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ABSTRACT: In order to define the role of Gln151 in the polymerase function of HIV-1 RT, we carried out 
site-directed mutagenesis of this residue by substituting it with a conserved (Q151N) and a nonconserved 
residue (Q151A). Q l 5 l N  exhibited properties analogous to those of the wild-type enzyme, while Q l 5 l A  
has severely impaired polymerase activity. The Q l 5 l A  mutant exhibited a 15-100-fold reduction in kcat 
with RNA [poly(rC) and poly(rA)] templates, while only a 5-fold reduction could be seen with the DNA 
[poly(dC)] template. Most interestingly, the affinity of the Q15 1A mutant for dNTP substrate remained 
unchanged with RNA templates, but a significant increase in K,,, was noted with the DNA template. The 
binding affinity of Q l 5 l A  for DNA remained unchanged, as judged by photoaffinity cross-linking. 
However, unlike the wild-type enzyme, the Q15 1A mutant failed to catalyze the nucleotidyl transferase 
reaction onto the primer terminus of the covalently immobilized template-primer. The enzyme showed 
profoundly altered divalent cation preference from Mg2+ to Mn2+. These results strongly implicate Q15 1 
of HIV-1 RT in the substrate dNTP binding function and possibly in the following chemical (catalytic) 
step. The effects of the mutation seem to be through Q l 5 l  of the p66 catalytic subunit, as p66wTt/ 
P51Q151A retains the wild-type kinetic constants and nucleotidyl transferase activity. In contrast, p66,, jlA/ 

p 5 1 ~  is indistinguishable from Q l 5 l A  (mutated in both subunits). A model of the ternary complex 
(enzyme-template-primer and dNTP) has been used to infer the possible mode by which Q l 5 l  may 
interact with the base moiety of the substrate as well as with Arg72, a residue present within the active 
site of HIV-1 RT. 

The rapid emergence of human immunodeficiency virus 
(HIV- 1) strains resistant to specific inhibitors has frustrated 
the efforts to control the spread of the acquired immuno- 
deficiency syndrome. The resistance to inhibitors directed 
at the reverse transcriptase of HIV- 1 (HIV- 1 RT)' is thought 
to be due to mutations in this enzyme (Larder & Kemp, 1989; 
Larder et al., 1989a,b, 1991). It is therefore imperative that 
a thorough understanding of the catalytic mechanism of 
HIV-1 RT be achieved. The X-ray structure of HIV-1 RT 
(Jacobo-Molina et al., 1993; Kohlstaedt et al., 1992) has 
provided useful information regarding the tertiary folding 
pattern and general location of the various amino acids; 
however, a detailed mapping of the substrate binding site, a 
prerequisite for rational drug design, is still missing. With 
the exception of the three acidic residues (AspllO, Asp185, 
and Aspl86), which are presumed to interact with the dNTP 
substrate by binding to the divalent cation required for the 
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polymerase reaction (Larder et al., 1987; Le Grice et al., 
1991; Beard et al., 1994; Jacques et al., 1994), no other 
residue has been shown experimentally to participate in the 
substrate binding function of HIV-1 RT. The presence of 
the above mentioned three acidic residues in the catalytic 
center of the DNA polymerase class of enzymes, with 
functional implication in the binding of the metal-chelate 
form of dNTP, is now well established (Lowe et al., 1991; 
Polesky et al., 1990; Sawaya et al., 1994). Recently, a 
molecular modeling study in our laboratory indicated that 
the catalytic domains of HIV-1 RT and Escherichia coli 
DNA polymerase I, despite their weak sequence homology, 
contain a number of identical or similar residues that are 
spatially conserved in both the enzymes (Yadav et al., 1994). 
In the same study, Q l5 l  of HIV-1 RT was proposed to be 
the residue corresponding to N845 of pol I, which has been 
suggested to be involved in the dNTP binding function 
(Polesky et al., 1990). Earlier, the role of Q l5 l  was not 
fully recognized in three mutant screening studies, where 
Ql5 lE  (Boyer et al., 1994), Q l5 lH  (Larder et al., 1989b), 
or Q l5 lN  (Boyer et al., 1992) exhibited 30%, 30%, and 
100% activities, respectively compared to the wild-type 
enzyme. Consequently, the role of Q l5 l  was not fully 
investigated. In order to obtain experimental evidence in 
support of our speculation that Q l 5 l  may participate in the 
substrate binding function, we generated the Ql5 lA  and 
Ql5 lN  mutants by site-directed mutagenesis of codon 151. 
The mutants were cloned in high expression vectors, and 
the purified proteins were used to carry out a detailed 
comparative analysis of the properties of mutant and wild- 
type enzymes. The results of this investigation suggest that 
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Q l 5 l  of HIV-1 RT, similar to N845 of E. coli DNA 
polymerase I, participates in the dNTP binding function and 
that mutation in the p66 subunit is responsible for the altered 
properties. Several additional catalytic properties of the 
Ql5 lA  mutant enzyme, such as alteration in the divalent 
cation preferences and pH optimum, were also uncovered. 
On the basis of the above results, a tentative model for the 
participation of Q15 1 in the prepolymerase ternary complex 
of HIV- 1 RT/template-primer/dNTP has been proposed. 

Sarafianos et al. 

EXPERIMENTAL PROCEDURES 

Materials 

Restriction endonucleases, Taq DNA polymerase, and 
DNA-modifying enzymes were from Promega or Boehringer 
Mannheim while HPLC-purified dNTPs were obtained from 
Boehringer Mannheim. Sequenase and other DNA sequenc- 
ing reagents were from U.S. Biochemicals. Mutagen-M13 
in vitro mutagenesis kit was purchased from Bio-Rad 
laboratories. Expression vector pet-28a and expression strain 
BL21 (DE3) were obtained from Novagen. All other 
reagents were of the highest purity grade and were purchased 
from Fisher, Millipore Corp., Boehringer Mannheim, and 
Bio-Rad. Synthetic template-primers were purchased from 
Pharmacia and 32P-labeled dNTPs and ATP were the products 
of Dupont/New England Nuclear Corp. Sequencing primers 
and oligonucleotides containing the desired mutational 
changes were purchased from Midland Certified Reagent, 
Dallas, TX, and were purified by electrophoresis followed 
by chromatography on Sep Pak (Millipore) C I ~ .  

Methods 

Reverse Transcriptase Activity Assay. Reverse tran- 
scriptase activity was assayed as reported previously (Basu 
et al., 1989). Assay solution contained 0.1 A260 units/mL 
homopolymeric TP, 0.02 mM [3H]dNTP (0.5 pCi/assay), 80 
mM NaC1, 1 mM DTT, 50 mM HEPES, pH 7.8 (unless 
otherwise indicated), and 5 mM MgC12. Typically, an aliquot 
containing approximately 50 ng enzyme (150 ng in the case 
of Q151A) was incubated in a final reaction volume of 0.1 
mL at 37". The reaction was initiated by the addition of 
MgC12 and terminated by the addition of 5% ice-cold TCA 
at 15 min. The TCA-precipitable materials were collected 
on Whatman GF/B filters and counted for radioactivity in a 
liquid scintillation counter, as described before (Basu et al., 
1989). 

