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ABSTRACT: Infection of cells by HIV depends upon pro-
found structural rearrangements within the trimeric viral
protein gp41. Critical to this process is the formation of a six-
helix bundle in which a set of three N-terminal heptad repeat
(NHR) helices assemble to form a core displaying long
grooves that provide docking sites for three C-terminal
heptad repeat (CHR) helices. We report experiments de-
signed to discriminate between two alternative hypotheses
regarding the source of affinity between individual CHR
helices and the complementary groove: (1) affinity is
dominated by interactions of a small cluster of side chains
at one end of the CHR helix; or (2) affinity depends upon
interactions distributed across the long CHR helix. We have
employed two complementary experimental designs, and
results from both favor the latter hypothesis.

Aisociations between protein molecules play critical biological
oles, including transmission of information, regulation of
gene expression, and recognition of hosts by pathogens. This
functional importance has inspired widespread interest in in-
hibitors of specific protein—protein interactions as therapeutic
agents." However, blocking or mimicking protein—protein inter-
actions with small molecules, the traditionally favored source of
drugs, has proven to be extremely challenging. A few systems
have yielded to clever designs and determined effort,” but it
remains an open question whether approaches based on small
molecules will be broadly successtul for inhibiting disease-related
macromolecular associations. Interactions that involve extensive
protein—protein contact may be especially resistant to inhibition
via small molecules because of surface area limitations, although
the occurrence of “hot spots” or cryptic binding sites on large
protein surfaces can alleviate this problem in some cases.® Here
we use a combination of traditional and nontraditional strategies
to evaluate whether sources of aflinity are focused or distributed
across a large protein interface that forms within the trimeric
form of HIV protein gp41.

The entry of HIV RNA and proteins into the target cell
cytoplasm is orchestrated by gp41, which induces fusion of the
viral envelope with the cell membrane.* This process requires
large conformational changes within the gp41 trimer.” The AIDS
drug enfuvirtide, a 36-mer peptide derived from gp41, is thought
to block rearrangement from an extended to a compact state of
the gp41 trimer.’ Formation of the compact state is driven by
assembly of a bundle of six t-helices, with each gp41 molecule
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contributing one N-terminal heptad repeat (NHR) segment and
one C-terminal heptad repeat (CHR) segment. The crystal
structure of the six-helix bundle formed by gp41-derived peptides
designated N36 (from the NHR segment) and C34 (from the
CHR segment) reveals an NHR trimeric core with three long
grooves on its surface; the helical CHR segments pack into these
grooves.” Deep clefts occur at one end of the trimeric N36 core,
and each cleft is filled by a trio of hydrophobic side chains from
C34 (Trp-Trp-lle motif) that are aligned by ot-helix formation.
These clefts in the NHR trimer have been suggested as potential
sites for binding of small molecules, which might interfere with
formation of the gp41 six-helix bundle and thereby block HIV
entry.7

There have been a number of attempts to develop ligands of
low molecular weight that occupy the gp41 NHR clefts.® How-
ever, despite the creativity manifested in these efforts, the small
molecules and short peptides reported to date are at least 3
orders of magnitude less potent than the best large peptides for
inhibition of HIV infection. These results raise the possibility that
the affinity of a CHR 0ot-helix (~10 helical turns for C34) for the
NHR trimer groove is so broadly distributed that the efficacy of
small inhibitors will be intrinsically limited.

We have now probed the distribution of binding affinity for a
full-length CHR helix along the NHR trimer groove via a novel
experimental design based on the recent development of o./f3-
peptide foldamers that mimic the CHR o--helix.” These mol-
ecules were generated from a potent CHR-derived 0O-peptide,
T-2635,"° by replacing a subset of 0-amino acid residues with
analogous f3-amino acid residues, many of which are preorga-
nized to promote helix formation. Placement of 00—/ substitu-
tion sites throughout the sequence discourages protease degra-
dation. This previous effort led to o/f-peptide 1 (Figure 1),
which functions as a potent inhibitor of HIV infection in cell-
based assays.” Here we use comparisons among T-2635, 1, and
chimeric peptides 2—4 to determine how different portions of
the CHR helix contribute to binding to the protein gp41-5.%

