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ABSTRACT. Human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) is a putative source
of the genomic hypermutation that promotes rapid evolution of HIV-1. To understand the molecular
strategies that create a highly mutagenic DNA polymerase active site in HIV-1 RT, we investigated the
roles of four residues in th88-aE loop. GIn151, which interacts with the sugar of the incoming dNTP,

and Lys154, which interacts with the template, yielded site-directed mutants with increased fidelity,
suggesting that these residues are directly involved in the mutagenic architecture of the active site. Mutations
at GIn151 and Lys154 also reduced processivity. Q151N RT showed enhanced ability to discriminate
between TTP and AZT triphosphate, consistent with the observation that the Q151M mutation confers
AZT resistance in vivo. Mutations at Gly152 greatly decreased RT activity; molecular modeling suggests
that Gly152 is critical for the proper geometric alignment that permits base-paring of the incoming dNTP
with the template. Mutations at Trp153 reduced the expression level, and presumably the stability, of RT
proteins in bacteria. These observations support the conclusion that interactions of active site residues in
the £8-aE loop with incoming dNTPs and the template are determinants of the accuracy, processivity,
and substrate selectivity of HIV-1 RT.

In most organisms, synthesis of mutations during replica- mechanisms contribute to the infidelity of HIV-1 RT. The
tion of the genome is prevented both by the accuracy of the structural and mechanistic bases of HIV-1 RT infidelity
replication machinery and by efficient repair mechanisms. remain to be fully elucidated.

In contrast, some organisms that employ a high level of  \ytants with altered fidelity are invaluable in delineating
mutation synthesis for their evolutionary advanitage, SUCh @S structural and biochemical determinants of replicational
human immunodeficiency virus type 1 (HIV-1)contain — 500racy, as illustrated by studies of the Klenow fragment
error-prone replication machinery and lack repair mecha- i) of E_ coli DNA polymerase 1) and the corresponding
nisms. Indeed, HIV-1 reverse transcriptase (RT_) IS th_e mOStfragment (Klentaql) of the highly homologous, thermostable
unfaithful DNA polymerase knownl( 2), and this infidelity Thermus aquaticu®NA polymerase | (Taq Pol7). For

IS ﬁ ptlitafclvegsoug,ce of leVé,l diversity ?nd eyolut@; 4. example, in cocrystal structures of KF and Klentagl com-
ackora proofreading exonuclease Is animportant o, o4 \ith DNA, four conserved amino acids located in

factor contributir_lg to the inaccuracy of HIV-l _R_TZ)( the O-helix near the finger domain face toward the substrate
However, other viral RTs that lack proofreading activity, such binding cleft @). Biochemical and mutagenesis studies

as MuLV RT and AMV RT, have 1618 times higher . . . . . .
o . e indicate that three of these amino acids may interact with
fidelity than HIV-1 RT ©). This suggests that additional the incoming dNTP, and in recent crystal structures of

Klentagl complexed with DNA and a dNTP, these residues
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P30-ES07033 Facility Core 5, Molecular Structure Visualization to polymerase |, namely, R754, has been shown to confer an
ETA. anti-mutator phenotypes), suggesting that interactions with
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ment of Microbiology and Immunology, 601 Elmwood Ave., Box 672, the incoming dNTP are a the”t'a' determinant .Of t_he
University of Rochester Medical Center, Rochester, NY 14672. accuracy of DNA polymerization. Moreover, mutation in
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s University of Washington. ' binding site. A recent crystal structure shows that numerous
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RNA-dependent DNA polymerase. Q151M, arise when the virus is grown under selection with
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nucleoside inhibitors of RT, such as AZT1( 12), and confer 3') encoding ) strand sequences of tii#8-aE region of
resistance to the inhibitors. Interestingly, the Q151M muta- HIV-1 RT. These primers contained mutations at the
tion also alters mutational specificitl ). These findings positions encoding each of the four residues underlined, and
suggest that interactions of HIV-1 RT with incoming dNTPs aBanHl site at position 155. Both sequences at K154 (TTT)
may affect the selectivity for both dideoxynucleotide ana- and W153 (CCA) positions were mutated to A(G)(C+A),
logues and natural dNTPs. giving Asp, Ala, Ser, and Tyr mutations. The sequence at

Structural and mutational analyses also suggest thatG152 (TCC)was mutated to A(EST)(C+A+T), giving Asp,
interactions of DNA polymerases with template nucleotides Ala, Ser, Tyr, Thr, and Asn mutations. The sequence at Q151
may contribute to replicational accuracy. In the case of KF (TTG) was mutated to (AT)TT, giving Asn and Lys
and K|entaq1, for examp|e, a conserved tyrosine at the mutations. The products of PCR amplification with each of
carboxyl terminus of the O-helix stacks against the first the four primers and the' 5D RT primer that encodes the
template nucleotide of the duplex portion of the template- N-terminal sequence of HIV-1 RT and tindd site (18),
primer. Mutations at this residue in KF, namely, Y766A and Were inserted into pBK33 for p66 RT after digestion with
Y766S, result in reduced fidelityL@). In the case of HIV-1 ~ Ndd andBanHl. A 465 bp region betweeNdd andBanH|
RT, we have shown that mutations at D76 and R78 in the of the plasmids was sequenced by the ABI system to confirm
B3-p4 finger domain, confer large (9-fold) increases in Mutations at positions 151154.
accuracy 15, 16). As proposed in a recent crystallographic Purification of HIV-1 RT Procedures for purification of
study (L0), and in our earlier modellf), these residues lie  the hexahistidine-tagged p66 and p51 monomers of HIV-1
near the template nucleotide that base-pairs with incoming RT by Ni#* chelation chromatography have been described
dNTPs. Presumably, interactions of D76 and R78 with this (19). Amounts of purified monomers were estimated in the
nucleotide may contribute to the creation of a mutagenic Bradford assay (BioRad, Richmond, CA) with a bovine
active site where mispairing can readily occur. Another serum albumin standard; most of the preparations were of
HIV-1 RT mutation that increases accuracy, E84@)(may >95% purity, estimated by visual inspection of Coomassie
also affect fidelity via altered interactions with the template, Blue-stained SDSpolyacrylamide gels. We previously
since structural modeling suggests that E89 interacts with found that 6-His tag of purified HIV-1 RT proteins does not
the penultimate nucleotide of double-stranded RNA or DNA affect DNA polymerase activity and sensitivity to a nucleo-
templates. tide analogue ¥8). We also previously reported that both

