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ABSTRACT: At high temperatures, RNA denaturation can improve the
efficiency and specificity of reverse transcription. Refined structures and
molecular models of HIV-1 reverse transcriptases (RTs) from phylogenetically
distant clades (ie., group M subtype B and group O) revealed a major
interaction between the template-primer and the Arg***-Gly***-Ala
the large subunit of HIV-1y,,3 RT. However, fewer contacts were predicted for
the equivalent Lys**®-Ala*’-Ser*® triad of HIV-1, RT and the nucleic acid. An
engineered HIV-15, K358R/A359G/S360A RT showed increased cDNA
synthesis efficiency above 68 °C, as determined by qualitative and quantitative
reverse transcription polymerase chain reactions. In comparison with wild-type
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HIV-15 RT, the mutant enzyme showed higher thermal stability but retained wild-type RNase H activity. Mutations that
increased the accuracy of HIV-1,;5 RTs were tested in combination with the K358R/A359G/S360A triple mutation. Some of
them (e.g, F61A, K65R, K65R/V7S], and V148I) had a negative effect on reverse transcription efficiency above 65 °C. RTs with
improved DNA binding affinities also showed higher cDNA synthesis efficiencies at elevated temperatures. Two of the most
thermostable RTs (i.e, mutants T69SSG/K358R/A359G/S360A and K358R/A359G/S360A/E478Q) showed moderately
increased fidelity in forward mutation assays. Our results demonstrate that the triad of Arg**®, Gly**, and Ala** in the major
groove binding track of HIV-1 RT is a major target for RT stabilization, and most relevant for improving reverse transcription

efficiency at high temperatures.

Reverse transcriptases (RTs) are enzymes responsible for
the replication of the viral genome. The RNA-dependent
DNA polymerase, ribonuclease H, and DNA-dependent DNA
polymerase activities of the RT are essential for the
transcription of the viral RNA to produce double-stranded
DNA that can be integrated into the host genome."” RTs are
widely used in a number of research applications aimed at
studying transcriptomics and gene expression analysis. Exam-
ples are end point and quantitative reverse transcription
polymerase chain reaction (RT-PCR), microarray analysis,
complementary DNA (cDNA) cloning, and next-generation
RNA sequencing.®~” Frequently used RTs are the polymerases
of avian myeloblastosis virus (AMV) and murine leukemia virus
(MLV).

A major obstacle in cDNA synthesis is the presence of RNA
secondary structures in the template that slow or even halt the
RT reaction.®” AMV RT can be used to copy mRNA at
temperatures higher than those of MLV RT, but its use is
limited by its lower yield and higher RNase H activity.'’
Mutations that eliminate the RNase H activity of oncoretroviral
RTs (e.g, DS24A, D524G, ES62Q, or DS83N in MLV RT and
D4S0A in AMV RT) increase their stability at elevated
temperatures.'~'®> Those effects have been attributed to the
increased template-primer binding affinity of RNase H-deficient
RTs."! High-throughput screening and in vitro evolution studies
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have selected for mutant MLV RTs that showed an increased
half-life at 55 °C and a greater efficiency of cDNA synthesis at
high temperatures.'*'> The RTs with the highest thermo-
stability had combinations of mutations such as E69K, E302R,
W313F, L435G, and N454K' or L139P, D200N, T330P,
L603W, and E607K'® that promoted tighter binding to the
template-primer. However, structural analysis of the DNA
polymerase domain (residues 28—487) of xenotropic murine
leukemia virus-related virus (XMRV) RT bound to an RNA—
DNA hybrid showed that most of the substituted amino acids
in the thermostable MLV RT's were located some distance away
from the template-primer.'® Among them, Glu*? was the only
mutated residue involved in interactions with the nucleic acid.

Recombinant human immunodeficiency virus type 1 (HIV-
1) RTs derived from group M subtype B clones (e.g, BH10
and HXB2) have been studied extensively but have not been
used as a tool to copy mRNA because of their relatively high
error rate compared to those of AMV and MLV RTs."”
However, wild-type (WT) HIV-1,,5 BHIO strain RT shows
higher activity and half-life than the MLV RT at temperatures
in the range from 50 to 60 °C.'"® Compared to the BHIO

Received: October 10, 2013
Revised: ~ December 3, 2013
Published: December 4, 2013

dx.doi.org/10.1021/bi401390x | Biochemistry 2013, 52, 9318—9328


pubs.acs.org/biochemistry

Biochemistry

polymerase, a WT HIV-1 RT derived from the phylogenetically
distant clade group O showed increased stability in the
presence of urea'” and higher efficiency in RT-PCRs when
cDNA synthesis was performed at temperatures as high as 68
°C.'® Although the HIV-1 group O (HIV-1p) RT is ~6-fold
less accurate than the MLV RT,**?! it is more faithful than the
HIV-1,,5 (BH10) polymerase and less prone to introduction
of deletions and insertions than AMV and MLV RTs.'”'®*>??

HIV-1 RTs are heterodimers composed of subunits of 66 and
51 kDa (i, p66 and pSl, respectively). Crystal structures of
HIV-1y;3 RTs revealed that both subunits contain four
common subdomains (fingers, palm, thumb, and connection),
while the RNase H domain is found only in p66. The template-
primer interacts with residues of the DNA polymerase and
RNase H domains of p66, as well as with the thumb and
connection subdomains of p51. Interactions that stabilize the
RT heterodimer or its binding to nucleic acid have been
determined from crystal structures of HIV-1p,; RT and a
molecular model of HIV-15 RT built on the basis of the
structure of the ternary complex of HIV-1y,3 RT, double-
stranded DNA (dsDNA), and dTTP.** Free energy interaction
matrices were used to identify relevant residues in HIV-1yp
and HIV-15 RTs that contribute to template-primer binding.
By making the relevant substitutions in the connection
subdomain of HIV-15 RT, we have obtained enzymes with
increased nucleic acid binding affinity and enzymes that are
more efficient than the WT RT in reverse transcription
reactions conducted at elevated temperatures.

