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We report unrestrained, all-atom molecular dynamics simulations of HIV-1 protease (HIV-PR) with
a continuum solvent model that reproducibly sample closing of the active site flaps following manual
placement of a cyclic urea inhibitor into the substrate binding site of the open protease. The open
form was obtained from the unbound, semi-open HIV-PR crystal structure, which we recently
reported1 to have spontaneously opened during unrestrained dynamics. In those simulations, the
transiently open flaps always returned to the semi-open form that is observed in all crystal structures
of the free protease. Here, we show that manual docking of the inhibitor reproducibly induces
spontaneous conversion to the closed form as seen in all inhibitor-bound HIV-PR crystal structures.
These simulations reproduced not only the greater degree of flap closure, but also the striking
difference in flap “handedness” between bound and free enzyme (Figure 1). In most of the
simulations, the final structures were highly accurate. Root mean square deviations (RMSD) from
the crystal structure of the complex were ~1.5 Å (averaged over the last 100ps) for the inhibitor and
each flap despite initial RMSD of 2 – 5 Å for the inhibitors and 6 – 11 Å for the flaps. Key hydrogen
bonds were formed between the flap tips and between flaps and inhibitor that match those seen in
the crystal structure. The results demonstrate that all-atom simulations have the ability to significantly
improve poorly docked ligand conformations and reproduce large-scale receptor conformational
changes that occur upon binding.
We report unrestrained, all-atom molecular dynamics simulations of HIV-1 protease (HIVPR) with a continuum solvent model that reproducibly sample closing of the active site flaps
following manual placement of a cyclic urea inhibitor into the substrate binding site of the open
protease. The open form was obtained from the unbound, semi-open HIV-PR crystal structure,
which we recently reported1 to have spontaneously opened during unrestrained dynamics. In
those simulations, the transiently open flaps always returned to the semi-open form that is
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observed in all crystal structures of the free protease. Here, we show that manual docking of
the inhibitor reproducibly induces spontaneous conversion to the closed form as seen in all
inhibitor-bound HIV-PR crystal structures. These simulations reproduced not only the greater
degree of flap closure, but also the striking difference in flap “handedness” between bound and
free HIV-PR (Figure 1). In most of the simulations, the final structures were highly accurate.
Root mean square deviations (RMSD) from the crystal structure of the complex were ~1.5 Å
(averaged over the last 100ps) for the inhibitor and each flap despite initial RMSD of 2 – 5 Å
for the inhibitors and 6 – 11 Å for the flaps. Key hydrogen bonds were formed between the
flap tips and between flaps and inhibitor that match those seen in the crystal structure. The
results demonstrate that all-atom simulations have the ability to significantly improve poorly
docked ligand conformations and reproduce large-scale receptor conformational changes that
occur upon binding.
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Due to its central role in processing viral polypeptide precursors, HIV-PR continues to be one
of the primary targets of anti-AIDS drug discovery. A greater understanding of the mechanistic
events associated with HIV-PR binding is critical for the design of more potent and novel
inhibitors of this viral enzyme. An extensive set of X-ray crystal structures of HIV-1 protease
has been solved, revealing a C2 symmetric homodimer with a large substrate binding pocket
covered by two glycine rich β-hairpins, or flaps2,3. Consistent structural differences are present
between the bound and free states of the protein (Figure 1). In all of the inhibitor-bound forms,
the flaps are pulled in towards the bottom of the active site (the “closed” form), while the
structures for the unbound protease all adopt a “semi-open” conformation with the flaps shifted
away from the dual Asp25-Thr26-Gly27 catalytic triads, but still substantially closed over the
active site and in contact with each other. A more striking difference is that the relative
orientation (the “handedness”) of the β-hairpin flaps is reversed in the two forms (Figure 1).
We recently reported1 the first simulations that sampled spontaneous opening of unbound HIVPR with subsequent return to the crystallographic semi-open form. The closed inhibitor-bound
HIV-PR was stable under the same conditions. In the present study we employ the same Amber
simulation protocol and parameters, including a modified4 Generalized Born5 implicit water
model and no cutoff on nonbonded interactions. We simulated the wild type sequence in
complex with the cyclic urea inhibitor XK263 (pdb code 1HVR)7. Consistent with experiments
on cyclic urea-bound HIV-PR, both catalytic Asp side chains were protonated6. Flap RMSDs
were calculated for backbone of residues 46–55 or 46′ –55′. Inhibitor RMSDs used all atoms.
All RMSD values were calculated after a best-fit to the non-flaps backbone of HIV-PR
(residues 6–38 and 55–94 in each monomer, excluding the termini and flexible elbow regions).
Reported final RMSD values reflect averages obtained over the last 100ps.
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We generated two initial structures, using open conformations with flap RMSD values of 6 to
11 Å. The inhibitor was manually docked into both, resulting in inhibitor RMSD values of 2.4
Å and 5.3 Å, with the second intended only to place the inhibitor roughly in the binding site
cavity. We note that since the open structures were obtained from a simulation initiated with
the unbound, semi-open crystal structure, no “memory” of the bound HIV-PR conformation
could have been present. Importantly, the same open conformations returned to the semi-open
form in simulations without inhibitor1.
With the more accurately docked inhibitor (2.4 Å RMSD), the flaps spontaneously closed over
