number of base pairs that can be formed between the
of the primer. It is possible that deoxypurines fit better into donor strand and the acceptor strand (data not shown). Thus,
the active site of RT, but, at least with certain specific at in vivo dNTP concentrations, specific strand transfer is
sequences at the’ &nd of the primer strand, stacking much faster than nontemplated nucleotide addition, and this
interactions may also contribute to a preference for certain difference increases in the presence of NC. Moreover, when
incoming dNTPs. efficient nontemplated nucleotide addition at tHeeBd of
Although the salt concentration had only modest effects the DNA strand was observed before strand transfer, after
on the observed rate of nontemplated nucleotide addition, strand transfer the frequency of errors at the site of strand
the rate was reduced by a factor-e10 when the pH of the  transfer in DNA was much lower after strand transfg)(
reaction was reduced from 8.3 to 7.0. A similar change in Similar observations were made in in vivo studies with
the pH had a more limited effect on templated polymerization murine leukemia virus (MLV) and Ty18( 44). Moreover,
performed at saturating dNTP concentration (reduction by a there were no mutations arising from the addition of more
factor of ~2). These results are in agreement with the than one nontemplated nucleotide, indicating that the ex-
observation that the fidelity of HIV-1 RT in vitro was tended products are poor substrates for strand transfer or,
increased at pH 6.0 relative to pH 8.43]. more likely, for extension after strand transf@6, 27). Thus,
Because the affinity for dNTPs is very low with a blunt- the frequency of mutations due to nontemplated nucleotide
ended substrate, nontemplated nucleotide addition is muchaddition before strand transfer seems to be reduced by the
slower than templated nucleotide addition at in vivo dNTP low efficiency of nontemplated nucleotide addition under in
concentrations~+5—10 uM). Moreover, in the presence of vivo conditions, because specific strand transfer is much
3 mM ATP (a typical in vivo ATP concentration), the rate faster than nontemplated nucleotide addition, and by a
of the reaction is even slower. We found that duplexes with selection against the use of primers that have been extended



Nontemplated Nucleotide Addition by HIV-1 RT Biochemistry, Vol. 41, No. 18, 2005905

by a nontemplated nucleotide either at the step of the strandACKNOWLEDGMENT
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