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A cluster of promising epitopes for the development of human immuno-
deficiency virus (HIV) vaccines is located in the membrane-proximal
external region (MPER) of the gp4l subunit of the HIV envelope spike
structure. The crystal structure of the peptide corresponding to the so-called
ELDKWA epitope (HIV-1 HxB2 gp41 residues 662-668), in complex with the
corresponding broadly neutralizing human monoclonal antibody 2F5,
provides a target for structure-based vaccine design strategies aimed at
finding macromolecular carriers that are able to present this MPER-derived
epitope with optimal antigenic activity. To this end, a series of replica
exchange molecular dynamics computer simulations was conducted to
characterize the distributions of conformations of ELDKWA-based epitopes
inserted into a rhinovirus carrier and to identify those with the highest
fraction of conformations that are able to bind 2F5. The length, hydrophobic
character, and precise site of insertion were found to be critical for achieving
structural similarity to the target crystal structure. A construct with a high
degree of complementarity to the corresponding determinant region of 2F5
was obtained. This construct was employed to build a high-resolution
structural model of the complex between the 2F5 antibody and the chimeric
human rhinovirus type 14:HIV-1 ELDKWA virus particle. Additional
simulations, which were conducted to study the conformational propen-
sities of the ELDKWA region in solution, confirm the hypothesis that the
ELDKWA region of gp41 is highly flexible and capable of assuming helical
conformations (as in the postfusion helical bundle structure) and p-turn
conformations (as in the complex with the 2F5 antibody). These results also
suggest that the ELDKWA epitope can be involved in intramolecular—and
likely intermolecular—hydrophobic interactions. This tendency offers an
explanation for the observation that mutations decreasing the hydrophobic
character of the MPER in many cases result in conformational changes that
increase the affinity of this region for the 2F5 antibody.
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Due to the difficulty of providing universal anti-
human immunodeficiency virus (HIV) drug thera-
pies, the development of an effective AIDS vaccine
remains the most promising long-term strategy to
combat HIV/AIDS. There is a strong need for novel
alternative approaches aimed at discovering an
effective AIDS vaccine.' This work focuses on the
development of vaccine components that are capable
of eliciting broadly neutralizing immune responses.
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Optimized immunogens of this type could be
combined with other B-cell immunogens, as well as
with T-cell immunogens, for a multipronged attack
on HIV, analogous to the multipronged attacks
provided by drug cocktails. Binding of a broadly
neutralizing antibody (nAb) to a pathogen contain-
ing large sequence diversity, such as HIV, is
undoubtedly a prerequisite for the development of
optimal B-cell immunogens. Nonetheless, the best
immunogens to date remain insufficient for vaccina-
tion purposes

Antibodies can neutralize HIV-1 either by binding
the virus surface and preventing it from interacting
with cellular receptors or by binding after virion
attachment and blocking the subsequent steps in-
volved with virus entry.® HIV-1 fuses to host cells
with its surface spikes, composed of trimeric com-
plexes of envelope glycoproteins gp41l (trans-
membrane) and gp120 (surface). gp120 subunits,
decorated with host cell carbohydrates, form much
of the external surface of the spike, which is anchored
to the viral membrane via noncovalent association
with the gp41 subunits. Binding of gp120 to the CD4
receptor of the target cell is the first step in the viral
entry process, followed by a large conformational
reorganization of the spike, eventually leading to
viral fusion with the host cell through juxtaposition
of the viral and host cell membranes.* gp41 plays a
major role in this process by forming a fusogenic six-
helix bundle structure that is believed to drive the
fusion process.’ gp41 contains ~ 345 residues® and is
divided into an ectodomain, a membrane -spanning
segment, and a cytoplasmic tail.”® The fusogenic six-
helix bundle structure is formed when the N-
terminal and C-terminal heptad repeats of the trimer
of ectodomains of gp41 are able to associate in the
absence of gp120.”

In this study, we model epitopes derived from
the conserved membrane-proximal external re-
gion (MPER) of gp41. The MPER is composed of a
tryptophan-rich segment, presumably promoting
some degree of positioning at the interface between
water and the lipid bilayer of the viral membrane. '’
Although the MPER is generally thought to be
extensively cloaked in the context of the envelope
spike, three of the broadest and most potent nAbs for
HIV-1—2F5,"" 4E10'%, and Z13el'?'*—have been
shown to bind here in close proximity. The epitope
sites in the MPER are thus considered as some of the
most promising targets for AIDS vaccine develop-
ment.!'#!5 However, despite their promise, nAbs
targeting the MPER, including 2F5, have been
hypothesized to occur naturally only in a small
minority of infected individuals. This phenomenon
could be artifactual; this could be based on poor
binding of serum antibodies to recombinant envel-
ope mimics that may not have native-like conforma-
tions, and/or it could be that poor accessibility of the
2F5 epitope within the viral spike protein complex
hinders recognition by the immune system or,
alternatively, that this region could be exposed, but
presented in a favorable immunogenic conformation
only transiently.

The Arnold Laboratory has developed combi-
natorial libraries to display HIV-1 epitopes con-
nected to surface loops of human rhinovirus type 14
(HRV14),'*" with the aim of enhancing the prob-
ability of identifying epitope presentations that are
able to evoke protective immune responses. HRV14,
like all picornaviruses, has an icosahedral capsid
shell consisting of 60 copies of the so-called
protomeric subunit, comprising one copy each of
the viral coat proteins VP1-VP4. Genetic engineer-
ing of HRV has resulted in the presentation of
foreign immunogens that are able to trigger immu-
nological responses specifically directed to the
corresponding pathogenic antigens, in some cases
quite broadly.!6-18

Our efforts to develop chimeric HRV displaying
the 2F5 epitope of HIV-1 gp41 (called ELDKWA after
its core sequence) have provided indications that it
may be possible to elicit protective immune res-
ponses with this approach. We hypothesize that
stronger immunogens in this class, which are more
likely to present the ELDKWA epitope in a con-
formation compatible with effective binding with
the complementarity-determining region of 2F5, can
be produced. The primary aim of the work des-
cribed here is to apply computational modeling to
identify chimeric HRV constructs that display
preferentially the epitope in the same B-turn confor-
mation as seen in the crystal structure in complex
with 2F5 Although structure-based" and bioinfor-
matics® techniques have been used to find immu-
nologically active sequences, the potential of
computational modeling for vaccine design has
only recently begun to be explored. Computational
modeling approaches have been employed to design
new peptides exh1b1t1ng molecular mimicry for
known antigens;”' to characterize chimeric viruses
presenting a double epitope with immunologically
stimulating activity;??> and to compare free and
bound crystal structures of monoclonal antibodies,
illustrating the extent of 1nduced fit effects on
antibodies binding to their targets.”