The crystal structure of HIV-1 RT complexed with DNA p66/p51 heterodimers and p66/p66 homodimers of wild-type

and dNTP £0) shows that three of four contiguous amino &nd mutant HIV-1 RT proteins showed the same level of
acids in thes8-aE loop, namely, Q151, G152, W153, and mlsm_corporatlon in four (_1|fferent typgs of primer extension
K154, interact with either the incoming dNTP and/or a reactions {5, 16). With this protocol, in most of the HIV-1
template nucleotide. Q151 interacts with the sugar of the RT proteins, we were able to purify 2 mg of RT proteins
incoming dNTP, and G152 interacts with both the base and With greater than 95% purity fro 1 L of culture. However,
sugar moieties of the template nucleotide that base-pairs with€XPression levels of two W153 mutants, W153A and W153S,
the incoming dNTP. K154 interacts with the phosphate group Were low, and concentrations of these prepared RT mutant
of the template nucleotide that base-pairs with the nucleotideProtéins were 810 times lower than those of wild-type
at the 3end of the primer, while W153 interacts with neither HIV-1 RT, and their protein purity was 90%. '
the dNTP nor the template. Based on these observations, and Determination of Specific Acity of Purified RT Proteins.
on the premise that interactions of DNA polymerases with 1hree templates were used to measure both DDDP and
both dNTPs and template nucleotides can be determinant§RPDP activities of RT proteins. The heterogeneous DNA
of replicational accuracy, we sought to produce fidelity €mplate is a gapped salmon sperm DNA prepared as
mutants by site-directed mutagenesis targeting these fourdescribed 20). The homogeneous RNA template-primer is
residues. We report here a new set of HIV-1 RT mutants POIY(rA) (286-428 nt long, Amersham-Pharmacia, NJ)
with greatly enhanced fidelity that also display altered @nnealed to 20 bp long oligodT (Amersham-Pharmacia, NJ).
processivity and drug resistance. We discuss the roles ofThe heterogeneous RNA template-primer is 40 nt long RNA
HIV-1 RT interaction with the incoming dNTP and with the  With heterogeneous sequence (see below for misincorporation
template in fidelity, substrate selectivity, and processivity. 25Say) annealed to 17-mer DNA primer (see below). Reaction

mixtures (20uL) contained 50 nM HIV-1 RT, dNTPs (100
MATERIALS AND METHODS uM each) 3H-TTP (10uM, ICN), 25 mM Tris-HCI (pH 8.0),

100 mM KCI, 2 mM DTT, 5 mM MgC}, 0.1 mg/mL bovine

Strains and Plasmids. E. coNM522 (Stratagene, CA)  serum albumin, and either gapped salmon sperm DNA (5
was used for construction of plasmids, and BL21 (Novagen, 4g), poly(rA)/oligodT (1 ug), or heterogeneous RNA-
WI) for overexpression of HIV-1 RT. pBK33 is pHiNtd annealed 17-mer DNA (100 ng). Reactions were incubated
(from Dr. A. Hizi) encoding full-length wild-type p66 HIV-1  at 37°C for 5 min and terminated by addition of 4@Q of
RT, fused at the N-terminus to six histidine residug8, (  10% TCA. The incorporation ofH-TTP was linear up to
19). 15 min incubation time under this condition. The protocol
Construction of HIV-1 RT Mutant®&\mino acid substitu-  for this assay was previously described,(16).

tions at four residues (Q151, G152, W153, and K154) of Primer Extension Assay with DNA or RNA Templates
HIV-1 RT were individually generated by using PCR-based (Misincorporation Assay)Procedures were modified from
site-directed mutagenesis with four different primers [5 those of Preston et all). The DNA template-primer was
AAAAAAGGATCC TTT(K154) CCA(W153) TCC(G152)  prepared by annealing a 63-mef-IAATACGACTCAC-
TTG(Q151) CCTGTGGAAGCA CATTATACTGATATC- TATAGGGAGGAAGCTTGGCTGCAGAATAT-
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TGCTAGCGGGAATTCGGCGCG-3 to a 17-mer (5
CGCGCCGAATTCCCGCT-3 %%P-labeled at the'®nd with
T4 polynucleotide kinase (template:primer, 2.5:1). The RNA

Weiss et al.

polymerase activities of wild-type (100 nM) and mutant
proteins (250 nM) were analyzed by 0.7% agarose for
checking the production of double strand M13 DNA with

template-primer was also prepared by annealing a 40-merfilled gaps @1). The extended gapped DNAs were trans-

(5-AAGCUUGGCUGCAGAAUAUU UGCUAGCGGGAA-
UUCGGCGCG-3 Dharmacon Research, CO), which en-
codes the same sequence as thpeadt of the 63-mer DNA
template, to the 17-mer used for DNA template-primer prep-
aration. Assay mixtures (26L) contained 10 nM template-
primer, 20-100 nM HIV-1 RT as specified in the figure
legends, 3 or 4 dNTPs (250M each), 25 mM Tris-HCI
(pH 8.0), 100 mM KCI, 2 mM DTT, 5 mM MgGl 2 uM
(dT)20, and 0.1 mg/mL bovine serum albumin. Two protein
concentrations (4 and 1x) of wild type (20 and 5 nM),
Q151N (40 and 10 nM), and Q151K (60 and 15 nM) were
used in RNA template reactions (Figure 2), and two con-
centrations (4« and 1x) of wild type (40 and 10 nM) and
Q151 (60 and 15 nM) were used for DNA template reactions
(Figure 3A). Two concentrations 2and 1x) of wild type

(20 and 10 nM) and K154A (50 and 25 nM) were used for
DNA template reactions (Figure 3B). Reactions were incu-
bated at 37C for 5 min and terminated by 4L of 40 mM
EDTA, 99% formamide. Reaction products were immedi-
ately denatured by incubating at & for 3 min and
analyzed by electrophoresis in 14% polyacrylamidesa
gels.