The kinetic 
studies were carried out as described previously (Majumdar 
et al., 1988), using homopolymeric poly(rA).(dT)ls, poly(rC).- 
(dG)15, or poly(dC).(dG)ls as template-primers and dTTP or 
dGTP as nucleotide substrates. Kms for dNTP were deter- 
mined at saturating template-primer concentrations (50 pg/ 
mL), whereas Kms for DNA were determined at saturating 
dNTP concentrations (0.15 mM). Velocities for each 
substrate concentration were fit to the Michaelis-Menten 
equation, and least squares lines were drawn for the 
Lineweaver-Burk plots. Kms and Vmaxs were calculated 
graphically; kcatS were calculated from the equation Vmax = 
k,,,[E]. Inhibition constants were determined from Dixon 
plots, as described previously (Majumdar et al., 1988). 
Kinetic experiments were performed at least twice, and 
values were averages of at least duplicate samples. Activity 
determination and kinetic studies at various pHs were 

Steady-State Kinetics of Polymerization. 

performed as above, with the exception of using glycine for 
higher pH buffers. 

RNase H Activity Assay. The assays were performed 
essentially as described elsewhere (Basu et al., 1989). The 
assay solution contained 2-5 ,uM (as total nucleotides) poly- 
[3H](rA)poly(dT) (100 000 dpdassay), 80 mM NaC1,5 mM 
MgCl2, 3% glycerol, 50 mM HEPES, pH 8.0, 0.1 mg/mL 
BSA, and 100 ng of enzyme. Reactions were carried out at 
37 "C and processed as described for the reverse transcriptase 
activity assays. 

Construction of Expression Plasmids and in Vitro Mu- 
tagenesis. DNA manipulations were carried out according 
to standard protocol (Ausubel et al., 1987). We used the 
prokaryotic expression plasmid PET-28-a (Novagen) for 
expression of recombinant HIV- 1 RT. The full-length (1.68 
kb) coding sequence of HIV-1 RT66 was amplified from 
the DE-52 plasmid (Sharma et al., 1992) using polymerase 
chain reaction. The thermal cycle parameters were as 
described before (Pandey et al., 1993). The NdeI and BamHI 
sites were introduced at the 5' and 3' ends, respectively, 
during the amplification. The PCR product was cloned in 
PET-28a to construct PET-28a-RT66. Similarly, the 1.32 
kb p51 coding region (codon 1-440) was amplified from 
DE-52 by PCR, and the NheI and SacI sites were introduced 
at the 5' and 3' ends, respectively, along with a TAA stop 
codon at the 3' end of the coding sequence. The amplified 
fragment was cloned in PET-28a to construct PET-28a-RT5 1. 
The XbaI and SacI of PET-28a-RT51 encoding the poly- 
merase domain of HIV RT was subcloned in bacteriophage 
M13mp18 and was used as the template for site-directed 
mutagenesis. The mutagenesis protocol using uracil-contain- 
ing template was essentially as described by Kunkel et al. 
(1985). After ascertaining the mutation in M13 by DNA 
sequencing, the desired mutation was introduced by sub- 
cloning the appropriate fragment in the PET-28a-RT cassette. 
Subsequently it was introduced into E. coli BL21 (DE3) for 
expression. Induction by IFTG was performed as described 
before (Pandey et al., 1994b). 

Overexpression and Isolation of HIV-I RT and Its Mutant 
Derivatives. The expression and isolation of proteins were 
performed as described by Sharma et al. (1992). The purified 
proteins from PET-28a-RT66 were predominantly in the p66/ 
p66 homodimer form (Chattopadhyay et al., 1992). Purified 
proteins from the PET-28a-RT66 and PET-28a-RT5 1 systems 
were more than 98% pure, as judged by SDS-PAGE. The 
different combinations of chimeric heterodimers were pre- 
pared by reconstitution of the separate subunits. Cell lysates 
of the different bacterial strains were mixed at the appropriate 
ratios, essentially following the protocol described by Le 
Grice et al. (1991). The molar ratio of the subunits in the 
chimeric heterodimers was 1:l (Le Grice et al., 1991). 
Protein concentrations were determined by using the Bio- 
Rad colorimetric kit as well as by spectrophotometric 
measurements using €278 = 6.32 x lo4 M-I cm-' (Setlow et 
al., 1972). 

Determination of the Rate Constants for the First Nucleo- 
tide Incorporation by Wild-Type and Mutant Enzymes. Rates 
of incorporation of the first nucleotide ([32P]dTMP) were 
measured using the 18/47 template-primer (TP). The 
standard assay mixture contained 150 nM TP, 400 nM 
enzyme, 50 mM HEPES, pH 8.0,80 mM NaCl, and 20 pM 
[a-32P]dTTP. Reactions were initiated at 25 "C by the 
addition of MgC12 (5 mM final), and aliquots were withdrawn 
at 5- 10-s intervals. The incorporation of radiolabeled 
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substrate was determined by acid precipitation. The first- 
order rate of single nucleotide incorporation in E-template- 
primer was measured from the slope of the first-order plot 
of In{ [E-TP]remaining/[E-TP],n,tial) vs time. The “initial” 
concentration of E-TP was estimated from the amount of 
dNTP incorporated in E-TP at prolonged incubation (30 
min), assuming 1:l stoichiometry. The amount of E-TP 
remaining unused at time t is the difference between the 
amount incorporated at prolonged incubation and the amount 
incorporated at time t. Incorporation was calculated from 
the specific radioactivity of [a-32P]dTTP. 

Cross-Linking of Enzyme to Template-Primer and Deter- 
mination of Kd for DNA. The cross-linking of enzyme to 
DNA was carried out as described previously (Pandey et al., 
1994a,b). Primarily the 18/47 template-primer was used (see 
Chart 1) in this study; however, the results were also 
confirmed with two other self-annealing DNA of defined 
sequences (37-mer and 25-mer, Chart 1). The 5‘-end- 
labeling of the 18-mer was performed using [y3*P]ATP and 
Tq polynucleotide kinase and purified by denaturing poly- 
acrylamide gel electrophoresis, according to a standard 
protocol (Sambrook et al., 1989). The purified primer was 
appropriately diluted with unlabeled 18-mer and annealed 
to equimolar amounts of unlabeled 47-mer. 

