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ABSTRACT

The structural and dynamical changes
occurring before nucleotide addition were
studied using molecular dynamics (MD)
simulations of human immunodeficiency vi-
rus type 1 (HIV-1) reverse transcriptase
(RT) complexes containing one or two
Mg ions in the presence of ANTP. Our
models revealed that the formation of a cat-
alytically competent DNA polymerase com-
plex required subtle rearrangements at the
catalytic site A, which occurred only when
an Mgt ion was bound. This model has
been validated using pre-steady-state
kinetics to show that free Mg*™ is necessary
to obtain a catalytically competent polymer-
ase. Kinetic studies carried out with Be’*
as a cofactor permitted the functional dis-
crimination between metal sites A and B.
At low concentrations, Be’* increased the
catalytic efficiency of the polymerase, while
at higher concentrations, it competed with
Mg** for binding to site A, and inhibited
DNA polymerization. In agreement with ex-
perimental data, MD simulations revealed
that the catalytic attack distance between
the 3 -OH of the primer and the a phospho-
rus in complexes containing Be*™ instead of
Mg’ at site A was above 4.5 A. Our find-
ings provide a detailed description of the
mechanism of DNA polymerization and
should be helpful to understand the molecu-
lar basis of DNA replication fidelity.
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INTRODUCTION

DNA polymerases play a fundamental role in the transmission and
maintenance of genetic information. These enzymes copy a nucleic acid
template by the stepwise addition of nucleotides onto the terminal 3’-OH
of a DNA primer. On the basis of sequence homologies and crystal struc-
ture analysis, DNA polymerases have been grouped into various families,
namely A, B, C, D, X, Y, and RT.1:2 Despite their structural diversity,
DNA polymerases share an overall morphology which includes a large
nucleic acid-binding cleft comprised of three subdomains termed
“fingers,” “palm,” and “thumb” by virtue of the similarity of the polymer-
ase domain to the structure of a right hand.3>* The bottom of the cleft is
formed by the “palm” subdomain, which harbors three catalytic residues
that coordinate with two divalent ions.

All DNA polymerases are believed to use a common “two-metal ion”
mechanism for nucleotidyl transfer, which was proposed by analogy to the
nearly identical mechanism of the 3’-5’ exonuclease of DNA polymerase
.56 In this mechanism, the 3'-OH group at the end of the DNA strand
attacks the a-phosphate of the incoming dNTP to form a new phosphodi-
ester bond with the subsequent release of pyrophosphate. The two metal
ions found in the DNA polymerase active site (usually two Mg>" ions)
are separated by ~4 A and roughly in line with the phosphor—sugar back-
bone on the opposite site of the bases. The catalytic metal (metal A) is
thought to lower the pK, of the 3-OH of the growing primer terminus
(nucleophile formation), while the nucleotide binding metal (metal B)
coordinates the triphosphate moiety and facilitates pyrophosphate dissoci-
ation. Both metals are believed to stabilize the proposed penta-coordi-
nated transition state of the nucleotidyl transferase reaction. Although
Mg*" is probably the divalent metal ion utilized by most polymerases for
catalysis in vivo, DNA polymerases are able to use other divalent cations,
in particular Mn>*. However, divalent cations such as Mn**, Ni**, Co*™,
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and Be’" are known to alter the nucleotide selectivity
and fidelity of DNA synthesis in reactions catalyzed by
several DNA polymerases.”~10

Crystal structures of ternary complexes containing the
DNA polymerase, a template-primer, and an incoming
dNTP are available for polymerases belonging to families
A, B, X, Y, and RT and have provided valuable informa-
tion on the geometric arrangement of the essential diva-
lent cations.!l Evidence of the coordination of the 3'-
OH primer terminus by the catalytic Mg>" has been
recently reported for a DNA polymerase B (family X)
ternary complex obtained using a non-hydrolyzable
dUTP analog.11 However, in most cases, a structural
insight into the catalytic mechanism has been hampered
by the lack of the 3’-OH or the catalytic Mg**.