B EXPERIMENTAL PROCEDURES

Molecular Modeling. The HIV-1ggp40 group O RT model
was built by standard homology modeling techniques using
MODELER version 9.7.° The structure of the ternary complex
of HIV-1yyg, RT, dsDNA, and dTTP (Protein Data Bank entry
IRTD)** was used as a template. The molecular model and the
crystal structure were hydrated by using boxes containing
explicit water molecules, energy minimized, heated (20 ps), and
equilibrated (100 ps). Then, when the equilibration was
reached, molecular dynamics trajectories were continued for
20 ns. Structures were homogeneously sampled every 40 ps and
stored for postprocessing. All the simulations were performed
at constant pressure (1 atm) and temperature (300 °K) with an
integration time step of 2 fs. The SHAKE algorithm>® was used
to constrain all the bonds involving H atoms at their
equilibrium distances. Periodic boundary conditions and the
particle mesh Ewald methods were applied to treat long-range
electrostatic effects.”” AMBER ff03°* and TIP3P*® force fields
were used in all cases. Finally, the effective binding free energies
were estimated with the MM-GBSA®® approach that calculates
the free energy of binding as a sum of a molecular mechanics
(MM) interaction term, a solvation contribution through a
generalized Born (GB) model, and a surface area (SA)
contribution to account for the nonpolar part of the
desolvation. A 12-6 Lennard-Jones term was used to model
the MM contribution. For GB, the solute dielectric constant
was set to 4, whereas that of the solvent was set to 80. The
dielectric boundary was calculated using a solvent probe radius
of 1.4 A. The SA contribution was approximated as a linear
relationship to the change in solvent accessible surface area
(SASA). All the trajectories and analysis were performed usin
the AMBER 10 computer program and associated modules.®
Free energy decomposition interaction matrices, obtained from
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the same snapshots, were represented in an energy-dependent
color gradient using Matrix2png.**

Mutagenesis, Expression, and Purification of Re-
combinant RTs. Site-directed mutagenesis was conducted
with the QuikChange site-directed mutagenesis kit (Stratagene)
by following the manufacturer’s instructions and using the
mutagenic primers listed in Table S1 of the Supporting
Information. Plasmid p66RTB containing the WT RT-coding
sequence of an HIV-1ggpe group O isolate’® was used as a
template to introduce the K28E mutation or the K3S8R,
A359G, and S360A mutations (designated 3M). Additional
changes were introduced in a sequential manner into
derivatives of p66RTB(O_WT) containing the 3M cluster of
mutations. After mutagenesis, the entire RT-coding regions
were sequenced and, if correct, used for RT expression and
purification. RT p66 subunits carrying a Hiss tag at the C-
terminus were coexpressed with the HIV-1 protease using the
Escherichia coli XL1 Blue strain, and the obtained p66—pS1
heterodimers were then purified by ionic exchange followed by
immobilized metal affinity chromatography on Ni**-nitrilo-
acetic acid agarose.'®*> Enzymes were quantified by active-site
titration before biochemical studies.”*

DNA Polymerase and RNase H Activity Assays. DNA
polymerase activity assays were conducted at 37 °C in 50 mM
Tris-HCI (pH 8.0) buffer, containing 20 mM NaCl, 10 mM
MgCl,, 8 mM dithiothreitol, 50 yM [*H]dTTP, and 1 uM
poly(rA)/oligo(dT) s as previously described.”® RT thermal
stabilities were determined by measuring the residual RNA-
dependent DNA polymerase activity, after preincubating the
enzyme and the template-primer in reaction buffer for 0—60
min at 50 °C.*° Polymerization reactions were initiated by
adding buffer containing [*H]dTTP. The active RT concen-
tration in these assays was kept around 20 nM. RNase H
activities were determined with a 31/21-mer RNA—DNA
complex as described previously.'®

Reverse Transcription PCR Assays. A two-step RT-PCR
assay was used to determine the efficiency of the reverse
transcription reaction at different temperatures.18 Reverse
transcription reactions (20 yL) were conducted in 50 mM
Tris-HCI (pH 8.3), containing 75 mM KCl, 3 mM MgCl,, 10
mM dithiothreitol, 1 unit/uL. RNase inhibitor (RNasin Plus,
Promega), dATP, dCTP, dGTP, and dTTP (500 uM each), S
uM oligo(dT) ¢, 50 ng/uL mouse liver RNA (Stratagene), and
the corresponding RT at 150 nM (active-site concentration).
The RNA template and the oligo(dT),4 primer were annealed
by preincubation at 68 °C for 3 min and then slowly cooled at
room temperature. The cDNA synthesis reactions were
conducted at different temperatures (within the range of 37—
78 °C) for 60 min and then stopped when the mixtures were
heated at 92 °C for 10 min. DNA amplifications were
conducted as previously described using the Expand High
Fidelity DNA polymerase mix (Roche).'® The used PCR
primers were 5'-CCTAGGCACCAGGGTGTGAT-3’ (ACT1),
5'-CGGTCAGGATCTTCATGAGG-3' (ACT2), and 5'-CG-
TACTCCTGCTTGCTGATCC-3' (ACT3).