The determination of dissociation constants (Kd) for the 
enzyme- 18/47 complex was carried out by UV-mediated 
cross-linking of 60 nM wild-type or mutant enzyme to 
variable concentrations of 32P-18/47 (12-100 nM, 100 000 
dprdpmol), as described before (Pandey et al., 1994b). 

Nucleotidyl Transferase Activity of the E- TP Complex. 
Nucleotidyl transferase activity of the enzyme containing 
covalently cross-linked template-primer was carried out as 
described previously (Pandey et al., 1994a). Fifteen pico- 
moles of enzyme was cross-linked with 45 pmol of unlabeled 
TP in a standard irradiation mixture containing 50 mM 
HEPES, pH 8.0, 1 mM DTT, and 5 mM MgC12 in a final 
volume of 50 pL. The nucleotidyl transferase reactions were 
initiated by the addition of 50 pCi of complementary [a-32P]- 
dNTP at 5 pM. The reaction was brought to completion by 
incubating at 25 OC for 20 min. Reactions were terminated 
by the addition of 1% SDS and 20 mM EDTA. Cross-linked 
species were resolved by SDS-PAGE, and radioactivity 
associated with the individual species was assessed by 
autoradiography, followed by determination of Cerenkov 
counts of the excised bands. 

In order to show that the nucleotide addition to the cross- 
linked DNA was catalyzed by the enzyme species in the 
covalent complex and not by free enzyme, enzyme-TP 
covalent complexes were purified as follows: Scaled up 
(20 x ) irradiated samples were loaded on a DEAE-Sephadex 
column (1 mL) preequilibrated with 50 mM HEPES, pH 8.0, 
1 mM DTT, 100 mM NaC1, and 5% glycerol (buffer A). 
Extensive washing with buffer A followed by washing with 
350 mM NaCl in the same buffer removed the free enzyme. 
The enzyme-TP covalent complexes were then recovered 
by elution with 0.8 M NaCl in buffer A. The eluate was 
desalted and concentrated using Centriprep-30. The final 
preparation was free of un-cross-linked enzyme, as judged 
by the lack of activity on externally added synthetic template- 
primer. When un-cross-linked template-primer-enzyme 
complexes were processed through the same procedure, the 
entire enzyme activity was recovered in the 350 mM salt 
wash, while no detectable activity was associated with the 
0.8 M eluent (data not shown). The details of these 

Table 1: Kinetic Parameters of Wild-Tvoe and Mutant Enzvmes“ 

K m  @MI kcat (s-’) 
variable: dGTP dGTP TTP dCdGb dGTP dGTP TTP 

saturating: rCdG dCdG rAdT dGTP rCdG dCdG rAdT 
WT 3.0 1.7 3.5 0.09 0.27 1.40 1.1 
[Ql5 1 A]‘ 4.1 31.7 8.0 0.10 0.02 0.26 0.01 
[Q151NlC 2.8 2.8 5.1 0.09 0.25 1.50 1.0 
p66w~/p51~,51A 2.9 2.0 3.5 0.10 0.30 1.55 1.3 
~ 6 6 ~ 1 5 1 ~ / ~ 5 1 w ~  3.6 28.2 5.0 0.11 0.03 0.30 0.01 

a Assays were performed as described in Methods. A260 units/mL. 
Mutations are in both subunits. 

experiments, together with analysis of the DNA cross-linking 
sites in HIV-1 RT, will be published elsewhere (Pandey et 
al., in preparation). 

Molecular Model of a Ternary “-1 RTRemplate-Primer/ 
dNTP Complex: Secondary Structure Prediction Studies. In 
order to assess the physicochemical contribution of Q15 1, 
we examined a ternary complex model of HIV-1 RT with 
template-primer and dNTP, built in our laboratory using the 
SYBYL 6.0 molecular modeling package, on an IRIS 
workstation (Yadav et al., unpublished results). The model 
contains a short DNA template-primer sequence (four 
template and three primer nucleotides) in the “A’ conforma- 
tion at overlapping positions with the DNA of the crystal 
structure (Jacobo-Molina et al., 1993). In addition, a 
substrate dNTP is docked in the model, in a manner that 
satisfies the following considerations (Yadav et al., unpub- 
lished results): (a) It forms hydrogen bonds with the 
corresponding template nucleotide, (b) it is in the same (A) 
conformation as the template-primer, and (c) the a-phos- 
phorus of the docked TTP is oriented in the direction of the 
3’-OH of the primer nucleotide, in such a manner as to 
facilitate a S N ~  nucleophilic attack by the 3’-OH (Pelletier 
et al., 1994; Sawaya et al., 1994). 

Secondary structure predictions of the 11 reverse tran- 
scriptases were performed using a standard algorithm (CF) 
with the Mac Vector 4.0 software (supplied by Eastman- 
Kodak). The examined length was between residues 88 and 
120 for HIV-1 RT; the corresponding areas for the other 
enzymes were derived from the alignment shown in Figure 
3 of Boyer et al. (1992). 

RESULTS 

Overproduction and Purification of the Mutant and Wild- 
Type HIV-1 RTs. The recombinant clones containing wild- 
type HIV-1 RT and its two mutant derivatives Ql5 lA  and 
Ql5 lN  were grown, and the cell lysates were prepared as 
described in Methods. The HIV-1 RT proteins containing 
the hexahistidine region (His-tag) were selectively purified 
using metal-affinity chromatography. The wild-type HIV- 1 
RT prepared in this manner was mostly in the homodimer 
(p66/p66) form. Although this preparation displayed nearly 
identical kinetic parameters (Table 1) to those reported for 
recombinant HIV-1 RT by Chattopadhyay et al. (1992) and 
by Majumdar et al. (1988), we chose to prepare chimeric 
heterodimeric proteins as well, containing either the wild- 
type or the mutant residue on one of the polypeptides ( p 6 6 ~ /  
P51Q151A and P ~ ~ Q I ~ I A / P ~ ~ W T ) .  We used these enzymes in 
order to confirm that p66 plays the dominant role in dNTP 
recognition (K,,,) as well as in the nucleotidyl transferase 
reaction. In the case of mutant enzymes, the level of protein 
expression, solubility, yield, and the chromatographic char- 
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Chart I :  DNA OligomersmP Used 

18 I 4 7  mer TP 
CTT CCA TTC ACA CAG TGC -3' 

GAA GGT AAG TGT GTC ACG ATG TCT GAC CTT GTT TTT CTG ACA TTG AG-5' 

25 mer self annealing TP 
A C  

G A G  T G  C G -3' 

C T C A C C C C A G A G  -5' 
C 

T 
C A  

acteristics were identical with those of the wild-type enzyme, 
suggesting that the substitution at position 151 did not cause 
any perturbation in the enzyme structure. In addition, the 
thermal denaturation profiles of the wild-type and mutant 
enzymes were nearly identical, as judged by the similar 
changes in polymerase activity upon incubation of enzyme 
protein at temperatures ranging from 25 to 60 "C (data not 
shown). Finally, energy calculation of HIV-I RT containing 
substitutions at Q lS l  by the SYBYL molecular modeling 
program shows no major disturbance in the three-dimensional 
enzyme structure. The RNase H activities of the mutant and 
wild-type enzymes were the same (results not shown). These 
results suggest that the mutation did not significantly alter 
the overall conformation and tertiary folding of the enzyme 
molecule. 