Conformational changes triggered by the occupation
of the metal sites A or B, and occurring before chemical
bond formation, are expected to play an important role
in enhancing the polymerase fidelity by an induced-fit
mechanism. 213 Functional dissection of the roles of the
two metal ions is difficult, although the conformational
changes occurring during the polymerization reaction
pathway have been followed in stopped-flow tryptophan
fluorescence assays, using DNA polymerase 3 complexed
with double-stranded DNA and Rh*>"/dCTP.14 These
studies demonstrated that the limiting step of the nucleo-
tide incorporation reaction occurred after addition of the
catalytic Mg”™ (site A).14

In this work, we have used molecular dynamics (MD)
simulations to delineate the structural and dynamical
changes that occur before the nucleotidyl transfer reac-
tion, and the conformational motions related with the
occupancy of metal sites A and B, based on the structure
of a ternary complex of human immunodeficiency virus
type 1 (HIV-1) reverse transcriptase (RT), double-
stranded DNA, and dTTP.15 Pre-steady-state kinetic
experiments showed that the presence of the catalytic
Mg (site A) is required to obtain a catalytically compe-
tent HIV-1 RT complex. However, beryllium whose mu-
tagenic effects have been previously reported for the ho-
mologous avian myeloblastosis virus RT,7>10 has a dual
effect. At relatively low concentrations (micromolar
range), Be’" ions increase the catalytic efficiency of the
RT’s polymerase activity, while at higher concentrations,
they compete with Mg”" for binding to metal site A, in-
hibiting DNA polymerization.

EXPERIMENTAL PROCEDURES

Stock solutions of dTTP (100 mM) and ['y—32P]ATP
were obtained from GE Healthcare. Synthetic DNA oligo-
nucleotides 21P (5-ATACTTTAACCATATGTATCC-3")
and 31T (5-TTTTTTTTTAGGATACATATGGTTAAAG-
TAT-3’) were obtained from Life Technologies. The oligo-
nucleotide 21P was labeled at its 5’ terminus with [vy-
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32pJATP and T4 polynucleotide kinase (New England
Biolabs) and then annealed to 31T to obtain the tem-
plate-primer substrate to be used in kinetic assays. BeSO,
was obtained from BDH Laboratory Supplies (Poole,
UK). All other reagents, including MgCl, and MgSO,,
were purchased from Merck or Sigma.

RT expression and purification

Recombinant heterodimeric HIV-1 RT (strain BH10)
was expressed and purified using a modified version of
plasmid p66RTB, as previously described.!7>18 The wild-
type RT was coexpressed with HIV-1 protease in E. coli
XL1 Blue to get p66/p51 heterodimers, which were later
purified by ionic exchange followed by affinity chroma-
tography. Enzymes were quantified by active site titra-
tion!920 before biochemical studies.

Pre-steady-state kinetic assays

Pre-steady-state kinetic parameters for the incorpora-
tion of dTTP were determined with a rapid quench
instrument (model QFM-400, Bio-Logic Science Instru-
ments, Claix, France) with reaction times ranging from
10 to 6000 ms. Reactions were preformed by mixing 12
pL of a solution containing 40-50 nM (active sites) of
HIV-1 RT and 100 nM of the template-primer 31T/21P
in RT buffer (50 mM Tris-HCI, pH 8.0; 50 mM KCI)
with 12 pL of RT buffer containing variable amounts of
dNTP, Be?™, or Mg”, depending on the experiment,
and then quenched with 0.3M EDTA (final concentra-
tion). The reaction products were separated on a 20%
(w/v) polyacrylamide/8M urea gel, and quantified by
phosphorimaging with a BAS 1500 scanner (Fuji) using
the program Tina version 2.09 (Raytest Isotopenmessger-
ate Gmbh, Staubenhardt, Germany). The formation of
product [P] over time was fitted with a burst equation:

[P = A X [1 = exp(—kaps X )] + ko X 1

where A is the amplitude of the burst, k., is the appa-
rent kinetic constant of formation of the phosphodiester
bond, and kg is the enzyme turnover rate, that is the ki-
netic constant of the steady-state linear phase. The de-
pendence of k,,s on ANTP concentration is described by
the hyperbolic equation:

kobs = pol X [dNTP]/(Kd + [dNTP])

where Ky and ko are the equilibrium constant and the
catalytic rate constant of the dNTP for RT, respectively.
Kyq and k,, were determined from curve-fitting using
SigmaPlot.

