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Design of a Protein Surface Antagonist Based
on a-Helix Mimicry: Inhibition of gp41
Assembly and Viral Fusion**

Justin T. Ernst, Olaf Kutzki, Asim K. Debnath,
Shibo Jiang, Hong Lu, and Andrew D. Hamilton*

The design of low molecular weight ligands (< 750 Da) that
disrupt protein—protein interactions has remained a chal-
lenging endeavor.l'l Conventional means of identifying small
molecules from chemical libraries that are inhibitors of
protein —protein interactions have resulted in limited suc-
cess.) Therefore, new strategies focusing on the rational
design of molecules that recognize protein surfaces could
prove fruitful in the development of novel antagonists. Herein
we describe such a strategy based on the design of a molecular
scaffold that mimics the surface of an a-helix. We have
designed a proteomimetic of an a-helical 4-3 hydrophobic
repeat that inhibits the assembly of a six-helix bundle
corresponding to the fusion-active conformation of the gp41
protein.’! This intraprotein surface disruption results in
reduced levels of HIV-1 entry into host cells.

The gp41 ectodomain contains an N-terminal glycine-rich
fusion sequence, as well as two helical regions containing
hydrophobic 4 -3 heptad (abcdefg) repeats denoted as the N-
and C-helical regions (N and C refer to regions situated
towards the N- and C-terminus, respectively, Figure 1).
Recent evidence has shown that gp41 undergoes a conforma-
tional change upon binding target surface cell receptors which
exposes the hydrophobic N-helical regions and allows the
fusion peptides to insert into the host cell membrane.[*! This
transient gp41 intermediate then refolds into a stabilized six-
helix bundle structure, which brings both the viral and target
cell membranes into proximity and results in completion of
the fusion process. The fusion-critical helix bundle has been
shown by X-ray diffraction data to exist as a gp41 trimer in
which the N-helical regions form a parallel trimeric coiled coil
and the C-helical regions subsequently pack in an antiparallel
fashion into the hydrophobic grooves formed by the coiled
coil (Figure 1).5

Antagonists that bind the exposed N-helical regions of the
transient gp41 intermediate can potentially trap this structure
prior to bundle formation, which leads to inhibition of viral
fusion.?» 3 Peptides with sequences corresponding to the
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Figure 1. A) Sequences of the gp4l ectodomain corresponding to the
helical 4-3 repeat regions (aa545-590 and 628-661). The residues
colored in red and blue correspond to the a- and d-positions, respectively, in
the heptad repeat. B) Top and side views of the crystal structure of the
fusion active core of gp41. The helices correspond to the N36 (red, aa 546 —
581) and the C34 peptides (blue, aa 628 —661).

C-helical region of gp41 are potent inhibitors of HIV fusion,!
one of which is currently in human trials.” Small molecules
that bind into a hydrophobic pocket in the N-helical trimer
inhibit viral fusion in vitro, with activities in the low micro-
molar range.? 81 However, other sites along the hydrophobic
grooves of the N-helical trimer are also important for
recognition of the C-helical region,? ‘I as evidenced by the
strong binding of C-terminal peptides that lack the key Trp
residues (Wg,g and W, in gpd1).[% 19 Also, small peptides
corresponding to the pocket binding region have negligible
viral fusion inhibition and mutations of C-terminal peptide
residues distant from the Wy, and W, binding region abolish
inhibition activity.l's 2l These results suggest that a small
molecule mimetic of the helical 4-3 hydrophobic repeats
could bind multiple sites along the coiled coil of the N-helical
region, and disrupt formation of the helix bundle.

Trisfunctionalized 3,2',2”-terphenyl derivatives serve as
effective mimics of the surface functionality projected along
one face of an a-helix.'¥ To target the gp4l complex we
prepared terphenyl derivative la, which mimics the side
chains of an i, i + 4, i + 7 dad hydrophobic surface, as found in
the heptad repeat regions of the C- and N-peptides. Although
there are a range of hydrophobic residues at the a- and d-
positions (Figure 1), Leu and Ile are the most prevalent.
Therefore, we have incorporated the related branched alkyl
substituents isobutyl and isopropyl (to avoid complications
from chirality in a sec-butyl group) into our initial design.
Terminal carboxylate groups were also added to mimic the
anionic character of the C-helical region of the peptide and to
improve the aqueous solubility.