Determination of Steady-State Kinetic Constants. The 
effect of mutations at 4151 was assessed by the polymerase 
activity of the mutant enzymes using three different 
template-primers: namely, poly(rA).(dT)ls. poly(rC)(dG)ls. 
and poly(dC).(dG)ls. The activity pattern and kinetic con- 
stants for each of the three template-primers were nearly 
identical for the wild-type and QlS lN enzymes (Table I) .  
Q l5 lA  exhibited nearly complete loss of activity with poly- 
(rA).(dT)ls. with approximately 100-fold reduction in k,,, 
(Table I ) .  Interestingly, the polymerase activity of this 
mutant with poly(rC).(dG)ls or poly(dC).(dG)ls was less 
severely affected, with decrease in k,,, by approximately 15- 
and 5-fold. respectively. Since maximum activity of Ql5lA 
could be seen with poly(dC)(dG)ls, further inhibition experi- 
ments were carried out using this template-primer. At 
saturating dGTP concentration, similar K,s for poly(dC)- 
(dQls were calculated for QISIA, Q151N. and wild-type 
enzyme, suggesting that there are no significant differences 
in the affinity of the mutant and control enzymes for this 
template-primer (Table I ) .  Similarly, determination of K,s 
for dGTP with poly(rC).(dG)ls as the template-primer with 
all three enzymes showed no significant differences (Table 
I ) .  However, in the case of QISIA, a siginificant increase 
in K,,, for dGTP was noted when poly(d2) template was 
replaced with poly(dC) template (Table I ) .  

Effect of the Mutation at Ql5l  on the Formation of the 
E-TP Binay  Complex. The steady-state kinetic experiments 
suggested that replacement of GlnISl of RT had no effect 
on the ability of the enzyme to bind homopolymeric DNA. 
In order to confirm these results, and to extend them to 
heteropolymeric sequences, we performed binding studies 
by direct photochemical cross-linking of the enzymes with 
the 18/47 template-primer (Chart I ) .  The mobility of the 
labeled species. by means of SDS-PAGE, shows that the 
cross-linking is associated only with the p66 suhunit (Figure 
I .  lanes 1-31, The specificity of the DNA cross-linking 
reaction at the active site of the enzymes was demonstrated 

37 mer self annealing TP 
CACGCAGTCTTCTCC-3' 

TCACGTCAGAAGAGGATCCCTC-5' 

1 2 3 4 5 6 7 8 9 1 0  

Fiixni: I: Cros~-lmkmg 01 "P-IX/J7 t~iiipliit~-1)Tiiller to the QlSl  
(wild type) and Q l 5 l N  and Q151A iiiiitiinl HIV-I  RTs and 
incorporation of [a-"PITTP to the E-TI' covalent complexes. 
Enzyme-template-primcr cross-linking reactions of wild-type ( h e  
I ) ,  Q151A (lane 2). and Q l S l N  (lane 3)  enzymes (both subunits 
mutated) were performed as described in Materials and Methods. 
Nucleotidyl transferase reactions involved cross-linking of 15 pmol 
of wild-type (lanes 4-6). Q151A (lane 7). Q l S l N  (lane 8). p6hwr/ 
P ~ I Q , s , ~  (lane 9). or p 6 6 ~ ~ s ~ ~ / p 5 1 ~ ~  (lane 10) to 45 pmol of 
unlabeled 18/47. as above. After irradiation. 5 p M  [a-"PITTP (50 
pCi) and 5 mM MgCI? were added (except lane 5.  where no MgCI? 
was added); the samples were incubated at room temperature for 
20 min, and reactions were terminated by the addition of 1% SDS 
and 20 mM EDTA. Cross-linked species were resolved and 
processed as above. In lane 6, 5 p M  [a-"PldGTP (mismatching 
nucleotide) (50 pCi) and 5 mM MgC12 were added. 

by competitive reduction in cross-linking by the addition of 
poly(dC).(dG)ls. but not by poly(dC) or oligo(dG)ls alone, 
as described previously for the Klenow fragment (Pandey 
et al., 1994) (results not shown). The Scatchard plot of the 
ratio of cross-linked to free TP versus the concentration of 
cross-linked TP was linear, and the dissociation constants 
calculated from the slopes ( - I / & )  (Figure 2) were 8. 8, and 
9 nM for the binding of 18/47 to [Q151A]. [QISIN], and 
the wild-type enzymes, respectively. Similarly, the wild- 
type and mutant enzymes were found to have indistinguish- 
able affinities for the 25-mer and 37-mer DNA template- 
primers (Chart I) .  as well as for poly(rA)(dT)ls (results not 
shown). These results suggest that the mutation at 4151 
does not affect the template-primer binding ability of HIV-I 
RT. 

Effect of the Mutation at Q l S l  on the Nucleotiild 
Transferase Activity of the E-TP Covalent Complexes. The 
most compelling evidence for participation of QlSl  in the 
substrate binding function is provided by the inability of only 
the QISIA-TP and not that of the wild-type or Q lS lN  
E-TP covalent complexes to catalyze an addition of dNTP. 
The specificity of the nucleotidyl transferase reaction is 
demonstrated by the ability of the wild-type E-IW47 
covalent complex to add only [a-'*P]TTP (complementary 
nucleotide) (Figure I ,  lane 4 vs lane 6) and not [a-"P]dGTP 
(mismatching nucleotide; see Chart I). Similarly, the wild- 
type E-2s-mer covalent complex was able to add [a-"P]- 
dGTP (complementary nucleotide) and not [a-Z'P]TTP 
(mismatching nucleotide; see Chart I )  (results not shown). 
Furthermore, the reaction is Mg2+-dependent (Figure I ,  lane 
4 vs lane 5) .  The amount of the E-TP covalent complex 
formed by the wild-type, QISIA. and QlS lN enzymes is 
nearly identical. as seen in Figure I ,  lanes 1-3. The control 
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Wild type 
0.010 - 0.m 

m 
K d :  9nM 

0.003 ,-1UIII-1.01II1I.  n.,.ow. 
0.002 ’ ’ 