MD simulations

Simulations were performed using the SANDER mod-
ule of AMBER 8 and the parm99 parameter set.2! The
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system used in the MD simulations was based on the X-
ray structure determined by Huang et al.l1> (PDB code
IRTD). The system included the DNA polymerase do-
main (residues 1-390) of the 66 kDa-subunit of HIV-1
RT, a 15/12-mer DNA/DNA template-primer and resi-
dues 3-82 of the 51-kDa subunit of the RT. One or two
Mg*" ions and the incoming dTTP were also included
in the system. Atomic charges for dTTP were obtained
with the RESP program?22 to fit potentials calculated at
6-31G* level using the Gaussian-98 package.23 In some
MD simulations, magnesium cations in the A and/or B
sites were replaced by Be’". Nonbonding parameters for
this ion were adjusted in order to reproduce the geome-
try and the distances of the coordination sphere
described by Pavlov et al24 An appropriate number of
Na® ions were added to neutralize the negative net
charge of the system. The counterions and the solvent
were added using the LEAP module of AMBER. Initial
relaxation of each complex was achieved by performing
10,000 steps of energy minimization using a cut-off of
10.0 A. Subsequently, and to start the MD simulations,
the temperature was raised from 0 to 298°K in a 200-ps
heating phase, and velocities were reassigned at each
new temperature according to a Maxwell-Boltzmann
distribution. During this period, the positions of the
C, atoms of the solute were restrained with a force con-
stant of 20 kcal mol™'. In a second phase, lasting
100 ps, the force constant was reduced stepwise. Finally,
the system was allowed to relax during 100 ps restrain-
ing only the distance corresponding to the Watson—
Crick hydrogen bonds between the first and the last
base pairs of the DNA molecule and a positional
restrain of the C, of the p51 fragment, with a force con-
stant of 10 kcal mol '. These constraints were main-
tained during all productive MD simulations. The
SHAKE algorithm was used throughout to constrain all
bonds involving hydrogens to their equilibrium values,
so that an integration time step of 2 fs could be
employed. The list of nonbonded pairs was updated ev-
ery 25 steps, and coordinates were saved every 2 ps. Per-
iodic boundary conditions were applied and electro-
static interactions were represented using the smooth
particle mesh Ewald method with a grid spacing of ~1
A. The trajectory length was 10 ns for all the complexes.
Analysis of the trajectories was performed using the
CARNAL module of AMBER 8.

RESULTS

MD-supported modeling of HIV-1 RT ternary
complexes in the presence of one or two
Mg3" ions

The X-ray crystal structure of the ternary complex of
HIV-1 RT, a dideoxyguanosine-terminated primer-tem-
plate, and dTTP has revealed that two Mg2+ ions bind

to the substrates and the active site residues. One Mg*™"
is located at the dNTP binding site where it binds to
nonbridging oxygen atoms of each of the phosphates of
the incoming dNTP, a backbone carbonyl (Val-111), and
the carboxylates of Asp-110 and Asp-185. The second
Mg“, which would contact the 3'-OH of the primer,
showed lower occupancy due to the missing hydroxyl
group.1>

The structural and dynamical changes occurring before
the nucleotidyl transfer reaction were studied using MD
simulations of the ternary complexes containing one or
two Mngr ions, in the presence of ANTP. In the simula-
tions we introduced a 3’-OH group at the blocked
primer. The motion of the polymerase domain was fol-
lowed over the 10.0-ns trajectory. In addition, MD simu-
lations were carried out with the binary complex contain-
ing the RT and a DNA/DNA template-primer, in order to
verify whether the opening of the subdomains occurred
within the time scale of the simulations.