Quantitative Real-Time PCR Assay. Reverse transcription
reactions were conducted as described above. The cDNA
synthesis yields of f-actin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNAs were measured after
amplification with primers 5'-CTAAGGCCAACCGTGAAA-
AG-3’ and 5-ACCAGAGGCATACAGGGACA-3’ for f-actin
and 5-CTCCCACTCTTCCACCTTCG-3’ and 5'-CATACC-
AGGAAATGAGCTTGACAA-3" for GAPDH, using SYBR
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Green 1 detection chemistry. Briefly, qPCRs (10 uL) were
performed in triplicate. Each reaction mixture contained the
amount of cDNA equivalent to S ng of total RNA, each primer
at 250 nM, and S puL of Power Sybr Green PCR Master Mix
(Applied Biosystems, product no. 4367659), which includes
AmpliTaq Gold DNA polymerase, ANTPs, and the rest of the
reagents required to complete the PCR amplification. Real-time
PCR was performed in an Applied Biosystems 7900HT
instrument, using MicroAmp Optical 384-well reaction plates
with barcode. The cycling protocol included after an initial
denaturation at 95 °C for 10 min, a series of 40 two-step cycles
(15 s at 95 °C and 1 min at 60 °C). A melting curve from 60 to
95 °C (2% ramp) at the end of the program was included to
verify the specificity of the amplification reaction. Fluorescence
was acquired during the 60 °C and melting steps. All samples
were run in the same plate with negative controls and primer
efficiency curves for each gene amplification.

Data were analyzed with the qPCR quantification software
SDS version 2.2.1 (Applied Biosystems). The threshold cycle
(Cr) in which the fluorescence significantly exceeds back-
ground was determined by the quantification software. The
linearity in ¢cDNA synthesis was determined by performing
qPCR assays over a six-point 1:4 dilution curve made with a
pooled cDNA sample containing amounts equivalent to 0.05—
50 ng of RNA. C; values obtained in all experiments were
within the ranges validated by the dilution curves. Amplification
efficiencies were determined as fold differences relative to data
obtained with WT HIV-1gy,, RT under the same con-
ditions.*>> AC; was calculated for each sample with the
equation ACy = Cr — Crp Cr and Cry are the average
threshold cycles obtained for the analyzed RT variant and the
reference HIV-1py,o RT, respectively, in assays conducted
under the same conditions. Relative yields were then calculated
as 22C" for each cDNA. Results are expressed as means + the
standard deviation of 2°C of the three replicates obtained for
each RT and temperature.

DNA Binding Affinity. Dissociation equilibrium constants
(Ky) for RTs and DNA—DNA complexes were obtained with
the template-primer D38/25PGA by following a previously
described procedure.’® Briefly, RTs (at ~3 nM) were
preincubated at 37 °C with increasing concentrations of the
5'-3?P-labeled template-primer (2—60 nM) in 10 uL of 100
mM Hepes (pH 7.0) buffer, containing 30 mM NaCl, 30 mM
magnesium acetate, 130 mM potassium acetate, 1 mM
dithiothreitol, and 5% polyethylene glycol. Reactions were
initiated by adding 10 uL of a solution containing 130 mM
potassium acetate, 1 mM dithiothreitol, 5% polyethylene glycol,
and 1 mM dTTP. Aliquots of 4 uL were removed at different
times, quenched with 4 uL of sample loading buffer, and
analyzed by denaturing polyacrylamide electrophoresis. Burst
amplitudes (i.e,, RT bound to the template-primer at time zero)
were plotted against the template-primer concentration in the
assay, and the data were fit to a quadratic equation to obtain the
equilibrium dissociation constant for the binding of RT to the
template-primer.”’

Mispair Extension Fidelity Assays. Pre-steady-state
kinetics of nucleotide incorporation were determined with
heteroduplex DNA—DNA 31/21-mers containing matched
(G:C) and mismatched 3’ ends (G:T, G:G, and G:A). The
kinetic parameters of nucleotide (dTTP) incorporation were
obtained with a rapid quench instrument (model QFM-400,
Bio-Logic Science Instruments, Claix, France), upgraded with a
mixer cross and a special mixer (Bio-Logic) that facilitate the
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determination of catalytic rate constants of >20 s™'. Reactions
were conducted in 50 mM Tris-HCI (pH 8.0) containing S0
mM KCI and 18 mM MgCl,. The concentration of the
template-primer in the mixture was 100 nM, and the RT was
supplied at a concentration of SO nM (active sites) except for
reactions involving extensions of G:T, G:G, and G:A mispairs.
In these cases, the enzyme was supplied at a concentration of
120 nM to eliminate the influence of the enzyme turnover rate
(k), which interferes in the measurements of low incorpo-
ration rates. Mismatched template-primer concentrations were
well above their dissociation equilibrium constants (Kg) for WT
and mutant RTs as determined by equilibrium competition
assays.”® Oligonucleotides 31T (5-TTTTTTTTTAGGATAC-
ATATGGTTAAAGTAT-3’) and 21P (5'-ATACTTTAACCA-
TATGTATCC-3’) were used as the template and primer,
respectively. Mismatched extension reactions were conducted
with derivatives of 21P having T, G, or A at their 3’ ends.

M13mp2 lacZa Forward Mutation Assays. The fidelity
of DNA-dependent DNA synthesis was determined using the
forward mutation assay,”® under the previously described
conditions.*>*' Mutant frequencies were calculated as the
ratio of mutant (light blue or colorless) plaques to the total
number of plaques screened. Mutant phenotypes were
confirmed by nucleotide sequencing of the phage replicative-
form DNA.”

B RESULTS

Molecular Models and Mutant Design. The WT RT of
the HIV-1, ESP49 strain (obtained from an untreated
patient'”) has a sequence that is ~80% identical to that of
prototypic HIV-1y,,5 RTs, such as those derived from strains
BH10, HXB2, or NL4-3. On the basis of their similarity, a
molecular model of HIV-15 RT was built by using the structure
of WT HIV-1,;,5 (HXB2 strain) RT bound to double-stranded
DNA and dTTP as a template (Figure 1A). The model and the
crystal structure were refined by molecular dynamics. The
higher stability of HIV-15 RT relative to that of HIV-1,;5 RT
was demonstrated in vitro."®'” Absolute free energies of
interaction between p66 and pS1 subunits, calculated by
using the MM-PBSA method, were similar for both RTs with
values of —202.03 + 12.60 kcal/mol for HIV-1y,3 RT and
—201.58 + 12.88 kcal/mol for the HIV-1, polymerase (Figure
S1 of the Supporting Information). In contrast, the predicted
affinity for the template-primer was higher in the case of HIV-
15 RT, with free energies of interaction with the DNA complex
of —343.43 + 19.27 kcal/mol in contrast to a value of —277.12
+ 15.96 kcal/mol, as observed in the case of HIV-1,;; RT.