In this work, we seek to optimize the affinity of the
2F5 nAb for the ELDKWA epitope using a molecular
simulation strategy that is similar 1n spirit to
previous work on a bacterial eprtope ! the goal is
to design a virus construct that maximizes the pro-
pensity of the epitope to assume the conformation
seen in the known structure of the complex with the
2F5 Fab.”* This approach assumes that the binding
affinity of the ELDKWA epitope for 2F5 is increased
when preferentially presenting this epitope in a
conformation predisposed for binding. Conforma-
tional reorganization is an important factor for
protein recognition and binding. Both binding
partners incur a free-energy penalty for reorganizing
the ensembles of conformations present in their
unbound forms to those compatible with complex-
ation.”” Binding affinity is enhanced when the bind-
ing partners already assume binding-competent
conformations in their unbound forms. Minimizing
the binding reorganization free energy is particu-
larly important in vaccine design applications
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because, in general, epitope composition cannot
be freely varied to increase the binding affinity for
target antibodies.

Achieving this goal requires high-quality atomic-
resolution models. We employ in this study an
energy function based on the optimized potential for
liquid simulations all-atom force field?6?” combined
with the analytical generalized Born plus nonpolar
(AGBNP) implicit solvent model,*® which has been
shown to be suitable for high-resolution modeling of
peptides and proteins.??=3! This free-energy model
has been recently reported to perform well for
structure prediction of protein surface loops,*
problem intimately related to the vaccine de51gn
strategy outlined here.

Another important requirement for this study is
the use of a canonical conformational sampling
method that is capable of predicting the thermo-
dynamic stability of conformational states at physio-
logical temperature. Here we employ the tempe-
rature replica exchange molecular dynarmcs (REMD)
conformational sampling algorithm,” an advanced
technique that consists of simulating many ins-
tances of the system in parallel over a series of tem-
peratures. This canonical algorithm enhances con-
formational sampling efficiency, alleviating some of
the ergodicity problems associated with standard
molecular dynamics (MD) algorithms, but requires
more extensive computational resources for its
implementation.

We have carried out REMD simulations of various
sequences derived from the MPER of gp41 in diffe-
rent structural contexts—as free peptides in solu-
tion and as covalently attached peptides within a
solvent-accessible loop on the surface of HRV14. The
peptide simulations provided information on the
intrinsic conformational propensities of the epitopes
and suggested sequences that are more likely to be
presented on HRV14 in the appropriate conforma-
tion for antibody binding. In addition, the peptide
simulations provided insights into the native struc-
ture of the MPER within the context of the gp4l

subunit. The simulations confirmed the hypothesis
that the ELDKWA region of the MPER is highly
flexible and capable of assuming helical conforma-
tions (as seen in the crystal structure of the post-
fusion helical bundle that extends to the EL motif of
the ELDKWA epitope)**® and B-turn conforma-
tions (as seen in the crystal structure of an ELDKWA
peptide complexed with the 2F5 Fab).** The results
also provide an interesting perspective on the role of
hydrophobic interactions among several tryptophan
residues present in this region in influencing the
structure of the MPER of gp41.

The simulations of the chimeric HRV carrying
ELDKWA-derived peptides show that the foreign
insert could fold in a variety of conformations, most
of which are unsuitable for binding to the 2F5 nAb.
We identified several energetic and topological
factors that affect the population of binding-compe-
tent conformations of the inserted peptide and,
using this knowledge, we identified a particular
construct that is capable of displaying the ELDKWA
epitope in a well-exposed conformation that is able
to fit into the 2F5 nAb cleft. The quality of agreement
between some of the modeled conformations of the
inserted peptide with the crystal structure of the 2F5
Fab complexed with the ELDKWA epitope has
allowed us to produce a high-resolution structural
model of the complex between the 2F5 nAb and the
optimized chimeric HRV.

Results and Discussion

Limited exposure of the critical DKW residues of
the ELDKWA epitope in the reference chimeric
virus construct (cHRV1)

We have recently characterized an HRV14:HIV-1
chimeric rhinovirus displaying the gp41 ELDKWA
epitope named cHRV1 (Table 1). When used to im-
munize guinea pigs, this chimeric virus was unable

Table 1. Peptides and chimeric viruses investigated in this work

Peptide

Sequence”

7-mer peptide 1
7-mer peptide 2
7-mer peptide 3
7-mer peptide 4
7-mer peptide 5
7-mer peptide 6
7-mer peptide 7
21-mer peptide
21-mer mutated peptide

662-ELDKWAS-668
662-ALDKWAS-668
662-EADKWAS-668
662-ELAKWAS-668
662-ELDAWAS-668
662-ELDKAAS-668
662-ELDKWAA-668

660-LLELDKWANLWNWFDISNWLW-680
660-LLELDKWANLANAFDISNALA-680

Chimeric virus HRV N-linker 2F5 epitope C-linker HRV
cHRV1 (14-C40-1) ..DLS PCG ALDKWAS SPDCS VVG...
cHRV2 ..DLS PCG LLELDKWANLANAFDISNALA VVG...
cHRV3 ..DLSSAN ELDKWAS EVVG...

# Mutations from the reference sequence are underlined. For the chimeric construct, the sequence of the inserted 2F5 epitope is given

together with the linker sequences and flanking HRV14 residues.
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to elicit neutralizing anti-HIV-1 antibodies by it-
self; however, when the virus was boosted with a
keyhole-limpet-hemocyanin-conjugated 14-mer
peptide corresponding to the ELDKWA region
(also unable to elicit neutralizing anti-HIV-1 anti-
bodies by itself), antibodies that were capable of
neutralizing diverse isolates of HIV-1 were elicited
(data not shown). We speculate that the presentation
of the ELDKWA epitope on the chimeric virus was
not sufficient to elicit a broadly neutralizing response
by itself, but that the peptide boosts stimulated
maturation of the secondary antibodies, enabling
some of them to recognize and neutralize diverse
isolates. Presumably, such a response reflects the fact
that the chimeric virus is an imperfect immunogen,
but not extremely so, as other virus immunogens
with peptide boosts remained unable to elicit favor-
able immune responses.

To better understand the nature of this immuno-
gen and to guide improved designs of immunogen
constructs, we performed an REMD simulation of
cHRV1 to assess the likely exposure and conforma-
tional propensities of the ELDKWA epitope on the
surface of this rhinovirus. The simulation indicated
that the ELDKWA epitope was highly mobile on the
surface of the chimeric rhinovirus; however, the
exposure of the inserted sequence was found to be
rather limited on average (Fig. 1la) and, thus, not

(@)

(b)

W666

K665

D664

Fig. 1. View of the representative modeled conforma-
tion of the neutralizing immunogenic site II region of the
cHRV1 HRV14:HIV-1 chimeric construct (a) and that of
cHRV3 (b). The VP2 subunit and the inserted sequence are
shown in green and magenta, respectively, including the
side chains of the core ELDKWA epitope residues (DKW)
and P158 (cHRV1 only) of the N-terminal linker. The VP1
subunit of HRV14 is shown in blue.