The low energy barrier of rotation about the phenyl-
phenyl bonds in this system!") makes an energetically mini-
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mized conformation accessible that presents the phenyl
substitution in a way that mimics the i, i +4, and i+ 7 side
chains (Figure 2). Computer modeling experiments compar-
ing a polyalanine a-helix to 3,2'2"-trimethylterphenyl indi-
cated that phenyl-phenyl torsion angles of 55° gave a

A) B) C)

Figure 2. A) Structure of a polyalanine a-helix. B) Structure of 3,2',2"-
trimethyl terphenyl (hydrogen atoms omitted). The analogous carbon
atoms between structures are highlighted in yellow. C) Root mean square
difference overlay of a polyalanine a-helix and 3,2',2"-trimethylterphenyl
(yellow).
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conformation with close correspondance (root mean square
deviation rmsd =0.9 A) of the positions of the three methyl
groups and the i, i + 4, i + 7 alanine methyl groups (yellow in
Figure 2).11 Facile phenyl-phenyl bond rotation should
allow interconversion among the conformations necessary
for an induced fit upon binding to the N-peptide trimer.

A convergent synthesis of 1a (Scheme 1) was developed
based on sequential Suzuki coupling reactions. The individual
1,4-alkoxyphenylboronate monomers could be readily pre-
pared with different substituents at the 2-position. Com-
pounds 2—-4, with opposite charge or lacking the branched
alkyl sustituents, were also synthesized as controls.

oTf OTf

B(OH). | O
CN

HO

>

de O f,g O

g OH

8 la

Scheme 1. a) Pd(PPh;),, Na,CO; (aq), DME/EtOH, 80°C, 17 h, 98%;
b) BBr;, CH,Cl,, 0—10°C, 9h, 92%; c) Tf,O, pyridine, 0°C-RT, 17 h,
95%; d) Pd(PPhs),, 2-(3-isobutyl-4-methoxyphenyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane, Na,CO; (aq), DME/EtOH, 80°C, 20h, 87%;
e) BBr;, CH,Cl,, 0-10°C, 9 h, 97 %; f) CH,CICN, K,CO;, acetone, 55°C,
40 h, 95%; g) NaOH (aq), MeOH, 50°C, 24 h, 74%. DME = 1,2-dimeth-
oxyethane, Tf = trifluoromethanesulfonyl.

The ability of 1a to influence the disruption of the gp41 core
was studied by CD spectroscopy. A model system composed
of two peptides (N36 and C34), from the N- and C-heptad
repeat regions of gp41, forms a stable six-helix bundle (7, =
66°C) that is analogous to the gp4l core (Figure 3).F1 CD
experiments show that the C34 peptide alone in solution is a
random coil and the N36 peptide alone forms concentration-
dependent aggregates.*® Titration of 1a into a 10 uM solution
(50 mm phosphate-buffered saline (PBS), 150 mm NaCl,
pH 7.0, 4°C) of the preformed gp41 core model resulted in a
decrease of the CD signal at ©222 and 208 nm which
corresponds to a reduction in the helicity of the hexameric
bundle (Figure 3). A plot of ©222 versus inhibitor concen-
tration (Figure 4) shows saturation at approximately three
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Figure 3. CD spectra of a 10 um solution (50 mm PBS, 150 mm NaCl,
pH 7.0, 4°C) of the gp41 core model upon titration of 1a (0-50 um). The
arrow indicates the reduction in signal at 6222 and 208 nm.
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Figure 4. CD signal at 6222 nm versus inhibitor concentration: 1a (m); 2
(#); 3 (@); 4 (+); and 1b (a). The inhibitors were titrated into a 10 pm
aqueous solution of the gp41 model complex (50 mm PBS, 150 mm NaCl,
pH 7.0, 4°C).

equivalents of 1a. The CD spectrum with excess 1la was
similar to the theoretical addition of the individual N36 and
C34 spectra at the same concentration.'’) The thermal
denaturation curve of the gp4l core in the presence of
50 um 1a shows a significant drop in the T, value (AT, =
18°C) and closely resembles the melting transition of N36
alone at the same concentration (Figure 5).°! These data
suggest that the hexameric helix bundle structure is disrupted
by helix mimetic 1a, presumably by displacement of the C34
peptide.

Both the hydrophobic and electrostatic features of 1a are
important for its ability to disrupt the bundle. Analogues 3
and 4, which lack the key alkyl side chains, and analogue 2,
with positively charged substituents on the hydrophobic core,
have little effect on the CD spectrum of the protein even at
high concentrations (Figure 4). Also, thermal denaturation
experiments showed that 2—4 (at 100 um) had no effect on the
melting transition of the system (Table 1). To test the scope of
this strategy we have increased the size of the hydrophobic
substituents in 1a, by using the bis-benzyl substituted 1b. This
molecule shows a modest enhancement in activity relative to
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Figure 5. CD thermal denaturation experiments: 10 uMm gp41 core model
(@); 10 um gp41 core model in the presence of 50 um 1a (m); and 10 um N36

(o)

Table 1. Inhibitory activities of compounds 1a—4. T, refers to the thermal
melting transition of 10 um gp41 core in the presence of inhibitor: 1a
(50 um), 2—4 (100 pm).