Subunit interactions affect highly conserved residues in HIV-
1pyp and HIV-14 RTs." In both RTs, major interactions occur
between residues 52—57 and 136—143 of pS1 and residues 85—
96 of p66, between amino acids 394—401 of p51 and 358-377
of p66, and between residues 331—392 and 418—424 of pS1
and residues 402—410 of p66. Differences between HIV-1y 5
and HIV-1, RTs were detected by comparing the free energy
decomposition interaction matrices for both enzymes (Figure
S2 of the Supporting Information). Compared with the HIV-1,
RT, the group M subtype B enzyme showed stronger
interactions between Lys*® (p66) and Glu®® (p51), followed
by GIn*” (p66) and Glu®® (p51), and Thr*”® (p66) and Asp>**
(pS1). Most of those residues were conserved in both RTs,
although WT HIV-15 RT contains Lys instead of Glu at
position 28.
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Figure 1. Molecular model of HIV-1 RT in a ternary complex with double-stranded DNA (dsDNA) and dTTP. (A) Superposition of the modeled
structure of the HIV-14 RT and the crystal structure of HIV-1,;,; (HXB2 strain) RT in complex with dsDNA and dTTP (both refined by molecular
dynamics). In the HIV-15 RT model, p66 is colored orange and pS1 green. In the HIV-1y/5/5xp; RT structure, the p66 and pS1 subunits are colored
blue and cyan, respectively. The dsDNA is colored red, and the incoming dTTP is depicted as yellow spheres. (B) Analysis of interactions between
the RT and template-primer based on the differences between the free energy decomposition matrices obtained for the ternary structures containing
the HIV-1y/p/1xs, and HIV-15 RTs. Blue boxes represent interactions found to be stronger in the HIV-1y;/p1xp, RT complex, while red squares
indicate interaction sites in the HIV-15 RT that are stronger than in the HIV-1y;/ /x5, RT complex. (C) Cartoon and stick representation of
interactions between RT connection subdomain residues 358—360 of HIV-1y/g/1xs; RT (blue) and HIV-14 RT (orange) and the template-primer
(red). Images in panels A and C were generated with the PYMOL Molecular Graphics System, version 1.5.0.4 (Schrédinger, LLC, Portland, OR).
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Figure 2. Effect of temperature on cDNA synthesis and two-step reverse transcription PCR. The cDNA synthesis reactions were conducted for 60
min at the indicated temperatures, in a buffer containing 50 ng/uL mouse liver RNA and 150 nM RT (active-site concentration). Reactions were
stopped when mixtures were heated at 92 °C for 10 min. The product of the cDNA synthesis reaction was amplified with the Expand High Fidelity
DNA polymerase. Amplifications of actin DNA fragments of 0.5 and 0.95 kb are shown. (A) Comparison of reverse transcription eficiencies of
BH10 WT (lane 1), O_WT (lane 2), O_3M (lane 3), and O_K28E (lane 4) RTs. (B) Comparison of reverse transcription efficiencies of O WT
(lane 2), O_3M (lane 3), O_SM (lane S), O_3M K65R (lane 6), O _3M_K65R/V7SI (lane 7), O_3M_E478Q_(lane 8), and O_3M_K6SR/
E478Q_(lane 9) RTs. (C) Comparison of reverse transcription efficiencies of O_3M (lane 3), O_3M_T69SSG (lane 10), O_3M_V148I (lane 11),
and O_3M_F61A (lane 12) RTs. Lanes M and ¢ show molecular size markers (HindIII digest of phage ®29 DNA) and a control reaction mixture
(conducted without RT), respectively. Results are representative of three independent experiments.

The analysis of interactions with the template-primer
revealed that both RTs have major contacts with the nucleic
acid around positions 72—94, 255266, 277—28S, 353—361,
448—451, 473—478, and 499—505 of the 66 kDa subunit
(Figure S3 of the Supporting Information). Interestingly, in the
crystal structure of HIV-1y;5 RT bound to dsDNA and dTTP,
very strong interactions were detected around positions 284
and 358—361 of p66, while interactions involving residues 374
of p66 and 394—399 of p51 were predicted to be much
stronger in HIV-1, RT. Although Arg®* is conserved in both
RTs, they show sequence differences at positions 355—361.
While the HIV-1,; RT sequence is Ala**-Arg***-Met*’-
Arg*8.Gly**-Ala**-His*"', the equivalent sequence in HIV-1,
RT is Thr’*%-Arg**%-GIn**"-Lys**-Ala**-Ser**-His*'. Compar-
ison of pairwise interaction energies in this region suggests a
stabilizing role for the three residues at positions 358—360 in
the HIV-1y,5 RT (Figure 1B). Residues 358—360 in the HIV-
Iyys RT are approximately 2.7—3.1 A away from the DNA,
while in the predicted HIV-15 RT structure, the distance
increases to 5.3—5.4 A. A detailed analysis of the interactions
affecting those residues reveals the presence of a number of
hydrogen bonds in the HIV-1y,,5 RT structure that connect the
major groove of the DNA with the Gly**-Ala** polypeptide
backbone and the side chain of Arg®® (Figure 1C). Most of
these bonds are missing in the HIV-15 RT model. There is only
one, affecting Lys**® and the phosphate backbone of the DNA,
that is maintained in this structure.

On the basis of the previous analysis, the K28E mutation and
the K358R/A359G/S360A combination (designated 3M) were
introduced into the WT HIV-15 RT sequence to improve the
RT stability. In addition to the 3M cluster, we also made
another mutant HIV-1, RT that contained the additional
changes at positions 355 and 357 (ie, T355A/Q357M/
K358R/A359G/S3604A, designated SM).

