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The pre-hairpin intermediate of gp41 from the human
immunodeficiency virus (HIV) is the target for two classes
of fusion inhibitors that bind to the C-terminal region or
the trimeric coiled-coil of N-terminal helices, thereby pre-
venting formation of the fusogenic trimer of hairpins.
Using rational design, two 36-residue peptides, N3gMut:&
and N36M"*@D were derived from the parent N36 peptide
comprising the N-terminal helix of the gp41 ectodomain
(residues 546-581 of HIV-1 envelope), characterized by
analytical ultracentrifugation and CD, and assessed for
their ability to inhibit HIV fusion using a quantitative
vaccinia virus-based fusion assay. N36M'*®2 contains
nine amino acid substitutions designed to disrupt inter-
actions with the C-terminal region of gp41 while preserv-
ing contacts governing the formation of the trimeric
coiled-coil. N36M"*@9 contains nine substitutions de-
signed to block formation of the trimeric coiled-coil but
retains residues that interact with the C-terminal region
of gp41. N36Mut®d js monomeric, is largely random coil,
does not interact with the C34 peptide derived from the
C-terminal region of gp41 (residues 628-661), and does
not inhibit fusion. The trimeric coiled-coil structure is
therefore a prerequisite for interaction with the C-termi-
nal region of gp41. N36M"*®® forms a monodisperse, hel-
ical trimer in solution, does not interact with C34, and yet
inhibits fusion about 50-fold more effectively than the
parent N36 peptide (IC;, ~ 308 nm versus ~16 um). These
results indicate that N36™“*®# acts by disrupting the ho-
motrimeric coiled-coil of N-terminal helices in the pre-
hairpin intermediate to form heterotrimers. Thus
N36Mut©2 represents a novel third class of gp41-targeted
HIV fusion inhibitor. A quantitative model describing the
interaction of N36M"t©® with the pre-hairpin intermedi-
ate is presented.

Virus-cell and cell-cell fusion mediated by the viral envelope
glycoproteins (Env)® (1) gp41 and gp120 constitute the first step

* This work was supported by the Intramural AIDS Targeted Anti-
viral Program of the Office of the Director of the National Institutes of
Health (to G. M. C. and C. A. B.). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

i To whom correspondence may be addressed: Laboratory of Bioor-
ganic Chemistry, Bldg. 8, NIDDK, National Institutes of Health,
Bethesda, MD 20892-0820. Tel.: 301-594-5187; E-mail: caroleb@
intra.niddk.nih.gov.

§ To whom correspondence may be addressed: Laboratory of Chemi-
cal Physics, Bldg. 5, Rm. B1-30I, NIDDK, National Institutes of Health,
Bethesda, MD 20892-0510. Tel.: 301-496-0782; Fax: 301-496-0825;
E-mail: clore@speck.niddk.nih.gov.

! The abbreviations used are: Env, viral envelope glycoprotein(s);
HIV, human immunodeficiency virus; gp120, surface envelope glycopro-
tein of HIV; gp41, transmembrane subunit of HIV envelope; N36 and
C34, peptides encompassing residues 546-581 and 628-661 of HIV-1

