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ABSTRACT. The role ofa-helix E of the RNase H domain of human immunodeficiency virus type 1
reverse transcriptase (HIV-1 RT) in templajgimer binding and fidelity of DNA synthesis was
investigated by using a series of mutant enzymes with deletions of 4, 8, 12, 16, and 20 amino acids at the
C-terminal end of the 66 kDa subunit. The dissociation equilibrium const&gfsof wild-type HIV-1

RT and 38/16mer and 47/25mer DNA/DNA templaf@imer complexes were 2.2 0.7 and 0.69+

0.35 nM, respectively. Deletions involving partial or total removatiefelix E rendered enzymes with

a 2—5-fold decrease in binding affinity. Misinsertion and mispair extension fidelity of DNA synthesis of
the wild-type enzyme and truncated mutants were determined by using both DNA/DNA tempiaters

and a 47/25mer RNA/DNA complex. In all cases, incorporation assays were done in the same sequence
context, which was taken from the virghggene. The removal af-helix E had little effect on fidelity

as determined with the three templaf@imers. Misinsertion fidelity assays showed that the specificity

of mismatch formation was A:G= A:G > A:A for the DNA template and A:C A:G =~ A:A for the

RNA template, in 47/25mers. The specificity of extending mispairetbi@nini was similar with both
47/25mers: A:C> A:A ~ A:G. However, the efficiency of transversion mispair extension was higher
with RNA templates. The results reported in this paper suggestotinetix E may stabilize the RT/
template-primer interaction, but does not have a strong influence in the correct positioning of the template
primer at the polymerase active site.

The human immunodeficiency virus type 1 (HIVt1l) C-terminal region forming the RNase H domain. Besides,
reverse transcriptase (RT) is a virally encoded enzyme whichits DNA polymerase active site is buried and not accessible.
converts the viral single-stranded RNA into double-stranded Crystallographic studies have shown that the polymerase
DNA which integrates into the host genonte-@3). It has domains of both p66 and p51 contain four subdomains:
two enzymatically distinct activities: a polymerase activity fingers, palm, thumb, and connectiofT).( The three-
that synthesizes DNA using either RNA or DNA templates, dimensional structure of HIV-1 RT complexed with a 19/
and an endonuclease activity, termed RNase H, that degraded¢8mer double-stranded DNA showed that interactions in-
the RNA strand of RNA/DNA hybrids. HIV-1 RT lacks a  volve the sugarphosphate backbone of the nucleic acid and
3 exonucleolytic activity and is the most error-prone of structural elements of fingers, palm, thumb, and RNase H
known DNA polymerasesi-6). Its low fidelity contributes domain of the 66 kDa subuni8(9). The 124313 hairpin
to the high genomic variability of HIV-1 and allows the virus  of p66 (residues 227235) forms the “primer grip” and
to evade the host’'s immune system and to generate drug-interacts with the 3terminal phosphates of the primer.
resistant variants. The native enzyme exists as a heterodimeAmino acid residues 76, 89, 151, 152, 154, and 157 have
composed of two subunits of 66 and 51 kDa, termed p66 close contacts with the template strand and constitute the
and p51, respectively’( 8). The p66 subunit, whichis 560  “template grip”. In addition, the nucleic acid duplex is
residues in length, contains both the polymerase and thestabilized in the binding cleft by interactions involving
RNase H domains. The p51 subunit has the same aminoo-helices H and | (residues 25271 and 277287 of p66,
acid sequence as p66, but lacks the 120 residues of theespectively), which form the so-called “helix clam(aj.
Further interaction sites were found in the RNase H domain,
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Table 1: Synthetic Oligonucleotides Used in the Mutagenesis of
DNA Encoding the 66 kDa Subunit of HIV-1 RT

mutatior? oligodeoxynucleotide
Gb541* ATTTCCTCCAATTCATTTGTGTGCTGG
N545* ATCTACTTGTTATTATCCTCCAATTCCTTT
D549* ACTGACAAATTTTTATACTTGTTCATTTCC
S553* CCTGATTCCAGU CAGACTAATTTATCTAC
R557* TTCTAGTATTTAT CAGATTCCAGCACTGAC

aMutations are identified by amino acid and position number in
HIV-1 RT, followed by an asterisk to indicate the introduction of a
termination codon at the indicated position. Amino acids are designated
by the single-letter codé.Bold nucleotides correspond to mutations
introduced in the RT coding region.

tially reduced, compromising viral infectivity1(—13).
Several primer grip mutant RTs such as P226A, F227A,
G231A, Y232A, E233A, and H235A displayed an altered
RNase H phenotype, which could result from relocation of
the template-primer in the nucleic acid binding clefil2,
14). The core ofa-helix H (GIn-258, Gly-262, and Trp-
266) interacts with the minor groove of the temptajpgimer
binding. Substitution of Gly-262 by Ala or Trp-266 by Ala
or Thr rendered enzymes which showed altered template
primer binding properties, which affected catalytic cycling
(15, 16) and impaired their strand transfer and RNase H
activities (7). Interestingly, mutants containing Ala at
position 262 or 266 also showed a diminished frameshift
fidelity as compared with the wild-type (WT) enzym&s(
18).