Mutational Cluster K358R/A359G/S360A Increases
the Efficiency of HIV-1, RT in cDNA Synthesis Reactions
Conducted at High Temperatures. RT efficiencies at high
temperatures were determined for the O WT enzyme and
mutants K28E and K358R/A359G/S360A (ie, O_3M), using
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a two-step reverse transcription PCR assay that included an
initial cDNA synthesis reaction at a fixed temperature. The
amplification of 0.5 and 0.95 kb actin fragments from mouse
liver total RNA showed that the K28E substitution had a
minimal impact on the reverse transcription efficiency at
temperatures in the range of 37—75 °C (Figure 2A and Figure
S4 of the Supporting Information). However, yields were
substantially higher with the O_3M RT at 75 and 78 °C. These
results were consistent with the higher thermal stability of the
mutant enzyme that showed a half-life of 6.01 + 1.08 min at 50
°C in DNA polymerization assays conducted with poly(rA)/
oligo(dT) . In contrast, the half-life of the O_ WT RT was 3.45
+ 0.48 min. In addition, we found that the mutant O_3M RT
retained approximately 15—21% of its specific DNA polymerase
activity after a 30 min incubation at 50 °C, while the activity of
the O_WT enzyme was reduced to <10%.

Both RTs showed very similar RNase H cleavage rates, as
determined in assays conducted with a 31/21-mer RNA—DNA
complex. The obtained kg, values were 2.60 + 0.26 min~" for
the O WT RT and 2.49 + 0.15 min~" for the O_3M mutant.
Therefore, observed differences in cDNA synthesis efficiencies
between both enzymes are independent of their RNase H
activity.

Interestingly, the addition of T355A and Q357M to the
K358R/A359G/S360A complex had no effect on the efficiency
of reverse transcription at all tested temperatures (Figure 2B
and Figure S4 of the Supporting Information). The reduced
thermal stability of WT HIV-1,,5 RT (ie, BH10 RT) was
confirmed in the RT-PCR experiments, because no amplifica-
tions were observed in cDNA synthesis reactions conducted
with this enzyme above 68 °C (Figure 2A).

We have previously reported that mutation K65R, double
mutation K65R/V75], and mutation E478Q_increased the
fidelity of DNA synthesis catalyzed by HIV-1o RT.*>*® We
analyzed the effects of those amino acid changes in
combination with triple mutation K358R/A359G/S360A on
the reverse transcription efficiency at high temperatures. As
shown in Figure 2B (and in Figure S4 of the Supporting
Information), all tested combinations (i.e, adding K6SR,

dx.doi.org/10.1021/bi401390x | Biochemistry 2013, 52, 9318—9328
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Figure 3. Reverse transcription yields at different temperatures determined by qPCR. Total mouse liver RNA was used as input material.
Amplifications of f-actin and GAPDH mRNAs are shown in panels A and B, respectively. Error bars indicate the standard deviation of samples run
in quadruplicate. The analyzed RTs were BH10 WT (black), O_WT (yellow), O_3M (orange), O _3M_E478Q (green), O_3M_K65R/V7SI
(purple), and O_3M_T69SSG (blue). Relative yields refer to the number of cDNA copies (assuming 100% PCR efficiency) produced by the

BH10 WT RT.

K65R/V751, K65R/E478Q, and E478Q) resulted in RTs with
decreased efficiency of cDNA synthesis at high temperatures.
The destabilizing effects were larger for K65R/V7SI and less
prominent in the case of the RNase H-inactivating mutation
E478Q. Other amino acid substitutions that increase the
accuracy of HIV-1 RT without compromising its DNA
polymerase activity at 37 °C are F61A and V148], as well as
insertion T69SSG (i.e., substitution T69S and insertion of the
Ser-Gly dipeptide).**™* F61A, V148, and the insertion
complex (T69SSG) reduced the efficiency of the cDNA
synthesis reaction upon being added to the K358R/A359G/
S360A complex. However, the loss of activity at temperatures in
the range of 68—78 °C was more pronounced for the RTs
containing the F61A or the V148l mutation (Figure 2C and
Figure S4 of the Supporting Information).

Quantitative Analysis of the Reverse Transcription
Efficiency and Template-Primer Binding Affinities of
Engineered RTs. The RT-PCR studies and polymerase half-
life measurements at S0 °C showed that the three connection
subdomain mutations K358R, A359G, and S360A were
sufficient to produce a large increase in thermal stability. All
amino acid substitutions that were previously characterized as
antimutators had a negative effect on the thermal stability of the
O_3M RT. However, this effect was relatively minor for
T69SSG and E478Q and most evident in the case of K65R/
V7SI Reverse transcription yields rendered by these enzymes
in comparison with those of the O_WT and BH10_WT RTs
were estimated by qPCR at different temperatures, based on
the amplification of housekeeping gene mRNAs such as those
of f-actin and glyceraldehyde-3-phosphate dihydrogenase
(GAPDH) (Figure 3). In the case of f-actin, differences at
37 °C were relatively small (<2-fold). At 50 °C, the four
mutants containing changes at positions 358—360 showed the
highest yields, with efficiencies that were 2—3-fold higher than
those obtained for O WT and BH10_WT RTs (Figure 3A and
Figure SS of the Supporting Information).

These differences were dramatically increased at higher
temperatures. At 75 and 78 °C, mutants O_3M and
O 3M E478Q (ie, K358R/A359G/S360A/E478Q) were
the most efficient, with yields that were 4000—6000 times
larger than those obtained with the BH10 WT RTs. The
differences in relative yields were smaller for the amplification
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of the GAPDH gene (Figure 3B). Thus, at temperatures in the
range of 37—68 °C, differences were relatively small (Figure SS
of the Supporting Information). However, results were in good
agreement with those obtained for the f-actin gene, because
both O_3M and O_3M_E478Q RTs, together with the
O_3M_T69SSG (ie, T69SSG/K358R/A359G/S360A) mu-
tant, were found to be the most efficient at the highest
temperatures tested (i.e,, 75 and 78 °C).