U.22 0.23 0.24 0.25 0.26 0.21 
Bound IlW471. nM 

0.010 
QlSlA 

2 0.008 

0.W3 ’ U 

u.22 0.23 0.24 0.25 0.26 0.27 
Bound llW471, nM 

0.010 

2 0.008 

0.007 

U.22 0.23 0.24 0.2s 0.26 0.27 
Bound [18147). nM 

FIGURE 2: Scatchard plot of the quantity of enzyme-template- 
primer cross-linking as a function of TP concentration. Wild-type 
(A).QISIA(B),andQl5IN(C)HIV-I RT(6OnM) were incubated 
with varying concentrations of 5’-3?P-18/47-mer (12-100 nM) in 
a standard reaction mixture (50pL) and exposed to UV irradiation. 
The extent of cross-linking was determined as described in Methods. 
Kds were calculated from the formula: slope = -I/Kd. Points in 
the graphs represent the mean values of duplicate samples. Standard 
error was < 15% 

and two mutant enzymes also show similar Kds for the 18/ 
47-mer. Therefore, the addition of [a-”P]dNTP onto the 
E-TP covalent complex is directly related to the ability of 
individual enzyme species to bind substrate and catalyze its 
addition. This function appears to be dramatically impaired 
for Q15 IA as compared to the wild-type enzyme (Figure I ,  
lanes 4 and 7). Furthermore, glutamine is required at the 
151 position of only the p66 subunit, as the p66wr/p51Q151A 
-TP (Figure I ,  lane 9) and not the p 6 6 ~ 1 ~ 1 ~ l p 5 1 ~  (Figure 
I ,  lane 10) complex has nucleotidyl transferase activity. The 
conservative Ql5lN mutant complex exhibits the wild-type 
enzyme behavior (Figure I ,  lane 8). These results strongly 
suggest that Ql5l  is involved in the substrate binding 
function. 

Rates of the First Nucleotide Incorporation by the Wild- 
Type and Mutant Enzymes. The unaltered ability of Q l 5 l A  
for binding to DNA template-primer indicates that Q l 5 l  
participates at a reaction step following DNA binding. Such 
steps, in sequential order, are ( I )  binding of dNTP and 
formation of the activation complex, (2) removal of the PPi 
product, and (3) translocation of the enzyme along the 
elongated template-primer. Since the binding of the first 
nucleotide is independent of steps 2 and 3, the single 
nucleotide addition can be used to determine if the reaction 

0 20 40 €4 

Readion Ume I seconds 
FIGURE 3: Rate of first nucleotide incorporation by wild-type, 
Q151N. and Ql5lA HIV-I RTs. The rate of incorporation of the 
first nucleotide was measured by monitoring the incorporation of 
[a-”P]TMP into an 18147-mer template-primer in a standard 
reaction mixture, as described in Methods. The first-order rate of 
single nucleotide incorporation was then calculated as detailed in 
Methods. Open circles, filled squares, and filled triangles represent 
values for the wild-type. Q151N. and Q l 5 l A  HIV-I RT enzymes, 
respectively. 

is affected at the level of dNTP binding. As shown in Figure 
3, the addition of the first nucleotide by Q l 5 l A  is severely 
reduced (nearly 70-fold) as compared to the wild-type 
enzyme. These results are consistent with those of the kinetic 
analysis (Q151A showing increased K,,, for dNTP) and those 
of the nucleotidyl transferase experiments, suggesting in- 
volvement of the Ql5l  residue in as early in the mechanism 
as in the dNTP binding function and/or stabilization of the 
transition-state complex. 

Effect of Mutation on the Divalent Cation Preference by 
HN-I RT. Additional evidence for the role of Ql5l in the 
substrate binding function was provided by the changes in 
metal ion requirement of the Q15 IA mutant enzyme. HIV-I 
RT, similar to many other polymerases, is known to require 
divalent cation for activity. Although the metal ion of 
preference in the case of HIV-I RT is Mg’+, other cations 
such as Mn2+ can also support catalysis, although less 
efficiently. The metal preference may depend on the ability 
of an individual enzyme to bind the dNTP-metal complex 
and utilize it to stabilize the transition state of the reaction. 
Therefore, such preferences are likely to be affected upon 
subtle variation in the conformation of the substrate binding 
site. As shown in Figure 4, the wild-type HIV-I RT shows 
a preference for Mg2+ cation, but the QlS lA mutant exhibits 
alteration in its metal ion requirement. It is able to utilize 
Mn’+ at a MnlMg activity ratio up to -70 times higher than 
the wild-type enzyme (Figure 4A.C). The conservative 
Q l 5 l N  mutant appears to have retained the metal preference 
pattern which is closer to the wild-type enzyme, yet with 
persistent small changes. This unusual preference of QlSlA 
for Mn2+ may also be suggestive of a role for QlSl in the 
substrate binding function. 

Molecular Modeling Sfudies. The molecular model used 
was based on the C-a coordinates of the crystal structure of 
the HIV-I RT-DNA complex (Yadav et al., unpublished 
results; Jacobo-Molina et al.. 1993). It is, therefore, limited 
in its accuracy by at least the 3.0 8, resolution limit of the 
crystal structure coordinates. In addition, it is not meant to 
substitute the crystal structure results but to be used 
tentatively in the analysis of mutagenesis results, until the 
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FIGURE 4: Divalent cation preference of Q l 5 l  (wild type), Q151N, 
and Q l 5 l A  HIV-1 RTs. The polymerase activity on poly(rA).(dT)~~ 
(A), pol (rC).(dG)l~ (B), and poly(dC).(dG)ls (C) template-primers 
was measured as described in Methods with 30 ng of wild-type, 
30 ng of Q151N, and 120 ng of Q l 5 l A  HIV-1 RTs in the presence 
of Mn2+ (0.4 mM) and Mg2+ (5 mM). The ratio of activities with 
the three template-primers in the presence of Mn2+ to that in the 
presence of Mg2+ is indicated for the three enzymes. 

full coordinates of the complex are available. In Figure 5,  
the structure of selected amino acids of the pretransition- 
state complex is shown. The position of the incoming 
substrate TTP satisfies the requirement for hydrogen bond 
formation with the template nucleotide. In addition, the 
a-phosphate group is poised to undergo nucleophilic attack 
by the 3'-OH of the primer strand. The P- and y-phosphate 
arch is similar to the one observed in the crystal structure of 
p-pol (Pelletier et al., 1994), positioning it in the vicinity of 
the catalytic triad of aspartates (110, 185, and 186). This 
arrangement allows for bridging interactions (not shown) 
with the two Mg2+ ion(s), transferred from the P-pol structure 
(Pelletier et al., 1994). The position of the P-phosphate 