14238

of infection and dissemination, respectively, of the human immu-
nodeficiency virus (HIV) and hence represent a promising target
for the development of antiviral therapeutics (2). Following bind-
ing of gp120 to CD4 and a chemokine receptor, a conformational
change occurs in the gp120/gp41 oligomer that leads to insertion
of the fusion peptide of gp41 into the target membrane and
ultimately membrane fusion (2, 3). The structure of the ectodo-
main of both HIV and simian immunodeficiency virus gp41 in its
fusogenic/postfusogenic state has been solved by NMR (4) and
crystallography (5—-8) and shown to consist of a trimer of hair-
pins. Each subunit comprises long N- and C-terminal helices
connected by a 25—-30-residue loop. The N-helices form a parallel,
trimeric coiled-coil in the interior of the complex surrounded by
the C-terminal helices oriented antiparallel to the N-terminal
helices (Fig. la, bottom). Peptides derived from the C- and N-
helices inhibit Env-mediated fusion at nanomolar and micromo-
lar concentrations, respectively (9-12). These peptides do not
bind the fusion-active or postfusogenic state of gp41 as repre-
sented by the ectodomain of gp41 free in solution and are thought
to interact with a pre-hairpin intermediate (2, 13, 14) in which
the N- and C-helices are not associated and the trimeric coiled-
coil of N-helices is exposed (Fig. la, top left). Peptides derived
from the C-terminal helix, such as C34 (residues 628—-661 of
HIV-1 Env) and T20 (residues 638—673 of HIV-1 Env; currently
in phase III clinical trials (15, 16)) target the exposed face of the
trimeric coiled-coil of N-helices (11, 13, 14, 17, 18). Engineered
constructs such as the chimeric protein Nycg-gp41 (19), which
features an exposed, stable, disulfide-linked, trimeric coiled-coil
of N-helices grafted onto the minimal, thermostable ectodomain
of gp41; peptides in which the trimeric coiled-coil of N-helices is
stabilized by fusion to the GCN4 trimeric coiled-coil (12); and the
protein 5-helix (20), in which the internal trimeric coiled-coil of
N-helices is surrounded by only two C-helices, specifically target
the C-region in the pre-hairpin intermediate state (Fig. la, top
left). In both instances, packing of the C-region onto the trimeric
coiled-coil of N-helices is blocked, and hairpin formation is inhib-
ited. Although the ectodomain of gp41 in free solution is highly
thermostable (with a T, in excess of 100 °C) (21), it has been
shown to exist as a monomer-trimer equilibrium (21, 22). In the
context of the fusion process, the trimeric coiled-coil of N-helices
in the pre-hairpin intermediate state may also exist as a mono-
mer-trimer equilibrium (4, 22, 23). If this is indeed the case,
blocking the formation of the fusion-competent, homotrimeric
coiled-coil of N-helices may provide another molecular target for

Env, respectively; N36Mu%®# peptide derived from N36 that contains
nine substitutions at positions e and g of the helical wheel (defined in
the context of the gp41 trimer of hairpins structure) corresponding to
residues 549, 551, 556, 558, 563, 565, 570, 572, and 577 of HIV-1 Env;
N36Mut@d peptide derived from N36 that contains nine substitutions
at positions a and d of the helical wheel (defined in the context of the
gp41 trimer of hairpins structure) corresponding to residues 552, 555,
559, 562, 566, 569, 573, 576, and 580 of HIV-1 Env.

This paper is available on line at http://www.jbc.org
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Fic. 1. Schematic model illustrat-
ing the site of action of different HIV
fusion inhibitors that target the
ectodomain of gp4l. a, the fusogenic
state of gp41 (bottom) consists of a trimer
of hairpins comprising an internal tri-

Target of C34

meric, helical coiled-coil of the N-region Target of
(red) surrounded by helices derived from Nccg-gp41 ——»
the C-region (blue) (4—8). The inhibitors and 5-helix

target a pre-hairpin intermediate state
(top) in which the N- (red) and C- (blue)
regions of gp41 are not yet associated (2).
In the pre-hairpin intermediate state, the
N-region (red) is thought to consist of a
trimeric, parallel helical coiled-coil; the
fusion peptide (green) located at the N
terminus of the ectodomain of gp41 is in-
serted into the target cell membrane; the
C-region (blue) of gp41 is anchored to the
viral membrane by a transmembrane seg-
ment (purple). Peptides derived from the
C-region, such as C34 (11), bind to the
N-region in its trimeric coiled-coil state;
the proteins Nyog-gp41l (19) and 5-helix
(20), which expose either the complete or
a portion of the N-region trimeric coil-coil
in a stable form, bind to the C-region.
N36Mut©® the subject of the present ar-
ticle, has been designed to remove the
interaction surface between the N- and
C-regions and therefore can only interact
with the N-region in a monomeric form,
thereby disrupting the homotrimeric
coiled-coil N-region and resulting in the b
formation of heterotrimers. In all three

instances, the fusion inhibitors block the

formation of the trimer of hairpins,

thereby preventing apposition of the viral

and target cell membranes. b, as a conse-

quence of the existence of a monomer-

trimer equilibrium for the trimeric coiled-

coil of N-helices, the interaction of
homotrimeric N36™Mvt*# (yellow) with the
fusion-competent homotrimeric pre-hair-

pin intermediate (N-helices in red) results

in subunit exchange and the formation of
fusion-incompetent heterotrimers.
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inhibiting HIV cell fusion. In this article, we present the design
and characterization of a peptide, derived from the N-helix of
gp41, in which the sites of interaction with the C-helices have
been mutated, but the sites of intermolecular contacts between
the N-helices have been preserved. This peptide, which we term
N36Mute®  js about 50-fold more effective in inhibiting HIV
Env-mediated cell fusion than the N36 peptide (residues 546—
581 of HIV-1 Env) of gp41 from which it was derived. These data
strongly suggest that the homotrimeric coiled-coil of N-helices in
the pre-hairpin state can be disrupted.