The root-mean-square deviations (rmsd) correspond-
ing to the backbone C, atoms of the ternary complex
containing two Mg®" ions remained below 1.7 A, sug-
gesting few conformational changes during all the simu-
lation time [Fig. 1(A)]. However, the complex lacking
the catalytic Mg®" (site A) showed higher rmsd values
(increasing up to 2.5 A), and the rmsd values for the bi-
nary complex increased above 3.0 A. The low rmsd val-
ues obtained when either the “palm” and “thumb” sub-
domains or the “fingers” subdomain were considered in-
dependently suggested that the conformational changes
observed in the absence of the catalytic Mg** were con-
sistent with a hinge-bending motion of the “thumb” sub-
domain relative to the “fingers” subdomain. However,
this motion was not homogeneously distributed within
the “fingers” subdomain. A large conformational change
affects the B3-PB4 hairpin loop (residues 56-77) after
binding the Mg**/dNTP substrate. Thus, the distance
between the tip of the B3-B4 hairpin loop (C, atom of
Lys-66) and the tip of the “thumb” subdomain (C, atom
of Leu-289) was in the range of 30-35 A, in simulations
carried out with the RT/DNA binary complex. In con-
trast, this distance was reduced to approximately 25 A in
simulated ternary complexes containing one or two
Mg*" ions [Fig. 1(B)]. The relative positions of the B3-
B4 hairpin loop were similar in the presence of one or
two Mg”" ions.

In agreement with the observations referred above,
the comparison of the C, traces of the DNA polymerase
domain showed significant changes in the relative dis-
tances and angles between “thumb” and “fingers” sub-
domains, which affected mainly to the conformation of
the so-called B3-B4 hairpin loop (Fig. 2). The structure
obtained from the MD simulation with the binary com-
plex of HIV-1 RT and DNA showed an rmsd of 2.5 A,
when compared with the reported crystal structure.2>
On the other hand, the rmsd obtained from the super-
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Figure 1

Monitoring the conformational changes occurring upon binding of the catalytic
Mg’ along the simulation time. (A) Evolution of the rmsd of the C, atoms of
the polymerase domain (top), the “fingers” subdomain (middle), and “palm”
and “thumb” subdomains together (bottom) in the simulated structures with
respect to the crystal structure of the ternary complex HIV-1 RT/DNA/dTTP.
(B) Relative increase of the interatomic distances between the C, atoms of Lys-
66 and Leu-289, in comparison with the initial distance measured in the crystal
of the ternary complex. Lys-66 and Leu-289 are located in the tips of the 3-4
hairpin loop (within the “fingers” subdomain), and “thumb” subdomain,
respectively. For all panels, the data obtained with the structures containing one
and two Mg’ ions are indicated in green and red, respectively, while the binary
complex of HIV-1 RT/DNA is shown in blue.

position of the simulated ternary complex of HIV-1
RT, double-stranded DNA, dNTP, and two Mg2+ ions,
and the crystal structure of the ternary complex
reported by Huang et all> was 1.75 A. Ternary
complexes obtained in the absence of the catalytic Mg**
showed a less opened conformation than in the crystal
structure of the binary complex.2> These results are
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consistent with previous work showing that Mg”" plays
a critical role in the closing of the catalytic subdomains
of DNA polymerase B.26

At the end of the simulation, interactions in the cata-
lytic site of the ternary complex containing two Mg*"
ions were similar to those observed in the crystal struc-
ture (Fig. 3). Thus, the octahedral coordination shell of
the catalytic Mg>" involved its interaction with the 3'-
OH of the primer, as well as with the carboxylates of
Asp-110, Asp-185, and Asp-186, a nonbridging oxygen
of the a-phosphate of dNTP, and a water molecule
(Supplementary Table S1). The complex lacking the cat-
alytic Mg®" showed a more opened conformation but
the coordination sphere of the Mg®>" in site B was
almost identical to that observed in the same site when
both Mg®" ions were present. In the complex contain-
ing two Mg”" ions, the most remarkable consequence
of the incorporation of the 3’-OH group of the primer
in the coordination shell of the catalytic Mg*" is the
significant decrease of the catalytic attack distance, that
goes down to around 3 A, thereby favoring the nucleo-
tidyl transfer reaction. This reduction occurs within the
first 0.5 ns of the simulation, while in the case of the

Figure 2

C, traces of superimposed polymerase domains of the HIV-1 RT obtained from
the MD simulations. The colored ribbons blue, green, and red indicate the
simulated RT/DNA complexes with no Mg*", the nucleotide-binding Mg”*, or
with both Mg”*, respectively. Superimpositions of the simulated RT/DNA binary

complex with the crystal structure reported by Ding et al. 5 (left), and the
simulated ternary complex containing two Mg”* ions and the crystal structure
reported by Huang et all® (right) are shown below.
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Detailed view of the positions of the bound Mg>" ions in the energy-minimized average structures of the polymerase domain of HIV-1 RT in the presence of one or two
metal ions in their active site. The evolution of the active site interatomic distances between the 3 O of the primer and the o. phosphorus of the incoming dTTP in the two

simulations are shown below.

