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ABSTRACT

Reverse transcriptase (RT) of human immuno-
deficiency virus type 1 (HIV-1) has low fidelity
compared with RTs of other retroviruses and cellular
DNA polymerases. We and others have previously
found that the fidelity of DNA-dependent DNA
polymerization (DDDP) of M184V-mutated HIV-1 RT is
significantly higher than that of wild-type RT. Viruses
containing the M184V substitution are highly resistant
to (-)-2'-dideoxy-3 '-thiacytidine (3TC) in vitro and in
patients treated with 3TC monotherapy. It was of
interest to determine the fidelity of RNA-dependent
DNA polymerization (RDDP) of M184V RT compared
with wild-type because this step occurs first in reverse
transcription; errors made during this step may be
copied in subsequent polymerization steps. Using an
in vitro mispaired primer extension assay, M184V-
mutated RT exhibited 3-49-fold decreased frequency
of mispair extension compared with wild-type RT.
Fidelity differences between M184V and wild-type RT
were most marked in extension of A:G (49-fold) and
A:C (16-fold) mispairs, with only a marginal (3-fold)
decrease in the extension of A:A mispairs. RT
containing a methionine to isoleucine (M184I1) mutation
showed only slight increases in RDDP fidelity
compared with wild-type, ranging from 1.5- to 6-fold
increases. Of the three RTs tested, wild-type RT was the
most error-prone, with mispair extension frequencies
ranging from 6.674 x 101 to 7.454 x 10-2.

INTRODUCTION

These characteristics result in enormous genetic heterogeneity in
HIV-infected individuals, which is thought to underlie both viral
escape from immunological pressure as well as drug resistance.
Therefore, studies of viral replication dynamics, fidelity, and
evolution are relevant to considerations of pathogenesis and
treatment.

Mutations in RT that encode drug resistance have been mapped
to various domains of RT7). Of particular interest is an M184V
substitution, located in the polymerase active site of the enzyme,
that confers extremely high-level resistance to the (=) enantiomer
of 2-deoxy-3-thiacytidine (3TC) §-10), as well as lower level
resistance to both,23-dideoxyinosine (ddl) and' 23-dideoxy-
cytidine (ddC) 8,11). The M184V substitution is present in viruses
isolated from patients receiving 3TC. Interestingly, treatment
with 3TC monotherapy is associated with a reduction in viral load
(13) despite the drug resistance conferred by the presence of the
M184V mutation {2). This substitution also causes reversion of
resistance to 'aazidothymidine (AZT) {0), and is observed in
patients on AZT-3TC combination therapy alongside decreased
viral load (L4). Although M184V-containing viruses may be
marginally less infectious than wild-type virus&$,15), their RTs
do not differ significantly in enzymatic efficienc¥).

HIV-1 RT is a multifunctional enzyme with RNA-dependent
DNA polymerase (RDDP), DNA-dependent DNA polymerase
(DDDP), and RNase H activities, and is responsible for the
conversion of viral genomic RNA into double-stranded
preintegrative DNA 17). The error frequency of RDDP by
wild-type RT has been determiniedvitro to be on the order of
10-2to 10-%in primer extension assay18), 10-*when copying
HIV-1 envRNA as a templatel 0), and 163to 104in agXam16
reversion assay().

Recently, studies of M184V RT fidelity have demonstrated less
error-prone DDDP than wild-type1§,21). Using primer

Human immunodeficiency virus type 1 (HIV-1) has a highlyextension of homopolymeric templates, it was shown that

error-prone reverse transcriptase (RI3-3), a high rate of
replication ¢—6), and lacks 3to 5 proofreading activity 4).

M184V had 25-45-fold increaseidtafKm of selectivity for
correct versus incorrect nucleotides, compared with wild-type
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Figure 1. Schematic representation of pHIV-PBS amditro transcribed RNA b BATH) tmM dATP)

template (497 nt) used in RDDP reactions (11). The position of matched and

mismatched DNA primers is indicated. Figure 2. Primer extension reactions of wild-type RT with mismatched primers

(N = A, C, G) and matched primer (N = T). The baseline band indicates the
unextended 16 nt primer. Similar autoradiographs were obtained for primer
extension by M1841 and M184V RT (not shown).

