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We have investigated the structure and dynamics of the HIV-1 RT active site, by
modelling the active conformation of the HIV-1 RT/DNA/dATTP ternary complex. This has
included molecular dynamics simulations and combined QM/MM modelling. Three different
systems were studied to investigate the effects of different protonation states of dTTP (a
deprotonated and two different mono-protonated triphosphate forms), and the effects of
different possible protonation state of potentially catalytic aspartate residues (Aspl85 and
Asp186) were tested. The model of the deprotonated form of dTTP (model A) with the two
aspartates in their charged (basic) form seemed to be the most stable and its orientation was in
good agreement with crystal structure. The main aim is to study and investigate the details of
reaction mechanism in DNA polymerization. We have proposed three reaction steps; Step 1 is
the deprotonation of the terminal 3'-OH group of the primer stand; Step2 is the nucleophilic
attack of the negatively charged terminal 3'-OH group on Pa atom of dTTP; and Step 3 is the
Pa-O3a breaking down to gain the final product complex. Three different base mechanisms
(Aspl185, Aspl86, and dTTP) for H-transfer reaction following by nucleotide addition were
estimated with two different semiempirical (AM1 and PM3) QM/MM methods. The most
feasible H-transfer reaction was found to proceed in a corresponding reaction path via Asp185
which plays an important role as the catalytic base. Consequently, the nucleophilic attacking
on Pa of dTTP (Step 2) leading to the formation of the pentacovalent intermediate and the
subsequent Pa-O3a breaking bond of this structure. Step 3 generates the creation of the 3'-5'
newly formed phosphodiester and pyrophosphate resulting in the elongation of the primer
stand by one new nucleotide and the leaving group, respectively. The activation barrier for
overall reaction is energetically closed to 18.4 kcal/mol in which the rate-limiting step is the
H-transfer reaction to Asp185 (model A). The critical structures along the reaction pathway
were stabilized by the H-bond interactions with Lys65, Arg72 and Asp113 and some tightly
bound water molecules. These studies highlight the utility of QM/MM molecular dynamics
simulations for calculation of free energy profiles for enzyme reactions. The results provide
insight into the structure and interactions of the active site of this important enzyme, with

implications for its mechanism, which may be useful in inhibitor design.
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Structure of the HIV-1 RT catalytic complex. A view of the RT
catalytic complex with the polymerase active site on the left and
the RNase H domain on the right. The domains of p66 are in
color: fingers (red), palm (yellow), thumb (orange), connection
(cyan), and RNase H (blue); p51 is in gray. In the two chains, the
domains have very different relative orientations. The DNA
template strand (light green) contains 25 nucleotides, and the

primer strand (dark green), 21 nucleotides. The dNTP is in gold.

Representation of the HIV-1 RT active site obtained from the
IRTD crystal structure.

Structures of selected non-nucleoside reverse transcriptase
inhibitors (NNRTIs)

Structures of the anti-HIV nucleoside analogues (NRTIs)
Possible reaction pathways for ATP hydrolysis. Three different
mechanisms of water activation are shown, each with its proton
transfer steps in a different color: the violet arrow corresponds to
the direct path, red arrows correspond to the Ser181 path, and
green arrows correspond to the Ser236 path. The dashed arrow
shows the attack of the activated water on the y-phosphate. All
the atoms treated with QM in the calculations are shown

explicitly.

Two phosphoryl transfer schemes provided by theoretical
calculations. Scheme A is the concerted phosphoryl and proton-
transfer model suggested by previous semiempirical calculations
and some DFT calculations; scheme B described a dissociative
phosphoryl transfer and the shift of the proton to Asp166, which

was suggested by the most recent DFT calculations.
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A general pathway for nucleotide incorporation by DNA
polymerases. E, dNTP, and PPi refer to DNA polymerase, 2'-
deoxyribonucleoside  5'-triphosphate, and pyrophosphate,
respectively. DNA, and DNA;; represent the DNA before and
after the nucleotide incorporation to the 3'-primer terminus. Red
and green distinguish the crystal closed and open states of
poly/DNA complexes. Pink and yellow arcs represent pol 3’s
conformational closing and opening (before and after the
chemical reaction) motions. (c) Active-site coordination of the
nucleotide-binding (A) and catalytic (B) Mg”" in the closed
ternary pol B/DNA/dCTP complex. In part c, the AMg”"
coordinates the a-, -, and y-phosphate oxygens, D190, D192,
and a water molecule; and, the BMg2+ coordinates the o-

phosphate oxygen, primer O3', D190, D192, D256, and a water.

Two modelled structure represented for the active site: (a) the
small QM/MM partition scheme; (b) the large QM/MM partition
scheme. QM region is shown in style of bond and stick.

RMSDs (from the initial structure) of all heavy atoms as a
function of simulation time, for two systems studied here: (1)
Model A (deprotonated dTTP); (2) Model B (mono-protonated
dTTP on the Oy2-oxygen). Three 700 ps MD simulations are
shown in the plot with different shades.

Root mean square fluctuations (RMSF) (A) of protein backbone
atoms averaged over 3 500 ps MD simulations from two systems
shown in different shades: (1) Model A (deprotonated dTTP) in
black; (2) Model B (mono-protonated dTTP on the Oy2-oxygen)
in white. RMSF for all residues is shown in 11(a) and for some

selected residues in 11(b).
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Root mean square fluctuations (RMSF) (A) of all heavy atoms
by nucleotide averaged over 3 500 ps MD simulations for the
DNA template [12(a)], DNA primer and dTTP substrate (S)
[12(b)] from the two simulations shown in different shades: (1)
Model A in black; (2) Model B in white. The template base for
substrate (ST) and primer terminus (PT) are Ade5 and Cyt6

while the primer terminus (P) is Gua22.