Extension of Mismatched Primer§.o measure RT'’s
capability to extend mismatched primer, we used two
different mismatched primers annealed to either RNA or
DNA template used in the misincorporation assay. G/T
mismatched primer (SCGCGCCGAATTCCCGT-3 was

annealed to the 40-mer RNA template (see aﬁ)ve) with G/T

mismatched at the '3end nucleotide underlined. C/A
mismatched primer (S(CGCGCCGAATTCCCGCTAA-3

was annealed to the 63-mer DNA template (see above) with

the C/A mismatch at the' &nd nucleotide underlined. The

extension condition for these mismatched primers was the
same as the one for misincorporation described above excep

for RT concentrations and T/P. The same RT activities of

wild type and Q151N mutant proteins were used in this assay,
as determined by the extension reaction with matched A

primer. Two RT concentrations {2and 1x) of wild type
(80 and 40 nM) and Q151N (160 and 80 nM) were used in

this assay. The minus dCTP and minus dGTP biased dNTP

pools were used for G/T and C/A mismatched primer

extension reactions, respectively. Possible removal of the

formed to MC1016 cells, and the transformed cells were
plated to M9 plates containing X-gal and IPTG with CSH50
lawn cells. The mutation frequency was determined as the
ratio of mutant (pale blue and white) plaques to mutant plus
wild-type (dark blue) plaques as describ@d)(

Processiity Assay The reaction condition for measuring
processivity requires a single round of primer extensid). (
RT proteins were preincubated with 10 nM poly(rA) (average
size= 260 nt, Amersham-Pharmacia, NJ) annealed to the
32P-labeled 20-mer oligodT (Amersham-Pharmacia, NJ) or
1 ug of single-strand DNA of phage M13mp18 annealed to
20 nM 24-mer M13 sequencing primer (New England
Biolabs, MA) for 3 min at 20C. The concentrations of wild
type, Q151N, Q151K, and K154A for poly(rA) reactions
were 10 nM, 40 nM, 200 nM, and 15 nM, respectively. For
M13 ss DNA template, the concentrations of wild type,
Q151N, and K154A were 20 nM, 50 nM, and 50 nM, respec-
tively. The extension reactions were initiated by adding the
trap mixture containing dNTPs (0.5 mM with a final concen-
tration of 5 mM MgC}), molar excess of cold poly(rA)/
oligodT (4ug/20uL), and heparin (1&g/20uL). The exten-
sion reactions were terminated by:4 of stop solution after
3 min incubation at 37C. Control reactions were performed
as described1{), confirming the single round of primer
extension under this reaction condition. The terminated
processivity reaction and control reactions were analyzed by
11% polyacrylamide urea after 3 min heat inactivation.

Sensitiity of RT Proteins to a Dideoxynucleotide Chain
Terminator, AZTTPThe assay for sensitivity of RT proteins
to chain terminators was the primer extension assay with
mixtures of natural dNTPs (2Q0M) and AZTTP (100uM;
Moravek, CA). Less total RT activities of the mutant proteins
§Q151N, 30 nM, and Q151K, 30 nM, in RNA template
eactions, and Q151N, 75 nM, in DNA template reactions)
than that of wild-type HIV-1 RT (20 nM in RNA template
reactions and 40 nM in DNA template reactions) were used
to verify that less inhibition of mutant protein by AZTTP is
not due to more RT activities of the mutant proteins used.
The reaction condition for this assay was the same as
described in the misincorporation assay except for dNTP
pools. Both RNA and DNA templates were used for Q151N
and wild-type proteins, but only RNA template was used

mismatched primer nucleotides during the reaction could for Q151K due to large reduction of DDDP activity in the

: : o
be extended and contaminate the true products directlyrbégggy{gﬁ%r:_'u:ehae greelactlons were analyzed in a 14%

extended from the mismatched ends. Use of the biased dNTF
pools minimizes extension of these degraded matched
primers or one nucleotide shorter primer originally contami- RESULTS
nated in synthesized oligomers. The reactions were also
analyzed by a 14% denaturing gel.

M13mp2 lacZ Forward Mutation Assayrhe mutation

HIV-1 RT Mutants Containing Mutations between Residues
151 and 154, and Their RT Aciiies. Four HIV-1 RT

frequencies for wild-type and mutant HIV-1 RTs were
measured essentially as previously descritzd)l M13mp2

residues between amino acids 151 and 154 were individually
targeted by PCR-based site-directed mutagenesis (Figure 1A).

DNA containing a 361-nucleotide single-stranded gap was The residues in th88-a.E target region of HIV-1 RT provide

prepared as specifie®@l). Gapped M13mp2 DNA (kQ)
was incubated with RT (166500 nM) at 37°C for 20 min

various interactions with template nucleotides and the
incoming dNTP (Figure 1B). Each of four positions was

under the conditions described above for the misincorporation mutated to more than two different mutations (Figure 1A).
assays. The extended gapped DNAs by equal total DNA Mutant and wild-type HIV-1 RT proteins were purified from
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A. Targeted amino acids in the HIV-1 RT B8-«E loop and single
substitutions tested

151 152 153 154
WT: Q G w K
N A A A
K S S S
D Y D
Y

Ficure 1: Target sequence of the HIV-1 RBB-aE region and constructed mutations (A) and structure of HIV-1 RT near the target region

(B). (A) Wild-type sequences of the target amino acid residues at each position are shown next to WT. Mutations (blue) generated at each
of four residues are shown under each of the wild-type sequences (black). (B) Four target residues (Q151, G152, W153, and K154) are
light green. Primer (purple), double-stranded part of the template (light blue) base-paired to the primer, single-stranded part of the template
(yellow), and the template nucleotide (blue-green) base-pairing to the incoming dNTP (black-red) are also shown. Coordinates for the
figure are from PDB file 1rtd 10, 32). The figure was drawn using Molscrip83) and Raster3D34).

an E. coli overexpression system by using @ Naffinity : — .
purification system. We examined DNA- and RNA-depend- \-I/-\zltziIeTi-/.peDl-?ll\D/l-Dlalg'? RDDP Activities of RT Mutants Relative to
ent DNA polymerase (DDDP and RDDP) activities of —

purified RT proteins using one DNA template with a .1 RT % RT activity
heterogeneous sequence and two RNA templates with either target DNA template RNA templates
homogeneous poly(rA) or heterogeneous sequences. Theresidues mutations heteropolyméripoly(rA) heteropolymerit

percent of specific activities of the mutants relative to that Q151 N 39 24 54
of wild-type HIV-1 RT was determined (Table 1). Interest- K 5 4 30
ingly, none of the four G152 mutants were active, indicating G152 é°‘ 3 zg zg
that the G152 residue is essential for RT activity. Two Q151 T < < ND
mutants, Q151N and Q151K, showed different template | <2 <2 ND
preference. Q151N showed more than 24% of wild-type RT W153 A 5 15 5
activities with all three kinds of template, whereas Q151K 3 1; 2152 212
maintained only high RDDP activity with heterogeneous 54 A 43 71 79
RNA template. In the reactions with poly(rA) template, one S 35 51 61
of the most preferred templates of wild-type HIV-1 RT, E 12 9 12