(16). This was corroborated by primer extension assays, which

demonstrated 1.37-16.97-fold decreases of misinsertion frequem®ymer extension reactions

for M184V compared with wild-type2(). In this study, we ) 32 ) i
determined the RDDP fidelity of M184V, M184I, and wild-type Primers were §y->+] end-labelled with T4 polynucleotide
RTs, using a mismatched primer extension assay. By calculatilip@se as described (Gibco-BRE}Y. Primers were annealed to
the kinetics of extension of mispairs, we observed that botgMplate at a template:primer molar ratio of1.3_:1, corresponqllng
mutated RTs had increased fidelity compared with wild-type© 820 ng RNA template and 12 ng labelled primer per reaction.
i.e. up to 48.6-fold increased mispair extension fidelity for M184\Re?‘0“0”$ were performed in 2@ and included 10 mM

RT, depending on the mispair tested. M1841 RT was between ihiothreitol, 50 mM Tris—HCI (pH 7.8), 100 mM KCI, 10 mM
and 6.12 times less likely to extend mispairs than wild-type RT. TH49Cl2, and 0.025-1 mM of dATP (Pharmacia). Reactions were

largest differences in fidelity between mutated and wild-type RPiled for 2 min, incubated at 36 for 8 min, and transferred to
were observed with extensions of a A:G mispair. a 37°C water bath for 10 min. The addition of dATP before or

after heating resulted in no difference in extension of primers (not
shown). RT was added and polymerization carried ouf& &
MATERIALS AND METHODS 10 min, followed by phenol-chloroform extraction and ethanol
precipitation.
RNA synthesis andn vitro RDDP assays
) ) ) o ] Reaction product visualization and quantitation
A plasmid encoding the gag-U5-primer binding site (PBS) of
HIV-1 HXB2D RNA (pHIV-PBS) was linearized witthcd ~ Reaction products were resuspended in formamide gel-loading
(Gibco-BRL) and transcribed overnight following manufacturer'duffer (24), and were boiled for 2 min, iced for 10 min, and run
instructions (Ambion, Austin, TX) to yield a 497 nucleotide (ntyon 20% polyacrylamide urea sequencing gels. Gels were dried
RNA template 22). DNA oligonucleotide primers of 16 nt and subjected to molecular imaging analysis (Bio-Rad) in order
(General Synthesis Diagnostics, Inc., Toronto, Canada) wei@ calculate primer extension as a fraction of total primers per
designed to anneal to the RNA template at nucleotide positiol&e. Percent of primer extension/min was plotted against dATP
611-626 slightly upstream of the PBS. Primer sequences wetencentration, anény, andvmax were determined as described
5-ATTTTCCATTCTGACN-3, (N = A, C, G, or T) with (GraphPad Prism 2.0).
deliberate mismatches at tHee8minal positions, such that primer
elongation represented mispair extension as a measure of RESULTS

RDDP fidelity (Fig.1).
v (Fig-1) Figure 1 shows the position of 16 nt long annealed primers

relative to the HIV-1 R-U5-gag RNA template. The next four
Reverse transcriptase incoming nucleotides to be added onto the extending primer are

dATPs. Thus, the kinetics of primer extension were determined
Enzymes were histidine-tagged and purified by*MNTA by varying the concentration of this substrate. For mispaired
affinity chromatography (Qiagen2®). Activity was defined as primers ending in A, C, or G, the incorporation of dATP
the amount of enzyme required to incorporate one pmol @&presented mispair extension, and was a measure of the infidelity
3H-dTTP into trichloroacetic acid (TCA)-precipitable material atof the enzyme when compared with the correctly paired primer
37°C in 30 min, with poly(rA).oligo(dTj>-18)(Pharmacia) as a ending in T. Molecular image analysis allowed quantitation of
template:primer. The quantities of RT in each reaction werprimer extension as a fraction of total primers present in the
standardized such that polymerization activity was constant amelaction (Fig2). The percentage of primer extension as a function
optimal for primer extension and ranged between 21 and 48 nd substrate concentration was characteristic of Michaelis—Menten
(not shown). kinetics of single-substrate binding (F&). Ky, andvmax were
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Figure 3. Mispair extension by wild-type RT, using primers ending ifl, (
C (4), T () or G @). Curves for M184l and M184V RT were similarly

calculated (not shown).