Modeling studies of HIV-1 RT with a DNA duplex region
longer than 25 base pairs, and bearing a tempisii@nd
extension of at least 8 nucleotide$9), suggested that
extended interactions with the template overhang were
conferred by theg3-44 hairpin of the fingers subdomain of
p66. In additionp-helix H-a-helix | hairpin of p51, together
with a-helix E of p66 (residues 544555) RNase H domain,
was proposed to provide further stabilization for duplex
DNA. A similar prediction was also reported for a 27
nucleotide double-stranded RNA fragment complexed with
HIV-1 RT (10). Theo-helix E contains the conserved Asp-
549 which has been implicated in divalent metal ion
coordination 20). It has been shown that deletions affecting
a-helix E uncouple the endonuclease and directional pro-
cessing activities of RT21), and abolish virus infectivity
(22). This paper deals with the effects of truncatoedpelix
E' on template-primer binding and misinsertion and mispair
extension fidelity of DNA synthesis. The data reported in
this article suggest that the potential loss of contacts with
o-helix E may not alter significantly the orientation and
location of the templateprimer within the binding cleft.

EXPERIMENTAL PROCEDURES

Mutagenesis Site-directed mutagenesis was carried out
with the Altered Sites in vitro mutagenesis system kit
(Promega) as previously describé&8), RT mutations and

Biochemistry, Vol. 37, No. 47, 19986637

D2 / PG5 (38/l6mer)

5’ GGGATTAAATAAAATAGTAAGAATGTATAGCCCTACCA 3’

3’ TACATATCGGGATGGT 5’
*

D2-47 / PG5-25 (47/25mer)

5’ GGGATTAAATAAAATAGTAAGAATGTATAGCCCTACCAGCATTCTGG 3’

3’ TACATATCGGGATGGTCGTAAGACC 5’
*

D2-47(RNA) / PG5-25 (47/25mer)

5’ GGGAUUAAAUAAAAUAGUAAGAAUGUAUAGCCCUACCAGCAUUCUGG 3’
3’ TACATATCGGGATGGTCGTAAGACC 5’
*

Ficure 1: Nucleotide sequences of the DNA/DNA and RNA/DNA
complexes used in the assays. Incorporation sites are indicated with
an asterisk. Templates D2 and D2-47 mimick the Hi¥/nd gag
sequence and include nucleotides 915€/d)-952 (3 end) and

915 (8 end)-961 (3end), respectively, according to the sequence
numbering of GenBank accession number M15654.

Expression and Purification of HIV-1 RT Variant$u-
rification of mutant and WT RTs was carried out after
independent expression of their subunits (p66 and &) (
The 51 kDa subunit was obtained with an extension of 14
amino acid residues at its N-terminal end, which includes
six consecutive histidines to facilitate its purification by metal
chelate affinity chromatography. Crystallographic studies
have shown that the N-terminal of p51 is located away from
the polymerase active site and does not participate in nucleic
acid binding 8, 9). In addition, we have previously reported
that commercial heterodimeric RT lacking the polyhistidine
tract displayed kinetic properties similar to those of the wild-
type RT with the polyhistidine extension in p523j. All
RTs were purified as p66/p51 heterodimers. The primary
structure of p51 was identical in all of the mutants herein
described. The purity of the enzymes was assessed by-SDS
polyacrylamide gel electrophoresis. All enzymes were at
least 95% pure. RT concentrations were estimated using the
BioRad protein assay.

DNA Polymerase Actity Assays Assays were carried
out in 50 mM Tris-HCI (pH 8.0), 20 mM NaCl, 10 mM
MgCly, 8 mM DTT, 5uM dNTP (3—5 uCi/mL [*H]dTTP
or [8-*H]dGTP), and 0.%M template-primer (concentration
expressed as-Bydroxyl primer termini). Templateprimer
solutions of poly(rAjoligo(dT)2-1s, poly(rC)oligo(dGz-1s,
and poly(dCyoligo(dG),-15 Were prepared as previously
described Z4). Reactions (3QuL) were initiated by the
addition of 0.2-2 pmol of enzyme, incubated at 3T for
10—30 min, and terminated by adding 20 of 0.5 M
EDTA. The amount of polymerized deoxynucleotide was
determined by acid-insoluble precipitatioR3].

Determination of Dissociation Equilibrium Constants) K
by Nucleotidelncorporation The template-primers used
in these experiments are shown in Figure 1. Primer 5
termini were labeled with)[-*2P]JATP (10 mCi/mL, Amer-
sham) and T4 polynucleotide kinase (Boehringer). The
templates and the correspondifi-labeled primers were
annealed in 150 mM NaCl and 150 mM magnesium aspartate

oligodeoxynucleotides used in the mutagenesis reaction arefor 3 min at 90 °C, and then cooled slowly to room

shown in Table 1. The introduced mutations were confirmed
by DNA sequencing. Plasmids containing the mutated RTs
were digested wittNcd and EcdRl, to isolate an insert of

temperature. The templat@rimer concentration ratio was
adjusted to 1:1 (23 uM concentration). Prior to the
elongation reaction, templatg@rimers were diluted 10-fold

1.7 kilobase pairs, which was then cloned in the expressionin 500 mM HEPES, pH 7.0, 150 mM NacCl, and 150 mM

vector pRT6 24).

magnesium aspartate (final concentration). DNA/DNA and
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RNA/DNA substrates (160 nM) were preincubated with  at their 3 end, and individually annealed to the corresponding
WT RT or mutant derivatives in 2550 4L of 100 mM templates. The nucleotide sequences of these primers were
HEPES, pH 7.0, 30 mM NacCl, 30 mM magnesium aspartate, the following: PG5C (5TGGTAGGGCTATACAC-3),