Q151N still has considerable RDDP activity, whereas Q151K apercent specific activity of wild-type HIV-1 RT protein was
totally lost RDDP activity. Two mutants of W153 changed determined by incorporation of{i]-TTP as describedl@). 1 unit of
to the amino acids with smaller R groups (serine and alanine)purified RT proteins is the amount of the enzyme that incorporates 1
showed low RT activities in all three templates tested, "MO! of PHI-TTP with different T/Ps for 10 min at 37C. Specific

o - N ' activities of purified wild-type HIV-1 RT protein were 8 [poly(rA)/
whereas W153Y mutant has-+95% of wild-type activities. oligodT], 1.5 (heteropolymeric DNA template), and 8 (heteropolymeric
Two K154 mutants, K154A and K154S, showed-3®% RNA template) unitg/g, respectively® Gapped salmon sperm DNA
of wild-type RT activities in all three templates, whereas was prepared as describezD). ¢ 40-mer RNA template annealed to
K154E showed only 912% of wild-type activities. In 17-mer DNA template used for misincorporation assay (see Materials

e : and Methods) was used.

general, Q151 and K154 HIV RT mutants maintained high
levels of RDDP and DDDP activities.

Measurement of Fidelity of HIV-1 RT Mutants by Mis- assay is a primer extension assay that monitors both
incorporation AssayWe employed a misincorporation assay incorporation of incorrect dNTPs and extension of the
to compare the misincorporation capability of the five mutant mismatched primer by utilizing a synthetic DNA or RNA
RTs containing high RT activities (Q151N, Q151K, W153Y, template-primer with biased dNTP pools containing only
K154A, and K154S) to that of wild-type HIV-1 RT. This three kinds of dNTPs16, 16). In this assay, a higher
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RNA Template
(a) (b) (O] (d) (e)
All dNTPs Minus TTP Minus dCTP Minus dGTP Minus dATP

WT QN QK AMV WT QN QK AMV WT QN QK AMV WT QN QK AMV WT QN QK AMV
4xIx 4xIx 4xlx 4xlx 4xix 4xlx 4xIx 4xlx  4xix 4xlx 4xIx 4xIx 4xIx 4xlx 4xlx 4xIx 4xix 4xix 4xix 4xix

T
HHHHRRTR T (T T

Ficure 2: Misincorporation of RT proteins with heterogeneous RNA template. 33abeled 17-mer primer (arrow) annealed to 40-mer

DNA template (5 nM) was extended by two different concentrations &hd 1x) of wild-type (20 and 5 nM), Q151N (40 and 10 nM),

and Q151K (15 and 60 nM) HIV-1 RT proteins, and AMV RT (0.2 and 0.05 units) &(C3for 5 min as seen in the extension reactions

with all four dNTPs (a). The extension reactions were also performed in the presence of only three complementary dNTPs [(b) minus TTP,
(c) minus dCTP, (d) minus dGTP, (e) minus dATP]. The extension reactions were analyzed by 14% denaturing gel electrophoresis. The
DNA sequence of the first 11 nucleotides of the extended part of the primer is shown in (a). The sites with “*” indicate the first stop sites
where the deleted dNTPs would be incorporated in the reactions with only three dNTPs. In this assay, the higher efficiency of elongation
of terminated primer with only three nucleotides will reflect the lower fidelity of the HIV-1 RT protein assayed.

efficiency of primer extension will reflect a lower fidelity (A) (B)
of the HIV-1 RT protein assayed. Q151N K154A

A gel displaying extension of the 17-mer primer annealed DNA template DNA template
to a 40-mer RNA template at two different c_onc_entranons ALANTPs  Minus TTP All dNTPs Minus dGTP
(4x and 1x) of wild-type and two Q151 proteins is shown WT QI5IN  WT QI5IN WT KiS54A WT K154A
in Figure 2. We also employed AMV RT as a high-fidelity 4x 1x 4x1x  4x1x 4x 1x 2x 1x 2x 1x  2x 1x 2x 1x

control RT. As shown in Figure 2a, in reactions containing
all four dNTPs, the wild type, two Q151 mutant HIV-1 RTs,
and AMV RT proteins catalyzed approximately the same
amount of synthesis, leading to fully extended primers. When
incubated with mixtures of only three dNTPs (Figure 2b:
-TTP, 2c: -dCTP, 2d: -dGTP, 2e: -dATP), wild-type HIV-1
RT catalyzed substantial extension past nucleotides for which
a complementary dNTP was deleted (see the sites with “
in Figure 2, stop sites). The ability to incorporate incorrect
nucleotides reflects the low-fidelity nature of wild-type ‘
‘..
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HIV-1 RT. On the other hand, two Q151 mutants, Q151N _, _*
and Q151K, catalyzed much less synthesis and therefore - ]
shorter extension than the wild-type enzyme in reactions with FIGURE 3: Misincorporation of Q151N (A) and K154A (B) RT

A . . sy . proteins with heterogeneous DNA templatéP-labeled 17-mer
three dNTPs, indicative of higher replicational fidelity (Figure primer annealed to the 63-mer DNA template was extended by two

2b—e). Interestingly, as seen in Figure 2b and e, both Q151N gitferent total RT concentrations 4 for (A) or 2x and 1x for

and Q151K mutants showed even more reduced levels of(B); see Materials and Methods] of wild-type and mutant HIV-1
the primer extension than AMV RT, suggesting Q151 RT proteins with all four dNTPs or three dNTPs [minus TTP for
mutants have higher fidelity than AMV RT. (A), minus dGTP for (B)]. Equal DDDP activities of RT proteins

. . . used in each set of the experiments were used as determined in the
Next, we performed the misincorporation assay with & 63- 5 imer extension reactions with all dNTPs. Less total DDDP activity

mer DNA template. The sequence of the 40 nucleotides atwas used in the reactions with wild-type and K154A RT proteins
the 3 end of the 63-mer DNA template is the same as that (B) than those with wild-type and Q151N proteins (A). The DNA
of the 40-mer RNA template described above. In this assay, sequence of the first 12 nucleotides of the extended part of the
two different input levels of DNA-dependent DNA poly- primer is shown in the reactions with “All ANTPs”. The sequence