(a) Definition of angle 0 and distance d. Plot of angle 0 as a
function of time in Models A (b) and B (c). Plot of distance as a
function of time in Models A (d) and B (e). Three 700 ps MD

simulations are shown in the plot with different shades.

Conformation of mono-protonated triphosphate on Oy3 oxygen
of dTTP substrate, two Mg2+ ions and their coordination
environments (Model C) in the final structure from MM MD
simulation. Hydrogen atoms are not shown except for the mono-
protonated O3y atom and the bound water molecules. The

colours were used by atom type colour.

Superimposition of minimized CHARMM at last MD snapshot
(Model A systems: blue-violet, Model B systems: red-violet)
compared to the crystal structure (blue): 15(a) HD185-Model A;
15(b). HD185-Model B; 15(c) HD186-Model A; 15(d). HD186-
Model B. Hydrogen atoms are not shown except for the mono-

protonated O2y atom and the bound water molecules.
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Superimposition of QM/MM minimized AMI/CHARMM
(orange) and PM3/CHARMM (yellow) structures (from the final
MD structure) compared to the crystal structure (blue). Model A
is shown in 16(a) and Model B in 16(b). Hydrogen atoms are not
shown except for the mono-protonated O2y atom (Model B) and
the bound water molecules.

Plot of selected distances and angles as a function of time from
two different semiempirical QM/MM dynamics simulations for
50 ps: (a) AM1/CHARMM on Model A; (b) PM3/CHARMM on
Model A; (¢) AMI/CHARMM on Model B; (d)
PM3/CHARMM on Model B.

Free energy profiles for reaction coordinate as hydrogen primer
terminus-carboxyl oxygen (OD1) of Asp185.

Modeled structure represented for the active site. QM region is

shown shaded with four hydrogen link atoms cycled.

Pentacovalent intermediate, magnesium coordination
environment and possible hydrogen bonds taken from AMI
QM/MM simulation snapshot. H atoms bonded to the C and N
atoms are not shown.

Free energy profiles for three different H-transfer reactions in
Model A from H3T-hydrogen on the 3'-OH primer terminus to a
H-accepter (Asp185, Asp186 or dTTP) using reaction coordinate
as different reaction coordinate between breaking and forming
bond.

Reactant complex (Model A), magnesium coordination
environment and possible hydrogen bonds (dot line) taken from
PM3 QM/MM simulation snapshot. Only H atoms involved the
hydrogen bonding interaction and H atoms on water molecules

are shown.

vil

Page

60

62

64

66

67

71

72



Figure

23

24

25

26

27

28

LIST OF FIGURES (cont’d)

Product complex (Model A) from H-transfer reaction via
Aspl85, magnesium coordination environment and possible
hydrogen bonds (dot line) taken from PM3 QM/MM simulation
snapshot. Only H atoms involved the hydrogen bonding
interaction and H atoms on water molecules are shown.

Free energy profiles for nucleophilic addition in reaction
coordinate as: different reaction coordinate between Pa-O3a
breaking and Pa-O3' forming bond.

Pentacovalent intermediate (Model A), magnesium coordination
environment and possible hydrogen bonds (dot line) taken from
PM3 QM/MM simulation snapshot. Only H atoms involved the
hydrogen bonding interaction and H atoms on water molecules
are shown.

Final product complex (Model A), magnesium coordination
environment and possible hydrogen bonds (dot line) taken from
PM3 QM/MM simulation snapshot. Only H atoms involved the
hydrogen bonding interaction and H atoms on water molecules
are shown.

Free energy profiles for three different H-transfer reactions in
Model B from H3T-hydrogen on the 3'-OH primer terminus to a
H-accepter (Asp185, Asp186 or dTTP) using reaction coordinate
as different reaction coordinate between breaking and forming
bond.

Reactant complex (Model B), magnesium coordination
environment and possible hydrogen bonds (dot line) taken from
PM3 QM/MM simulation snapshot. Only H atoms involved the
hydrogen bonding interaction and H atoms on water molecules

are shown.
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Product complex (Model B) from H-transfer reaction via
Aspl85, magnesium coordination environment and possible
hydrogen bonds (dot line) taken from PM3 QM/MM simulation
snapshot. Only H atoms involved the hydrogen bonding
interaction and H atoms on water molecules and on triphosphate
moiety are shown.

Free energy profiles for nucleophilic addition in reaction
coordinate as: different reaction coordinate between Pa-O3a

breaking and Pa-O3' forming bond.

Pentacovalent intermediate (Model B), magnesium coordination
environment and possible hydrogen bonds (dot line) taken from
PM3 QM/MM simulation snapshot. Only H atoms involved the
hydrogen bonding interaction and H atoms on water molecules
are shown.

Final product complex (Model B), magnesium coordination
environment and possible hydrogen bonds (dot line) taken from
PM3 QM/MM simulation snapshot. Only H atoms involved the
hydrogen bonding interaction and H atoms on water molecules

are shown.
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Sequence of program step required to solve the Roothaan-Hall

equations, Self Consistent Field procedure
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