complex lacking the catalytic Mg®", the distance
increases above 6 A (Fig. 3). Interestingly, stable hydro-
gen bonds are established between the incoming dNTP
and the templating base upon incorporation of the
Mg*"/dTTP substrate (Supplementary Fig. S1), suggest-
ing that this step is an important fidelity checkpoint in
DNA polymerization.

On the basis of the results of the MD simulations, we
propose that the DNA polymerization reaction pathway
involves the initial binding of Mg>*/dNTP to the poly-
merase-DNA binary complex. This step produces a
“fingers” subdomain closing motion that involves a large
conformational change affecting the 83-B4 hairpin loop
and leads to additional rearrangements within the poly-
merase catalytic site. However, binding of free Mg>" in
metal site A stabilizes the formation of the competent
DNA polymerase catalytic complex. MD simulations
suggest that this step produces further local rearrange-
ments of the catalytic site, while decreasing the catalytic
attack distance. This model which is consistent with the
hypothetical reaction pathway proposed by Joyce and
Benkovic,!3 has been further validated using pre-steady-
state kinetics to show the requirement of free Mg*" to
render a competent DNA polymerase catalytic complex,

and the functional discrimination between metal sites A
and B.

Single nucleotide incorporation
kinetics in the presence of MgZ*

Pre-steady state kinetic analysis of the incorporation of
a single nucleotide by HIV-1 RT was carried out in the
presence of 2 mM Mg2+, under conditions where the
DNA concentration was in excess relative to the RT con-
centration. As expected, the time courses obtained at dif-
ferent ANTP concentrations showed a burst of incorpora-
tion followed by a linear phase.l9 The corresponding
burst rates were then plotted against [dNTP], and the
data were fit to the hyperbolic equation kg
kooi[dNTP]/([ANTP] + Kj), where k,o is the maximum
rate of polymerization, and Kj is the equilibrium dissoci-
ation constant for dNTP. The obtained k,, and Ky values
were 11.6 + 0.5 s ! and 13.4 + 1.9 UM, respectively.
Under our assay conditions, the active enzyme (i.e. cata-
Iytically competent RT polymerase complex) concentra-
tion can be determined from the pre-steady state burst
amplitudes. In the presence of saturating concentrations
of ANTP, burst amplitudes depend on the concentration
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Dependence of the Mgz+ dissociation constant on ANTP concentration. (A)
Kinetic curves of incorporation of nucleotide in the presence of different
concentrations of Mg’ . A preincubated solution of RT (40 nM) plus template/
primer 31T/21P (100 nM) was mixed with increasing concentrations of Mg’ *
(0.05, 0.098, 0.195, 0.39, 0.78, 1.56, 3.125, 6.25, and 12.5 mM) in the presence
of 240 uM dTTP, using a rapid chemical quench flow instrument. Reactions
were quenched with EDTA at the indicated times and analyzed by
polyacrylamide/urea gel electrophoresis. The solid lines represent the best fit of
the data to a burst equation. The amplitudes (A) and the observed first-order
rate constants for the burst phase (k,p;) were: 40.32 £ 1.34 nM, and 6.14 £ 0.64
s~ 1, respectively, for 12.5 mM Mgt (A); A = 36.25 + 1.58 nM, and ko, = 9.09
+ 1475, for 6.25 mM Mg (O ); A = 34.17 + 1.24 nM, and ko = 6.43 +
0.75 5", for 3.125 mM Mg’* (@ ); A = 29.77 + 1.71 nM, and ke = 5.89 +
1.055 %, for .56 mM Mg" (00); A = 27.73 + 0.73 nM, and ko, = 8.91 + 0.85
s, for 0.78 mM Mg (M); A = 22.62 + 0.40 nM, and kyys = 7.74 + 0.47 s~ ',
for 0.39 mM Mg* (A\); A = 14.76 + 0.54 nM, and ko, = 9.65 + 1.325, for
0.195 mM Mg*™ (W;); A = 8.93 4 0.48 nM, and ks = 6.84 4 1.23 5%, for
0.098 mM Mg* (O ); and A = 6.87 4 0.62 nM, and ko, = 7.27 + 2.225~ ', for
0.05 mM Mg>* (®@). (B) Inhibition of the formation of the catalytically
competent RT polymerase complex due to Mg’* chelation by dNTP. The
concentration of active polymerase ([RT/DNA/ANTP-Mg*" /Mg’* ]) was
determined from the burst amplitudes of incorporation reactions (A) carried out
at different concentrations of Mg”", in the presence of dNTP at 60 uM (),
120 uM (W), 240 uM (O ), and 600 uM (@). Apparent K, values obtained for
Mg*" binding in the presence of 60, 120, 240, and 600 uM dNTP were 95.7 +
6.4 uM, 254.9 + 33.3 uM, 309.3 + 33.6 uM, and 553.6 £ 48.5 uM,
respectively. Inset: Double-reciprocal plot of the data.
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of Mg”" [Fig. 4(A)]. However, nucleotide substrates have
a chelating effect on the reaction, and therefore, the
amount of magnesium required to obtain the largest
burst amplitudes was higher in the presence of relatively
high dTTP concentrations [Fig. 4(B)]. Double reciprocal
plots of the concentration of catalytically competent RT
polymerase complex versus Mg>" concentration, con-
firmed that the dNTP competes with the enzyme for
binding free Mg>" ions (i.e. the nucleotide substrates
had a chelating effect on the reaction). A theoretical
binding constant for MgZJr (Kg = 0.218 £ 0.032 mM)
was determined from the data shown in Figure 4(B), by
extrapolating the data to conditions where the [dNTP]
equals zero. The obtained Ky was similar to that reported
for Mg>* binding to ATP (K4 = 0.089 mM).2728