L . at the 3 40 nt region of the 63-mer DNA template was identical
merase activities (4 and 1x) of wild-type and Q151N ity that of the 40-mer RNA template used in Figure 2. Sites

proteins were used (all four dNTPs in Figure 3A). As shown marked by an asterisk indicate the first stop sites generated due to
in Figure 3A with -TTP, Q151N extended less primer than deletion of the dNTP complementary to the template sequence. The

wild-type HIV-1 RT in the presence of only three dNTPs, primer remaining unextended is marked by arrows.

suggesting that Q151N mutants have a higher fidelity than

wild type in the DDDP reaction. Reduced levels of the primer ~ Two K154 mutants, K154A (Figure 3B) and K154S (data
extension were also observed in the Q151N protein reactionsnot shown), also showed slightly reduced levels of mis-
containing -dCTP and -dGTP (data not shown). However, incorporation in both the DNA and RNA template reactions
the misincorporation level of wild-type HIV-1 RT in the lacking dGTP (Figure 3B), TTP, and dCTP. This suggests
absence of dATP was too low to be compared with that of the K154A RT mutant could have slightly higher fidelity
the mutant. than wild-type HIV-1 RT. This small fidelity difference was
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confirmed by multiple repeats of the assay. In the reaction Mismatched Primer Extension
with W153Y, the level of the misincorporated primer was
' (A) (B) (©)
not redL_Jced (datg not shown), suggesting that the W153Y Matched primer G/T misimatched C/A mismatched
mutant is not a hi-fi mutant. (RNA template) (RNA template) (DNA template)
Extension of Mismatched Primer by HIV-1 RT Proteins. WT QN WT QN WT QN
C 2x 1x 2x 1ix € 2x 1x 2x 1x € 2x 1x 2x 1x

Creation of one mutation during DNA synthesis consists of
two different sequential steps: (1) incorporation of incorrect
dNTP, and (2) extension of the mismatched primer generated
by the misincorporation. In the misincorporation assay shown
in Figures 2 and 3, extension of primer beyond the stop sites !
measured the capability of the RT proteins to misincorporate ‘
and then to extend upon the mismatched primer. Next, we N -
examined the capability of wild-type and Q151N HIV-1 RT ‘ “ass r‘ ‘
T

L A

! | -e *

*

. . | = l *‘ “he
mutant proteins to extend the mismatched primer. In this ; !
study, we used two different mismatched primers (P)

annealed to either RNA or DNA template (T). One T/P * * A
contains a G/T mismatch at theeéhd of the primer annealed Eauc— GAUCG— C (N); C—
to the RNA template. The other T/P contains a C/A mismatch w/ -dGTP W/ -dCTP w/ -dGTP

at the 3 end of the primer annealed to the DNA template. . 4 Extension of mismatched primer by HIV-1 RT protei
These two mismatched T/Ps represent the replication inter-32'|§ﬂgf)e|'ed xltgt\rs{]lg? ?ng,:éf]rgg (ZA()E a%rtljmf(ri-rr{er G-/T mir;:ga?::nhse'd

mediates that can be synthesized during the process of G tGyimers (B) were annealed to the 40-mer RNA template, Ré

A mutation in the viral RNA sequence that is the most labeled 19-mer C/A mismatched primer (C) was annealed to the
predominant HIV-1 mutation2@2, 23). We tested whether ~ 63-mer DNA template. The DNA sequences of the extended part
the Q151N mutant has a reduced capability to extend these2f the primer are shown at the bottom of each gel. Equal RT

; - - . activities of wild-type and Q151N mutant proteins determined with
two different mismatched T/Ps essential for creating the G matched primer (A) were used in the reactions with mismatched

to A mutation. The primer extension reactions were per- primers. Biased dNTP pools allowing shorter primer extension were
formed with only three dNTPs: -dCTP in the G/T mis- used for easier determination of primer extension beyond the
matched primer reactions and -dGTP in the C/A mismatched Mmismatched sites. Stop sites due to deletion of the complementary

primer reaction, to minimize contamination of the true dNTP are marked by (*). The primer extension condition in this
roduct directly extended from the mismatched primer with a0y o> the same as described in the misincorporation assay
p y p (Figures 2 and 3) except for the RT concentrations (see Materials

the extension of one nucleotide shorter matched primer thatand Methods) and T/P. The unextended primers are shown as C
could be generated by degradation of the mismatched primerand marked by arrows in each gel.

during reaction. For this reason, we deleted the nucleotides
that base-pair with template sequence at the mismatched sitegable 2: M13lacZ Forward Mutation Assay with Wild Type and
(dCTP in G/T mismatch, and dGTP in C/A mismatch; see Mutants

Figure 4B and C) in the dNTP pools. As seen in Figure 4A, HIV-1 RT total mutant mutant fold

in reactions containing only three dNTPs (-dGTP) and proteins plaques plaques frequency decrease
matched primer, both wild-type and Q151N proteins showed wild type 11420 298 261 -

the same level of total primer extension (or remaining Q151N mutant 13520 27 20.0 x13

unextended primer). This suggests that the total RT activities _K124Amutant 10200 128 125 x2.1