EXPERIMENTAL PROCEDURES

Peptides—All peptides (Fig. 2b), purchased from Commonwealth Bio-
technologies (Richmond, VA), were synthesized on a solid phase sup-
port, purified by reverse phase high pressure liquid chromatography,
and verified for purity by mass spectrometry and amino acid composi-
tion. All peptides bear an acetyl group at the N terminus and an amide
group at the C terminus. Concentrations of peptides were determined
spectrophotometrically: the calculated A,g, values (1-cm path length)
for a concentration of 1 mg/ml N36, N36Mut=® N3eMu* @D and C34 are
1.35, 1.31, 1.34, and 2.90, respectively. The corresponding molecular
masses are 4160, 4293, 4182, and 4286 Da, respectively.

Circular Dichroism—CD spectra of peptides (at a concentration cor-
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Fic. 2. Design of a peptide that dis-
rupts the internal N-region trimeric
coiled-coil in the pre-hairpin inter-
mediate state of gp41l. a, helical wheel
representation illustrating the interac-
tion between the N- and C-regions of gp41
in the trimer of hairpins as observed in
the solution (4) and crystal (5-8) struc-
tures of the fusogenic/postfusogenic state
of the ectodomain of gp41. The intermo-
lecular contacts between the N-helices oc-
cur between positions a and d of the hel-
ical wheel. Contacts between the N- and
C-helices (intra- and intermolecular) in-
volves residues at positions e and g of the
N-helices and positions a and d of the
C-helices. b, peptide sequences. The N36
peptide comprises residues 546-581 of
the N-region of HIV-1 gp41, and the C34
peptide comprises residues 628-661 of
the C-region of HIV-1 gp41. N36 and C34
associate to form a six-helix bundle whose
structure has been solved crystallographi-
cally (5). In the N36M"*=® mutant, the b
residues at positions e and g of N36 have
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been substituted by residues at positions e N36Mut(e,g) D .E =L L E Q K L

and g, respectively, of C34; this effectively T T T T T T I T T
removes the interaction surface with C34

but preserves the contacts necessary to 546 550 560 570 580
form a trimeric coiled-coil of N-helices. In N36 SG IVQQQNNL LRAI EASQHLLQLTVWG | KQLQARI L
the N36Mut@d mytant, the residues at bcdefgabcdefgabcdefgabcdefgabcdefgab
positions a and d of N36 have been sub- l l l l l l l l l
stituted by residues at positions f and c,

respectively, of C34; this removes the con- N36Muf(a,d) L Q E N E S S N R

tacts necessary to form the trimeric coil-
coil of N-helices but preserves the inter-
action sites with C34.

C34

responding to 0.7-0.8 A,5,) were recorded at 25 °C on a JASCO J-720
spectropolarimeter using a 0.05-cm path length cell. Quantitative eval-
uation of secondary structure from the CD spectrum was carried out
using the program CDNN (www.bioinformatik.biochemtech.uni-halle.
de/cd_spect/index.html; Ref. 24).

Sedimentation Equilibrium—Sedimentation equilibrium experi-
ments were conducted at 20.0 °C and three different rotor speeds
(16,000, 20,000, and 24,000) on a Beckman Optima XL-A analytical
ultracentrifuge. Peptide samples were prepared in 50 mM sodium for-
mate buffer (pH = 3) and loaded into the ultracentrifuge cells at
nominal loading concentrations of ~0.2 and 0.7-0.8 A,4,. Data were
analyzed in terms of a single ideal solute to obtain the buoyant molec-
ular mass, M(1 — vp), using the Optima XL-A data analysis software
(Beckman). The value for the experimental molecular mass M was
determined using calculated values for the density p (determined at
20 °C using standard tables) and partial specific volume v (calculated
on the basis of amino acid composition (25)).