substructure of TTP is close to Arg72, which has been 
proposed to be the PPi acceptor residue in HIV-1 RT 
(Sarafianos et al., 1994, unpublished results). The side chain 
of Q l 5 l  of the p66 subunit in this complex points toward 
the base part of the substrate and its complementary template 
nucleotide (Figure 5) .  The amide hydrogens of Q l 5 l  may 
be interacting (3-4 A) with the H-bond acceptor of the base 
moiety of the dNTP substrate (either with the carbonyl 
oxygen in the C2 position of a pyrimidine ring or with the 
free pair of electrons of the N3 of purines) (3-4 A). In our 
molecular model, the amide hydrogens of Q l 5 l  are also 
proximal to the H-bond acceptor of the base moiety of the 
template nucleotide complementary to the dNTP substrate 
(either with the carbonyl oxygen in the C2 position of a 
pyrimidine ring or with the free pair of electrons of the N3 
nitrogen of purines) (3-4 A). Therefore, it is possible that 
Q l 5 l  confers the changes in dNTP binding properties 
indirectly, i.e., via interactions with the complementary 
template nucleotide. However, we tend to discount that 
possibility, as the template-primer binding ability of Q15 1A 
and the wild-type enzyme is indistinguishable. At this point 
we cannot exclude the possibility of additional or different 
interactions of Q 15 1 with other parts of dNTP, such as the 
ribose base (3-5 A). However, we can confidently assert 
that Q l 5 l  is too distant to have any direct interactions with 
the P- and y-phosphate groups of dNTP. 

The amide oxygen of Q l 5 l  is proximal to the guanidino 
group of Arg72 (-3 A, Figure 5) ,  possibly stabilizing the 
Arg72 residue and indirectly aiding the removal of the 
pyrophosphate product. Such an interaction is in agreement 
with our observed moderate resistance of Q l 5 l A  to PFA 
(IC50 increase from 17 to 41 pM): In the absence of Q151, 
the guanidino hydrogens of Arg72 may not be positioned 
properly to remove pyrophosphate and/or bind its analog 
(PFA) effectively. As expected, the Ql5 l  of the p51 subunit 
is distant from the HIV-1 RT active site (results not shown). 

pH Dependence of the Wild-Type and Mutant Enzyme 
Activities. In order to detect possible differences in the 
ionization of the amino acid side chains involved in the 
catalytic activities of the wild-type and mutant enzymes, we 
determined their kinetic constants at various pHs. The results 
show that the impairment of the Q l 5 l A  mutation can be 
overcome at high pH (Figure 6). For the wild-type HIV-1 
RT the optimal activity pH is at approximately 8. At higher 
pH the polymerase activity of the wild-type enzyme is 
decreased. Interestingly, Q l 5 l N  has two activity optima for 
its polymerase activity, one identical to the wild-type enzyme 
at pH -8 and a second one at higher pH (Figure 6). This is 
probably due to a titration of an unknown residue (possibly 
lysine) that is either (a) not accessible for titration in the 
wild-type enzyme or (b) even when titrated, does not switch 
the reaction to a different type of mechanism (involving basic 
interactions). Surprisingly, Q15 1A is able to catalyze 
polymerization more efficiently than the wild-type enzyme 
at high pH (Figure 6). In order to examine the nature of the 
changes at different pHs, we determined the Kms of the wild- 
type and Q l 5 l A  mutant enzymes at different pHs. The 
results suggest that the activation of Q15 1A occurs through 
an improvement in both dNTP binding and catalysis (con- 
current increase in k,,, and decrease in K,, Table 2 ) .  These 
changes indicate the versatility of the enzyme to catalyze 
DNA synthesis, presumably by employing different mech- 
anisms. The possibility of the base part of dNTP being 
titrated at high pH adds to the difficulties of interpreting the 
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FIGURE 5:  A model of the substrate binding region of HIV-I RT and suggested role for Q l S l .  The model wis adapted from Yadav et al. 
(unpublished) and built as described in Methodson the basis of the C-a crystal structure coordinates (Jacobo-Molina et al., 1993). Two 
nucleotides of the template strand are shown at the lower left pan of the figure. The incoming substrate d F P  molccule is shown in H-bond 
position with the complementary template nucleotide. The guanidino hydrogens of Arg72 are at a -2-3 A distance from the amide oxygen 
of Gln151. The amide hydrogens of QIS I x e  at a -3-4 8. distance from the C 2  carbonyl oxygen of dlTP. Notice that a11 four nFcleotides 
have a H-bond acceptor in their equivalent positions (Scheme IB). The oxygens of the p-phosphate of dNTP are at a -3-4 A distance 
from the guanidine group of Arg72. For the sake of clarity. some amino acids interfering with the view are omitted. 
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FIGURE 6 Effect of pH on the activity of the wild-type and mutant 
HIV-I RTs. The standard reactions containing poly(dC)?dG)lr as 
template-primer and dGTP as substrate were carried out at the 
indicated pH of the reaction mixture. The pH adjustments were 
made using glycine buffers. Triplicate samples, for five different 
dGTP concentrations. were assayed for each pH value and for every 
protein. The results were used to calculate graphically the k,,, and 
K, values from standard Lineweaver-Burk plots (plots not shown). 
The ratio of k,,, values for individual enzymes at various pHs to 
that observed with the wild-type enzyme at pH 8.0 is plotted. 

Table 2: Effect of pH on the K. for dGTP in HIV-I RT' 
K, (ISM) 

PH wild type Q l S l A  
8 I .8 31 
9 1.3 6 

in I X  7 

" Polymerase assays were carried out in standard reaction mixtures 
adjusted to the desired pH. with pnly(dC)idG),s as the template-primer 
and dGTP as the variahle suhstrare. 

results of the pH experiments. However, the conclusion 
remains that Q l5 lA  at high pH is able to overcome its 
catalytic deficiency and polymerize even more efficiently 
than the wild-type enzyme. 

Detailed knowledge of the active site geometry as well as 
of the catalytic mechanism of the HIV-I RT enzyme is a 
prerequisite for rational drug design. Despite the availability 
of the crystal structure of HIV-I RT (Jacobo-Molina et al., 
1993; Kohlstaedt et al.. 1992) and numerous mutational 
studies, the specific residues that are part of the substrate 
binding site and their role in the catalytic mechanism have 
not yet been clarified. This is partly due to the incomplete 
characterization of the mutant species with regard to the 
polymerization mechanism. As part of our laboratory's 
efforts to systematically address the structure-function 
relationship in various DNA polymerases, Yadav et al. (1994) 
showed that I O  residues of the Klenow fragment of E. coli 
DNA polymerase I have equivalent counterparts in the three- 
dimensional structure of the catalytic domain of HIV-I RT, 
suggesting a functional equivalence of these residues. N845 
of the Klenow fragment was one of the I O  residues that has 
been characterized through site-directed mutagenesis studies 
(Polesky et al., 1990). These studies suggested that N845 
of the pol I enzyme is involved in the process of dNTP 
binding. Since, in HIV-I RT, Ql5l  is the proposed 
counterpart of N845, we investigated the role of Ql5l  in 
the catalysis of DNA synthesis by HIV-I RT. In order to 
obtain experimental evidence, we constructed and extensively 
characterized HIV-I RTs with conservative and noncon- 
servative mutations at Ql51. In addition, we prepared 
chimeric reconstituted enzymes, with the Ql5 l  residue 
selectively mutated to Ala in one of the two subunits. 
Incidently, a mutant of HIV-I RT at this position had been 
constructed previously with substitution of His for Gln. Such 
a mutation may be considered conservative, given the 
structural similarity as well as the potential for hydrogen 
bond formation by the two residues, as shown in Scheme 1 .  
A moderate reduction in the polymerase activity of the 
mutant HIV-I RT in crude cell extracts was reponed, without 
any further investigation of the role of this residue in the 
catalytic function (Larder et al.. 1989b). 