of wild-type and mutant RTs added in this assay were the
same. These reactions are identical with the ones shown inmutation frequency was similar to those of AMV and MuLV
Figure 2D (-dGTP). In this control reaction, wild-type RT RTs (). The K154A mutant showed only a 2.1-fold decrease
extended further beyond the stop site because of its lowerin error rate, which is consistent with the data obtained by
fidelity than Q151N (see Figures 2 and 3). As seen in Figure the gel-based misincorporation assay (shown in Figures 2
4B and C, the Q151N mutant protein showed a much lower and 3).
level of primer extension from both the G/T and C/A Processiity of HIV-1 RT Mutant Proteinslt has been
mismatched primers than wild-type HIV-1 RT. These results shown that interaction of HIV-1 RT with the template affects
suggest that the Q151N mutant has a reduced capability toits processivity 24). Since the residues in th#8-oE loop
extend the mismatched primer, which may contribute to of HIV-1 RT lie near the single-stranded template, we tested
enhancement of accuracy of DNA synthesis. the processivity of HIV-1 RT proteins using a poly(rA)
lacZ Forward Mutation Assay of HIV-1 RT Mutanihis template with which HIV-1 RT shows highest processivity.
method has been used to determine mutation frequencies irAs seen in Figure 5A, Q151N mutants showed slightly
DDDP activities of DNA polymerases. Mutations generated reduced processivity~200 nt) on the poly(rA) template,
when DNA polymerase or RT copies the gapped region of compared with wild-type HIV-1 RT+250 nt). In addition,
thelacZ gene in M13 mp2 can be scored by the number of Q151N displays reduced processivity on a DNA template
plagues with altered color phenotype (pale blue or clear) in (Figure 5B). Q151K showed the most profound reduction
a specific indicator strain. Due to the large reduction of in processivity €10 nt) even with poly(rA) template. The
DDDP activity by the Q151K mutant, only wild type, observed processivity of Q151N on poly(rA) template is
Q151N, and K154A were used in this assay. As seen in Tablesimilar to the processivity of wild-type HIV-1 RT with poly-
2, the Q151N HIV-1 RT mutant showed a 13-fold reduced (dA) DNA template 10 nt, 25). K154A did not have
mutation rate relative to the wild type HIV-1 RT; this altered processivity with poly(rA) template (Figure 5A),
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FiGurRe 5: Processivity of HIV-1 RT proteins with RNA and DNA
templates. Poly(rA) annealed #P-labeled 20-mer oligodT [(A),
RNA template] and M13 mp18 single-stranded DNA annealed to
32P-labeled 20-mer forward primer [(B), DNA template] were used
in this assay. QN, QK, and KA indicate Q151N, Q151K, and
K154A HIV-1 RT mutant proteins. RNA (A) or DNA T/P (B) was
first preincubated with RT proteins (WT, Q151N, Q151K, and

Weiss et al.

(A) RNA template (B) DNA template
dNTPs dNTPs
only +AZTTP ‘::'J:’ el
_WTQN QK WT QN QK WTQNWTQN
| r—
: ' .'. e £ e =
' - - = -
B L4
- - -
? ’.! * "]
. *
- * *
t°% ¥:8 i
+4 | ::! ; &<
- s B | -
- o .- .- 1 - -
~eet 277 Sede

FiGURE 6: Inhibition of wild-type and Q151 mutant HIV-1 RT
proteins by AZTTP in RDDP (A) and DDDP (B) reactions. The
32p-labeled 17-mer primer (arrow) annealed to either 40-mer RNA
(A) or 63-mer DNA (B) template was extended by wild-type HIV-1
RT, Q151N, and Q151K (only for RNA template) in the presence
of only all four dNTPs (25Q:M) or all dNTPs (250uM) mixed
with AZTTP (125u4M). In this assay, RT protein resistant to AZTTP
produces a higher level of fully extended primer (arrow F) or a
lower level of the primers terminated at the sites (*) where TTP or
AZTTP can be incorporated. Two Q151 mutants used in this assay
had 50% (Q151N) and 75% (Q151K) of wild-type HIV-1 RT
activity.

K154A), and then the extension reactions were initiated by adding level of fully extended products, compared to wild-type

a trap mixture containing dNTPs, poly(rA)/oligodT, and heparin
(see Materials and Methods). This condition allowed only a single
round of primer extension by RT. All reactions were analyzed by
11% denaturing gel electrophoresis.

whereas it showed reduced processivig8Q nt) with DNA
template (Figure 5B). Changes in processivity of W153Y
mutant protein were not observed (data not shown).
Inhibition of RT Actiities of Q151 HIV-1 RT Mutants by
AZTTP.The Q151M HIV-1 RT mutant is shown to possess
AZT resistance. As many resistance mutations within HIV-1

HIV-1 RT. This result indicates that the Q151N mutant is
able to distinguish AZTTP from TTP. Unlike the Q151N
mutant, Q151K (Figure 6A) showed significant inhibition
by AZTTP.

DISCUSSION

Active sites of DNA polymerases interact with various
molecules essential to the DNA polymerization reaction such
as incoming dNTPs, template nucleotide base-pairing to the
incoming dNTP, and the' &nd primer nucleotide joining to

RT have been mapped to the regions that interact with thethe a-phosphate of the incoming dNTP. Unlike other DNA
template and incoming dNTP4(@ 25), we investigated polymerases that use only DNA template exclusively, reverse
whether the two Q151 HIV-1 RT mutants isolated in this transcriptases synthesize DNA from both DNA and RNA
study also show an altered capability to distinguish AZTTP templates, which could require unique architectures in their
from natural dNTPs. The primer extension reactions with active sites. Furthermore, unlike other high-fidelity reverse
RNA and DNA templates were performed in the presence transcriptases such as AMV and MuLV RTs, the RT of
of either all dNTPs or mixtures of all ANTPs and AZTTP HIV-1 that requires mutagenic DNA synthesis for evolution-
(Figure 6). The RT mutations rendering resistance to AZTTP ary benefit could contain an even more unique local structure
(less incorporation of AZTTP) will produce larger amounts in its active site in order to be highly error-prone. It is also
of fully extended primer (or less early terminated primer). likely that functional or structural roles of the amino acid
Total RT activities of Q151 mutants used in these assaysresidues, even conserved between active sites of HIV-1 RT

were lower (50% for RDDP and 90% for DDDP) than that
of wild-type HIV-1 RT in order to confirm that the increase
of fully extended products is due to less incorporation of
AZTTP rather than a higher RT activity. As seen in Figure
6A and B, in the presence of AZTTP, wild-type HIV-1 RT
showed a high level of early termination (use of AZTTP) at

and other high-fidelity RTs, could be different. To elucidate
the molecular strategies that HIV employs to build a highly
mutagenic active site in its RT, we focused on biochemical
characterization of HIV-1 RT mutants with altered fidelity.
In this study, we isolated and biochemically characterized
the fidelity of HIV-1 RT mutants which were constructed

the sites with dA template sequence (* in Figure 6) and a by structure-based site-directed mutagenesis.

lower level of fully extended products (arrow). This result
indicates that wild-type HIV-1 RT is sensitive to AZTTP in
both RDDP (Figure 6A) and DDDP activities (Figure 6B).

Our recent studies with D76 and R78 HIV-1 RT high-
fidelity (hi-fi) mutants (L5, 16) and other studies with Klenow
fragment 6) and Taq Pol with altered fidelity7j suggested

Even with less total RT activities of the mutants added in that interactions of DNA polymerases with both template
the RDDP reaction (Figure 6A), Q151N showed much less nucleotide and the incoming dNTP play important roles in
early termination of the primer extension as well as a higher determining the replication accuracy of DNA polymerases.
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Based on these findings, we targeted fieaE loop of
HIV-1 RT, which contains residues involved in the interac-
tion with both the incoming dNTP and the template. In

general, the targeted four amino acid residues in this loop

region (Q151, G152, W153, and K154) lie at the bottom
part of the HIV-1 RT active site connecting the fingers and
palm domain, providing various interactions with the incom-
ing dNTP and with two template nucleotides (Figure 1B).