Cell Fusion Assay—Inhibition of HIV Env-mediated cell fusion by
peptides was carried out as described previously (19) using a modifica-
tion (26) of the vaccinia virus-based reporter gene assay (using soluble
CD4 at a final concentration of 200 nm). B-SC-1 cells were used for both
target and effector cell populations. Target cells were co-infected with
vCB21R-LacZ and vCBYF1-fusin (CXCR4), and effector cells were co-
infected with vCB41 (Env) and vP11T7genel at a multiplicity of infec-
tion of 10. For inhibition studies, peptides were added to an appropriate
volume of Dulbecco’s modified Eagle’s medium (2.5%) and phosphate-
buffered saline to yield identical buffer compositions (100 ul) followed
by addition of 1 X 10° effector cells (in 50 ul of medium) per well. After
incubation for 15 min, 1 X 10° target cells (in 50 ul) and soluble CD4
were added to each well. Following 2.5 h of incubation, B-galactosidase
activity of cell lysates was measured (A;,,; Molecular Devices 96-well
spectrophotometer) upon addition of chlorophenol red-p-p-galactopyr-
anoside (Roche Molecular Biochemicals). The curves for %fusion versus

630 640 650 660
WMEWDREINNYTSLIHSLIEESQNQQEKNEQELL
abcdefgabecdefgabcdefgabedefgabedef

peptide inhibitor concentration were fit by nonlinear least-squares op-
timization using the program FACSIMILE (27, 28).

RESULTS AND DISCUSSION

Design of Peptide Inhibitors—The helical wheel diagram in
Fig. 2a illustrates the interactions between the N-helices and
between the N- and C-helices as observed in both the NMR (4)
and x-ray (5—8) structures of the fusogenic/postfusogenic state
of the ectodomain of gp41. Internal contacts between the N-
helices involve positions a and d of the helical wheel (5). Each
C-helix interacts with two N-helices (one intra- and the other
intersubunit): these contacts involve positions e and g of the
N-helices and positions @ and d of the C-helix (5). The first
crystal structure of the HIV-1 gp41 ectodomain core consisted
of a complex of N36 and C34 peptides comprising residues
546-581 and 628-661, respectively, of HIV-1 Env (5). Using
the N36 and C34 peptides as starting points, we designed two
peptides: N36Mu%®8) which can only undergo self-association
but cannot interact with C34, and N36M"®d <vhich can no
longer self-associate but could potentially still interact with
C34 (Fig. 2b). In the case of N36Mu*#) the residues at posi-
tions e and g of N36 have been replaced by residues at positions
e and g of C34. Since the latter residues are located on the
external surface of C34 in the context of the ectodomain gp41
core (4—8) and since C34 on its own is monomeric (29),2 this set

2C. A. Bewley, J. M. Louis, R. Ghirlando, and G. M. Clore, unpub-
lished data.
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FiG. 3. Characterization of
N36M*t=® (red) and N36™*>P (blue).
a, results of analytical ultracentrifuga-
tion on N36Mu“® and N36Mu*>d Sedi-
mentation equilibrium profiles, plotted in
terms of In(A,4,) versus the square of the
radius (%) (bottom panel), are shown; also
shown in the top two panels is the distri-
bution of residuals between calculated
and experimental data for best fits to a
monomer of N36Mu@d and a trimer of
N36Mut=® The concentrations (in mono-
mer) of N36Mad and N36Mutee are
~140 M (Aygy ~ 0.8) and 124 uM (Ao ~
0.7), respectively. The calculated molecu-
lar masses are 3660 = 80 Da for
N36Mut@d wwhich corresponds to a mono-
mer, and 12,040 + 200 Da for N3gMute:s)
which corresponds to a trimer. An inde-
pendent run for N36Mut#) at a3 concentra-
tion of 36 uM in monomer (A,g, ~ 0.2)
yielded a molecular mass of 12,500 + 180
Da. b, CD spectrum of N36Mu%®& and
N36Mut@d The calculated helical content
is ~80% for N36Mu“=® and ~20% for
N3gMut@d doo degrees.
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interaction between quired to form the trimeric coiled-coil of N-helices. In the case

N36Mute8) and the C-region of gp41 in its pre-hairpin interme-  of N36M"*@d the residues at positions ¢ and d of N36 have
diate state while preserving the intermolecular contacts re- been substituted by residues at positions f and ¢ of C34, which
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ated cell fusion by N3gYut©s), B
N36Mt@d  and N36. Red solid circles,
N36Mute®): plye solid squares, N3eMut@d,
black open circles, N36.The solid lines
represent best fits to the data using the
simple activity relationship: %fusion =
100/(1+[II/IC,,) where [I] is the inhibitor
concentration. The IC,, values for
N36Mute®) and N36 are 308 = 22 nm and
16 += 2 uM, respectively. N36Mut@d dig- r
plays no inhibitory activity at the concen-
trations tested. 20
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are located on the solvent-exposed face of the ectodomain core
of gp41 (4-8), thereby removing the intermolecular contacts
required to form the trimeric coiled-coil of N-helices.