Inhibitor T N36/C34 ELISA 1Cs, Cell Fusion 1Cy,
[°Cl] [pgmL-"] [mgmL']

1la 48 13.18 +2.54 15.70 £1.30.

2 65 > 100 —lal

3 66 > 100 —lal

4 66 >100 Ll

[a] No inhibition was detected below concentrations that caused cyto-
toxicity (~25-50 pygmL™).

1a (Figure 4), fully disrupting the hexameric bundle at a lower
concentration.

The disruption of the hexameric bundle seen in the CD
experiments was supported by an enzyme-linked immuno-
sorbent assay (ELISA) for gp4l core disruption using an
antibody that binds the N36/C34 helix bundle but not the
individual peptides (Table 1).1'1 Mimetic 1a effectively dis-
rupts N36/C34 complexation with an ICy, value of 13.18 +
2.54 nygmL~!, while 2—-4 have no effect at 100 pgmL".

Finally, the effects of antagonist 1a on HIV-1 mediated
fusion were studied using a dye-transfer cell fusion assay.['’] Tf
the gp41 core is being disrupted, as implied by the CD and
ELISA experiments, then the fusion mechanism of HIV-1
should be inhibited. Indeed, 1a shows inhibition of HIV-1
mediated cell-to-cell fusion with an ICs,value of 15.70+
1.30 ygmL~! (Table 1). In comparison, compounds 2-4 had
no inhibitory activity and proved to be cytotoxic at similar
concentrations (data not shown).

In conclusion, a strategy of helix mimicry based on a
substituted terphenyl scaffold was applied to the design of an
antagonist of gp41 core formation. CD and ELISA experi-
ments suggest that 1a disrupts the formation of a six-helix
bundle corresponding to the gp41 fusion-active conformation,
subsequently resulting in the inhibition of HIV-1 entry into
host cells. The structural and mechanistic similarities of gp41
to fusion-mediating subunits of other enveloped viral glyco-
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proteins suggest that such a universal inhibitor design could
potentially be effective against several different viruses.!'s!
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A Breathing Hybrid Organic - Inorganic Solid
with Very Large Pores and High Magnetic
Characteristics

Karin Barthelet, Jérome Marrot, Didier Riou,* and
Gérard Férey

Porous solids!!! usually find applications in the areas of ion-
exchange, separation, and catalysis. The recent discovery of
new materials based upon transition metal ions? opens the
possibility of making open frameworks that exhibit also some
of the remarkable electronic properties of condensed tran-
sition metal compounds (ferro- and ferrimagnetism, metal-
semiconductor transitions, ferroelectricity, combined ionic/
electrical conductivity). Up to now, in the field of magnetism,
the major limitation for producing porous solids with high
ordering temperatures came from the structure itself. Indeed,
most of the porous compounds are built from metallic clusters
linked by diamagnetic linkers (phosphates, arsenates, silicates,
aliphatic chains) which prevent strong, long-range interac-
tions. To date, the highest Néel temperatures were observed
for the purely inorganic porous skeleton of ULM-3P! (37 K)
and for the hybrid solid HKUST-1# (75 K).

To overcome this difficulty, our design strategy is to link
chains of corner-sharing transition metal octahedra (which
favor strong, long-range superexchange coupling) by rigid
organic linkers containing delocalized m electrons for the
three-dimensional transmission of the interactions. The use of
such linkers was mainly developed by the groups of Yaghi and
O’Keeffe,’"l Zaworotko,* and Kitagawal>! for metal-organic
frameworks with modulable very large pores.

As an example of our design principle, we describe here the
synthesis, structure, magnetic and sorption properties of a
large-pore, flexible, open framework (MIL-47) that is anti-
ferromagnetic below 95 K.

To implement this design, we used the hydrothermal
reaction (teflon-lined steel autoclave Parr, four days, 473 K,
autogenous pressure, filling rate: 50 %) of either a mixture of
VCl;, terephthalic acid, and desionized water (molar ratio
1:0.25:100), which only provides homogeneous pure powders,
or of vanadium metal, terephthalic acid, hydrofluorhydric
acid, and water (molar ratio 1:0.25:2:250) when crystals are
needed. In both cases, the pH value remains 1 throughout the
synthesis and the yield is close to 15%. The resulting light
yellow product, (hereafter labeled MIL-47as), which is stable
in air, is formulated VY(OH){O,C-C,H,-CO,}- x(HO,C-
C¢H,-CO,H) (x~0.75) on the basis of elemental analysis
(caled: C 471, V 14.3; found: C 46.87, V 13.79;). Both
thermodiffractometry and thermal analyses (TGA2050 TA
apparatus, O, flow, heating rate 2K min~!) show (Figure 1a) a
decomposition of MIL-47as in two steps between 300 and
420°C. The first weight loss (exp.: 32.3 %, calcd: 34.92 % for
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