optimal for binding to the 2F5 nAb. The ensemble of
conformations from the simulation was analyzed by
hierarchical clustering based on pairwise C* root
mean square deviation (RMSD) values. In the most
representative conformation, the side chains of the
critical DKW residues point away from each other
rather than being aligned as in the structure of the
complex with 2F5,2* and they fold over the VP2
subunit (Fig. 1a). In the dominant conformational
cluster, only 17% of the PCG-ALDKWAS-SPDCS
insert is solvent-exposed. This conformation has
numerous clashes when superimposed with the
corresponding paratope of 2F5. Nevertheless, in a
minority of conformations, the critical DKW residues
recognized by 2F5 are more solvent-exposed, con-
sistent with the observation'’ that nAb 2F5 can bind
and neutralize this virus. In Fig. 2a, the distribution
of conformations in the simulated ensemble is
shown; C* RMSD values of the ALDKWAS motif
of each conformation are plotted with respect to that
of the solution NMR structure of an ELDKWA-
derived 13-mer peptide (1ILCX)* and of the crystal
structure of an MPER-derived 7-mer peptide in
complex with 2F5 (1TJG).** The majority of con-
formations from the simulated ensemble of cHRV1
structures lie in the upper-right quadrant of Fig. 2a,
indicating that they do not generally resemble the
structural target represented by the crystal structure
of the corresponding peptide complexed with the
2F5 Fab® or the solution NMR structure.*

The fraction of conformers of the inserted
ELDKWA epitope dissimilar to the corresponding
peptide in the crystal structure is a measure of the
unfavorable reorganization free energy that must be
overcome in order to achieve successful binding to
the 2F5 nAb. As seen in Fig. 2a, the REMD trajectory
at 310 K shows that this fraction is relatively large
(approximately 95%, as measured by clustering
analysis), leading to the prediction that cHRV1 has
a relatively low affinity for 2F5 due to the unfavor-
able reorganization free energy required for binding.

Higher-affinity binding can be achieved by max-
imizing the fraction of binding-competent confor-
mations. To achieve this goal, we set out, as des-
cribed next, to analyze the intrinsic conformational
propensities of gp41-derived peptides, as well as the
influence of the framework provided by the HRV
coat protein.

Dominance of a-helical and B-turn conformers of
the ELDKWAS peptide sequence

To discriminate the effect of the intrinsic confor-
mational propensity of the sequence from the
influence of the framework in which it is embedded,
we performed REMD simulations of the 7-residue
ELDKWAS peptide in solution. Studies conducted
by two laboratories®**” on related peptides did not
provide a consensus interpretation of the solution
NMR data. Unlike the same sequence integrated
within gp41,” the free 7-residue peptide binds
weakly to 2F5.%” Tt has been further shown that
longer 13- to 15-residue peptides containing the
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Fig. 2. Scatter plot of the C*
RMSD values of the conformations
of the ELDKWAS motif from the
REMD ensembles, at 313 K, of the
chimeric constructs cHRV1 (a),
cHRV2 (b), and cHRV3 (c), with
respect to the corresponding motifs
of the peptide in the 1T]G crystal
structure (x-axis) and in the 1LCX
NMR structure (y-axis).
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Fig. 3. Scatter plot of the C*
RMSD values of the conformations
of the ELDKWAS peptide in solu-
tion from the REMD ensembles at
313 K, with respect to the corre-
sponding sequence motifs of the
peptide in the 1TJG crystal struc-
ture (x-axis) and in the 1ILCX NMR
structure (y-axis). The conforma-
tions in the lower-right panel are
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minimal ELDKWA epitope display an increased
binding affinity for 2F5.3” These findings illustrate
how the conformational propensity of this sequence
can be modified by altering the surrounding struc-
tural context. They suggest that, in longer sequences,
the fraction of the epitope core sequence (DKW)
compatible with 2F5 binding can be increased
relative to that of the ELDKWAS minimal peptide,
and also that some of the surrounding residues
(such as the adjacent leucine residues in LELDK-
WASL) may make favorable contacts to stabilize
binding with 2F5.

REMD simulations of the minimal 7-residue
peptide ELDKWAS indicate that this peptide is
characterized by significant structural heterogene-
ity. Figure 3 presents the computed distribution at
313 K of the C* RMSD values of the ELDKWAS
motif with respect to the 1LCX NMR structure®® and
the 1TJG crystal structure,?* as described above for
the cHRV1 chimera. The 1LCX solution NMR struc-
ture is the 3jg-helical structure reported by Biron
et al®® of a 13-residue peptide containing the
ELDKWAS motif (Barbato et al.’” reported a less
homogeneous NMR ensemble for a closely related
peptide), while the 1TJG crystallographic structure
represents the p-turn conformation of the ELDK-
WAS peptide complexed with the 2F5 Fab reported
by Ofek et al.**

K665

mostly a-helical, whereas the
upper-right panel holds mainly
p-turn conformations.

Hierarchical clustering analysis based on pairwise
C® RMSD values of the simulated ensemble identi-
fies two highly populated clusters corresponding to
helical (Cluster 1) and type I p-turn (Cluster 2) con-
formations representative of the solution NMR
structure and the crystal structure, respectively.
The “helical” cluster (Cluster 1), which corresponds
approximately to samples in the lower-right quad-
rant of Fig. 3, has a fractional population of 47%. The
structural correspondence between the representa-
tive structure of Cluster 1 and the NMR solution
structure is illustrated in Fig. 4a. In contrast, the
structure representative of Cluster 2 is more similar
to the crystal structure (1.5 A RMSD) than to the
NMR structure (2.4 A RMSD). This “B-turn” cluster
(Cluster 2), which corresponds approximately to the
samples in the upper-left quadrant of Fig. 3, has a
fractional population of 44%. The structural similar-
ity between the representative structure of Cluster 2
and the crystal structure from the 2F5 complex is
illustrated in Fig. 4b. Here both the crystal structure
and the modeled structure adopt a type I p-turn
conformation. The difference between the confor-
mations in Cluster 2 and the crystal structure is
mainly limited to the orientation of the W666 indole
ring, which is often rotated toward the interior of the
peptide in the simulated conformations rather than
facing outward as in the crystal structure (Fig. 4b).

Fig. 4. Structural comparison
between the representative confor-
mation of the a-helical conforma-
tional cluster of the ELDKWAS
peptide (7-mer peptide 1; cyan)
and the ELDKWAS region of the
310-a-helical NMR structure (1ILCX
model 1; red) (a; left). Structural
comparison between the represen-
tative conformation of the p-turn
conformational cluster of the
ELDKWAS peptide (7-mer peptide
1; cyan) and the ELDKWAS motif of

the crystal structure of the peptide complexed with the 2F5 Fab (1TJG; green) (b; right). The structures are superimposed

with respect to the C* atoms of residues 662—-668.
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This bias observed in the computed structural en-
semble was confirmed by performing an MD
simulation starting from the conformation of the
peptide in the crystal structure in complex with 2F5.
In this simulation, the side chain of the W666 rotated
after 8 ns from the outward orientation to the in-
ward orientation, as observed in most of the con-
formations from Cluster 2.