130 mM KCHCOO, 1 mM DTT, and 5% PEG, at 3T PG5G (B-TGGTAGGGCTATACAG-3), PG5A (B-TGG-

for 10 min. RT concentrations in these experiments ranged TAGGGCTATACAA-3), PG5-25C (5CCAGAATGCTG-
from 0.5 to 2.5 nM for DNA/DNA substrates and were GTAGGGCTATACAC-3), PG5-25G (5CCAGAAT-
around 3-4 times higher for RNA/DNA duplexes. Reac- GCTGGTAGGGCTATACAG-3), and PG5-25A (5
tions were initiated by the addition of an equal volume of a CCAGAATGCTGGTAGGGCTATACAA-3). PG5C, PG5G,
solution containing 0.2 mM dTTP, 130 mM KGHOO, 1 and PG5A were annealed to D2, and primers PG5-25C, PG5-
mM DTT, and 5% PEG. Aliquots were removed at different 25G, and PG5-25A were annealed either to D2-47 or to D2-
times and quenched with 0.6 volumes of stop solution (10 47(RNA). These templateprimers contain a mismatch at
mM EDTA in 90% formamide containing 3 mg/mL xylene the 3 end of the primer. Templatgprimer concentrations
cyanol FF and 3 mg/mL bromophenol blue). Products were in the reaction mixtures were kept at 20 nM for D2-47-
separated by 20% polyacrylamidarea gel electrophoresis  containing duplexes and 30 nM for duplexes having D2 or
and quantified, as previously describezb), Incubations D2-47(RNA) as templates. The active enzyme concentration
with different concentrations of templat@rimer were done  was around 515 nM in assays using DNA/DNA duplexes

in duplicate, and the amount of products synthesized in aand 20-60 nM in assays with RNA/DNA templatgrimers.
single cycle of polymerization (burst amplitudes) was aver- The rate of product formation was measured for-12
aged for at least two sets of reactions and plotted with respectdifferent concentrations of each correct or incorrect dNTP.
to the amount of templateprimer initially reacted. The  Wherever possible, the incubation times were kept below

graph was fitted to the following equation: the duration of one catalytic cycle (dissociation of the enzyme
_ from position+1 followed by reassociation at position 0)
[E-TP]=0.5K, + E; + TP) — (29). Therefore, in most assays, the incubation times for

2 47mer/25mer and 38mer/16mer duplexes were 20 and 30 s,
0'5\/(Kd +Bp + TPY — 4B, TP respectively. However, extensions of approximately $0%
where [ETP], Kq, Et, and TP represent the productive RT/ 35% of the labeled primers at the highest triphosphate
template-primer complex concentration, the equilibrium concentration were also obtained by using longer incubation
dissociation constant for RIDNA binding, the active periods (as, for example, in the case of A:G and AA
enzyme concentration, and the temptgpeimer concentra-  mismatches). Products were heat-denatured, resolved in 18%
tion, respectively26, 27. The percentage of active enzyme or 20% polyacrylamideurea gels, and quantitated with a
was determined as the ratio d#r over total enzyme  BAS 1500 scanner. Elongation measurements were fitted
concentrationkp, as determined spectrophotometrically. to the Michaelis-Menten equation, and the,.andK, values
Extension of Primers in the Presence of Three dNTHse were determined as previously describ@8)(

DNA duplexes D2/PG5 and D2-47/PG5-25 (Figure 1) were  RNase H Actiity Assays The RNA template D2-47-
used to determine the extent of misincorporation in the (RNA) (30 pmol) was phosphorylated at itsénd with T4
presence of only three dNTPs. Primers w&Rlabeled at  polynucleotide kinase, annealed to 90 pmol of PG5-25 in
the 8 end with T4 polynucleotide kinase, and temptate 30,1 of 150 mM NaCl and 150 mM magnesium aspartate,
primers were annealed and further diluted in HEPES- ang diluted 10-fold in 500 mM HEPES, pH 7.0, 150 mM
containing buffer as described above. The labeled template NacCl, and 150 mM magnesium aspartate (final concentra-
primers at 20 nM (D2-47/PG5-25) or 30 nM (D2/PG5) were tion). Reactions (5QuL) were carried out in 100 mM
incubated with 56-100 nM RT at 37°C for 30—45 min, in HEPES, pH 7.0, 30 mM NaCl, 30 mM magnesium aspartate,
a total volume of 1QiL containing 50 mM HEPES, pH 7.0, 130 mM KCHCOO, 1 mM DTT, and 5% PEG. Reactions
15 mM NaCl, 15 mM magnesium aspartate, 130 MM \yere initiated by adding 10L of the diluted hybrid solution
KCH3COO, 1 mM DTT, 5% PEG, and only three dNTPS  t 40,1 of an RT solution at around-510 nM concentra-

at a concentration of 50M each (-G= dATP, dCTP, dTTP;  tjon. Samples were incubated at 32, and aliquots were

-A = dCTP, dGTP, dTTP; - dATP, dCTP, dGTP; and  removed at appropriate times and mixed with 0.6 volumes
-C = dATP, dGTP, dTTP). Each of the dNTPs used was of stop solution. The products were heat-denatured and
of the highest purity grade, and they were supplied as 0-1analyzed in 18% polyacrylamidairea gels. RNase H