the inhibitor after only ~50 ps of MD at 310K (Figure 2), reaching a plateau at ~4 Å RMSD.
During the flap closing, the RMSD of the inhibitor rose above 6 Å, moving significantly from
the initial docked position. This change reflected a shift of the inhibitor inside the open binding
site and formation of multiple contacts with one of the flaps, including a hydrogen bond
between the urea carbonyl oxygen and that flap tip Ile50 amide hydrogen, as seen in the crystal
structure of this complex. At ~200 ps, the flaps closed further and the inhibitor shifted in the
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binding site to add a hydrogen bond between the urea carbonyl and the other flap tip (Ile50’).
At this point the inhibitor RMSD was reduced from ~4.5 Å to ~1.5 Å (Figure S1) and the flaps
adopted the correct conformation (average RMSDs of ~1.5 Å and 1.9 Å, sampling values as
low as 0.9 Å). An inter-flap hydrogen bond formed between the amides of Gly51 (donor) and
Ile50’ (acceptor), also seen in the crystal structure of this complex. These average final RMSD
values are similar to what we recently reported1 during 28 ns stable simulations of the complex
when initiated from the bound crystal structure. This simulation was continued to a total time
of 2 ns with no significant change. Two additional simulations were performed from the same
initial structure, with the flaps again adopting (at 600 ps and 2 ns) the correct closed handedness
and average ~1.5 Å RMSD for the inhibitor and both flaps.
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Three simulations from the less accurately docked inhibitor (initially 5.3 Å) were performed
at 300K. In the first, the flaps RMSD fell below 2 Å at ~1ns as the flaps adopted the closed
handedness. During the same time, the ligand located the correct binding site and its RMSD
was reduced from ~6 Å to ~2 Å. In this simulation, the flap RMSDs remained above 2 Å for
~5 ns before finally reaching the accurate (average ~1.5–1.6 Å) conformation that was adopted
more rapidly in the simulations described above. Further analysis revealed that the final
conformation of the inhibitor in this simulation was not identical to that seen in the crystal
structure. A rotation of one of the inhibitor’s P2/P2′ naphthyl substituents by 180° during
dynamics resulted in a slight shift of the inhibitor in the binding pocket to accommodate the
resulting asymmetry (Figure S2). The closed flaps prevented further rotation, and the final
inhibitor RMSD value at 14 ns was ~2Å, compared to the 1.5 Å values described above.
Nevertheless, the final structure adopted by the complex remained highly similar to that seen
in the crystal (Figure 3), particularly given the initial inhibitor RMSD value of 5.3 Å.
Two of the simulations differed from the others in that the flaps initially closed to the
handedness observed in the unbound, semi-open crystal structures, similar to what we reported
for the closing in simulations of unbound HIV-PR. This flap configuration was unstable in
both simulations; one subsequently converted to the correct closed form after ~5ns, where it
remained for the duration of the ~40ns simulation. The other re-opened and did not close
properly during the remaining 40ns. This was the only simulation of the six that did not convert
to the correct structure. In contrast, simulations of inhibitor docked to the semi-open crystal
structure did not convert to correct closed structure on this timescale. These will be discussed
elsewhere.
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Taken together, these results provide compelling evidence that the large-scale flap opening
events that we recently reported are directly relevant to inhibitor binding. The results also
suggest that the inhibitor may play a role in determining the structure adopted by the closing
HIV-PR flaps. Five out of six fully unrestrained simulations with inhibitors docked into an
open state obtained from the unbound, semi-open crystal structure spontaneously underwent
large conformational changes and adopted the closed form. Closure was accompanied by
correct reversal of flap handedness and formation of all key hydrogen bonds between the flap
tips and between flaps and the inhibitor that are present in the crystal structure (Figure S3).
Our ability to sample these events on an affordable timescale was facilitated by the use of a
low-viscosity implicit water model. Future studies using potentially more accurate explicit
solvent models would be highly desirable. These would not only facilitate quantitative
comparison of timescales but also provide useful insight into a possible structural role for water
during dynamic binding events. For example, a well-ordered water molecule (WAT301)
mediating interaction between the flap tips and peptide-based inhibitors is observed in multiple
HIV-PR crystal structures3,7. This water molecule is not present in the complex with the cyclic
urea inhibitor that we employed, thus an explicit water model may be needed to obtain the
same high level of accuracy with other inhibitors.
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Figure 1.

Crystal structures of HIV-PR: free (left, pdb 1HHP8) and with bound inhibitor (right,
1HVR7). A top view of the flaps is shown to illustrate the change in handedness that occurs
upon inhibitor binding.
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Figure 2.

RMSD values during MD simulation following docking the inhibitor into fully open HIV-PR.
The inhibitor (all atoms) and each flap (backbone) are compared to the bound, closed crystal
structure of the complex, best-fit to the non-flaps portion of the protease. Final values fluctuate
between 1–2 Å for the inhibitor and flap 1 and 1–3Å for flap2.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
J Am Chem Soc. Author manuscript; available in PMC 2008 September 29.

Hornak et al.

Page 7

NIH-PA Author Manuscript

Figure 3.

Simulated HIV-PR binding site and inhibitor after rough manual docking of the inhibitor into
the open state (left) and after MD refinement (right). The crystallographic position of the
inhibitor is shown in blue.
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