Other residues involved in catalysis, such as three conserved

Asp residues (D113, D185, and D186), lie in the upper
backside of the active site (Figure 1B), providing specific
interactions with the phosphate part of the incoming dNTP
and the 3end primer nucleotide to be joined to the incoming

dNTP. As seen in the structure determined by Huang et al.

(20), which represents only one step taken by the very
flexible HIV-1 RT (Figures 1B and 7), residue Q151 interacts
with the sugar of the incoming dNTP, and the main chain
atoms of G152 lie directly under the sugar of the template
nucleotide that base-pairs to the incoming dNTP. The K154

residue interacts with the phosphate group of the template

nucleotide adjacent to the nucleotide base-pairing to the 3
end primer nucleotide (not shown). Although the W153

Biochemistry, Vol. 39, No. 35, 20000691

FiIGURe 7: Interaction of Q151 and N151 residues at #&aE
region of HIV-1 RT with incoming dNTP. This figure shows the
interactions of wild-type GlIn (light green) with O3 of the sugar
moiety of the incoming TTP and the Lys residue at position 73
(gray) near the catalytic site of HIV-1 RT complexed with template,
primer, and incoming nucleotid&@) using coordinate set 1rtd.pdb
from the Protein Data BaniB®). The Asn mutation at 151 is shown

residue does not directly interact with any of the HIV-1 RT in orange. Asn has a shorter R side chain than GIn, and cannot

substrate molecules, we mutated the W153 residue, expecting{)

to alter the fidelity and biochemistry of the adjacent residues
in the loop.

RT Actuity. Among four mutated residues of ti#8-aE
region, Q151 and K154 mutants showed relatively high
RDDP and DDDP activities. Q151N has high RT activities
with all three DNA and RNA templates, whereas Q151K
has relatively high RDDP activity, but only with heteroge-
neous RNA template. Surprisingly, the RDDP activity of
Q151K was remarkably reduced with the poly(rA) template,
which is one of the most preferred templates by wild-type
HIV-1 RT. It is very likely that the structure of the wild-
type HIV-1 RT dNTP binding pocket is locally malleable,

orm interactions with either the sugar of the incoming TTP or the
ackbone carboxyl oxygen at position 73. The single-strand part
of the template is shown in yellow. The primer nucleotide atits 3
end is purple, the incoming dNTP is relllack, and the nucleotide
base-paired to the incoming nucleotide is btgeeen. The double-
stranded part of the template annealed to the primer nucleotide is
light blue. The finger domain is shown in a dark gray space-filling
representation, and the palm domain containing E89 (black) and
M184 (black) in a light gray space-filling representation. This figure
was made using the programs MolscriBB) and Raster3D34).

RT mutants obtained in this study targeting fi&eaE region
showed altered fidelity.

First, as seen in the misincorporation assay and the M13
lacZ forward mutation assay, the Q151N mutation enhanced