Our results show that the Ql5l residue of only the p66 
subunit is necessary for efficient polymerization. The 
Q151A mutant (mutation in both subunits) was almost 
inactive (<2% of the wild-type activity) on the poly(rA)- 
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similarly as a hydrogen bond acceptor, whereas dATP and dGTP would interact through their basic N3 nitrogen (bold letters in part B). 

(dT),S template-primer (Table 1). When the mutation was 
introduced selectively in the p51 subunit, the resulting 
enzyme ( p 6 6 w ~ / p 5 1 ~ ~ 5 , ~ )  had activity similar to that of the 
wild-type enzyme (Table 1, Figure 1). On the other hand, 
the kinetic parameters of p 6 6 ~ 1 5 1 ~ / p 5 1 ~  are indistinguishable 
from those of the enzyme mutated in the both subunits (Table 
1, Figure 1). The catalytic properties of Gln151 could be 
fully compensated by Asn, as Q - N mutation had no effect 
on the polymerase function (Table 1). These results suggest 
that the involvement of Q l 5 l  in catalysis is through the p66 
subunit, probably via its hydrogen bond forming capability. 

We have shown that Q l 5 l  does not participate in the 
process of DNA binding, as the Km and Kd for the DNA 
template-primer of Q l 5 l A  were comparable to those of the 
wild-type enzyme (Figures 1 and 2 and Table 1). Thus, the 
defect in the polymerase reaction catalyzed by the mutant 
enzyme and presumably the functional role of Gln151 appear 
to lie at a reaction step beyond the E-TP complex formation. 
A substantial increase in the K,,, for dNTP with DNA 
template by substitution of Q - A (Table 1) suggested a 
possible involvement of Q l 5 l  in the binding of dNTP. 
However, no effect on the binding/affinity of dNTP substrates 
was observed with RNA templates. Similar template-primer- 
specific effects of mutations as well as of some inhibitors 
on the polymerase activity of HIV and other enzymes have 
been reported previously (Pandey et al., 1994b; Desai et al., 
1994; Polesky et al., 1992; Tramontano & Cheng, 1992; 
Sarafianos et al., unpublished observations). It is therefore 
reasonable to assume that Q l 5 l  may have different roles 
with DNA and RNA templates. For example, with DNA 
templates it may be participating in the dNTP binding, 
although an additional involvement at the catalytic step 

cannot be excluded. In the case of RNA templates, it could 
have a role in either the catalytic (chemical) or pyrophosphate 
binding/translocation steps. However, the latter possibility 
seems unlikely, as we have noted similar reductions in the 
rate of first and second nucleotide addition on poly(rA).- 
(dT)15 (unpublished observations). These results are not 
consistent with the defect in pyrophosphate removal or the 
subsequent translocation step. As a crystal structure of 
HIV-1 RT complexed with RNA-DNA template-primer is 
not available, it would not be possible to speculate the precise 
role of Q l 5 l  with RNA templates through the molecular 
modeling techniques. 

An increase in K,,, for dNTP was reported for the N845A 
mutant of the Klenow fragment, with only one template 
primer examined (Polesky et al., 1990). These results led 
to the conclusion that N845 (the counterpart of the Klenow 
fragment to the Ql5 l  residue in the HIV-1 RT enzyme) 
participates at the binding of dNTP. However, the measured 
K, is an apparent kinetic constant, and a function of multiple 
reaction steps, thus providing only general mechanistic 
information. As our objective was to pinpoint the specific 
role of Q l5 l  in the catalytic mechanism, we determined first- 
order kinetics of a single nucleotide addition by the enzyme. 
The rate of the first nucleotide addition can be affected only 
by changes in the DNA or dNTP binding and not by defects 
at subsequent reaction steps, such as PP, removal or 
translocation along the template-primer. The latter was the 
case with R72 of HIV-1 RT, which appears to participate in 
the PP, removal and thus has minimal effect in the rate of 
the first nucleotide addition by R72A (Sarafianos et al., 
unpublished results). Our results show that the rate of the 
first nucleotide addition by Q l 5 l A  is severely affected, 
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suggesting an effect in the reaction mechanism, as early as 
in the dNTP binding step. 

We report here that WT enzyme covalently cross-linked 
with the DNA-DNA template primer is able to catalyze the 
addition of one nucleotide onto the immobilized template- 
primer without being able to translocate along the template 
strand. This addition reaction is metal dependent and specific 
to the complementary nucleotide, as mismatched dNTP is 
not used as the substrate (Figure 1, lanes 5 and 6). These 
results with the WT enzyme strongly suggest that the dNTP 
binding pocket remains unaffected upon covalent cross- 
linkmg of the template-primer to the enzyme. Therefore, 
this technique is able to assess reliably the substrate binding 
ability of HIV-1 RT. As the yield of E-TP covalent 
complex formation is the same for the wild-type and the 
mutant enzymes (Figure 1, lanes 1-3, Figure 2, and Table 
l) ,  including the reconstituted chimeric species (results not 
shown), the ability of only the Q151 A-DNA complex (and 
not that of Q l5 lN  or the wild-type enzyme) to add a 
nucleotide is significantly reduced. Furthermore, this im- 
pairment is associated with mutation only in the p66 subunit. 
These experiments provide compelling evidence for the 
involvement of Q l 5 l  of the p66 subunit in the substrate 
binding function, in the context of the ternary complex. 