Pre-steady-state kinetics and modeling
studies using Be®* as cofactor of the
polymerization reaction

Although differences between sites A and B can be
inferred from the results described earlier, functional dis-
tinction between both sites in the HIV-1 RT has
remained so far elusive. Since Be*" is a weak inhibitor of
the DNA polymerase activity in the presence of
Mg2+,16’29 we performed MD simulations where Be**
substituted for Mg*" occupying metal sites A and/or B.
Be’" ions bind nucleoside-triphosphates with a three
orders of magnitude higher affinity than Mg*" (K4 =
24 X 1078 ]\/[).30 Therefore, we can assume that a ter-
nary complex including Be’" in metal site B and Mg*"
in metal site A would appear in the presence of Mg*",
when [Be’"] < [dNTP]. However, when [Be’"] >
[dNTP], Be*" can replace Mg2+ in metal site A, rendering
a ternary complex where both metal sites are occupied by
Be’". MD simulations for ternary complexes containing
Mg>" in site B and Be*" in site A were also carried out,
although these complexes may not occur in nature.

Unlike Mg*™", the small Be*" ions form bonds to oxy-
gen atoms with substantial covalent character and with a
strong tendency to achieve its maximum coordination
number of 4. The structure of the catalytic site at the
end of the MD simulations (Fig. 5) shows that when
substituting Be’* for Mg®" in the ternary complex at
site A, Be*t coordinates with carboxylates of Asp-110,
Asp-185, and Asp-186, as well as with a water molecule.
The coordination geometry at site B is different depend-
ing on whether site A is occupied by Be’™ or Mg™.
When Be®" is found at both sites A and B, the nonbridg-
ing oxygen atoms of each of the phosphates of the
incoming dANTP and the side chain of Asp-185 are coor-
dinated with the cation. However, when a Mg>" ion is
present in site A, interactions at site B are rather differ-
ent, with Be*” coordinating with the nonbridging oxy-
gens of the B,y-phosphates, a carboxylate group of Asp-
110, and the backbone carbonyl (Val-111). The coordina-
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Figure 5
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Detailed view of the active site of the HIV-1 RT in simulated ternary complexes containing Be’" ions in metal sites A, B, or both. The evolution of the active site
interatomic distances between the 3' O of the primer and the o« phosphorus of the incoming dTTP in the three simulations are shown below.