nucleotide. For wild-type RT, the extension of primers A and C
appeared similar to extension by the primer N = T, indicating a
lack of discrimination between matched and mismatched primers
by wild-type RT. There appeared to be a preponderance of 17 nt
and 20 nt product, corresponding to addition of 1 and 4 nt,
respectively, rather than accumulation of primer extension
products of intermediate length. Similar results were obtained in
regard to primer extension by the M184l and M184V mutant RTs
(results not shown). In contrast to wild-type RT, the mutant RTs
were less able to extend mismatched primers, particularly those
ending in G (Tabld).

The frequencies of mispair extensioggFvere calculated for
each template:primer pair for each RT and are shown in Table
The lower the E;, the lesser the probability of the primer being
extended and the greater the fidelity. In this system, wild-type RT
was shown to have a very high frequency of mispair extension,
ranging from 6.674 10-1for extension of the A:C mispair to
7.454 x 1072 for extension of the A:G mispair, relative to
extension of the correctly paired primer. For mutant RTs,dke F

determined for extension of each template:primer pair. Thealues were lower than those of wild-type RT, indicating
following equation was used to determine the frequency dfcreased discrimination between extension of mismatched and

mispair extension, dxt

F _ (VmaX/Km)mismatch
ext = (VmaX/Km)match

matched primers and, thus, increased fidelity. For all enzymes, the
mispairs most likely to be extended were the A:C mispairs.

The fold decreases infbetween mutant and wild-type RT,
representing increases in fidelity, were calculated for each
primer:template mispair (Tablé). The largest increases in

Extensions of matched primers (N = T) and mismatchegiccuracy between mutant and wild-type RT were seen in the
primers (N = A, C, G) by wild-type RT are shown in Figdre extension of the A:G mispair, of which M184V showed the
With an increase in dATP concentration, there was an increasdayigest increase in fidelity (48.6-fold). In contrast, M184l RT
the accumulation of extended primers varying in length betweesihowed only a modest increase (4.2-fold) in extension of A:G and
17 nt (addition of 1 nt) and 21 nt (addition of 5 nt). The 21 nof A:C (6.1-fold). Generally, differences in fidelity, in
product represents the incorporation of four incoming dATR;omparison with wild-type, were greater with M184V than with
followed by one subsequent dATP which is a misincorporateil184| RT.

Table 1.Fold decrease in RDDP mispair extension of mutant relative to wild-type HIV-1 RTs

T:p2 Km (uM)2 Vmax (%eext/min} Fext Fold decrease
Wild-type

AA 40.78+ 8.29 1.522+ 0.075 7.673 102 —
A.C 6.09+ 2.036 1.97# 0.002 6.674 1071 —
AT 4.48+ 2.594 2.17% 0.145 1 -
A:G 33.98+ 10.429 1.232 0.101 7.454 102 —
M184l1

AA 66.963+ 15.168 3.2273 0.174 4.96< 102 15
A:C 29.037+ 6.697 3.0645 0.155 1.0%< 101 6.12
AT 2.664+ 1.684 2.58% 0.078 1 -
A:G 102.21+ 19.59 1.755 0.010 1.768< 102 4.2
M184v

AA 12.49+ 4.892 1.196% 0.072 2.254¢ 102 3.4
A:C 11.72+ 5.622 2.06% 0.141 4.15¢ 102 16.1
AT 0.6716+ 1.98 2.854+ 0.125 1 -
A:G 207.6x 47.818 1.354+0.114 1.535x 1073 48.6

aT:P denotes template: primer pair.

bvalues are given as means of three experiments and standard error of the mean.

