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Human immunodeficiency virus (HIV), the retrovirus that causes
AIDS, infects millions of people around the world. Several drugs
have been developed to inhibit the actions of the most common
HIV-1 virus by directly targeting its proteolytic machinerylhe
HIV-1 protease is a homodimer with two flaps controlling access
to the active site. The highly conserved flap tips sequence lle47-
Gly-Gly-lle-Gly-Gly-Phe53 forms #-hairpin loog-® and is known
to be flexible? However, knowledge of the atomistic mechanism
of the flexibility is lacking. The occasionally observed G48V
mutation leads to some loss in catalytic activittve show that
the Gly—Gly w-bond in the flap tips undergoes fast -€isans
isomerization on the microsecond to millisecond time scale rather
than on the usual seconds. Further study reveals that the fast
isomerization is a direct consequence of ffHeairpin loop structure

of the flap tips, which appears to be counterintuitive. After l00p  Figure 1. Snapshots showing the opening of the flaps. Within each of the

formation of a linear peptide containing the Glggly motif, the four panels, a side view is on top and a view from above is on the bottom.
rate of isomerization is shown to increase by many orders of The aspartic acids in the active site are shown using van der Waals spheres.
magnitude. in explicit water. This method, which is based on Voter's hyper-

In order for HIV-1 protease to carry out its function, the flaps  dynamics schemeallows the system to evolve on a modified
have to be apart to allow the protein substrate into the active site energy landscape and accelerates the escape of conformations
and wrap around its substrate during proteolysis. The flexibility trapped in potential energy wells. Previously, we have shown that
and mobility of the flaps are therefore vital to the survival of this  this method samples the conformational space efficiently, and after
virus and could therefore be taken advantage of in drug design. re-weighting each conformation, the correct canonical distribution,
However, the established experimental techniques used to studyas well as the kinetic informatichcan be recovered.
protein structures fall a little short of providing a detailed atomistic We started the free wild-type simulation using a crystal structure
dynamical mechanism of the flaps. of an inhibitor-bound HIV-1 protease compfewith the inhibitor

Crystal structures of the HIV-1 protease solved to date comprise removed, thus having it in the closed conformation. This conforma-
closed and semi-open flap conformatinghese observed con-  tion was used so as to observe the flap opening mechanism, as
formations, however, prevent substrates from entering the active shown in Figure 1.
site. Naturally, the flaps of the conformations poised to bind a  The tips of the flaps curl in and out, and the whole flaps move
protein substrate should be more flexible and farther apart in from the closed to the semi-open and then to an open conformation.
solution. Nuclear magnetic resonance experiments indicated thatThe flaps then asymmetrically curl in and out and now and again
the flaps of free HIV-1 protease are mobile, and thatfifgheet  maintain an opening that is large enough to allow a substrate into
structure at the tips is very irregutiFlaps’ conformational changes  the active site. We observe that the binding site and the catalytic
on the millisecond to subnanosecond time scale were observed.aspartic dyad are intact during the whole simulation, despite the
Conversely, the flap tip residues in the free protease that are flexiblelarge motions of the flaps (Supporting Figure S1). Furthermore,
on the subnanosecond time scale are not flexible on this time scalewe carried out simulations of the substrate-bound HIV-1 protease;

in the bound protease. the flaps stay directly over the peptide substrate in the closed
The motions of the flaps have also been previously explored conformation. Experimental studies have shown that substrate-like
with molecular dynamics (MD) simulations at atomistic detail.  ligands bind to HIV-1 protease in a two-step process consisting of

However, the motions that could be observed are on the order of a relatively fast binding followed by slow rate-limiting conforma-
nanoseconds for conventional MD. Consequently, none of the tional rearrangement8.Therefore, it could be inferred from these
unrestrained MD simulations starting with the closed conformation results that, upon binding of a substrate to a fully open conforma-
was able to observe the opening of the flaps. tion, the flaps would then undergo conformational rearrangements
It would therefore be helpful to study the long time scale motions that would result in the closed conformation.

involved in the flaps of HIV-1 protease using simulations with Seven flexible regions of the free HIV-1 protease were observed
atomistic resolution to fully understand the mechanism of its from the positional fluctuation of the backbone atoms, with the
flexibility. To overcome the time scale limitation of conventional flap tips having the most mobility (Supporting Figure S2). Four
MD, we developed an accelerated molecular dynamics appfoach, regions are around the active site, while the others are loops on
which we have used to carry out simulations on the HIV-1 protease the periphery of the protein. The conserved glycines in the flaps
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are very flexible and sample almost all of the allowed space
(Supporting Figure S3) while providing inward and outward curling
of the flap tips. Interestingly, all but one of the observed flexible
domains contain one or more Gly residues.

In addition to the extensive—1y space sampled by the flexible
Gly-rich flaps, we also observe frequent traités isomerization
of the Gly—Gly w-bonds in the flap tips. This occurs both before
and after the opening event. We mainly observed frequent-trans
cis isomerization for the flexible regions that contain one or more
Gly residues (Supporting Figure S4). The regions with the-Gly
Gly motif, for example, the flaps and residues-18B, undergo more
frequent isomerization than the other flexible regions. The majority
of thew-bonds of the entire HIV-1 protease do not undergo a single
isomerization during the simulation. Therefore, it appears that the
time scale of transcis isomerization for these Gly-rici-bonds
is shorter than that of regulas-bonds, thus contributing to the
flexibility of the flaps. We also carried out a simulation of the free
G48V mutant, and the flaps took about 10 times longer to open
compared to the wild-type HIV-1 protease. The results show that

the ¢—1 space sampled by V48 is much less than that sampled by

G48 in the wild-type. Also, thev-bond undergoes less frequent
isomerization compared to that of the wild-type. This presumably
renders the G48V mutant less catalytically active than the wild-

type. Also, the other Gly residues in the flaps have been shown to

be nearly intolerant of any substitutiéhThe flexibility of the Gly-
rich flap tips contributes to the opening and motions of the flaps.
Therefore, reduction of the flexibility of the flap tips by an inhibitor

that interacts more favorable than the natural substrate would

stabilize the closed conformation and potentially act as a drug.
The time scale of the transis isomerization of the GlyGly

w-bond is typically very slow and on the order of secokdshich

is in the vicinity of that of other residues. As described below,

however, additional simulations suggest that constraining the-Gly

Gly motif in a loop increases the rate of eigans isomerization

by many orders of magnitude. Therefore, the constraihkdirpin

loop at the flap tips results in the rapid isomerization and increased

flexibility of Gly —Gly.

To study the detailed cistrans isomerization mechanism of the
Gly—Gly motif, we carried out additional simulations on a linear
peptide, Ace-lle-Gly-Gly-lle-Nme, and three cyclic peptides, Ala-
lle-Gly-Gly-lle, lle-Gly-Gly-lle, and Ala-Gly-Gly, of length 5, 4,

Free energy (kT)
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Figure 2. (a) Stick models of the linear and cyclic peptides simulated are
also shown. (b) Free energy profile of the GIgly w-bond of the linear
(black) and cyclic peptides of sizes 5 (red), 4 (green), and 3 (blue) amino
acids.
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