Designed protein gp41-5 contains three NHR segments and
two CHR segments and is intended to adopt a five-helix bundle
tertiary structure that displays a binding groove for a single CHR
segment. This protein provides the basis for a previously
reported competition fluorescence polarization (FP) assay for
evaluating ligands for the NHR binding groove.se’9 To gain
insight on the binding of CHR-mimetic a./3-peptides to gp41-
S, we solved the crystal structure of 1 bound to this protein
(Figure 2a). The o/f3-peptide backbone adopts a conformation
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Figure 1. (a) Sequences of 0/f3-peptides derived from a-peptide
T-2635, with K; values for binding to designed protein gp41-5, as
determined with a fluorescence polarization assay. (b) Six-helix bundle
formed by three molecules of at-peptide N36 (gray surface) plus three
molecules of 2 (atomic detail; carbon from a residues is yellow, carbon
from acyclic 3 residues is light blue, carbon from cyclic 3 residues is pink,
nitrogen is dark blue, and oxygen is red). Resolution = 2.8 A; ref 9; PDB
3G7A. (c) Complex between gp41-5 (gray surface) and one molecule of
3 (atomic detail; colors as in part b). Resolution = 2.1 A; PDB 3040. (d)
Six-helix bundle formed by three molecules of o-peptide N36 (gray
surface) plus three molecules of 4 (atomic detail; colors as in part b).
Resolution = 2.6 A; PDB 303Z.

very similar to that of an O-helical a-peptide, despite the
presence of an extra backbone carbon atom in each helical turn.
Using PDBe PISA (Protein Interfaces, Surfaces and Assemblies),""
we calculate that formation of this complex buries ~1100 A* of
surface area from gp41-5 and ~1230 A® of surface area from
o./f3-peptide 1.

Key side chains projecting from helical 0./3-peptide 1 occupy
the correct sites in the groove displayed by gp41-5, as illustrated
in Figure 2b for the Trp-Trp-Ile motif. As previously reported,” 1
binds tightly to gp41-S (K; = 9 nM; FP assay). However, despite
the structural similarity of o./f3-peptide 1 to an O-helical CHR
segment, 1 binds less tightly to gp41-5 than does a-peptide
T-2635 itself (K; < 0.2 nM). This difference is unlikely to arise
directly from changes in CHR surface functionality arising from
0— {3 substitutions, because all interfacial residues are identical in
1 and T-263S (i.e., the interfacial residues in these two analogues
are derived from the same set of 0t-amino acids; the /3 residues of
1 are oriented away from gp41-S). Therefore, it is possible that
replacing the pure & backbone of T-2635 with the 0./ backbone
of 1 causes some degree of mismatch between the surfaces of the
o./f-peptide and gp41-5, relative to the complex between
T-2635 and gp41-S. Such a mismatch would have to be subtle,
however, because comparison of crystallographic structures for

Figure 2. (a) Crystal structure of the complex between a./[3-peptide 1
(atomic detail; colors as in Figure 1b) and designed protein gp41-S
(gray). Resolution = 2.8 A; PDB 3043. (b) Close-up of the interaction
of the Trp-Trp-Ile motif from ./f-peptide 1 with the complementary
cleft presented by gp41-S.

o./f-peptide 1 and a-peptide T-2635 reveals no glaring differ-
ences (this comparison is described in detail in the Supporting
Information (SI)). Alternatively, the differences in affinity be-
tween T-263S and o/ 3-peptide 1 might arise from a difference in
the stabilites of the helical conformations adopted by these
oligomers. In either case, this system provides a novel opportu-
nity for assessing contributions to overall affinity from contacts
along the entire interface between gp41-5 and a complementary
10-turn helix.

Compounds 2—4 constitute a set of ot + 0/ chimeric
peptides'” in which the /3 residues along one-third of the length
of 1 have been replaced with the original o residues (Figure 1).
The f— 0 reversions occur in the N-terminal region for chimera
2, the middle region for chimera 3, and the C-terminal region for
chimera 4. Figure 1 provides apparent dissociation constant (K;)
values derived from the competition FP assay. If the affinity of the
CHR-derived a-helical peptide T-2635 is broadly distributed
along the entire NHR groove, then each set of partial f—a
replacements should lead to a significant increase in affinity,
because complete S—0 replacement (1—T-2635) causes a sub-
stantial decrease in K;. On the other hand, if the Trp-Trp-Ile
motif of the CHR segment makes a dominant contribution to six-
helix bundle stability, then partial f—0 replacement in the
N-terminal portion (2) should have a more favorable effect on
binding than does partial S—0 replacement in the central or
C-terminal portions (3 or 4). The K; data in Figure 1 clearly show
that substantial improvements in affinity result from each partial
f—0 replacement. It is particularly noteworthy that the effect of
f—0a replacement in the C-terminal portion (4) is comparable
to that of replacement in the N-terminal portion (2). Because of
FP assay sensitivity limits, we cannot determine whether chi-
meric molecules 2 and 4 match T-263$ in affinity; all three have
K; values in the sub-nanomolar range. Overall, these data suggest
that affinity for a CHR helix is broadly distributed across the long
groove formed by the NHR trimer core.