The dissociation equilibrium constants for WT and mutant
HIV-1 RTs and heteropolymeric template-primers are listed in
Table 1. The triad of mutations in the connection subdomain
(i.e., K358R, A359G, and S360A) produced a 3-fold increase in
nucleic acid binding affinity. However, further addition of
mutations at positions 355 and 357 had a minor effect on the
apparent K Interestingly, RTs showing the highest cDNA
synthesis efficiency above 68 °C (ie, O_3M E478Q and

Table 1. Dissociation Equilibrium Constants for WT and
Mutant HIV-1 RTs and DNA—-DNA Template-Primers®

RT apparent Ky (nM)
BH10 WT 5.84 + 1.67
O WT 4.57 £ 051
O_K28E 4.50 + 1.52
O_3M 1.52 + 0.60
O_SM 2.04 + 0.39
O_3M_K65R 2.56 + 0.75
O_3M_K65R/V751 3.34 + 0.65
O_3M_E478Q 1.58 + 0.67
O_3M_K65R/E478Q 722 + 1.86
O_3M_F61A 8.64 + 1.21
O_3M_V148I 3.52 + 0.76
O_3M_T69SSG 1.81 + 0.44

“3M and SM stand for the combinations of mutations K358R, A359G,
and S360A and mutations T355A, Q357M, K358R, A359G, and
S360A, respectively. The K values were determined at 37 °C using the
template-primer D38/25PGA (sequences given below). Reported
values are averages + standard deviations obtained from at least three
independent experiments.

D38 5° GGGTCCTTTCTTACCTGCAAGAATGTATAGCCCTACCA 3~

25PGA 3 GGACGTTCTTACATATCGGGATGGT 5°

dx.doi.org/10.1021/bi401390x | Biochemistry 2013, 52, 9318—9328
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Table 2. Pre-Steady-State Kinetic Parameters for Mispair Extension”

RT base pair at the 3’ end” Koot (s7)
O _WT G:C 323+ 15
G:T 13.8 + 2.8
G:G 0.56 + 0.07
G:A 0.021 + 0.003
0_3M G:C 164 + 06
G:T 13.5 £ 1.3
G:G 0.41 + 0.04
G:A 0.013 + 0.001
O_SM G:C 235 + 14
G:T 6.08 + 0.38
G:G 0.57 + 0.05
G:A 0.029 + 0.003
O _3M_E478Q G:C 277 + 1.0
G:T 11.1 £ 2.0
G:G 0.54 + 0.01
G:A 0.029 + 0.002
O_3M_T69SSG G:C 211 + 1.8
G:T 3.15 + 0.36
G:G 0.26 + 0.01
G:A (7.6 + 1.6) x 1073

Ky (uM) Koot/ Ky (uM! 71 mismatch extension ratio (f.,)©
114 + 1.7 2.83 + 043
8148 + 3206 (1.70 + 0.75) x 1073 (6.00 + 2.80) x 107*
1132 + 316 (494 + 1.51) x 107* (174 + 0.59) x 107*
7817 + 2334 (2.71 + 0.89) x 1076 (9.57 + 3.46) x 1077
5.0 + 0.7 3.28 + 0.50
7615 + 1519 (1.77 + 0.39) x 1073 (540 + 1.45) x 107* (1.1)
1325 + 249 (3.09 + 0.64) x 107* (942 + 2.42) x 107° (1.8)
5516 + 1061 (228 + 0.47) x 1076 (695 + 1.78) x 1077 (1.4)
91+ 19 2.57 + 0.55
3249 + 445 (1.87 + 0.28) x 1073 (7.28 + 1.90) x 107* (0.8)
1003 + 211 (5.65 + 1.27) x 107* (2.19 + 0.68) x 107* (0.8)
7512 + 1552 (3.91 + 0.89) x 107¢ (1.52 + 0.47) x 107 (0.6)
12.5 + 1.6 221 + 030
7566 + 2725 (147 + 0.59) x 1073 (6.65 + 2.81) x 107* (0.9)
489 + 16 (1.10 + 0.04) x 1073 (497 £ 0.70) x 107* (0.4)
6362 + 1110 (4.54 + 0.86) x 107¢ (2.05 + 0.48) x 107° (0.5)
14.0 + 4.4 1.51 + 0.49
4632 + 1070 (6.80 + 1.75) x 10™* (4.50 + 1.86) x 107* (1.3)
2080 =+ 250 (123 + 0.16) x 10™* (8.14 + 2.85) x 107° (2.1)
5854 + 1877 (1.30 £ 0.50) X 107¢ (8.61 + 4.33) x 1077 (1.1)

“Oligonucleotides 31T (S'-TTTTTTTTTAGGATACATATGGTTAAAGTAT-3') and 21P (5-ATACTTTAACCATATGTATCC-3’) were used
as template and primer, respectively. Mismatched extension reactions were conducted with derivatives of 21P having T, G, or A at their 3" ends.
Reported data are means =+ the standard deviation. Each of the assays was performed independently at least three times. “The first base corresponds

to the template and the second to the primer. F, = [kpol(mismatched) /Ky(mismatched)]/[k

Pol(matched) /Ky(matched)]. Numbers in parentheses

represent the relative increase in fidelity, as determined for each mispair as the f,,(O_WT RT)/f.,(mutant RT) ratio.

O_3M_Té69SSG) also showed high affinity for the template-
primer, with Kj values of <2 nM. In contrast, destabilizing
mutations such as F61A or K65R/E478Q _produced a 4—5-fold
decrease in binding affinity in comparison with that of the
O_3M mutant.