CRelative to corresponding template: primer pair for wild-type.
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DISCUSSION attributable to a decreaseHlp, for primers ending in T, rather
than a significant increasevpax(16). This phenomenon may be

The methods used were adapted from Bakhanashvili and HEfiaracteristic of demonstrable increases in fidelig).(
(18,25). Briefly, the ability of wild-type and mutant RTs to extend The M184V mutation is of interest because it confers high-level
primers mispaired at thé@nd was used as a quantitative measurieSistance to 3TG¢10), and low-level resistance to ddl and ddC
of RDDP error frequency. The template used wasnavitro (1) ASshownin Table, the M184V variant of RT has a 6.7-fold
transcribed RNA corresponding to the PBS-U5 region of th®Wer Km (Q'r??ﬁG“X_'_)r for mzor(]jwlng d'}ITPS in thﬁ exte_r|1§|on
HIV-1 RNA genome, which was used because of its similarity tf€action with the A:T matched template pair than wild-type

o P 4.481M). However, M184V RT also had a 6.1-fold
thein vivotemplate for RDDP. Reverse transcription involves th nzyme ( / P . ; )
generation of a double-stranded pre-integrative DNA from 219herKm than wild-type RT in this same reaction with the A:G

single strand of viral genomic RNA. Initially, RT catalyzes theMismatched primer pair, i.e., a difference for M184V of

synthesis of a minus-strand DNA (RDDP) followed by48.6-fold, depending on whether the A: T matched primer or A:G

transcription of the complementary positive strand DNA (DDDP}—\'A“S”"’“Ched primer was used. This suggests that the ability of

(26). The relative contribution of errors during RDDP to overalfV1184V 1o éfficiently extend from the matched primer AT may

in vivo mutation frequency is unknown. However, a series olpave been increased alongside a corresponding decrease in regar

frameshift mutations in a spleen necrosis virus-derived vect(%?hthe effiqitf:n_cy of feg;gnsion ffOFE thel:)mismatch_elzg primer ’?‘;G'
increased significantly in homopolymeric runs in a singl e contribution of differences Ky between wild-type an

At 184V RTs to these results may be minor.
replication cycle. Most of these were shown to have occurr = S
duF;ing RDDI¥ 27). Th_e M184V mutation is s_elected rapldtywtro_by 3TC (L0
Thein vivorelevance of RDDP in generation of errors could b ?]d IS alshq observed in Pat'qus thregtﬁ.d Wr']th this dmg4é3$()MDD
greater than that of DDDP; errors in the initial step of reversé"€ Methionine at position within the conserve

transcription should be found in both strands of the doub|é)_olymerase active site is a critical determinant of RT catalytic
tivity (15,16). This amino acid may also play a role in

tranded DNA product, wherea ors ge ted during DD N S L
stran procuict, whereas ETrors generaied curing termining enzyme fidelity. An M184l substitution has also

might ultimately be present on only one strand. Studies of RD : .
of HIV-1 RT have revealed either increased or decreased erfdf€n observed during 3TC therapy, but may rapidly be outgrown

frequency, or no significant difference relative to DDDPPY the more fit M184V variantlfl,33,34). It may be important

(18-20,28). For example, the RDDP tdicZa-encoding RNA to quantitate whether M184I RT has diminished processivity, as
had a mutation frequenl:y of 91-2%0104, compared with has been demonstrated for M184V RT, a finding thought to
410+ 87 x 10 for DDDP of a DNA templéte dacza (29). underscore the diminished growth of M184V virus in comparison

Conversely, the use of 165 ribosomal RN&stherichia color ~ With wild-type in primary celis34).
@X174am DNA for DDDP revealed higher mispair extension )
frequencies for RDDP than DDDR§25). Note added in proof

Figure 2 shows the extremely high frequency of extension 0§jnce sypmission of this paper, a manuscript also showing the
terminal mispairs by wild-type RT, which was reflected in e, reased RDDP fidelity of M184V and M184I RT, on the basis
calculated By for this enzyme (Tablg). Wild-type RT has an ot hoh mispair extension and mispair insertion assays, has

extremely high frequency of misincorporation mutatio$, (- 5nneared in the literatura9). Interestingly, the latter paper also
particularly during homopolymeric ruriq30), that are susceptible - onqred that these RT variants had diminished processivity.
to RT pausing 31). Misincorporations are then maintained by

continued polymerization of the elongating primer. For wild-type
RT, the accumulation of the 20 nt product, or primer plus 4 nt, m CKNOWLEDGEMENTS
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