Biophysical Characterization of N36M“©& qnd N36M«(@d_
The results of analytical ultracentrifugation on N36Mut®# and
N36Mut@d are presented in Fig. 3a. N36Mut®# hehaves as a
single monodisperse species at concentrations of ~36 um (in
monomer; Aygy ~ 0.2) and ~124 uM (in monomer; Ayg, ~ 0.7)
with a molecular mass of ~12,000-12,500 Da, corresponding to
a trimer. In this context it is worth noting that N36 on its own
aggregates and does not form a well defined trimer (12),? pre-
sumably due to further self-association involving the predom-
inantly hydrophobic residues at positions e and g, which have
been substituted by predominantly hydrophilic residues in
N3eMutes) (Fig, 2b). N36Mu* @D a]s0 behaves as a single mono-
disperse species at a concentration of ~140 uM (Ayg, ~ 0.8), but
its molecular mass is only ~3700 Da, corresponding to a
monomer.

CD spectra of N36Mut¢& and N36M 2D are shown in Fig.
3b. N36Mute® digplays a double minimum at 208 and 222 nm,
characteristic of an a-helix; and quantification of the CD data
(24) indicates a helical content of ~80%. N36M“*@d  on the
other hand, is largely random coil (characterized by a minimum
around 200 nm) with a small amount of a-helix (~20%).

We were unable to detect any evidence of interaction be-
tween either N36Mu4e® or N36Mut@d and C34 by either ana-
lytical ultracentrifugation or CD. The absence of interaction
between N36Mu%¢® and C34 is exactly as predicted from the
design since the points of contact with C34 have been mutated
(cf. Fig. 2). The absence of interaction between N36M*@® and
C34 was initially somewhat surprising since the residues that
contact C34 in the context of the fusogenic/postfusogenic state
of the gp41 ectodomain were preserved. This result therefore
indicates that C34 can only form a complex with a stable
trimeric coiled-coil of N-helices. From a structural standpoint,
this is readily understood since each C-helix contacts two N-
helices of the trimeric coiled-coil (one intramolecular and the
other intersubunit; ¢f. Fig. 2a), and the buried surface area for
each of the two interactions is comparable.

To exclude the remote possibility that N36™Mu*®# could be-
have in a manner analogous to C34 and bind to the surface of
the trimeric coiled-coil of N-helices in the pre-hairpin interme-
diate of gp41, we also examined the interaction of N36Mutc:®
with the engineered protein Nycg-gp4l. Nocg-gp4l is a chi-
meric protein that features an exposed trimeric coiled-coil of

107 106 105 104 103

peptide [M]

108

N-helices that is stabilized both by fusion to a minimal ther-
mostable ectodomain of gp41 and by engineered intersubunit
disulfide bonds (19). The exposed trimeric coiled-coil of N-
helices in Ngcg-gp41 mimics that of the pre-hairpin interme-
diate of gp41, but in contrast to native gp41, the N-helices
cannot dissociate since they are covalently tethered by disul-
fide bonds. Analytical ultracentrifugation on various mixtures
of N36M1“®® and Nng-gp41 in ratios of 4.5:1 and 11.7:1 (24 um
N36Mut©8 plus 5.3 uM Nog-gp4l and 51 um N36MuHe® plus
4.4 uM Neg-gp41, respectively, with concentrations expressed
in trimer) provided no evidence of any interactions between
these two molecules, and the data were readily accounted for by
a mixture of two ideal species.

Inhibition of HIV Env-mediated Cell Fusion—The results of
a quantitative vaccinia virus-based reporter gene assay (26) for
HIV Env-mediated cell fusion are shown in Fig. 4. N36 inhibits
fusion with an IC;, of 16 = 2 uM in agreement with previous
results (19). N36™M1# inhibits fusion with an ICy, 308 + 22
nM. Thus N36Mute® js ~50-fold more active in inhibiting fu-
sion than N36. N36M"%ad on the other hand, fails to inhibit
fusion even at concentrations as high as 0.1 mm. The lack of any
fusion-inhibitory activity for N36M®d ig exactly as predicted
from the biophysical data since N36M"“®% does not self-asso-
ciate and does not interact with C34.