tion between the catalytic metal and both the 3'-OH of
the primer terminus and the nonbridging oxygen of the
a-phosphate of the incoming dNTP appear to be critical
to maintain the appropriate distance for the nucleophilic
attack, and therefore to maintain the integrity of the cat-
alytically competent DNA polymerase complex. The cata-

Table |
Pre-Steady State Single-Nucleotide Incorporation Rate of the Reaction (k,ps) at
Different Concentrations of Be’"

[Bez+] (HM) Kobs (S~ 1)
0 9.92 + 0.43
1.35 8.93 + 0.81
54 18.43 + 1.68
217 13.77 + 1.53
86.7 14.98 + 1.74
347 8.71 + 0.62
1387 5.32 + 0.46
5550 <05

]
A preincubated solution of RT (40 nM) plus template/primer 31T/21P (100 nM)
was mixed with increasing concentrations of Be** in the presence of 100 pM
dTTP and 2 mM Mg”". Reactions were allowed to proceed for various time inter-
vals and the incorporation rates were obtained with the corresponding burst equa-
tion as described under “Experimental Procedures.”

Iytic attack distance was around 3 A only when the ter-
nary complex contained Be’" in metal site B and Mg*"
in metal site A (Fig. 5), suggesting that under these con-
ditions the nucleotidyl transfer reaction could take place.
These results were consistent with previous reports show-
ing that in the absence of Mg**, RTs were devoid of
DNA polymerase activity in the presence of variable
amounts of Be**.”

The effects of Be’" in the RT-catalyzed polymerase
reaction were initially tested in the presence of 100 pM
dTTP and 2 mM Mg*". As shown in Table I, adding
Be’* ions produced an increase of the single turnover
rate constant (k.ps) at concentrations in the range of 5-
100 pM, while exerting an inhibitory effect at millimolar
concentrations. Pre-steady state kinetic analysis of the
polymerization reaction carried out in the presence of 2
mM Mg*" confirmed that Be*"/dTTP was a better sub-
strate than Mg”"/dTTP. The obtained ko1 and Ky values
for the incorporation of dTTP (complexed with Be*™)
were 20.7 4+ 2.0 s”' and 13.1 £ 4.0 uM, respectively.
While the apparent nucleotide affinity remained
unchanged, the catalytic rate constant is increased two-
fold when Be*" ions were present. In contrast, an inhibi-
tory effect was observed at high [Be’*], which was
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Figure 6

Inhibitory effects of Be*" on the formation of a competent RT polymerase
complex. Active RT concentrations (| [RT/DNA/dNTPMng’/MgZJr ]) were
determined from the burst amplitudes of the incorporation reactions carried out
as described under “Experimental Procedures,” but in the presence of 200 uM
dTTP and varying concentrations of Mg’". Solid lines represent the best fit of
the data obtained from experiments carried out in the presence of B&’" at 0.2
mM (A), 0.7 mM (W), 1.4 mM (O), and 1.7 mM (@®). Free Be*"
concentrations in those assays were estimated at <5 uM, 0.5 mM, 1.2 mM, and
1.5 mM, respectively, assuming a K; of 2.4 X 10~% M for the Be’" JANTP
complex.” The apparent K, values obtained for Mg>* binding to the RT
complex in the presence of B&®" at total concentrations of 0.2, 0.7, 1.4, and 1.7
mM were 164.1 + 9.2 uM, 257.7 + 20.9 uM, 682.4 £ 59.9 uM, and 691.2 +
171.0 puM, respectively. Inset: double-reciprocal plot of the data.

detected as a reduction of the burst amplitude in the
pre-steady state kinetic analysis. As shown in Figure 6,
Mg®" and Be’" behave as competitive inhibitors for
binding to site A. Therefore, Be’" binding results in the
inactivation of the catalytic polymerase complex. These
experimental results are in agreement with the MD simu-
lations obtained with the different complexes containing
Be’" ions, and support the functional distinction be-
tween metal sites A and B.