and this dNTP binding site constantly modulates its structure replication accuracy. The Q151K mutant also showed
depending on the properties of the templates, such as RNA reduced misincorporation in the reaction with RNA template.
DNA, and their specific sequences. The larger Q151K muta- As seen in Figure 2, the Q151N mutant showed a much lower
tion would alter the structure of the dNTP binding pocket level of total primer extended beyond the stop sites than wild-
much more than Q151N, which may affect the specific type HIV-1 RT in the reactions with four different kinds of
formation of the structure capable of incorporation of TTP biased dNTP pools. This indicates that the Q151N mutant
during RDDP reaction from poly(rA) template. The four has less capability to incorporate incorrect dNTPs at the stop
mutations in the G152 residue that interacts with the basesites compared to wild-type HIV-1 RT. Furthermore, the
and sugar moieties of the template nucleotide base-pairingexperiment shown in Figure 4 demonstrated that the Q151N
to the incoming dNTP X0) completely inactivated RT ac- mutant is also much less capable of the extension of the
tivities. Presumably, adding any R group bigger than hydro- mismatched primer, which is the second step in the synthesis
gen at the G152 residue could directly alter the position of of a single mutation.
the template nucleotide base-pairing to the incoming dNTP.  Examination of the structure shows thatt ©f the Q151
This alteration could interfere with proper alignment of the residue in wild-type HIV-1 RT interacts with O3 of the sugar
template nucleotide relative to the incoming dNTP for the moiety of the incoming correct dNTP (Figure X0). This
base-pairing and cause failure of incorporation of the incom- Q151 interaction with the incoming dNTP, together with
ing dNTP. Two W153 mutations to smaller R groups, serine proper base-pairing between the incoming dNTP and tem-
and alanine, lost RT activity, whereas W153Y had significant plate nucleotide, could be a major element for efficient
DDDP and RDDP activities. We also observed a much lower formation of the RTdNTP-T/P complex that is an
expression level of W153S and W153A proteingEncoli intermediate of the DNA polymerization reaction. It is
than W153Y and wild-type proteins, which could be ef- plausible that the Q151 residue could also make the interac-
ficiently introducing a destabilizing hole into the structure. tion with the sugar of the incorrect dNTP efficiently, and
Fidelity. In agreement with previous studies suggesting that this interaction may become a dominant factor for
that direct interactions of DNA polymerases with the incorporation of incorrect dNTP in the case of wild-type
incoming dNTP and template play important roles in the HIV-1 RT with low fidelity. In other words, the Q151
accuracy of DNA synthesis, we found that several HIV-1 interaction with incorrect dNTP might be sufficient for
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holding the incorrect dNTP in the catalytic site long enough enhanced fidelity 8.8- and 9-fold, respectively. These two
to execute the DNA polymerization reaction even in the residues lie near the phosphate group of the template
absence of the proper base-pairing between the incorrecinucleotide that base-pairs to the incoming dNTP (Figure 1B),
dNTP and the template nucleotide. However, it is likely that whereas K154 directly interacts with the phosphate of the
the Q151N mutant, with its shorter side chain, might lose template nucleotide adjacent to the nucleotide that base-pairs
the interaction with O3 of the sugar moiety of the incoming to the 3 end primer template (Figure 1B). As shown in the
dNTP (Figure 7). In the absence of the RT interaction with E89G mutant with increased fidelity, it was suggested that
the sugar of the incoming dNTP, the base-pairing betweeninteraction with the penultimate nucleotide of double-
the incoming dNTP and template nucleotide becomes thestranded RNA or DNA templates is also important for RT
primary remaining determinant for incorporation of dNTPs. fidelity (17). Even if the effect of the K154A mutant on RT
Therefore, in the reaction with the Q151N mutant, the correct fidelity is relatively small, this finding additionally supports
dNTP with stable base-pairing with template nucleotide is the view that interaction of HIV-1 RT with the template
still able to be incorporated as shown by high RT activity nucleotides may play an important role in the accuracy of
of the Q151N mutant (Table 1). In contrast, the incorrect DNA synthesis.
dNTP lacking both proper base-pairing with template nucleo-  Drug ResistanceAs predicted by the resistance of Q151M
tide and interaction of the 151 residue could not be held containing HIV mutants to dideoxynucleotide analogues such
stably enough to be incorporated. This results in reduction as AZT (11, 12), we also found that the Q151N mutant
of misincorporation (the first step of the mutation synthesis) showed a much reduced level of incorporation of AZTTP,
and enhancement of accuracy of DNA polymerization. which is a TTP analogue with an altered sugar moiety (Figure
Furthermore, the data presented in Figure 4 show that the6). As discussed above, residue Q151 of HIV-1 RT interacts
Q151N mutant has a reduced capability to extend mis- with the sugar moiety of the incoming dNTRQ). Specif-
matched primers. Thus, the Q151 interaction with the ically O3 of the ribose is poised between'®@f Q151 and
incoming dNTP could also play a critical role in incorpora- the peptide nitrogen of Y115. Q151 is further anchored by
tion of ANTP at the 3mismatched end of the primer (i.e., a hydrogen bond betweenN\and the carbonyl oxygen of
the second step of the mutation synthesis). It is very likely K73 (Figure 7). There are no specific hydrogen bonds to
that mismatch at the' nd of the primer alters the geometry the incoming base other than those from the template. Q151
between thex-phosphate of the incoming dNTP and tHe 3 is very close to making contacts (3.5 A) with R72 (not shown
OH of the primer nucleotide, causing difficulty in the in Figure 7, as it lies directly between the viewer and residue
incorporation of the incoming correct dNTP next to the 151) which in turn hydrogen bonds to the incoming nucleo-
mismatch and enhancing the accuracy of DNA polymeriza- tide phosphate. Taken together, these three residues (Q151,
tion. In wild-type HIV-1 RT with low fidelity, however, this  R72, and Y115) seem to make a cage in which hydrogen
difficulty can be efficiently overcome by the interaction bonding between incoming nucleotides and template can
between Q151 and the next incoming dNTP, allowing the happen. In the dideoxy NTP RT inhibitors, O3 is absent,
extension of the mismatched primer and completion of the which could free up Q151 for more specific interactions
mutation synthesis. Therefore, in the case of the Q151N perhaps stronger interactions with R72, or new specific
mutant, with loss of the interaction with the incoming dNTP, interactions with the base itself. For example, it is known
base-pairing between the incoming dNTP and template that wild-type Taq Pol that has been extensively used for
nucleotide is the only remaining element holding the incom- PCR-based DNA sequencing prefers incorporation of ddGTP,
ing dNTP in the active site. This base-pairing, which was which results in uneven sequencing sign&@s2@). This is
enough by itself to incorporate the correct dNTP at the 3 explained by the crystal structure of Taq Pol in complex with
end of matched primer in wild-type RT, is presumably ddGTP. In this structure, unlike Taqg Pol structures with other
insufficient to execute the incorporation of the dNTPs at the ddNTPs, Arg660 of Tag Pol forms additional hydrogen bonds
3 end of the mismatched primer (Figure 3), resulting in with the base of the incoming ddGTP, thereby explaining
failure of completion of the second step of the mutation the preferential utilization of ddGTP(28). Mutations at
synthesis, and enhancement of fidelity. Alternatively, the Arg660 of Taq Pol also reduced the incorporation of ddGTP
fidelity increase of Q151 mutations may result from changes chain terminator, which results in even DNA sequencing
in other factors such as catalysis, binding to mismatched signals 0). Thus, the Q151 residue of wild-type HIV-1 RT
template-primer, and the structure of RT. In addition, it has might also have additional interaction(s) with incoming
been shown that the mutation frequency of HIV RT varies AZTTP that contains three nitrogens of the azido group in
with the sequence context of the RNA or DNA templ&26, ( the place of O3 of ribose, thereby explaining the high
27). It is also possible that the fidelity changes by Q151 incorporation of AZTTP by wild-type HIV-1 RT (sensitivity
mutations are template/sequence-specific. These alternativeso AZTTP). In contrast, the Q151N mutant could cause loss
can be further tested by kinetic and structural analyses with of the interaction(s) specific for AZTTP, thereby reducing
the Q151 mutants. incorporation of AZTTP. Interestingly, unlike the Q151N

Interestingly, Q151K showed a higher level of misincor- mutant, the Q151K mutant showed relatively high sensitivity
porated primer at the stop sites, compared to Q151N (* in to AZTTP, suggesting that a Lys residue at position 151
Figure 2), indicating that Q151K is still capable of mis- might be able to provide similar interactions specific for
incorporation (first step of mutation synthesis), like wild- AZTTP to those provided by the GIn residue of wild-type
type HIV-1 RT. HIV-1 RT.

We also found that the K154A mutant showed only a 2.1-  Processiity. We also found that mutations in ti#8-aE
fold higher fidelity than wild type. We recently showed that loop affect processive DNA synthesis by HIV-1 RT. Our
mutations at two residues of HIV-1 RT, D76 and R78, recent studies with D76 and R78 HIV-1 RT hi-fi mutations
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showed that alterations in the RT interaction with template fragment, this study confirms that the residues infBexE

affect the processivity as well as fidelityt&). As seen in

loop region of HIV-1 RT interacting with the incoming dNTP

Figure 5, mutations at the K154 residue, which also interacts (Q151) and template nucleotide (K154) play important roles
with the template nucleotide base-pairing to the primer in the accuracy of DNA synthesis and the utilization of

nucleotide at the '3end (Figure 1 B), result in reduced
enzymatic processivity in DDDP even though no distinct

nucleotide analogue RT inhibitors.

difference was observed in processivity with poly(rA) ACKNOWLEDGMENT
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