Since N36Mue® forms a well defined trimeric species that
does not interact with either C34 or the chimeric protein Neg-
gp41 (in which the N-helices of the solvent-exposed trimeric
coil-coil are covalently linked by interhelical disulfide bonds), it
must target the N-region of the pre-hairpin intermediate by
forming fusion-incompetent heterotrimers (Fig. 16). Analytical
ultracentrifugation on the ectodomain of gp41 indicates the
presence of only monomer and trimer species in equilibrium
(21, 22); that is, assembly of the trimer is a highly cooperative
process. The fusion-inhibitory activity of N36Mut®# therefore
indicates the presence of a dynamic equilibrium between mo-
nomeric and trimeric forms of membrane-bound gp41 that al-
lows subunit exchange to take place in the pre-hairpin inter-
mediate state. The rate of exchange between these species
must be sufficiently fast to permit efficient heterotrimer for-
mation within the lifetime (~15 min) of the pre-hairpin inter-
mediate (13, 30, 31).

Modeling Inhibition of HIV Env-mediated Cell Fusion by
N36Mut@8)_The inhibition curve for N36™M%# is well fit by a
simple Langmuir isotherm given by %fusion = 100/(1 +
[N36Mut(e’g)]/1050) (Fig. 4). Yet, mechanistically, the interaction



Inhibition of HIV-1 Env-mediated Cell Fusion 14243

a c Illlll T T TTITm T T TTTITIm T T TTTIT T ||||||I| T T TTTTm
L L+l K. ! 100r ]
2l Le 22y 8o [ E
2 | 2K : E ]
2 1 M+ L 7 ML | c N 4
1 ] L —
Z L L+Mm B3Ke MML ! -%60: ]
PLewme &2 gy £ ok B
] B3K2 I o= 40 N 5
I M+ LL =——— MLL . L J
L EEEEEEEE 20 .
TR T T T 1 - :
% : M+ M ‘-L_“ MM : 0 T BRI BRI MW AT B A E al
S5 1 M+ MM M2 | MMM | 109 108 107 106 105 104
E 1 BA1 5K : Lt [Molar]
E : M + ML - MML : d l”"'[ T 7T f‘ll”[ T T lf‘l"l LI ll”"l T l‘ll‘"[ T T T 11T
10F _.____ i .
: MMM = G :
K%Wer = K1K2 ?08 B =
% B L]
trimer s trimer — - il
Khomot = Kref 8 Lo - 1
¥ [&]
tr iz tri [ C N
Knetorom = B3Kre ™" a4 ]
KEmeree - A P 02f :
0 ¥ 1Tl i ul
109 108 107 106 105 104
Lt [Molar]
b e
T T T T -lllll T I T |||||||| T IIIIIIII T T TTITm T |||||||-
1.0 F .
10.0 E & ]
08 ‘e
T Lo LLL ]
= [ 2
Cg: B 0.6 | 1
-2 L ]
1.0 ; % 0.4F ]
02 .
0.1 L L saal i 0 Lol 5 0 vuul AR SV EETET T T IRTIIT
107 10€® 10° 104 1073 109 108 107 106 105 104
AMT [Molar] Lt [Molar]

Fi6. 5. Modeling the inhibition of HIV Env-mediated cell fusion by N36™"*>®_ 4 mechanistic scheme. L, LL, and LLL are the monomeric,
homodimeric, and homotrimeric forms, respectively, of the ligand N36Mut&); M, MM, and MMM are the monomeric, homodimeric, and
homotrimeric forms, respectively, of the prefusion intermediate of gp41 bound on the surface of the cell; ML is the heterodimeric species formed
by the interaction of M and L; MML and MLL are the heterotrimeric species. K®i™°" is the experimentally measured equilibrium association
constant for the monomer-trimer equilibrium of the ectodomain of gp41 in free solution (4.8 X 10 M~ 2; Ref. 21) given by the product of K, and
K, with K, >> K (since trimer formation is highly cooperative, and only monomer and trimer species can be detected by analytical ultracentrif-
ugation). (K, was arbitrarily set to 10* M, yielding a value of 4.8 X 107 M~ ! for K,.) The factors «, 8, and A relate the equilibrium association
constants for homotrimerization of L (Kiime, ), heterotrimerization of M and L (Kjimer 1), and homodimerization of M (KmesaPP) to K" The
factor A serves to convert the concentrations of species in the membrane to their bulk solution concentrations and, in addition, subsumes any
energetic differences between trimerization of the pre-hairpin intermediate of gp41 in the membrane and trimerization of the ectodomain of gp41
measured in free solution. The various numerical factors in front of the equilibrium constants are statistical factors related to symmetry
considerations involved in the formation of homo- and hetero-oligomeric species. b, variation in the optimized values of « and B derived by nonlinear
least-squares optimization as a function of AM,, where My is the total concentration of protein (monomer units) in bulk solution. The vertical bars
represent the error in the fitted parameters. ¢, comparison of the experimental fusion data (solid red circles) with the best fit theoretical curves
calculated for \My, = 1.5 X 10~° M (solid line) and 1.5 X 10~ * M (dashed line). (For a value of 10 pm for My, the corresponding values of A are 1.5 X
10°-1.5 X 107, respectively). The percentage of fusion activity is given by 100[MMM],,/[MMM], _,. Note that the two theoretical curves are
essentially indistinguishable not only from each other but also from a simple Langmuir isotherm. Calculated fractional concentrations of various
species as a function of total protein concentration, My (d), and total ligand concentration, Ly (e). The fraction of dimeric species (i.e. 2IMM]/Mr,
[ML]/M, and 2[LL]/Ly) is less than 1% for all values of L. The curves obtained for AM; = 1.5 X 10" ° M and 1.5 X 10" * M are shown as solid and
dashed lines, respectively.