M solutions (Pharmacia). Atthe enq of the incubation period activity assays using homopolymeric templapgimers were

the reactions were stopped by addingl8of the EDTA— performed in the presence of MgClsing FH]Poly(rA)-

formamide stop solution described above. The reaction pojy(dT) as substrate, as previously descrilt2s).(
products were analyzed in denaturing 18% or 20% poly-

acrylamide-urea gels. RESULTS

Misinsertion and Mispair Extension Fidelity Assays
Fidelity assays were performed essentially as previously Mutants of Reerse Transcriptase Truncated forms of
described 25, 2§. Reaction conditions were the same as the 66 kDa subunit of HIV-1 RT were obtained by introduc-
those used for the determination of dissociation equilibrium ing appropriately spaced stop codons at ther®d of the
constants by nucleotide incorporation, except for the primers, coding region of p66. This strategy lead to the partial or
the concentrations of dNTPs and RT, and the incubation total removal ofo-helix E, which comprises residues 544
times. The templateprimers used in misinsertion fidelity 555 @, 30. Mutant 66 kDa subunits contained 540, 544,
assays are shown in Figure 1. For mispair extension fidelity 548, 552, or 556 amino acids, instead of the 560 residues
assays we used six additional primers, which wéPdabeled found in the WT p66. The mutant and the WT RTs were
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O S - S & R Table 2: Dissociation Equilibrium Constants for WT and Mutant
& &S ESF HIV-1 RTs and DNA/DNA Duplexes
(kDa) =T enzymes Kg (nM) (D2/PG5) Kg (nM) (D2-47/PG5-25)
WT RT 22407 0.69+ 0.35
97.4 - _. R557* 24+1.0 1.12+0.58
i S553 5.0+ 3.1 1.41+ 051
e P LB - B | et . i D549* 57+£25 2.25+0.82
66 - M ey s N545* 8.8+ 3.9 1.43+ 058
45. == G541* 12.7£5.38 3.26+ 2.20

different concentrations of DNA duplexes. Active site
titrations were performed by preincubating a fixed concentra-
215 - Mg tion of RT with increasing concentrations of duplex DNA.
: The amount of enzyme bound to templaf@imer in the
FIGURE 2: SDS-polyacrylamide gel electrophoresis of mutated Preincubation mixture was measured by adding dTTP and
HIV-1 RTs. Electrophoretic mobility of p66 and p51 is shown for by following the linear time course of the subsequent
the WT RT and the mutated enzymes. Molecular weight markers reaction. The intercept with theaxis gave the amount of
and_thelr masses were the following: phosphorylase b (97.4 kD'a), bound DNA at time 0. Thé values obtained for the WT
bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic RT and DNA duol d f 0.65 to 2.1 NM d
anhydrase (31 kDa), and soybean trypsin inhibitor (21.5 kDa). an, uplexes ranged from 0.65 to 2.1 nM, an
were higher for the 38/16mer than for the 47/25mer. These
values were consistent with those previously determined with
a gel mobility shift assay23). The comparison with the
140[ L Kgs obtained for mutants having truncated forms of p66 is

160 [

shown in Table 2. Interestingly, the removalahelix E,
as occurs in mutant G541*, leads to a small, but significant,
reduction of the DNA binding affinity of the RT. In contrast,
R557*, whose deletion does not affecthelix E, showsKg
values almost identical to those of the WT RT, using both
60 template-primers.

Primer Extension Assays using Deoxynucleotide Templates
and Biased dNTP PoalsAn initial assessment of the fidelity

120

100 I

80 -

40

RELATIVE POLYMERASE ACTIVITY (%)

20 of mutant HIV-1 RTs was obtained by using an assay that

o monitors primer extension in the presence of only three of

WTRT RS57*  S553*  D549*  N545*  G541° four ANTPs complementary to template nucleotides. In these

ENZYMES conditions, the elongation of the primer past a template

Ficure 3: DNA polymerase activity of RTs with truncated 66 kDa _”“C'eF’“de complementary to th_e deleted dNTP requires t_he
subunits. Activities were determined with poly(raigo(dT)2-1s insertion by the enzyme of an incorrect nucleotide and its

(filled bars), poly(rCjoligo(dG).-1s (dashed bars), and poly(dC)  further extension of the generated mismatch primer. The
oligo(dG)>-15 (open bars) and normalized to the value obtained results are shown in Figure 4. In all reactions with WT and

with the WT RT and poly(rAjoligo(dT),-1s. The specific activity ; ;
of the WT enzyme was 1700 units/mg. One activity unit is the mutant RTs, a substantial accumulation of DNA products

amount of enzyme that incorporates 1 nmol3f]TMP into acid- is observed at the site corresponding to the missing nucle-
insoluble products in 10 min at 3T under the conditions described ~ otide. Extensions beyond these sites were hardly seen in
in Materials and Methods. the absence of dCTP. However, extensions beyond positions

+1 and+4, respectively, were observed with both temptate

prepared as p66/p51 heterodimers, after independent expregsrimers when dTTP or dATP were not included in the
sion of their subunits. The 51 kDa subunit, which contains reaction mixture. This effect was most evident with the 47/
a polyhistidine tag in its amino-terminal region, was identical 25mer duplex, where large accumulations of extended
for all of the mutants characterized. Following purification, primers of 32 nucleotides were observed with all enzymes
SDS—polyacrylamide gel electrophoretic analysis indicated in the absence of dATP. Although most of the enzymes
that all mutant RT heterodimers were at least 95% pure tested showed similar extension patterns, differences were
(Figure 2). Densitometric analysis of the Coomassie blue observed with mutants N545* and G541* and the temptate
stained bands revealed that the amount of p66 relative toprimer D2-47/PG5-25. Image analysis of the obtained results
p51 was always between 0.85 and 1.1, in agreement withrevealed that 24 times less primer was elongated beyond
the expected 1:1 subunit stoichiometry of the enzyme. All the first stop site in both cases, and this effect was more
RT variants displayed significant DNA polymerase activity pronounced with G541*. Taken together, the data of Figure
using homopolymeric templatgrimers (Figure 3). 4 reveal that the replication accuracy of all mutants is roughly