Mutant RTs with Increased Catalytic Efficiency at High
Temperatures Show Similar DNA Synthesis Accuracy in
Comparison with That of the WT Enzyme. We used gel-
based and forward mutation assays to determine the accuracy of
RTs showing the highest efficiency above 68 °C. It has been
previously shown that RTs are prone to the extension of
mispaired template-primers.'” Therefore, differences in fidelity
are more easily detected by using mispair extension fidelity
assays. Under pre-steady-state conditions, we determined the
kinetic parameters [k, (pol is polymerization) and K] for the
incorporation of dTTP opposite A at the 3’ end of the primer,
using template-primer duplexes containing matched (G:C) or
mismatched 3’ ends (G:T, G:G, and G:A). The comparison of
mismatch extension ratios (f.) of mutants O 3M, O_SM,
O _3M E478Q, and O_3M_T69SSG and the O WT enzyme
revealed only minor differences between the tested enzymes
(Table 2). All of the enzymes showed similar catalytic
efficiencies of nucleotide incorporation on correctly matched
template-primers. In comparison with the O WT enzyme,
O_3M RT showed a reduced catalytic rate (k) of dTTP
incorporation but an increased nucleotide affinity. This
behavior was previously observed for the K65R mutant.”’
However, other RTs having the three substitutions in the
connection subdomain (ie, O_3M E478Q, O_3M T69SSG,
and O_SM RTs) showed kinetics of nucleotide incorporation
similar to those of the WT enzyme, suggesting that subtle
changes in the connection subdomain could have a long-range
effect on nucleotide incorporation. On the other hand, the
O_3M_T69SSG RT showed reduced k,,, values in comparison
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with that of the O WT enzyme for all tested pairs.
Interestingly, the O_3M_T69SSG mutant (together with
O_3M RT) was ~2-fold less efficient than the O WT RT in
extending G:G mispairs. In contrast, the O_3M_E478Q RT
was more prone to the extension of G:G and G:A mispairs.
Taken together, kinetic studies suggested minor effects of the
3M cluster of mutations on the fidelity of the RT.

The results of the forward mutation assays were consistent
with fidelity estimates based on nucleotide incorporation
kinetics. Forward mutation assays are based on the detection
of mutations generated when the RT copies the gapped region
of the lacZ gene in the M13mp2 DNA. The corresponding
mutants can be detected by a specific indicator strain (and in
the presence of IPTG and X-Gal) as plaques with an altered
color phenotype (pale blue or colorless). These assays provide
a fidelity assessment based on a relatively large number of
mutational target sites.”® In these assays, mutants O_3M,
O_3M E478Q, and O_3M_T69SSG RTs showed similar or
higher fidelity than that of the WT HIV-15 RT (Table 3).
Interestingly, the mutant containing the insertion
(O_3M_T69SSG RT) showed the highest fidelity, with a
mutant frequency of 5.5 X 1073, approximately 2—3 times
lower than the estimates obtained for the HIV-1, and WT
HIV-1y 5 /5110 RTS.

B DISCUSSION

In previous studies, we showed that WT HIV-15 RT had a
stability increased compared with that of the prototypic HIV-
ly,s BHIO RT.'™' Studies with chimeric heterodimers
attributed a major role in RT stabilization to the S1 kDa
subunit.'” The comparison of the structure homology model of
HIV-15 RT and the crystal structure of HIV-1y,3 RT showed
relatively minor differences in the free energy of interaction
between p66 and pS1. Only the presence of Glu®® in the 51
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Table 3. Accuracy of RT Variants in M13mp2 lacZa Forward
Mutation Assays

fidelity (x-fold

total no. of increase) (relative
no. of  mutant mutant to that of O_WT
RT plaques  plaques frequency” RT)
o_wrt?
experiment 1 7579 63 0.00831
experiment 2 3957 38 0.00960
O_3M 8394 74 0.00881 1.0
O_3M_E478Q 7802 52 0.00666 13
O_3M_T69SSG 14262 79 0.00554 1.6
BH10 WT
experiment 1 3792 43 0.01134 0.8
experiment 2 2192 29 0.01323 0.7
“Reported background frequencies in this assay (~6 X 107#)* are in

most cases a consequence of M13mp2 DNA rearrangements that
result in the loss of the lacZ gene. Phage DNA was obtained from all
mutant plaques, and the sequence of the reporter gene was determined
in all cases. No lacZ mutations were identified after sequencing phage
DNA from more than 20000 plaques obtained from two or three E.
coli electroporations conducted with a gapped MI3mp2 DNA
substrate.’’ For each enzyme, mutant plaques were obtained after
transfection with the products of four to six gap filling reactions.
Reported values for O_WT RT were taken from ref 38.

kDa subunit of the HIV-1y;,5 RT instead of Lys (as observed in
HIV-1, RT) could contribute to the stabilization of the
heterodimer through an electrostatic interaction with Lys** in
the 66 kDa subunit of HIV-1y,5 RT. Nevertheless, our data
revealed that substituting Lys™® for Glu in HIV-1o RT did not
affect its cDNA synthesis efficiency over a wide range of
temperatures.

While differences between both RTs in terms of heterodimer
stabilization are relatively small, the free energies of interaction
between RT and the template-primer are substantially smaller
for the HIV-15 RT. According to the refined model of this
enzyme, strong interactions between the 51 kDa subunit and
the template-primer occur at positions 394 and 395 of pSl.
These contacts have little relevance in the crystal structure of
the HIV-1y;;53 RT—dsDNA—dTTP complex’* and support the
contribution of pS1 to the increase in HIV-15 RT stability. In
addition, the analysis of the free energy interaction matrices of
both structures unveiled some remarkable differences at specific
locations: (1) stronger interactions of the nucleic acid with
Arg®* and the Arg**-Gly***-Ala**-His*' cluster in the 66 kDa
subunit of HIV-1y;,5 RT and (2) weaker interactions affecting
residues GlIn®!, Aspm, GIn*’, Lys**, and Ser*”. The strong
interactions around the cluster of residues 358—360 of the
HIV-1y;5 RT result from the establishment of a hydrogen
bonding network that affects the template-primer and the side
chain of Arg*®, together with the polypeptide backbone of the
Gly**-Ala*® pair.

