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The Open Structure of a Multi-Drug-Resistant HIV-1 Protease is Stabilized by
Crystal Packing Contacts
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The introduction of HIV-1 protease (HIV-PR) inhibitors has led
to a dramatic increase in patient survival; however, these gains are
threatened by the emergence of multi-drug-resistant stt@&esign
of inhibitors that overcome resistance would be greatly facilitated
by deeper insight into the mechanistic events associated with
binding of substrates and inhibitors, as well as an understanding
of the effects of resistance mutations on the structure and dynamic
behavior of HIV-PR. We previously reported a series of simulations
that provide a model for HIV-PR dynamics, with spontaneous
conversions between the bound and unbound crystal forms upon
addition or removal of an inhibitd#3 Importantly, the unbound
protease transiently sampled a third fully open state that permits ' _ _
entry to the active site, unlike both crystallographic forms. Recently, g f;;eeiﬁ i_gl?éit"’(‘:eimlc,:u,_r'is ﬁ;:)hseixv Eﬁ;‘;"fﬁ?nﬁrs'gor}tﬂ/% ff?g;;nviger\?veig)
a cry;tal structure of unbound HI\_/'PR was repdm the MDR shown to illustrate t’he sepération of the flaps observed in iTW? but not in
769 isolate (PDB: 1TW?7); unlike all previous experimental 1HHP. All molecular images were created with VMD.
structures, the binding pocket is open (Figure 1). The authors

suggest that drug resistance in this strain arises at least in part fron'gimu|ati0né0 Suggested packing effects as a possib|e exp|anation
the inability of inhibitors to induce closing.We carried out  for the difference between closed and semi-open conformations
simulations of the MDR 769 HIV-PR mutant and observed that observed in HIV-PR Crysta| structures. Recenﬂy7 we reported
the reported structure is unstable in solution and rapidly adopts the ynrestrained, all-atom molecular dynamics (MD) simulations of
semi-open conformation observed for the unbound wild-type Hjv-PR in solution that sampled large conformational rearrange-
protease in solutioh Further analysis suggests that the wide-open ments of the active site flaps, with transient sampling of a fully
structure observed for MDR 769 arises not from sequence variation,open form? Removal of the inhibitor from the closed form resulted
but instead is an artifact from crystal packing. Thus, despite being in conversion to the semi-open structdrehile addition of an
the first experimental structure to reveal flap opening sufficient for jnnibitor to the open form resulted in adoption of the closed form
substrate access to the active site, this structure may not be directlyyith an identical hydrogen bond pattern as observed in the crystal
relevant to studies of inhibitor entry or to the cause of HIV-PR  grycture of the comple’ Each of these transformations is
drug resistar_lce. consistent with experimental observations. Using this validated
An extensive set of X-ray crystal structures of HIV-PR has been nqtocol (see Supporting Information for details), we simulated the
solved® revealing eC, symmetric homodimer with a large substrate  \ipr 769 sequence starting from the wide-open crystal structure.
binding pocket covered by two glycine-righhairpins, or flaps. Both catalytic Asp residues were changed to Asn to be consistent
Consistent structural differences are present between the bound angiin the crystallographic experimertt§Ve observed that the open
free states of the protein. In all of the liganded forms, the flaps are gt cture from the crystal was unstable and adopted the semi-open
pulled in toward the bo‘Ftom of the aF:tive site (“closed” form), while  gir,cturd? within the first 1 ns (Figure S1). Since it was suggested
the unbound enzyme is more flexible and adopts an ensemble Ofyhat 4 network of hydrogen bonds involving water contributed to
“semi-open” conformations with the flaps shifted away from the o stability of the wide-open flaps in the crystal structtinee
catalytic residues, but still substantially closed over the active site repeated the simulations using an explicit water model, retaining
and a contact between the 150 side chains at the end of each ﬂapcrystallographic waters and solvating the system in a truncated

tip. A more striking difference between the two forms is that the ,ctapedron periodic box with a total of 8572 waters (Figure S2).
relative orientation (the “handedness”) of tfiehairpin flaps i gnce again the crystal structure was unstable, and the protease
reversed. The “wide-open” structure of MDR 769 adopts the closed adopted the semi-open conforma#idim less than 1 ns (Figure 2).