These results indicate that the structure of the
ELDKWAS peptide interconverts in solution bet-
ween an o-helical conformation and a type I p-turn
conformation. This structural heterogeneity is pre-
sumably the origin of the discordant conclusions of
NMR studies in which this peptide has been des-
cribed as assuming a 3;g-helix conformation®® or
multiple diverse conformations.”” Both a-helical
and B-turn conformations, corresponding to differ-
ent biological functions for this region, have been
observed: the immunogen has been seen to interact
with 2F5 in a B-turn conformation® and to interact
(at least in its N-terminal portion) with the corre-
sponding oligomeric MPER gp41 segments m the
fusion-driving six-helix bundle structure.>**°
Although it is not known whether the six-helix
bundle or the triple helix that is thought to precede
it actually extends all the way into the ELDKWA
epitope, it is considered likely to do so, especially
given that: (1) ELDKWA-based peptides can form
a-helical conformations in aqueous solution;*® (2)
the epitope for 4E10 (distal to the ELDKWA epitope
with respect to the six-helix bundle) is known to
form an a-helix in the presence of the antibody; and
(3) there are no major helix-breaking residues within
the ELDKWA epitope. In addition, (4) related helical
conformations were obtained in an NMR study of a
19-residue peptide incorporating the ELDKWAS
sequence into dodecyl phosphocholine m1ce11es
mimicking the viral membrane environment.*’ In
this study, the peptide was shown to be positioned
at the interfacial region between the membrane and
the solvent, with the tryptophan rings preferentially
inserted into the membrane bilayer.

It has been shown that alanine substitutions in the
gp4l MPER of an HIV pseudovirus (HIV-1j,) can
alter antigenic recognition by the 2F5 nAb, as well as
by the 4E10 nAb whose epitope is proximal to the
2F5 epitope.” In particular, it was observed that
alanine single mutations of the DKW core of the 2F5
epitope (D664A, K665A, and W666A) substantially
lowered the affinity of 2F5 for the pseudovirus. In
contrast, the replacement by alanine of many hydro-
phobic residues nearby, including those in the 4E10
epitope (W670A, W672A, and W678A), increased
the binding affinity for the 2F5 nAb, even though
these residues have not been shown to have direct
binding interactions with the 2F5 nAb. Similarly,
alanine substitution for W666 in the center of the
ELDKWA epitope was found to increase the binding
affinity of 4E10 for its epitope, also in the absence of
any evidence for direct binding interactions. Thus,
the affinity of the 2F5 and 4E10 nAbs for the MPER
of gp4l is influenced by the presence of hydro-
phobic residues, even though these may not be

directly involved in binding and are relatively dis-
tant in sequence from the characterized epitopes.
These observations suggest that the composition of
the hydrophobic flanking regions indirectly influ-
ences the binding affinity by modulating the confor-
mation of the epitopes at a distance. One possibility
is that reducing the hydrophobicity of these flanking
regions could favor conformations of epitope re-
gions that have better shape complementarity with
the corresponding paratope on antibody molecules.

These observations led us to explore the possibi-
lity that the affinity of the ELDKWAS sequence for
2F5 could be determined by the conformational
propensity of the ELDKWAS sequence to assume a
B-turn conformation. To test this possibility, we per-
formed in silico alanine scanning REMD simulations
aimed at predicting the conformational propensities
of a series of peptides derived from the native
ELDKWA epitope (ELDKWAS; Peptide 1) by mutat-
ing each residue, in turn, to alanine (peptides 2-7).
We found that the average helicity of the overall
ensemble (35.1%, 37.2%, and 38%, respectively) of
peptides with D664A, K665A, and W666A muta-
tions was significantly greater than that of both
natural sequences (20% for ELDKWAS and 15% for
ALDKWAS). These are the same mutations that
were shown to most markedly decrease the affinity
of 2F5 for the envelope spikes of the corresponding
pseudoviruses.” The present computational predic-
tions suggest that alanine replacements of the DKW
core epitope, in addition to the obvious loss of
critical binding interactions, may further disfavor
2F5 binding by stabilizing helical conformations at
the expense of the 3-turn conformations observed in
the complex with 2F5.%* This possibility is supported
by the observation that constructs in which the
ELDKWAS sequence was incorporated into hehcal
frameworks have no detectable 2F5 reactivity.*!
should be noted however that the dependence of
2F5 affinity on the a-helical propensity of the
ELDKWAS motif is unclear as enhanced binding to
the 2F5 antibody upon, 1ncreased a-helical content
has also been reported.**

Reduction of hydrophobic residue content
enhances epitope exposure in a 21-mer
MPER-derived peptide

To further investigate the role of alanine substi-
tution in the binding affinities of 2F5 and 4E10 (the
antibody against HIV known to be the most broadly
neutralizing, which bmds between ELDKWA and
the viral membrane),*® we conducted solution REMD
simulations of a 21-amino-acid MPER-derived pep-
tide containing the epitopes of both 2F5 and 4E10
(sequence LLELDKWANLWNWEDISNWLW from
HIV-1 HxB2 gp41 residues 660-680, with the epi-
topes underlined). The results of the RMSD analysis
of the 313 K simulated ensemble based on the
ELDKWAN core motif, with respect to the crystal
and NMR reference structures used above (Fig. 5a),
show grouping similar to that seen for the ELDKWAS
peptide (Fig. 3). The helical and p-turn conformations
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correspond to 14% and 25% of the structures, res-
pectively. In addition, we find a significant number
(61%) of conformations (upper right in Fig. 5a) in
which the ELDKWAN motif does not assume either
helical or B-turn structures. Some of these conformers
are likely to correspond to a series of dominant
conformers identified by clustering analysis that all
display extensive long-range hydrophobic interac-
tions, as in the representative structure shown in
Fig. 6.

%he large hydrophobic nucleus observed in these
structures is mainly stabilized by Trp-Trp w-stacking
interactions. The critical W666 and W672 residues of
the 2F5'>** and 4E10'>* epitopes, respectively,
appear to play central roles in the formation of the
hydrophobic nucleus in nearly all of the structures at
313K. Thus, if such intramolecular hydrophobic
interactions occur in vivo or if alternative intermo-
lecular hydrophobic interactions occur in vivo

and in the 1LCX NMR structure
(y-axis).

instead among the conserved tryptophans, then
these tryptophans would be unavailable for inter-
molecular binding interactions with their cognate
antibodies (or possibly other biological partners).
These results indicate that the binding affinity of the
gp41 MPER is modulated by a competition between
conformations with extensive intramolecular hydro-
phobic interactions in which W666 and W672 are
likely to be sequestered, and conformations in which
these residues are available for binding. The greater
antigenic affinity observed for alanine-substituted
mutants is rationalized by the tendency of these
mutations to disrupt the hydrophobic interactions,
thereby shifting the equilibrium toward conformers
in which the W666 and W672 side chains become
more available for binding to their respective
antibodies. We confirmed this hypothesis by carry-
ing out an REMD simulation of the quadruple
mutant peptide LLELDKWANLANAFDISNALA,
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Fig. 6. Structural representation of a highly populated
conformational state of the LLELDKWANLWNWE-
DISNWLW peptide in solution from the REMD ensemble
at 310 K illustrating the hydrophobic amino acids (red)
involved in the formation of a tightly packed hydrophobic
cluster.