of N36Mut©2) with the pre-hairpin intermediate of gp41 is far  their monomeric forms, respectively; LL and MM are ho-
more complex, involving multiple species in different homo- modimers; ML is a heterodimer; LLL and MMM are homotri-
and hetero-oligomerization states. The simplest scheme de- mers; and MML and MLL are heterodimers. We assume that
scribing the situation is presented in Fig. 5a. L and M repre- only the homotrimer MMM is fusion-active, and the fraction
sent N36Mut©2 and the pre-hairpin intermediate of gp41 in fusion activity is given by the ratio of [MMM]; /IMMM]y,, .
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The interactions between ligand (in its various oligomerization
states) and membrane-bound protein (in its various homo- and
hetero-oligomeric states) are described by their respective bulk
solution concentrations. The interactions involving only mem-
brane-bound species, however, are dependent on their concen-
trations in the two-dimensional membrane (i.e. number of mol-
ecules per unit area) that are much higher than their
concentrations in bulk solvent. In terms of thermodynamics, all
equilibria in Fig. 5a can be related to the species concentrations
in bulk solvent by multiplying the relevant equilibrium con-
stants by a factor A to yield appropriate apparent equilibrium
constants (Fig. 5a, middle panel).

The measured equilibrium association constant Kimer for
the ectodomain of HIV-1 gp41 in free solution (i.e. the trimer of
hairpins) is 4.8 X 10! M~ 2 and is given by the product of the
equilibrium association constants K; (monomer-dimer equilib-
rium) and K, (dimer-trimer equilibrium) (Fig. 5a, bottom pan-
el). Since trimerization of the gp41 ectodomain is highly coop-
erative (21, 22), K, >> K. Taking K i™°" as a reference point,
the overall equilibrium association constant between mono-
meric and homotrimeric species of L is given by aK'5™e", be-
tween monomeric and homotrimeric species of M by AK'rimer
(note that A also subsumes any difference in the energetics of
trimerization between the pre-hairpin intermediate in the
membrane and the ectodomain of gp41 in free solution), and
between monomeric species of L and M and heterotrimeric
species of M and L by 3BK'ime" (where the factor 3 is a statis-
tical factor). The scheme in Fig. 5a has three unknowns: «, B,
and AM, where M is the total protein concentration (in mon-
omer units). The data, however, are insufficient to determine
all three parameters independently. Nonlinear least-squares
fitting to the experimental data, optimizing the values of @ and
B, was carried out for values of AMy ranging from 1.5 X 10~7 to
1.5 X 10™3 M (which corresponds to values of A of 1.5 X 10%*-
1.5 X 108 for My, = 10 pM, the probable concentration of protein
in bulk solution, estimated on the basis of a concentration of
5 X 102 cells/ul and ~5000 gp41 trimers/cell). (Note that the
concentrations of the various species in the scheme shown in
Fig. 5a as a function of total ligand concentration, L, were
calculated numerically by integration of the differential equa-
tions describing the reactions to essentially infinite time.) The
optimized values of « and B depend on the product AMy, and
the results are therefore equally valid for a wide range of M.
concentrations. The data can be equally well fitted for values of
AM; ranging from 1077 to 103 M with « varying from ~10 to
0.1 and B varying from 1 to 10 (Fig. 5b). Best fits to the
experimental fusion inhibition data for A\My = 1.5 X 10~° and
1.5 X 10~ * M are shown in Fig. 5¢; the optimized values of « are
1.07 and 0.34 (with error estimates of ~40%), respectively, and
of B are 2.97 and 5.76 (with error estimates of 10%), respec-
tively. The resulting curves are essentially indistinguishable
from each other as well as from that obtained with a Langmuir
isotherm. The occupancy of the various species relative to M.
and Ly are shown in Fig. 5, d and e, respectively. For this set of
parameters, the fraction M in the trimeric state in the absence
of ligand is ~86% for A\My = 1.5 X 107° M and ~97% for AM
= 1.5 X 10~ * m; the value of Ly at which 50% of L is monomeric
is ~2 X 107% and 5 X 10 ¢ M, respectively. The occupancy of
homodimeric ligand is less than 1% of Ly; likewise the occu-
pancy of homodimeric (MM) and heterodimeric (LM) protein is
less than 1% of My for all values of L. Both MML and MLL
heterotrimers are formed with the MML heterotrimer peaking
at concentrations of L slightly less than that at which 50% of
the ligand is monomeric.