Interaction with DNA/DNA TemplatePrimers The first similar, although G541* and N545* could display a slightly
step of polymerization involves the physical association of higher fidelity in assays performed using longer temptate
the polymerase with its nucleic acid substrate. The equi- primers.
librium dissociation constant for WT HIV-1 RT and double- Fidelity of DNA-Dependent DNA SynthesiSteady-state
stranded DNA was determined from the amount of products kinetic parameters for incorporation of nucleotides at the 3
synthesized in a single cycle of polymerization obtained with end of the primer were obtained with temptatgimers D2/
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Fidelity of RNA-Dependent DNA SynthesiBhe fidelity
properties of WT HIV-1 RT and G541* were compared using
47/25mer complexes containing an RNA or a DNA template.
Fidelity of RNA-dependent DNA synthesis was estimated
using the complex D2-47(RNA)/PG5-25 (Figure 1). The
results obtained with the misinsertion (Table 5) and mispair
extension fidelity assays (Table 6) were similar for WT
HIV-1 RT and G541*. Both enzymes displayed a slightly
different behavior when copying RNA or DNA templates.
Thus, the incorporation of G instead of T at thlee®d of
the primer was around 10 times less efficient with the RNA
template (see data in Tables 3 and 5), suggesting that purine/
pyrimidine discrimination was more efficient in this context.
On the other hand, the efficiency of A:C mispair extension
was not influenced by the nature of the template, and
transversion mispairs such as A:G and A:A were extended
more efficiently using the RNA/DNA complex (Tables 4 and
6). The template primer D2-47(RNA)/PG5-25 is a potential
substrate of the endonuclease activity of HIV-1 RT. Before
assays containing a deoxyoligonucleotide template and lacking aprime.r elo_ngation, RNA/D'.\IA complexes were incubated for
complementary dNTP. (A) shows the results of extension assays 10 Min with the enzyme, in the presence of ¥lg RNase
performed with the 38/16mer complex and (B) the results obtained H activity assays performed in the preincubation buffer
with the 47/25mer complex. The lanes marked -G -A -T -C conditions, using 5[%?P]-labeled D2-47(RNA), previously

A

F. =

POPPEAOP—=PEEE>—A>PPAPO00

T 4
3 ‘ Y iy
e i

-6-A-T-C G-A-T-C -G-A-T-C -G-A-T-C -G-A-T-C -G-A-T-C

WTRT  RS57*  S553* D549  N545° G541
FiGure 4: Primer extension by WT and mutant HIV-1 RTs in

=i
T

represent the missing fourth nucleotide from the dNTP mix in the
respective set of experiments. The sequence of the single-strande
template extension is as shown to the right of (A). P indicates the
position of the unextended primer, and F represents the fully

nnealed to PG5-25, revealed that the RNA template was
ompletely cleaved by the WT RT to a smaller species of
around 36-38 nucleotides (data not shown). In contrast,

extended product. The first stop sites of the reactions with only the mutant G541* showed negligible endonuclease activity
three nucleotidesi(1, +2, +4) are one nucleotide shorter than the as determined using$°?P]-labeled D2-47(RNA)/PG5-25.
mismatched primers. Further support of this result was obtained from RNase H

) assays carried out with*H]Poly(rA)-Poly(dT). In these
PGS (38/16mer) and D2-47/PG5-25 (47/25mer) (Figure 1). o ditions, the RNase H specific activity of G541* was
The incorporation sites in both complexes are located in the ogtimated to be less than 2% of the WT RT. Taken together
same sequence context. Misinsertion and mispair extensiongase H activity determinations and the data provided by
fidelity assays were used to estimate the fidelity of RTs. {4 fidelity assays described above suggest that the endo-

Misinsertion fidelity assays involved kinetic measurements nucleolytic cleavage of the RNA template does not have a
for the incorporation of a correct (T) or an incorrect (A, C, grong influence in the kinetics of misincorporation and
or G) nucleotide at the'&nd of the primer. The results are mispair extension at the @nd of the primer.

shown in Table 3. Misinsertion efficienciefd) ranged from
less than 2« 107%t0 6.0x 105, WT RT misinserted dCTP
and dGTP with the highest efficiency, whereas there was
hardly any extension in the presence of dATP. Similar  Crystallographic data of the structure of HIV-1 RT
results were obtained with both templates, using mutant complexed with double-stranded DNA revealed that the
G541*. Misincorporation efficiencies of G instead of T were polymerase and the RNase H active sites are separated by
determined for all enzymes and were found to be somewhatapproximately 1718 nucleotides§), an estimate which is
higher for the 38/16mer than for the 47/25mer. The in good agreement with reported biochemical da®, @1
values ranged from 2.8 to 60 1075 for D2/PG5 and from 34). However, modeling studies suggest that the RT
1.6 to 3.5x 1075 for D2-47/PG5-25. The kinetics of mispair  replication complex can accommodate a double-stranded
extension were studied for correctly matched base pairs (A: nucleic acid of at least 25 base pait§) Factors improving