in which four tryptophan residues (W670, W672,
W678, and W680) of the natural MPER 21-residue
peptide were simultaneously replaced with alanine
residues. We found that in the conformational
ensemble of this mutated sequence, the tendency
toward hydrophobic nucleation was considerably
diminished relative to the tryptophan-rich natural
sequence. Concomitantly, there was greater occur-
rence in this ensemble relative to the ensemble of the
natural sequence of conformations in which the
backbone of the DKW sequence structurally
matched that of the same residues in the crystal
structure in which a peptide is complexed with the
2F5 nAb [35% for the quadruple alanine mutant
(Fig. 5b) versus 19% for the natural sequence (Fig.
5a)]. The clustering analysis showed that con-
formations structurally similar to the crystal struc-
ture (1TJG) became more populated, and that the
population of the cluster of helical conformations
decreased (Fig. 4a and b). The REMD results are con-
sistent with a small free-energy difference between
two functionally relevant conformations. Further-
more, in all of the conformations of the alanine-
substituted peptide, the critical W666 residue did not
form hydrophobic contacts and was fully available
for intermolecular interactions (e.g., with 2F5). This is
in contrast to the natural peptide ensemble, where
W666 was sequestered and not available for binding
even for those of conformations (19%) in which the
DKW motif matched the structure of the peptide
complexed with 2F5. This is illustrated in Table 2,
which reports a quantitative measure of the degree of
pairwise hydrophobic packing for the five key try-
ptophan positions (W666, W670, W672, W678, and
W680) in the natural 21-mer sequence among con-
formations in which the structure of the DKW motif
matched that of the corresponding residues in com-
plex with 2F5. In this table, values near 1 indicate a
high degree of packing, whereas values near 0 cor-
respond to little or no packing. The data show that, in
the natural peptide, the critical W666 residue forms

extensive hydrophobic contacts, particularly with
W672 and W670 (with packing degrees of 0.77 and
0.72, respectively) and also interacts with W678 and
W680 despite their relatively distant sequence posi-
tion. Similar trends toward the formation of extensive
hydrophobic contacts are observed for the W672
residue, which is part of the 4E10 epitope. In contrast,
the same analysis conducted on the conformational
ensemble corresponding to the alanine-mutated
sequence resulted in values of the degree of pairwise
packing close to 0 (not shown), indicating that the
occurrence of intramolecular hydrophobic interac-
tions is greatly reduced in this peptide.

Although the simulation performed here sug-
gests that intramolecular hydrophobic aggregation
hinders exposure of the 2F5 and 4E10 epitopes,
hydrophobic associations within the gp41/gp120
trimeric complex and/or with the viral membrane or
other biological partners could similarly make them
less available for interacting with their cognate anti-
bodies. In particular, the tryptophan residues, whose
substitution by alanine promoted improved binding
by the antibody to the adjacent MPER epitope, may
normally insert themselves into the viral mem-
brane. In possible support of this hypothesis, the
complementarity-determining region H3 fingers of
2F5 and 4E10 could interact with more than the
MPER epitopes thus far characterized, including
possibly the viral membrane.”** Nevertheless, the
increase in the exposure of the 2F5 and 4E10 epitopes
observed in the simulations upon reduction of the
hydrophobic character of the 21-mer MPER-derived
peptide is likely to occur regardless of which spe-
cific hydrophobic sequestering mechanism might be
operating.

The simulation indicates that the natural 21-mer
MPER-derived peptide is highly flexible, consistent
with the hypothesized large conformational reorga-
nization that occurs in the MPER during the viral
fusion process. One of the most populated con-
formers adopts an a-helical conformation, consis-
tent with the conformation of the crystal structure of
the late-fusion state of gp41 and hypothesized to
play a major role in the viral entry process.””***
During the fusion process, it is believed that the
outer layer of the six-helix bundle, corresponding to
the MPER of gp41, makes extensive contacts with

Table 2. Degree of pairwise hydrophobic packing between
pairs of tryptophan residues measured in the REMD simu-
lation of the LLELDKWANLWNWEDISNWILW peptide
among conformations in which the structure of the DKW
motif matched that of the corresponding residues in com-
plex with 2F5

W670 We672 We678 W680
W666 0.72 0.77 0.22 0.46
We670 0.96 0.56 0.40
We672 0.64 0.29
W678 0.88

Values closer to 1 indicate a higher occurrence of hydrophobic
interactions. Sequence numbering follows the gp41 nomenclature.
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the viral membrane, mediated by the numerous
tryptophan residues present in this region. We
indeed observed that, in the helical conformers
(Cluster 1) obtained from the simulation of the 21-
mer natural peptide, the side chains of the aromatic
residues (especially W666, W670, and W672) are
often located on the same side of the helix, in an
orientation consistent with the hypothesized pro-
pensity of these residues to be localized at the
membrane-protein interface.*

Insertion of the quadruple alanine-substituted
21-mer MPER-derived peptide into HRV (cHRV2)
results in poor exposure of the epitope

Longer MPER sequences are more likely to
reproduce the natural conformation of the MPER
as part of the HIV spike complex. Simulations of the
structures of the quadruple alanine-substituted 21-
mer peptide (LLELDKWANLANAFDISNALA) in
solution resulted in an increase in the exposure of
the critical W666 side chain and an increase in the
fraction of p-turn conformations of the DKW region
of the epitope (characteristic of the crystal structure
of the complex with 2F5). In an attempt to exploit
both of these potential benefits in the design of the
chimeric virus, we decided to model a chimeric HRV
(cHRV2) in which the 21-mer alanine-mutated
peptide was inserted into the VP2 puff of the parent
HRV14 with removal of the VP2 residues S158-
A159-N160-E161, as was performed with cHRVI.
The rationale behind the alanine substitutions was
to avoid the formation of intramolecular hydro-
phobic clusters involving W666. Further analysis of
the REMD trajectory, however, showed that the
majority of the conformations of the engineered loop
were not compatible with 2F5 recognition (Fig. 2b).
The other shortcoming that we observed was the
relatively limited exposure of the region of the
engineered loop that was critical for 2F5 binding

(Fig. 7). This is likely due to the tendency of the loop
to fold over onto the HRV capsid, presumably due to
the length of this hydrophobic insert. This result
indicates that, although the quadruple mutant
peptide often adopts a favorable conformation for
antibody binding in solution, it adopts a less
favorable conformation when linked to HRV.

The structure of the 7-mer ELDKWAS peptide
inserted into HRV (cHRV3) matches that of the
peptide in the 2F5/antibody complex

In an attempt to restructure the DKW core epitope
and to increase the likelihood of best exposing this
critical region at the insert/capsid interface, we
reduced the length of the insert. To this end, we
modeled a series of shorter engineered loops, the
most promising of which resulted in a third chimeric
construct (cHRV3). In this construct, seven residues
of the 2F5 epitope (ELDKWAS) were inserted into
the VP2 puff of HRV14. In contrast to cHRV1, this
chimeric construct was allowed to retain the four
HRV14 VP2 residues that were previously removed
(5158, A159, N160, and E161), and the insert was
placed between N160 and E161.