DISCUSSION

Metal ions with the right size and the right coordina-
tion geometry for nucleophilic attack facilitate the
proper alignment of the catalytic residues and the
nucleic acid substrate, thereby enhancing substrate rec-
ognition and catalytic specificity.3! Current models for
DNA polymerization are based on the comparison of bi-
nary (polymerase and DNA) and ternary (polymerase,
template-primer DNA duplex, and dNTP at the poly-
merase active site) complexes. According to available
models for HIV-1 RT, nucleotide binding to polymer-
ase-DNA binary complexes involves a conformational
change in which the “fingers” rotate from an “open”
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conformation to the “closed” state seen in the ternary
complex. Our MD simulations based on the crystal
structures of HIV-1 RT binary2?® and ternary com-
plexes!® show that upon binding of Mg®*/dNTP, there
is relatively large conformational transition that involves
the movement of the “fingers” subdomain towards the
“thumb” subdomain. The largest motion within the
“fingers” subdomain affects the 33-B4 hairpin loop that
bends over the “palm” subdomain forming an open ter-
nary complex.

Binding of Mg*" in metal site A (catalytic site) is
required to obtain an RT which is catalytically competent
for DNA polymerization. The presence of Mg”" at the
catalytic site is crucial for coordination with the 3’-OH
found at the primer terminus and the nonbridging oxy-
gen of the a-phosphate. Those interactions appear to be
critical to maintain the 3’-OH and the a-phosphorus
within an appropriate distance for nucleophilic attack.
MD simulations show that the transition from a catalyti-
cally noncompetent open ternary complex to the catalyti-
cally competent “closed” conformation of the polymerase
involves slight conformational changes, but significant
rearrangements of the side-chains at the RT polymerase
active site, particularly evident at the tip of the B3-B4
hairpin loop. This transformation could be identified as
the rate-limiting noncovalent transition that precedes the
formation of the transition state.13

The results obtained with HIV-1 RT are consistent
with structural studies and MD simulations carried out
with mammalian DNA polymerase 8.26:32 As in HIV-1
RT, conformational changes affecting DNA polymerase B
involve the closing of the “thumb” subdomain as a con-
sequence of Mg”" binding at the catalytic site. Largest
motions affect a-helix N,26 within the “thumb” subdo-
main and away from the triphosphate moiety of the
incoming dNTP. From a structural point of view, these
changes are different from those observed with HIV-1
RT, whose largest movements occur within the B3-B4
hairpin loop while accommodating the incoming Mg**/
dNTP in its binding site. The B3-B4 hairpin loop con-
tains residues such as Lys-65 and Arg-72 whose side-
chains make important hydrogen bonds with the incom-
ing dNTP.1S In addition, the B3-B4 hairpin loop also
plays a relevant role in resistance to nucleoside analogue
inhibitors of HIV-1 RT.33

The distinct properties of sites A and B have been
probed with Be** ions. Although Be*" has been identi-
fied as a relatively weak inhibitor of DNA polymeriza-
tion reactions catalyzed by retroviral RTs,16:29 it may
affect the accuracy of DNA polymerization, as shown for
avian myeloblastosis virus RT using homopolymeric
template-primers as substrates.”>10 Despite the tetrahe-
dral coordination of Be’", our data show that Be**/
dNTP are good substrates of the polymerization reac-
tion. However, when Be?" substitutes for Mg2+ at the
catalytic site, the RT polymerase activity is inhibited due



HIV-1 Reverse Transcriptase Catalytic Complex

to the loss of the critical interactions with the primer
terminus and the incoming dNTP, that results in an
increase of the nucleophilic attack distance that goes up
to over 4.7 A. Current models to explain the structural
basis of DNA polymerase fidelity involve an induced-fit
mechanism that includes both a global movement of the
“fingers” subdomain upon substrate binding and subtle
changes in the active site for metal ion coordination.
According to this proposal, there are a number of possi-
ble check points for proper geometric alignment during
nucleotide insertion by polymerases.13 Our MD simula-
tions revealed that the base pairing established upon
binding of Mg*"/dNTP remains stable along the 10-ns
trajectory. Although these data suggest that a critical fi-
delity checkpoint occurs before the catalytically compe-
tent DNA polymerase complex is formed, further studies
will be necessary to identify all relevant fidelity check
points in DNA polymerization reactions catalyzed by
HIV-1 RT or other DNA polymerases.
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