T) and for mismatches A:C, A:G, and A:A. In all cases, the stability of RT/templateprimer interaction are the length
we measured the incorporation of a correct T opposite of A of the 3 overhang of the template stran2i7j, the number

at the 3 end of the primer. The results are shown in Table of base pairs involved in the double-stranded region formed
4. The A:C mispair was efficiently extended by all RTs in by primer and template36), and the presence of Mgions

the context of both templateprimers. Misextension ef- (36, 37. The results obtained with the WT RT revealed
ficiencies {ex) Oof A:C were estimated to be between %8 that the enzyme binds 38/16mer and 47/25mer duplexes with
10%and 10.3x 103 for all tested enzymes. THg,values high affinity, displayingKq values similar to those reported
for transversion mispairs (A:A or A:G) were below 22 for other heteropolymeric templatg@rimers @7, 38, 39. The
1075 in the case of D2-47/PG5-25, for the WT RT as well dissociation equilibrium constant for WT RT and the 47/
as for mutant G541*, which is devoid ef-helix E. The 25mer was around-23-fold higher than for the 38/16mer,
low efficiency of mispair A:C extension is due to large suggesting that extension of 9 nucleotides at ther@l of
increases of th&,, value, but in the case of transversion the template strand and at theehd of the primer stabilizes
mispair extensions the effects on thg: become more the interaction. According to the structural predictions and
significant. the results of DNase | footprinting using RTs with deletions

DISCUSSION
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Table 3: Misinsertion Fidelity of Wild-Type and Mutant RTs, as Obtained Using DNA/DNA TempRtiEners

insertion template-primer D2/PG5 templateprimer D2-47/PG5-25

enzyme  (T:Pp Kear (Min~2) Km (uM) misinsertion raticfins Kear (Min™?) Km (M) misinsertion raticins
WT RT AT 3.07£0.54 0.173+0.027 1 3.26+ 0.22 0.065+ 0.008 1

A.C 0.45+0.03  1173£ 209 2.2x 10 0.45+0.11 899.0+ 65.0 1.0x 10°°

A:G 0.244+0.06  403.5-124.9 3.4x 10°° 0.67+0.32 552.44230.5 2.4x 10°°

AA <0.02 nd <2x10° <0.02 nd <2x10°
R557* AT 5.31+£1.96 0.110+£0.018 1 4.63+1.07 0.062+ 0.009 1

AG 0.58+0.20 338.5-99.9 3.6x 103 0.63+0.22 240.6+ 79.0 3.5x 10°°
S5563* AT 9.91+3.60 0.169+0.019 1 514137 0.074:0.014 1

A:G 1.15+0.12  691.8+ 156.5 2.8x10°° 0.54+0.16 471.4+134.2 1.6x 10°°
D549* AT 9.27+£3.86 0.211+0.030 1 5.49t 0.52 0.126+ 0.022 1

AG 1.07+0.11  487.9-187.0 5.0x 10°° 0.47+£0.14 357.9+ 97.8 3.0x 10°°
N545*% AT 5.30+1.70 0.162+ 0.022 1 5.53+ 2.64 0.085+ 0.011 1

AG 0.53+0.10 267.A55.2 6.0x 10 0.37+0.14 298.4+ 81.5 1.9x 10°°
G541* AT 2.59+0.81 0.184£0.013 1 3.19-0.34 0.183+ 0.025 1

A:C 0.33+£0.04 692.0+ 159.0 3.4x 10°° 0.44+0.14 908.0+ 340.0 2.8x 10°°

AG 0.28+0.04  492.4+144.1 4.0x 10°° 0.16£0.02 467.3: 124.6 2.0x 10°°

AA <0.02 nd <2x10° <0.02 nd <2x10°

a After formation of the RF-DNA/DNA complex, D2/PG5 elongation reactions were incubated &tG7or 30 s, except for the incorporation
of C opposite to A, which was measured afe3 min incubation. D2-47/PG5-25 elongation reactions were incubated for 20 s for the incorporation
of T, 90 s for G, and 3 min for C. Data shown are the mean vatustandard deviation obtained from a nonlinear least-squares fit of the kinetics
data to the MichaelisMenten equation. Each of the experiments was performed independently at least thre@ Tineefitst base indicates the
template nucleotide at positiohl, and the second base indicates the nucleotide incorporated in the dgsay.[keafincorrect)Km(incorrect)]/
[keafcorrect)Ky(correct)].9 Not determined because incorporation of dATP was too low to obtain kinetic values. Misinsertion ratios in this case
were estimated by assumingKa, similar to that observed with dGTP or dCTP.

Table 4: Mispair Extension Fidelity of Wild-Type and Mutant RTs, as Obtained Using DNA/DNA Temgfatmers
templateprimer D2-47/PG5-25

template-primer D2/PG5

base pair mispair extension mispair extension

enzyme atthe 3end Keat (Min~2) Km (uM) ratio fex Keat (Min~2) Km (uM) ratio fex®
WT RT AT 3.07+ 0.54 0.173t 0.027 1 3.26£ 0.22 0.065+ 0.008 1

A.C 2.32+0.98 35.1+ 9.6 3.8x 1073 2.54+0.38 7.9+1.3 6.4x 1073

AG 0.234+0.08  0.13+ 0.04 10.1x 10724 0.031+0.020 >100 <6.2x 10°°

AA 0.404+0.02  0.14+ 0.03 15.4x 10724 0.020+ 0.008 >50 <8.0x 10°°
R557* AT 5.314+1.96 0.110+ 0.018 1 4.63+1.07 0.062+ 0.009 1