The REMD simulation of cHRV3 showed that the
engineered loop often adopts a structure likely to be
recognized by 2F5 (Fig. 2c). As much as 41% of the
modeled conformations in the ELDKWAS core
epitope are within 2 A C* RMSD of the crystal
structure of the corresponding peptide complexed
with the 2F5 Fab. In these conformations, the
ELDKWAS insert protrudes from the body of the
virus capsid, extending approximately 19 A from
the base to the tip (Fig. 1b). The loop contains 37
residues from VP2 (residues L156-H193) and
includes the 7-residue 2F5 core epitope sequence
(ELDKWAS) at its center, corresponding to the tip of
the loop. The engineered loop can be subdivided
into three structural regions: the N-terminal base, a
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Fig. 7. Distribution of the SASA
of the DKW core motif for the
three chimeric constructs: cHRV1
(red), cHRV2 (brown), and cHRV3
(black). In cHRV3, the core of the
epitope is significantly more solvent-
exposed than those in the other two
constructs.
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flexible body extended away from the base, and the
C-terminal edge, which is folded within the base of
the VP2 subunit. The REMD model suggests that a
network of hydrogen-bonding interactions at the
two bases of the loop may account for the favorable
positioning of the ELDKWAS motif at the tip of the
loop (Fig. 8). The carbonyl oxygen of E662 (for the
inserted peptide, the residue numbers follow HIV-1
gp41 numbering, and the residues of VP2 conserve
the wild-type numbering) hydrogen bonds with the
hydroxyl group of S668 of the same loop (Fig. 8), and
VP2 H135 forms hydrogen bonds at the N-terminal
and C-terminal ends of the inserted peptide with the
carbonyl oxygen of N160 and the amide nitrogen of
G164, respectively. Also, K167 forms hydrogen
bonds with the carbonyl oxygen of A159 and with
Ocel of E161 at the two ends of the epitope.

Similar stabilizing interactions are not seen in the
cHRV1 and cHRV2 constructs, which, however, are
characterized by alternative interactions that prevent
correct positioning of the core epitope. For example,
in cHRV1 (Fig. 1a), the backbone of the linker resi-
due P158 of the N-terminal PCG linker region
(numbered according to the VP2 wild-type number-
ing) upstream of the 7-residue ELDKWAS insertion
is often hydrogen-bonded to W666, causing it to fold
inward. This proline residue also appears to induce
an unfavorable backbone conformation of the engi-
neered loop. Similarly, the amino hydrogen and
carbonyl oxygen of C159 of the same linker form
hydrogen bonds with Oel of 5668 and with H61 of
H135, respectively, limiting the exposure of the
inserted epitope. This pattern of interactions causes
lengthening of the distance between the N-terminal
and C-terminal ends of the engineered loop in
cHRV1 relative to cHRV3 (approximately 9 A in
cHRV1 versus 6 A in cHRV3), thereby favoring more

Fig. 8. Representation of the hydrogen-bonding net-
work in the insertion region of the cHRV3 model. Hydro-
gen bonds are indicated by red dashed lines. The inserted
peptide and the VP2 are drawn in magenta and green,
respectively. The residues involved in the hydrogen-
bonding network are shown in stick representation.

extended and less exposed conformations of the
epitope in cHRV1.

In the simulation with cHRV3, we observe little
global deviation of the system from the crystal struc-
ture of wild-type HRV14. Superimposition based on
C* atoms reveals a relative RMSD of 0.86 A of the
VP2 subunit between the representative simulated
conformation and the crystal structure. Most of the
displacement occurs at the insertion site, between
VP2 residues N160 and E161 of the VP2 puff. It
appears that the HRV carrier is stable, owing to the
plasticity of the insertion region that accommodates
the insertion without major disruptions of native
interactions.

The DKW region of the epitope at the tip of the
loop was found primarily to adopt a p-turn confor-
mation (Fig. 1b). Previous work on a cyclic peptide
incorporating a lactam bridge between the two prox-
imal amino acids flanking the DKW segment®’
suggests that, even though the type I R-turn struc-
tural motif is the basic feature for recognition by 2F5,
a high binding affinity requires a specific cation-m
stacking interaction between K665 and W666, which
is also observed in our simulation. We have also
analyzed the distribution of solvent-accessible sur-
face areas (SASAs) of the core DKW segment from
the ensemble of conformations generated by the
simulation. Comparison of the SASA distribution of
cHRV3 with those of cHRV1 and cHRV2 (Fig. 7)
shows that, in cHRV3, the foreign epitope has signi-
ficantly greater exposure. This suggests that the
epitope would have a higher probability of protrud-
ing deeply into the binding cleft of the concave
paratope of 2F5. This is in contrast to the W666 side
chain of the 7-mer ELDKWAS peptide in solution,
which assumed a conformation that was rotated
inward, with the side chain sequestered in an intra-
molecular hydrophobic core without significant
reorganization of the predominantly p-turn back-
bone structure or the a-helical backbone structure
(Fig. 4a and b). The occurrence of these differing
structures, combined with the observed inward
rotation of W666 in the 21-mer peptide (Fig. 5),
suggests that there may be a common hinge me-
chanism occurring during antibody recognition and
during some of the other intermolecular interactions
characterizing this dynamic region of gp41.

Structural model of the antibody/cHRV3
complex

Noting that the structure of the DKW segment of
cHRV3 matched that of the corresponding segment
in the crystal structure of the 2F5 complex in a sig-
nificant fraction of conformations, we have cons-
tructed a structural model of the complex of cHRV3
with the 2F5 nAb by superimposing the ELDKWAS
residues of a representative conformation of cHRV3
to the corresponding residues of the 1TJG crystal
structure of the 2F5 complex (Fig. 9). The structure
so obtained exhibits a remarkable shape comple-
mentarity between the modeled epitope and the 2F5
paratope from the crystal structure. The side chains
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Fig. 9. Representative structure of part of the cHRV3
chimeric virus from the REMD simulation. The ELDK-
WAS insert (magenta) is connected to the VP2 protomeric
subunit of cHRV3 (green). The VP1, VP3, and VP4 pro-
tomeric units are shown in blue, red, and gray, respec-
tively. The Fab fragment of the 2F5 antibody is shown
nearby to illustrate how it might bind to the epitope in the
context of the virus. The heavy chain of 2F5 is shown in
cyan, and the light chain of 2F5 is shown in orange.

of the DKW segment project inside the 2F5 hydro-
phobic crevice, as they do in the crystal structure.
The structure also indicates a high degree of charge
complementarity between the paratope and the
epitope, and the buried surface is mainly composed
of hydrophoblc amino acids. The epitope occupies a
cavity that is approximately 10 A" deep and 14 A
wide at the interface between the light chains and
the heavy chains of the antibody hypervariable
region. The intermolecular contacts between cHRV3
and 2F5 include salt bridges and hydrophobic inter-
actions. The lysine side chain of K665 points to a
hydrophobic pocket and is proximal (4.3 A ) to D54
of the heavy chain. The D664 side chain forms
interactions (3.9 A ) with R95 of the heavy chain.
Packing interactions can also be observed between
the rings of W666 and F32 of the heavy chain. The
side-chain positions and relative orientations of
K665 and W666, which are both critical for binding,
are reproduced remarkably well in the modeled
complex. The same is true for the D664 side chain.