Further corroborating evidence for the dNTP binding role 
of Q l5 l  was provided by the alteration in the divalent cation 
preferences by Q151A. As the preferred divalent metal ion 
binding, in this case Mg2+, occurs at the substrate binding 
site (Sawaya et al., 1994), it is expected that any direct or 
indirect distortion of this site could affect the divalent cation 
specificity of the enzyme. Our results show dramatic 
changes in the metal preference of the mutant enzyme 
(Q151); the Mg/Mn activity ratio was up to 70 times higher 
for Q151A, as compared to the wild-type enzyme (Figure 
4). Considerably smaller changes (up to 7 times) have been 
reported for another HIV-1 RT mutant (E89G). Crystallo- 
graphic (Jacobo-Molina et al., 1993; Kohlstaedt et al., 1992) 
and molecular modeling data (unpublished observations in 
our laboratory) suggest that the E89 residue of HIV- 1 RT is 
not at the substrate binding pocket but at a position to affect 
the DNA binding (unpublished observations in our labora- 
tory). However, the mutation at position 89 of the p66 
HIV- 1 RT subunit influences (apparently indirectly) the 
substrate binding site, as evidenced by an increase in K,,, for 
dNTP, as well as the PFA and ddTTP resistance character- 
istics of the E89G mutant (Kew et al., 1994). As the 
template-primer participates in the substrate binding through 
H-bond interaction of the template base to dNTP (Majumdar 
et al., 1988), it is possible that changes in the DNA binding 
site induced upon E89G mutation are translated through the 
template strand to the dNTP binding site and thereby 
moderately affect the metal specificity of the E89G mutant 
along with other substrate binding characteristics. Unfor- 
tunately, no data are available on the DNA binding ability 
of E89G for direct comparison with Q151A. However, the 
kinetic (Table l), cross-linking (Figure 1, lanes 1-3, Figure 
2), and molecular modeling (Figure 5 )  evidence presented 
in this work strongly suggests that the participation of Q l5 l  
of the p66 subunit in the mechanism of HIV-1 RT is not 
through DNA binding. In addition, the dramatic metal 
preference changes observed with the Ql5 lA mutant are also 
consistent with a direct interaction of Ql5l at the dNTP 
binding site. 
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Table 3: Amino Acid Sequence Comparison between HIV-1 RT 
and Reverse Transcriptases from Other Sources" 
~~~~ ______ 

HIV-l(147-157) 
BLV (138-148) 
CAEV (138-148) 
EIAV (341-351) 
HTLV-I (161-171) 
HTLV-II(246-256) 
MMTV (140- 150) 
MoMLV (316-326) 
MPMV (169-179) 
RSV (153-163) 
VISNA (296-306) 

... NV L 

... RV L 

... KV L 

... KC L 

... KV L 

... TV L 

... RV L 

... TR L 

... KV L 

... KC L 

... KV L 

PQG WKG SP... 
PQG F I N  SP... 
PQG WKL SP... 
PQG FVL SP ... 
PQG FKN SP ... 
PQG FKN SP... 

WKN SP ... 
POG FKN SP... 

- 
- 

@ WAN SP ... 
PQG WKL SP... 
PQG WKL SP... 
- 

a The sequence alignment shown here is taken from Figure 3 in Boyer 
et al. (1993). Amino acid numbering is shown in parentheses. Amino 
acids conserved in all sequences are shown in bold type. Notice the 
conservation of the LPQG sequence which starts a common secondary 
structure element (turn) for all enzymes (see Discussion). Abbrevia- 
tions: BLV, bovine leukemia virus; CAEV, caprine arthritis encephalitis 
virus; EIAV, equine infectious anemia virus; HTLV-I and -11, human 
T-cell leukemia virus types I and 11; MMTV, mouse mammary tumor 
virus; MoMLV, Moloney murine leukemia virus; MPMV, Mason- 
Pfitzer monkey virus; RSV, Rous sarcoma virus; VISNA, visna virus. 

We observed only a moderate resistance of Ql5 lA to PFA 
(IC50 increased from 17 to 41 pM). Although the exact 
mechanism of PFA resistance is not entirely known, the 
existing kinetic data (Abbotts et al., 1988) suggest that PFA 
binds at the PPi binding subdomain of the dNTP binding 
site. Arg72 of HIV-1 RT has been proposed as the binding/ 
acceptor residue of the leaving PPi product, and the R72A 
mutant has a complete resistance to PFA (Sarafianos et al., 
unpublished). Our working computer-assisted molecular 
model of HIV-1 RT is consistent with these data, showing 
Arg72 at a -4 distance from the p-phosphate of the 
substrate dNTP. Interestingly, although the side chain of 
Q l 5 l  (Figure 5) seems to be prohibitively far to interact 
directly with the leaving PPi (Figure 5 ) ,  the Ql5 l  amide 
oxygen appears to be poised for interaction with the Arg72 
guanidine hydrogens (Figure 5 ,  -3 8, distance). Such an 
interaction may contribute to the stabilization of the Arg72 
position, indirectly aiding in the removalhinding of PPI. This 
contention would explain the relatively weak resistance of 
Q l5 lA  to PFA. We should mention that this model was 
built on the basis of the coordinates of a crystal structure 
with aresolution of 3.0 A (Jacobo-Molina et al., 1993; Yadav 
et al., unpublished results). Consequently, the evaluation of 
distances in Figure 5 is subject to this limitation as well until 
a crystal structure with higher resolution is solved. As it 
stands now, the most likely interaction of the side chain of 
Gln151 is with the base moiety of dNTP, as shown in Figure 
5; such an interaction is consistent with our experimental 
results, as it would help to stabilize the substrate in a position 
that allows for the H-bond interaction with the complemen- 
tary template. However, it is possible that different H- 
bonding patterns may emerge, depending on the orientation 
of the individual dNTP base. A crystal structure of a ternary 
complex (HIV- 1 RT/template-primer/dNTP), similar to the 
one of p-pol (Pelletier et al., 1994), would confirm any 
specific interactions of dNTP at the active site. 

Although N845 of the Klenow fragment and Ql5 l  of 
HIV-1 RT seem to be spatially and functionally homologous, 
they are part of different secondary structure elements: N845 
is part of an a-helix (Q), whereas Ql5 l  is located on a turn, 
preceded by Leu149 and Pro150 and followed by Gly152 
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(Table 3), a constellation of residues diagnostic of secondary 
structure changes. Pro150 is conserved in all RNA-depend- 
ent DNA polymerases and Gln151 along with Gly152 in all 
reverse transcriptases [Table 3 and Jacobo-Molina and 
Arnold (1991)l. Site-specific mutagenesis on Pro150 re- 
sulted in complete loss of activity (Boyer et al., 1992). 
Interestingly, our secondary structure prediction studies for 
all 11 reverse transcriptases in Table 3 assign Pro150 and 
Gln151 to be at the beginning of a turn. On the basis of the 
above, we propose here that the role of Pro150 is to 
contribute to the formation of this vital turn; by doing so, 
the side chain of Gln151 is placed in position at the substrate 
binding site. It is, therefore, expected that the corresponding 
glutamines in the other reverse transcriptases have similar 
roles in the catalytic mechanisms of the corresponding 
enzymes. The above hypothesis has yet to be tested in the 
other enzymes listed in Table 3. 

In conclusion, we have presented here strong experimental 
and computer modeling evidence that places the Q15 1 
residue of the p66 subunit at the substrate binding site of 
HIV-1 RT. 

Sarafianos et al. 
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