High-resolution structural data establish that chimeric pep-
tides 2—4 are competent to participate in six-helix bundle for-
mation, comparable in this regard to T-2635 and o./f3-peptide 1.
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This behavior is essential for the validity of the conclusion reached in
the preceding paragraph. Figure 1 shows the previously deter-
mined crystal structure of the six-helix bundle formed by 2 +
N36,” along with new crystal structures for 3 + gp41-5 and for
the six-helix bundle formed by 4 4 N36. Although the stoichi-
ometry of the complex differs across this series (3+3 assembly vs
141 assembly), the data show that each chimeric oligomer
closely mimics an @-helical CHR segment. Alignment of the
structure of T-2635 with 0./f3-peptides 1—4, each involved in a
six-helix bundle assembly, revealed excellent structural mimicry
of the ot-helical backbone and of the positions of side chains that
make intermolecular contacts by the o./f3-peptides (details in SI).
Comparisons focused on the three regions, N-terminal, middle,
and C-terminal, for each a./f-peptide vs T-2635 pairing indi-
cated that the O-peptide segments of the chimeric molecules
displayed the best alignment with T-263S, but segments contain-
ing f residues were nevertheless good structural mimics of the
O-helical prototype. Overall, these data strengthen the conclu-
sion that the 0—3 replacement strategy we employ provides olig-
omers that can recapitulate the structural and recognition properties
of an O-helical surface, and that variations in affinity for gp41-S
among these CHR-mimetic peptides can be interpreted in terms of
distribution of energetically important intermolecular contacts.

As a complement to the backbone-modification strategy de-
scribed above, we undertook a more traditional side-chain-modifica-
tion strategy (mutagenesis) to test the hypothesis that binding
affinity for the NHR-defined groove of the gp41 six-helix bundle
is broadly distributed across the contact surface on a CHR helix.
The sequence of each CHR-derived oligomer can be viewed as a
series of heptad segments, each corresponding to two helical
turns, with positions designated abcdefg.'> By convention, the
“stripe” of side chains that constitutes the core of the interaction
surface is assigned to positions a and d in the heptad pattern
(Figure 3c); for example, the Trp-Trp-Ile motif in the N-terminal
region corresponds to an a-d-a triplet. (In a./f-peptides 1—4, the
P-residues occupy positions ¢ and f, which are oriented toward
solvent in the six-helix bundle and therefore do not make contact
with the NHR core.) Side chains from positions ¢ and g flank the
a-+d stripe. Our structural data reveal numerous specific contacts
between ¢ or g side chains on CHR-derived oligomers (T-263S or
1—4) and the groove formed by NHR segments, which suggests
that e and g side chains contribute to affinity for gp41-S.
Alignment of each /f-peptide among 1—4 vs T-2635 revealed
strong similarities among the subset of a and d residues in each
case (rmsd values 1.03—1.54 A) and comparable similarities
among the subset of e and g residues (rmsd values 1.12—1.65 A;
see SI for details).

Our mutagenesis approach was guided by the “regional” strategy
outlined above; these experiments employed peptides composed
entirely of @-amino acid residues (i.e., only side chains were
varied relative to T-2635). Six t-peptides were prepared, and in
each case multiple side chains were mutated to Ala (Figure 3a).
In the N-terminal region, the three side chains at a and d
positions (Trp-Trp-Ile motif) were mutated to Ala to generate
the a-peptide designated N-ad, and the two side chains of non-
Ala residues at e and g positions were mutated to generate
o-peptide N-eg. Comparable mutations in the middle and C-term-
inal regions generated O.-peptides M-ad, M-eg, C-ad, and C-eg.
Although this multiple-mutation strategy does not reveal con-
tributions of individual side chains (which would have required
synthesis and evaluation of 17 long peptides), our approach
enables us rapidly to elucidate the balance of contributions from

a d a d a d a d a d a
a Ac-TTWEAWDRAIAEYAARIEALIRAAQEQQEKNEAALREL-NH,

N-terminal Region C-terminal Region

Middle Region

Peptide Sequence ATy (°C)
N-ad Ac-TTAEAADRAAAEYAARIEALIRAAQEQQEKNEAALREL-NH, -30
N-eg Ac-TAWEAWARAIAEYAARIEALIRAAQEQQEKNEAALREL-NH, -1
M-ad Ac-TTWEAWDRAIAEAAARAEAATRAAQEQQEKNEAALREL-NH, -1
M-eg Ac-TTWEAWDRAIAEYAAATEALARAAQEQQEKNEAALREL-NH, -18
C-ad Ac-TTWEAWDRAIAEYAARIEALIRAAQEAQEKAEAALREA-NH, -6
C-eg Ac-TTWEAWDRAIAEYAARIEALIRAAQEQAEANEAAARAL-NH, -6