The above calculations reveal two important findings. First,
despite the complexities introduced by multiple homo- and
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hetero-oligomerization states, which might lead one to predict
a complex relationship between fusion and total ligand concen-
tration, a scheme such as that depicted in Fig. 5a can still yield
rather simple inhibition data that is readily characterized by a
Langmuir isotherm. Second, the values for the various equilib-
rium constants for trimerization required to best fit the exper-
imental fusion data are entirely compatible with the experi-
mentally measured value for the equilibrium constant for
trimerization of the ectodomain of HIV-1 gp41 in solution.

In the best fit calculations described above and depicted in
Fig. 5, only the homotrimeric form of the pre-hairpin interme-
diate of gp41l, MMM, is considered to be fusion-active. If the
calculations are repeated assuming that the heterotrimer,
MML, containing only one molecule of N36Mut®# is also fu-
sion-active, the resulting theoretical curves do not reproduce
the experimental data. One can therefore conclude that the
energetics of formation of a five-helix bundle comprising a
heterotrimeric internal coiled-coil consisting of two N-helices of
gp41 and one N36Mut®# helix surrounded by two C-helices of
gp41 is not sufficiently favorable to bring the target and viral
membranes into sufficiently close proximity for fusion to take
place.

Concluding Remarks—Using rational design, we have engi-
neered two peptides derived from the N-helix of the ectodomain
of gp41. The parent peptide, N36, corresponds to residues 546—
581 of HIV-1 Env and encompasses the N-terminal helix of
gp41. The N36Mu#@d peptide was designed to remove interac-
tions leading to self-association and the formation of a trimeric
coiled-coil of N-helices while preserving those residues that
interact with the C-helix of the ectodomain of gp41. The ab-
sence of any fusion-inhibitory activity of N36M*®9 Jeads us to
conclude that the C-region of gp41l can only interact with a
trimeric coiled-coil of N-helices. The N36Mu%®# peptide was
designed to preserve the interactions leading to self-association
while replacing those residues that interact with the C-region.
N36™Mu%2 forms a monodisperse trimer in solution that does
not interact with the C-region of gp41 and yet still inhibits
fusion about 50-fold more effectively than the native gp4l
sequence (i.e. N36) from which it was derived. These results
can only be explained by the existence of a dynamic equilibrium
between monomeric and trimeric coiled-coil forms of the N-
region of gp41 in the pre-hairpin intermediate on a time scale
sufficiently fast to permit subunit exchange and the consequent
formation of heterotrimers of the N-helices of gp41 and
N36Mute:8) Thus, N36Mu“e#) disrupts the homotrimeric coiled-
coil of N-helices in the pre-hairpin intermediate state of gp41
and represents a novel third class of gp41-targeted fusion in-
hibitor. The other two classes of inhibitors bind to either the
homotrimeric coiled-coil of N-helices (e.g. C34 and T20) or to
the exposed C-region (e.g. Nocg-gp41 and 5-helix) of gp41 in
the pre-hairpin intermediate state. Since C34 (and presumably
T20) also binds to Ngcg-gp41 and 5-helix (19, 20), these two
classes of inhibitors antagonize each other. In contrast, one
would predict that the N36Mu“# class of inhibitors should act
either additively or synergistically with either of the other two
classes. Therefore, N36M"“®8 may represent a promising lead
for the design of clinically effective, novel fusion inhibitors.
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