Sequence differences between both HIV-1 RTs were
observed around positions 355—360. The Arg>*®-Gly**-Ala**-
His*' amino acid sequence is conserved in HIV-1 group M
subtype B isolates (e.g, see GenBank entries K0345S,
AY173951, AY33129S, and AY423387) and is also found in
subtype D isolates [e.g, ELI (GenBank entry K03454)] as well
as in many B/F recombinants (e.g, GenBank entries
AYS588970, DQO085871, EUS8182S, and EU735536). In
contrast, the equivalent positions (Lys***-Ala**-Ser***-His*")
are conserved in HIV-1 group O isolates [e.g, ANT70
(GenBank entry L20587) and MVPS5180 (GenBank entry
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120571)] (http://www.hivlanl.gov/content/sequence/HIV/
mainpage.html). The mutational cluster of residues 358—360
is located at a loop joining f-strand 18 (residues 350—358) and
a-helix K (residues 364—382)* and is surrounded by highly
conserved residues in HIV-1 [i.e.,, KTGKY (residues 350—354)
and HRND(V/I) (residues 361—365)]. Reconfiguration of the
loops between f-strand 18 and a-helix K and between a-helices
B’ and D’ (residues 509—514) is required to accommodate
RNA—DNA hybrids containing a widened major groove,* and
the conformational changes involved may also have a critical
impact on the equilibrium of the RT between structural states
competent for DNA polymerization and RNA degradation.
Crystallographic studies of HIV-1y,3 RT in complex with a
polypurine tract RNA—DNA complex revealed that Gly**’,
Ala*®) and His*" are part of a structure known as the “RNase
H primer grip” that helps to determine the trajectory of the
template strand relative to the RNase H active site.*

By introducing the relevant amino acid changes (i.e., K358R/
A359G/S360A) into the HIV-1, RT, we obtained a mutant
polymerase with 3-fold increased DNA binding affinity. The
modeling studies suggest that the observed increase is a
consequence of a tighter interaction between Arg®® and the
major groove of the DNA, because of extensive hydrogen
bonding interactions. Available studies with RNase H-deficient
MLV RTs showed that those enzymes had increased thermal
stability in the presence of the template-primer.""*” Screening
of random libraries of MLV RT variants selected for enzymes
with increased resistance to thermal inactivation and tighter
binding to template-primers.'* Our results are consistent with
those reports, because above 71 °C, the K358R/A359G/S360A
RT showed increased cDNA synthesis efficiency. These
observations were corroborated by qPCR. However, further
increases in ¢cDNA yields were not observed in reactions
catalyzed by mutant RTs carrying additional substitutions at
positions 355 and 357. The RNase H-inactivating mutation
E478Q had a minimal effect on cDNA yields at temperatures in
the range from 50 to 78 °C, in agreement with our previous
reports showing that E478Q alone or in combination with V75I
had no effect on the thermal stability of WT HIV-1o RT."®

The WT HIV-15 RT is more faithful than the prototypic
WT_BHI10 RT," but it is approximately 6—7-fold less faithful
than MLV RTs,*"*® as estimated in M13mp2-based forward
mutation assays. The accuracy of HIV-15 RT was not affected
by mutations of residues 358—360. Several amino acid
substitutions that increased fidelity in different sequence
contexts (e.g., HIV-1y,; and HIV-15) were tested in
combination with the complex of residues 358—360. Addition
of K6SR resulted in RTs with higher fidelity in elongation
assays conducted in the presence of three dNTPs (data not
shown). However, O_3M RTs bearing mutation K65R, double
mutation K65R/V75], or double mutation K65R/E478Q_had
reduced cDNA synthesis efficiencies above 65 °C that
correlated with their reduced DNA binding affinity. There is
no clear structural explanation for those differences, although
K65R could have some indirect effect on the positioning of the
template-primer that would reduce its binding affinity. The
most dramatic decreases in catalytic efficiency at high
temperatures were observed after the addition of mutations
F61A or V1481 The DNA binding affinity of the O_3M_F61A
mutant was ~6-fold reduced compared with that of the O_3M
RT and lower than that obtained with the WT HIV-15 RT. In
agreement with our results, Phe® (together with Trp**) was
previously described as an important residue for template-
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primer binding"® and heterodimer stability.*> On the other
hand, adding the T69S mutation together with the insertion of
Ser-Gly (T69SSG) to the K358R/A359G/S360A RT main-
tained the DNA binding and catalytic efficiency properties of
the enzyme. Interestingly, the resulting RT showed increased
fidelity in forward mutation assays, although the effects were
less pronounced than those reported for the same insertion
complex when it was added to a WT HIV-1y,5 RT.®

Interestingly, clinical studies have shown that RT mutations
in HIV-1y3 isolates such as R358K,*° G359S,°>°! or A360T
and A360V°°"** are more prevalent in patients treated with
nucleoside analogues, particularly with zidovudine. Although
the biochemical consequences of those mutations are subtle, it
is clear that their influence on template-primer binding affects
the equilibrium between nucleotide excision and RNase H
activity that are major factors contributing to drug resist-
ance.>”

In summary, our study demonstrates that the loop between
P-strand 18 and a-helix K is a major target for the stabilization
of RTs and more specifically the mutations of the Arg***-Gly**-
Ala*® triad (or its equivalent in the RTs of other HIV clades)
that play a critical role in template-primer binding. Stabilized
enzymes showed increased DNA synthesis efficiency at high
temperatures. However, fidelity emerges as an independent
property, because mutations that increase the accuracy of DNA
synthesis in a WT sequence context do not exert the same
effects when the connection subdomain mutations are present
in the corresponding RT.
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