A:.C 5.644+1.32 21.3£4.2 5.5x 1073 4.01+ 0.49 11.9+ 3.0 45x 1073
S553* AT 9.91+ 3.60 0.169+ 0.019 1 514 1.37 0.074+ 0.014 1

A.C 10.83+0.79 22.8+4.3 8.1x 1073 4,93+ 0.53 155+ 3.1 4.6x 1073
D549* AT 9.27+ 3.86 0.211+ 0.030 1 5.49+ 0.52 0.126+ 0.022 1

A.C 12.64+0.80 28.0+4.2 10.3x 1073 5.20+ 0.91 15.0+2.6 7.9x 10°3
N545* AT 5.30+1.70 0.162+ 0.022 1 5.53t 2.64 0.085+ 0.011 1

A.C 3.51+0.27 19.4+ 4.3 5.5x 1073 4.80+ 2.24 142+ 1.0 5.2x 1073
G541* AT 2.59+ 0.81 0.184+ 0.013 1 3.19+0.34 0.183+ 0.025 1

A:C 1.79+0.33 14.3+2.7 8.9x 1073 2.46+ 0.29 22.3+5.6 6.3x 1073

AG nce nd nd 0.02% 0.005 >100 <1.2x 10°

AA nd nd nd 0.019+ 0.003 >50 <2.2x 10°°

a After formation of the RF-DNA/DNA complex, mispair extension reactions with D2/PG5 were incubated #E3ring 30 s for the elongation
of A:T and A:C pairs. Extensions of D2-47/PG5-25 were carried out for 20 s for the elongation of A:T and A:C and 7 min for A:G and A:A
mispairs. In all cases we measured the incorporation of T opposite to A at positioData shown are the mean valuesstandard deviation
obtained from a nonlinear least-squares fit of the kinetics data to the Michigisten equation. Each of the experiments was performed independently
at least three time$.The first base corresponds to the template and the second base to the pfimer.[kea(mismatched K m(mismatched)]/
[kea(matched)Xm(matched)]d These data were taken from ref Z\ot determined.

of 8 or 16 residues2l), the a-helix E of the RNase H o-helix E. 1t is not known whether the 38/16mer duplex
domain contributes to the wall of the nucleic acid binding would adopt the same conformation as the 19/18mer in the
cleft. The results presented in this paper indicate that RT nucleic acid binding cleft. If it does, the decrease of
truncations affecting residues @fhelix E lead to a moderate  affinity observed with the 38/16mer could be explained
decrease in the binding affinity of RT and duplex DNA. This assuming a conformational change affecting tempiptamer
effect is observed with both DNA/DNA templat@rimers. binding, which would appear as a consequence of the
The loss of interaction sites between RT and template stepwise deletion ofi-helix E.

primer appears to be a plausible explanation for the results The removal of 20 amino acids or fewer of the C-terminal
obtained with the 47/25mer and truncated RTs. However, end of p66 did not have a major effect on the specific
the available crystallographic data of a 19/18mer DNA/DNA polymerase activity of HIV-1 RT, in agreement with data
complexed with HIV-1 RT 8, 9) suggest that the' ®nd of reported by other author1, 22, 49. Ghosh et al. 1)

the primer and the'3end of the template in the 38/16mer have shown that the deletion of the last 8 residues affects
complex used in our experiments would not interact with RNase H activity and impairs strand transfer. Site-directed
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Table 5: Misinsertion Fidelity of Wild-Type RT and Mutant G541* Using the RNA/DNA Template Primer D2-47(RNA)/P&5-25

enzyme insertion (T:P) Kear (Min~2) Km (M) misinsertion ratidins
WT RT AT 1.114+0.31 0.059+ 0.030 1

A.C 0.124+ 0.026 380.5-174.2 1.7x 1075

AG 0.031+0.011 738.5£ 276.6 2.3x 10°®

AA 0.019+£ 0.010 544.14 208.6 1.9x 10°¢
G541* AT 0.864 0.30 0.074+ 0.026 1

AC 0.093+ 0.037 430.3t 314.2 1.8x 10°°

AG 0.028+ 0.011 701.0£ 221.6 3.4x 10°°

AA 0.015+ 0.005 688.2+ 163.3 1.9x 10°

a After formation of the RFRNA/DNA complex, elongation reactions were incubated at@7or 20 s for the incorporation of T opposite to
A, 60—90 s for C, and 5 min for A and G. Data shown are the mean vatustandard deviation obtained from a nonlinear least-squares fit of the
kinetics data to the MichaelisMenten equation. Each of the experiments was performed independently at least three Tinesfirst base indicates
the template nucleotide at positiefiL, and the second base indicates the nucleotide incorporated in the dgsay|[keafincorrect)Km(incorrect)]/
[keafcOrrect)Km(correct)].