L = Alanine Substitution in T-2635 Sequence
¥ — Alanine exists in desired position in T-2635 Sequence

Solvent
Solvent
Exposed
Exposed ;
5 Residues
Residues

Figure 3. (a) Sequences of a-peptides derived from T-263S via multi-
ple mutations of original residues to alanine. T-2635 was divided into
three regions, N-terminal, middle, and C-terminal, and alanine substitu-
tions were made at all a and d positions or at all e and g positions within a
region (see text for details). The alanines marked by an asterisk were
unchanged from the T-263S sequence. Shown at the right are changes in
the thermal disruption temperature (T,), relative to parent peptide
T-2635, for the assembly formed by each of the alanine mutant peptides
and N34. (b) Helical wheel diagram of T-2635, highlighting positions
within the heptad repeat (a, d, ¢, and g) that make contact with the NHR
trimer and positions within the heptad repeat (b, , and c) that are solvent
exposed. The fand ¢ positions were the sites of 3 substitution.

a/d vs e/g side-chain sets to affinity and the way in which this
balance varies along the sequence. This study is important because
coiled-coil-type assemblies are typically thought to be driven
largely by interactions involving side chains at a and d positions.
Since it was necessary to compare these six mutant peptides to
T-263S, which binds too tightly for K; determination in the FP
assay, we turned to another approach that has been widely used
to assess the stability of CHR/NHR six-helix bundles: thermal
disruption, as monitored by circular dichroism (CD).”'% These
measurements are typically not fully reversible, because some
NHR peptide precipitates at high temperature; therefore, we
refer to the midpoint of the transition as Ty (for “disruption”),
rather than the more common T,, Despite the lack of full
reversibility, T4 values determined in this way are highly reprodu-
cible and therefore provide a basis for comparisons among T-2635
and mutants in terms of six-helix bundle formation with N36.

The T4 data summarized in Figure 3a support the hypothesis
that six-helix bundle stability has significant contributions from
side chains dispersed along the entire length of the CHR @-helix.
The largest effect is observed for N-ad, i.e., for mutation of the
Trp-Trp-lle motif to Ala-Ala-Ala, which is consistent with the
widespread interest in this motif and the NHR-derived pocket
into which it docks.”® However, a substantial diminution of T is
observed also for M-eg, which shows that side chains in the
flanking positions can contribute significantly to the stability of
the six-helix assembly. The data suggest that the origin of key
contacts varies along the length of the CHR helix, with a and d
residues making dominant contributions at the N-terminus, e and g
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Figure 4. Qualitative summary of the distribution of affinity for the
NHR groove across the surface of at-helical T-2635, based on Ty data
determined with alanine mutant peptides.

residues dominant in the center, and comparable contributions from
both sets at the C-terminus. Figure 4 shows qualitatively how the
binding is distributed along the contact surface of 38-mer T-2635.

We have used two complementary approaches to explore the
extent to which the sources of affinity are dispersed across a large
protein interface. This interaction, within the trimeric HIV protein
gp41, plays a crucial role in viral infection,*® and disrupting this
interaction leads to a clinically valuable outcome.® One of our
experimental strategies is traditional: truncation of amino acid
side chains to determine whether the omitted atoms play a
stabilizing role. The other strategy is novel in that the polypep-
tide backbone is modified, while the set of side chains that make
contact with the NHR-defined groove remains constant. (The
latter effort has generated three new crystal structures that show
at atomic resolution how o/[3-peptides can mimic long ot-helical
o-peptides.) Both approaches suggest that energetically impor-
tant contributions to overall binding affinity are scattered across
the long contact surface of the CHR 0-helix. These results may
explain why it has so far proven difficult to identify gp41-directed
small molecules or oligomers with high antiviral potency. The
backbone modification strategy we have employed may prove
useful for evaluating affinity distribution within other protein—
protein interactions that rely on a-helices."*
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