Conclusions

We have used the REMD conformational sam-
pling method to study the conformational distribu-
tions of peptides and chimeric constructs derived
from the immunogenic MPER of the gp41 protein of
the HIV-1 envelope spike. The main aim of the work

was to find chimeric constructs based on a rhino-
virus carrier (HRV14) that is able to present the HIV-
1 ELDKWA epitope with a high fraction of antibody-
binding-competent conformations. Such constructs
are predicted to bind with high affinity to the 2F5
antibody and thus to have greater likelihood to
elicit, in turn, the production of antibodies that are
broadly neutralizing and with similar characteris-
tics. We have identified a promising HRV14:HIV-1
chimeric construct (cHRV3) that was obtained by
inserting the ELDKWAS sequence into the VP2 puff
of HRV14. The predicted structure of the ELDKWA
epitope of this construct matched that of the crystal
structure of the corresponding peptide complexed
with 2F5 with high frequency. The close similarity of
many conformations generated by REMD to the
crystal structure allowed us to create a structural
model of the complex of the chimeric HRV14 with
the 2F5 antibody. The binding-competent conforma-
tions of the epitope, when inserted into HRV14, are
stabilized by a network of specific hydrogen bonds,
as well as by a number of specific hydrophobic
interactions and by the absence of competing elec-
trostatic and hydrophobic interactions that un-
favorably affect the other constructs that we have
investigated.

The results of this work complement published
work and ongoing biochemical and spectros-
copic research aimed at structure-based vaccine
design through the investigation of structural pro-
pensities of MPER-derived peptides in different
environments, > ***8 including insertion onto pro-
tein carriers.'®*® The relevance of the present
modeling study extends also to research aimed at
uncovering the structural properties of the gp4l
subunit as part of the HIV-1 envelope spike and the
mechanisms by which the relevant structures elicit
broadly neutralizing immunological activity. Our
results confirm the hypothesis that the MPER of
gp41 is highly flexible and capable of assuming a
variety of conformations consistent with its biologi-
cal function, and suggest that epitope exposure in
gp41 is countered by intramolecular hydrophobic
interactions. The latter observat1or1 offers an expla-
nation for the finding®® that mutations of hydro-
phobic residues that are distant in sequence and not
directly involved in antibody binding, by weaken-
ing these hydrophobic interactions, can substan-
tially increase the affinity of the 2F5 and 4E10 nAbs
for gp41. The conformational heterogeneity of this
region of gp41 and its interactions with components
of the envelope spike and with the viral membrane
likely play important roles in the processes of anti-
body recognition and antibody maturation.

The computational methodology introduced in
this work is generally applicable to the de novo de-
sign of recombinant vaccines when, such as in the
present case, structural information on a target is
available. By identifying the factors that influence
the presentation of the epitope toward the target,
modeling work can guide the selection of vaccine
candidates. The physical insights concerning the
conformational propensities of epitopes inserted
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into HRV14 provided by this work will facilitate the
designs of focused combinatorial libraries of HRV14-
based chimeras. The main design principles that
emerged from this study are as follows: limit the size
of the insert, optimize the central positioning of the
critical DKW motif within the insert, and minimize
the hydrophobic character and structural constraints
determined by the flanking sequence. These focused
libraries will be assayed in terms of their affinity for
the 2F5 nAb and their ability to elicit strong and
broadly neutralizing immune responses. This work
is currently under way in our laboratory.

Materials and Methods

Replica exchange molecular dynamics

The temperature REMD method,**?*°" as implemented
in the IMPACT computational package,”” was used in this
work to explore the conformational space of several
peptides derived from the MPER of HIV gp41 in solution,
as well as inserted into the HRV14 viral capsid. REMD is
an advanced canonical conformational sampling algo-
rithm that was designed to help overcome the sampling
problem encountered in biomolecular simulations. It
consists of running a series of MD simulations of the
molecular system in parallel over multiple processors at
different temperatures. A Monte Carlo move, aimed at
swapping atomic coordinates of one replica with those of
another, is attempted periodically. The acceptance prob-
ability expression for the swap move is derived based on
the detailed balance condition. The lowest-temperature
replica corresponds typically to the temperature of
interest, whereas the high-temperature replicas provide
a means for rapidly exploring the extent of conformational
space. In the temperature replica exchange method,
efficient interconversion between low-energy conforma-
tions occurs, whereby the temperature switches from low
to high, allowing the conformation to overcome potential
energy barriers and then transition to another conforma-
tion. A new low-energy conformation can then be estab-
lished when this conformation transfers back to low-
temperature replicas.

Force field and implicit solvation model

All simulations employed the optimized potential for
liquid simulations all-atom fixed charge force field***”
and the AGBNP* implicit solvent model to mimic the
water environment. Simulations using implicit solvent
models are not as computationally intensive as those
using explicit solvent models; this is particularly true for
REMD simulations because fewer replicas are needed to
achieve reasonable replica exchange rates due to the
smaller system size and broader overlap of the energy
distributions among replicas at different temperatures.
AGBNP is an implicit solvent model based on a novel
implementation of the pairwise descreening scheme of the
generalized Born model®* for the electrostatic compo-
nent and a novel nonpolar hydration-free energy estima-
tor. The nonpolar term consists of an estimator for the
solute-solvent van der Waals dispersion energy designed
to mimic explicit solvent-solute-solvent van der Waals
interaction energies, in addition to a surface area term
corresponding to the work required for cavity formation.

It has been used to study protein conformational
equilibrium and protein allostery.”

Peptide simulations

The REMD simulations in the solution of gp41-derived
peptides were started from the fully extended conforma-
tion. Before the performance of REMD simulations, the
system was equilibrated at each temperature. The tem-
perature ladder was adjusted to obtain sufficient overlap
of the potential energy distributions at neighboring
temperatures to ensure frequent acceptance of tempera-
ture exchange moves. The REMD simulations of the
ELDKWAS peptide and its alanine-substituted mutants
were carried out using eight replicas for 20 ns (total pro-
duction run, 160 ns) at temperatures of 313, 328, 345, 363,
381, 400, 421, and 442 K. Convergence progress was
analyzed by monitoring the total potential energy and key
interatomic distances as functions of time. Helical con-
formations were determined, using the program
STRIDE,” for each residue in the trajectory of the 313-K
replica. Average helicity is obtained by averaging the
fractional helical populations of the residues in the se-
quence. REMD simulations of the LLELDKWANLWNWE-
DISNWLW peptide and its mutants were similarly
performed using replicas at 313, 328, 347, 367, 388, 411,
434, 460, 486, and 515 K.