Table 6: Mispair Extension Fidelity of Wild-Type RT and Mutant G541* Using the RNA/DNA Template Primer D2-47(RNA)/PG5-25

enzyme base pair at theénd Keat (Min~2) Km («M) mispair extension ratif’
WT RT AT 1.114+0.31 0.05%+ 0.030 1

A:C 0.77+ 0.07 4.2+ 0.6 9.8x 10°°

AG 0.106+ 0.039 27.312.9 2.0x 10

AA 0.054+0.014 9.1+£23 3.0x 10
G541* AT 0.86+ 0.30 0.074+ 0.026 1

A.C 0.48+0.03 10.7+2.3 3.9x 1073

A:G 0.057+0.014 17.35.1 2.8x 10

AA 0.030+ 0.006 10.3+ 6.7 2.5x 10"

a After formation of the RF-RNA/DNA complex, mispair extension reactions were incubated &C3during 20 s, for the elongation of the A:T
and A:C pairs, and during 7 min for the extension of A:G and A:A mispairs. In all cases we measured the incorporation of T opposite to A at
position+1. Data shown are the mean valdestandard deviation obtained from a nonlinear least-squares fit of the kinetics data to the Michaelis
Menten equation. Each of the experiments was performed independently at least threé Tineefirst base corresponds to the template and the
second base to the primérfey = [Kea(mismatched}n(mismatched)]kca{matchedX(matched)].

mutagenesis of amino acid residues involved in template The comparison of fidelity of RNA- and DNA-dependent
primer binding showed that several residues such as Trp-DNA synthesis of HIV-1 RT remains a controversial issue.
229, Met-230, Tyr-232, Gly-262, or Trp-266 may have an Error rate estimates based on genetic assays conflict as to
important role in polymerase activity and/or fidelity of DNA  whether RNA-dependent or DNA-dependent polymerization
synthesis11—18). Our data on the misinsertion and mispair is more precise. Huner et al. 46) conclude that the
extension fidelity using both DNA/DNA templatgrimers synthesis with an RNA template is less accurate than with a
did not reveal significant differences between all enzymes DNA template, whereas Boyer et ald7® suggest the
tested. Misinsertion ratios were on the order oft010°¢, opposite. In contrast, others have reported a similar fidelity
within the range of values reported by other authdyi(— of DNA synthesis with both types of templatet3( 49. It

43). Misincorporation efficiencies with both DNA/DNA is possible that these disparities result from the differences
complexes were higher for C and G opposite to A and almostin experimental strategies or in the sequences used in
negligible for the formation of A:A mispairs. The similar different experiments. Few reports deal with comparisons
fins values of C and G reveal certain unspecificity in the based on kinetic measurements of nucleotide incorporation
formation of transition or transversion mispairs. This using RNA/DNA and DNA/DNA complexes. Thus, pre-
phenomenon appears not to be related to the size of thesteady-state kinetics of polymerization using temptlate
template-primer but could be influenced by the conforma- primers of identical size (45/25mers) and sequence revealed
tion of the template strand, since formation of A:G mis- a higher fidelity of mismatch formation for RNA-dependent
matches was less efficient when the template strand wasDNA synthesis$0). Steady-state kinetic assays carried out
RNA. Mispair extension ratios were around-2@or A:C with template-primers bearing the same sequence at the
mispairs and 1®—1076 for A:A and A:G mispairs, using  insertion site did not reveal major differences in misincor-
the 47/25mer complexes containing DNA or RNA templates. poration and mispair extension fidelity of DNA synthesis,
These values are in good agreement with data reported byusing RNA or DNA templates4l—43). One of the major
other authors using templat@rimers of different sizesi(, limitations of all of these studies lies in the intrinsic
44, 45. A:C mispair extension ratios were also similar in  endonuclease activity of WT RT. When an RNA/DNA
assays done with the 38/16mer DNA/DNA complex, al- duplex is incubated with the enzyme in the presence ¢fVig
though in this case transversion mispair extensions wereinternal cleavage of the template strand occurs, diminishing
unusually high 25). Nevertheless, in both cases (using 47/ the significance of the comparison between RNA and DNA
25mer or 38/16mer DNA/DNA complexes), the selectivity templates of identical size. Misinsertion and mispair exten-
of transversion mispair extension was mostly influenced sion fidelity assays rendered similar results with WT RT and
by decreasing thé, for the incorporation of the next  with mutant G541*. However, G541* is devoid of RNase
nucleotide. H activity. The comparison of misincorporation and mispair
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extension ratios of G541* using D2-47/PG5-25 or D2-47-
(RNA)/PG5-25 revealed that fidelity of DNA synthesis was
roughly similar using both templatgorimers, with misin-
sertion ratios of 1°P—10¢ and mispair extension ratios of
103-10* However, differences were observed in the
misinsertion of G instead of T, which occurs 10 times more
efficiently with the DNA template, and in the extension of
transversion mispairs (e.g., A:A and A:G), which is more
efficient with the RNA template. Similar results were
obtained with WT RT, suggesting that the endonucleolytic
cleavage of the template strand may not produce significant
alterations in the positioning of the primer terminal nucleotide
and its 3-OH group at the polymerase active site.

In summary, this study has shown that (i) the size of the
double-stranded DNA duplex has a moderate stabilizing
effect on the interaction of the templatprimer with WT
RT and mutants with truncations affectinghelix E of
RNase H domain, and (ii) partial or total removalochelix
E' weakens the interaction of RT and nucleic acid substrate.
Despite the observed differences in temptagigmer binding,
fidelity of DNA synthesis using RNA or DNA templates
remains largely unaffected by the deletion of the 20 residues
at the C-terminal region of p66, which includehelix E.
Thea-helix E, together with the C-terminal residues of p51
and viral factors such as the nucleocapsid prot2ih 6J),
plays a role in strand transfer and retroviral recombination.
The question remains whether the truncated mutants de-
scribed in this paper would have an altered fidelity of strand
transfer.
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