handedness, but with no direct interactions between the flaps. 1pg expiicit solvent simulation was extended to 15 ns, during which

Instead, this interaction is replaced by a contact between the ﬂapthe semi-open conformation remained stable Z1A RMSD to

tip 150 side chain and P8bn the other monomer (Figure 1).
The inherent flexibility of the HIV-PR flaps likely makes them

sensitive to crystal packing effects; crystallograbland early

1HHP), and the wide-open crystal structure was not revisited
(RMSD values of 4.55.5 A to 1TW7). An independent simulation

in explicit water showed comparable instability of the wide-open

"Program in Molecular and Cellular Biology, Stony Brook University. structure.

; Department of Chemistry, Stony Brook University. To explain the apparent contradiction between the results from

§ Center for Structural Biology, Stony Brook University. . i ] ) A
TBrookhaven National Laboratory. simulations and crystallography, we examined the interactions
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Figure 2. RMSD of the flaps region during simulations, as compared to
the semi-open (1HHP, blue) and wide-open (1TW?7, green) crystal structures.
Top: dimer in explicit solvent. Bottom: same as top but also including all
crystal symmetry related protein residues within 15 A of the dimer.

Figure 3. Detailed view of 1TW7 crystal packing interactions involving
HIV-PR flaps (shown in green). The flap tip of one monomer (purple) is
wedged into the elbow region of a monomer in a neighboring dimer (yellow).

between molecules related by crystallographic symmetry. While
both 1HHP2 (semi-open) and 1HVR (closed) show some crystal
contacts in the flaps region, these contacts do not involve the flap
tips. In contrast, each flap tip in 17TW?7 is buried between the elbow
and fulcrum regions of a neighboring dimer (Figure 3), with the
unusual P8150 contact enclosed by five residues from the
symmetry-related neighbor (P39, R41, D60, Q61, 172). Since the
conformation of the elbow and fulcrum have been shown to be
correlated with flap openindf;'* wedging a flap tip between the
fulcrum and elbow could further stabilize the open conformation
observed in the crystal. It is interesting to note that this crystal
packing actually provides an experimental example of a proposed
mechanism of HIV-PR allosteric inhibition in solution.

To investigate the influence of these contacts, we repeated our
simulations of the dimer in solution, but with inclusion of crystal
packing contacts. This was achieved by using the 1TW7 crystal
structure to build a system containing one HIV-PR dimer along
with all neighboring symmetry-related molecules. Residues farther
than 15 A from the central dimer were discarded, as were all
crystallographic water molecules. This system of a dimer plus

crystal contacts was then solvated with 20 196 explicit water
molecules (Figure S2). Positional restraints were applied to atoms
representing the crystal packing environment, while the central
dimer and explicit solvent were fully unrestrained. This open

structure with crystal contacts was stable during 5 ns MD with flaps

RMSD of only ~0.5 A compared to that of 17TW?7 (Figure 2).

This behavior provides further evidence that the open structure
observed in the crystal is stabilized by crystal packing contacts.
However, the crystal structure may indeed be a minor component
of the solution ensemble; 0.044% of the structures sampled in our
long unrestrained simulatiohsof wild-type HIV-PR had flap
conformations with flap RMSD values less than 2.0 A from the
1TW?7 wide-open structure, suggesting a free energy4b kcal/
mol relative to the dominant semi-open form.

The present observations serve as an illustration of the importance
of carefully considering crystal packing effects on the conformations
of key surface loops, particularly in structure-based drug design
where these may compose or directly interact with the binding
pocket. Importantly, the data suggest that the drug resistance of
the MDR 769 strain arises from a source other than an inability of
the active site flaps to close. Future studies will investigate the
solution structure of this HIV-PR mutant in greater detail.
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Supporting Information Available: Detailed methods, Figures S1
and S2, and initial coordinates for crystal packing simulation. This
material is available free of charge via the Internet at http://pubs.acs.org.
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