Model preparation

The three HRV14:HIV chimeric constructs investigated
in this work were obtained by inserting gp4l-derived
epitopes into the BE-PF region of the so-called VP2 puff of
the VP2 subunit of the HRV14 protomeric unit, the largest
of three loops forming the neutralizing immunogenic site
IT of HRV14.”**” The first chimera (designated as cHRV1 in
this work and as 14-C40-1 in Arnold et al., submitted) was
obtained by removing four residues of the VP2 puff (5158,
A159, D160, and N161) and replacing them with the
“ELDKWA” epitope sequence (ALDKWAS), flanked by
PCG on the amino-terminal side of the epitope and by
SPDCS on the carboxyl-terminal side of the epitope (Table
1). The second chimeric construct (c(HRV?2) was obtained
by inserting the sequence LLELDKWANLANAFDIS-
NALA, a quadruple alanine-substituted MPER peptide
corresponding to residues 660-680, into the same HRYV site
as for cHRV1, except for the absence of the flanking linkers
PCG and SPDCS (Table 1). The third chimeric construct
(cHRV3) containing the sequence ELDKWAS was inserted
between N160 and E161 of VP2, without the removal of
any HRV14 residues or the addition of any flanking
residues. Starting structures for the cHRV1, cHRV2, and
cHRV3 chimeras have been obtained by homology
modeling using the program Prime (Schrodinger, Inc.)
and the structure of wild-type HRV14 (Protein Data Bank
ID 4RHV) as structural template (97% sequence identity).
These models can be built with a high degree of con-
fidence, since the target and template structures are
expected to differ only in the proximity of the inserted
epitope—an HRV region that is only 12 residues long.
Therefore, the estimated confidence factor for the homol-
ogy models was high. The energy-minimized models have
been assessed for quality using ProCheck, indicating
84.6%, 14.6%, 0.7%, and 0.1% in the most favored regions,
allowed regions, generously allowed regions, and dis-
allowed regions of the Ramachandran plot,”® respectively.

Nine peptides were used for these studies (Table 1). All
have NH3* groups at their amino termini and COO~
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groups at their carboxy termini. There were seven natural
and singly alanine-substituted (corresponding to HxB2
gp41 residues 662-668) 7-mer peptides, and two natural
and quadruply alanine-substituted (corresponding to
HxB2 residues 660-680) 21-mer peptides.

REMD simulations of the chimeric constructs

REMD simulations of the cHRV1, cHRV2, and cHRV3
viral constructs were conducted to estimate the conforma-
tional propensities of the inserts. The production REMD
runs consisting of 30 replicas, with temperatures in the
range 310495 K, were 2 ns/replica in length, for a total of
60 ns for each of the three systems. The production runs
were preceded by minimization and equilibration calcula-
tions starting from the comparative models described
above. To reduce computational complexity, the residues
within all atoms farther than 20 A from any atom of the
foreign insert were not included in the model. Because of
the different sizes of the inserts, the numbers of residues
that were completely free were 227, 276, and 176 in
cHRV1, cHRV2, and cHR3, respectively. Portions of the
VP1 and VP3 protomeric units within 20 A of any atom
of the insert of the viral capsid were included as well.
The positions of C* atoms of the residues at the ends of
dangling protein chains were harmonically restrained
using an isotropic force constant of 0.3 kcal/mol/A”. This
setup prevents unfolding of the simulated protein region
at high temperature, while providing a reasonably
accurate description of the protein environment surround-
ing the inserted sequence. This methodology was tested
by applying it to the chimeric HRV displaying part of the
HIV-1 V3 loop studied by Smith et al.'” We confirmed that
the main cluster of conformations of the loop generated by
REMD structurally matched that of the crystal structure.

Hydrophobic packing measure

An algorithm aimed at quantitative characterization of
the degree of packing interactions among residues has
been designed. The measure is based on the ratio:

o R(i))
T VURGR)

between the radius of gyration Rg(i, j) of a residue pair and
the geometric mean of the radii of gyration R,(i) and Ry(j)
of the individual residues. A small value of x;; approach-
ing 1 indicates that the two residues are in contact.
Conversely, a value of x;; much larger than 1 indicates that
the two residues are distant from each other relative to
their sizes. A normalized degree of packing, f(x;), ranging
between 0 (residues are not in contact) and 1 (residues are
in contact) is obtained by applying the following linear
interpolation function:

1 X < Xmin
fx)=< ax+b  Xpmin<X < Xpmax

0 otherwise

where
-1
a=
Xmax — Xmin

and

xmax
b=

Xmax — Xmin

The function above returns to 1 for x;; smaller than xp;,, to
0 for x;; larger than x,,,, and to intermediate values for x;;
between these two limits. Here we set xn,=2.5 and
Xmax =3.D.

The degree of packing {f(x;)) between residues i and j,
averaged over an REMD trajectory, measures the frac-
tional propensity of the two residues to be in contact. The
closer is this quantity to 1, the higher is the occurrence of
packing between a pair of residues. We used this measure
to analyze the occurrence of intramolecular hydrophobic
contacts in the simulation of peptides derived from the
MPER of gp4l. In that context, we applied the packing
measure only to those conformations in which the most
essential ELDKWA residues, DKW, assumed a conforma-
tion similar to that obtained from the crystal structure
1TJG based on a 30° threshold maximum difference bet-
ween the backbone dihedral angles.

Solvent-accessible surface calculation

The SASA™ was determined to quantify the conforma-
tional exposure of the engineered loop insert on the
chimeric HRV. The SASA has been calculated for each
atom using the program SURFACE based on the algorithm
of Sridharan et al., with a water probe radius of 1.4 AS0
Hydrogen atoms have been ignored in the calculation of
the SASA. The distribution of the SASA for the ELDKWA
epitope residues DKW has been determined for the
structures present in the replica exchange trajectories of
the chimeric constructs cHRV1, cHRV2, and cHRV3.

Hierarchical clustering

The computed conformational ensembles have been
organized into conformational clusters using the XCluster
program (Schrodinger, Inc.). XCluster implements a
hierarchical clustering algorithm®' based on the minimal
RMSD between user-defined sets of atoms of two
conformations. The clustering procedure starts by com-
puting the all-to-all distance matrix between the selected
sets of conformations. A series of clustering arrangements,
or clustering levels, is then produced. At the first level,
each of the N conformations forms a separate cluster. The
following level with N—1 clusters is obtained by joining
into a single cluster the pair of conformations closest to
each other. This process continues by joining at each step
the closest pair of clusters until, at the Nth level, only one
cluster encompassing the entire ensemble remains.
XCluster employs the single-linkage convention to com-
pute the distance between two clusters, defined as the
smallest distance between any two conformations of the
two clusters. Each clustering level i corresponds to N—i
clusters. The choice of the clustering level to pick is aided
by clustering quality measures computed by XCluster
such as the minimum separation ratio, which is the
smallest ratio between the shortest intracluster and
intercluster distances among all clusters. Most of the
results obtained here have been obtained at the clustering
level corresponding to approximately 10 clusters.
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