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ABSTRACT: The HIV-1 envelope glycoprotein gp41 undergoes a sequence of extensive conformational
changes while participating in the fusion of the virus with the host cell. Since the discovery of its postfusion
conformation, the structure and function of the protease-resistant six-helix bundle (6-HB) have been the
subject of extensive investigation. In this work, we describe additional determinants (S528—Q540 and
W666—N677) in the fusion peptide proximal region (FP-PR) and the membrane proximal external region
(MPER) that stabilize the six-helix bundle and are involved in the interaction of T-20 (FUZEON, an
anti-HIV-1 fusion inhibitor drug) with the gp41 FP-PR. Circular dichroism and sedimentation equilibrium
measurements indicate that the 1:1 mixture of N” and C” peptides comprising residues A541—T569 and
1635—K665 from the gp41 first and second helical repeats, HR1 and HR2, respectively, fail to form a
stable six-helix bundle. Triglutamic acid and triarginine tags were added to these N” and C” peptides,
respectively, at the termini distant from the FP-PR and the MPER to alter their pl and increase their
solubility at pH 3.5. The tagged HR1 and HR2 peptides were elongated by addition of residues S528—Q540
from the FP-PR and residues W666—N677 from the MPER, respectively. A 1:1 complex of the elongated
peptides formed a stable six-helix bundle which melted at 60 °C. These results underscore the importance
of a detailed high-resolution characterization of MPER interactions, the results of which may improve

our understanding of the structure—function relationship of gp41 and its role in HIV-1 fusion.

The human immunodeficiency virus type 1 (HIV-1)'
envelope protein is initially produced as a precursor glyco-
protein gpl160, which is proteolytically cleaved into two
subunits. The resulting surface subunit (gp120) and trans-
membrane subunit (gp41) remain noncovalently associated
and oligomerize as trimers on the surface of the virion. The
transmembrane subunit gp41 mediates fusion between HIV-1
and its target cells (/). After the penetration of the gp4l
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FIGURE 1: Schematic representation of HIV-1 gp41. Internal regions
are specified by abbreviations: FP, fusion peptide; HR1, N” heptad
repeat 1; LR, loop region; HR2, C" heptad repeat 2; TM,
transmembrane region; CP, cytoplasmic tail. The FP-PR and the
membrane proximal external region are colored light and dark gray,
respectively. Bars represent sequence location of key peptides used
in this study. The residues are numbered according to their position
in gp160 of HIV-1pyxg).

fusion peptide into the membrane of the target cell, gp41
undergoes structural rearrangements into a fusion-active
conformation, which is believed to form the six-helix bundle
(6-HB) by bringing the viral and cellular membranes together
in a hairpin conformation (see Figure 1). It has been shown
that the free energy released when gp41 undergoes this
conversion is directly and immediately used for pore forma-
tion by the merging of the viral and target cell membranes
(2). The 6-HB, revealed by crystallographic studies of the
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gp41 core (3-5), is thought to be the gp41 conformation in
the late stages of the fusion process. This conformation
involves a trimer of gp41 molecules and consists of the
C-terminal helical segments of three gp41 molecules (C’
heptad repeat, HR2) packed onto a trimer of helices made
of N-terminal segments (N” heptad repeat, HR1) of gp41 (3-5).
To date, structural knowledge of HIV-1 gp41 is limited to
the protease-resistant core domain (3-5) of the 6-HB which
includes residues A541—K588 of the N-segment and residues
W628—K665 of the C-segment. However, there is currently
no structural information about segments preceding and
following this core in the 6-HB state of gp4l, that is, the
fusion peptide proximal region of residues S528—Q540 (FP-
PR) and the membrane proximal external region of residues
W666—N677 (MPER), respectively (Figure 1).

Previous studies revealed that the segment comprising
residues E657—W678 of gp41 includes the epitopes for the
two rare anti-gp41 broadly neutralizing antibodies 2F5 and
4E10 and represents the only neutralizing determinant of this
protein (6). The X-ray structure of the two antibodies in
complex with their respective gp41 peptides (both epitopes
are not present in previously published 6-HB structures)
revealed the conformation of these two epitopes (extended
for 2F5 and o-helical preceded by a short 3o-helix and
extended structure at the N” terminus for 4E10) corresponding
to the prefusion, prehairpin state of gp4l, before the
formation of the 6-HB (7, §).

The C-terminal region (residues W666—K683) of the gp41
ectodomain preceding the transmembrane domain (TM) is
rich in tryptophan residues that are conserved in lentiviruses
(9) and is crucial for the pathogenesis of HIV-1. Deletion
of residues L660—W670 (LLELDKWASLW) resulted in
partial dissociation of the oligomeric structure of gp4l,
abolished fusion, and decreased the extent of gp160 precursor
cleavage (/0). Mutation of the first three tryptophan residues
(W666, W670, and W672) sufficed to eliminate viral fusion
(9). Like C34 (W628—L661) (4), an overlapping peptide
corresponding to residues Y638—F673 of gp41, termed T-20,
was found to inhibit the fusion of the virus with the target
cell and is currently being used as an Federal Drug
Administration-approved entry inhibitor for the treatment of
HIV-1-infected individuals (71, 12). In accordance with the
studies cited above, truncation of the last 13 residues of T-20
or mutation of two tryptophans and a phenylalanine at the
C-terminal segment of T-20 reduced its activity by more than
5 orders of magnitude (/3).

The segment that includes the first 28 residues of T-20
and is comprised of gp41 residues W628—K665 was found
to be involved in formation of the 6-HB (3). Therefore, it
has been suggested that T-20 inhibits the formation of the
6-HB by interacting with the trimer formed by the N-terminal
helices. However, T-20 C-terminal residues W666—F673
were not included in any of the structures of the gp41 6-HB,
and there are no conclusive data on the interactions of this
C-terminal membrane proximal domain with other regions
of gp41, or with gp120. Furthermore, it has been found that
unlike C’ peptide C34 (W628—L661), T-20 does not form a
stable 6-HB with either the N36 peptide (S546—L581) (14)
or the N46 peptide (T536—L581) and may form insoluble
nonhelical complexes or aggregates (/5). Moreover, it has
been found that T-20 interacts with targets on gp120 (/4).
Thus, the exact role and structure of the last eight residues
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of T-20 in preventing viral fusion remains to be determined.
To shed light on the contribution of the C-terminal segment
of T-20 to its antiviral activity, and to study possible
interactions of the segment of residues W666—N677 with
the N-terminal segment of gp41, we searched for N” and C’
gp41 peptides that form a stable 6-HB. These peptides were
designed to contain the entire segment between the fusion
peptide and HR1 as the N-terminal component, and the entire
T-20 sequence within the C-terminal component (for the
definition of the various gp41 peptides, see Table 1). All
the peptides described in this paper, except the peptides
corresponding to core segments N29E3 (A541—T569—E3)
and R3C31 (R3—1635—K665), include two domains. These
are shortened core segments (A541—T569 or 1635—K665)
(3-5), together with the FP-PR and the MPER, respectively,
which are the focus of this work (Figure 1). The N42E3
peptide, with a triglutamic acid solubility tag at its C-
terminus, and the R3C43 peptide, with a triarginine solubility
tag at its N-terminus, were found to form a stable 6-HB. N’
and C’ gp41 peptides that contain only the A541—T569 core
segment linked to the triglutamic acid solubility tag (N29E3)
and 1635—K665 core segment linked to the triarginine
solubility tag (R3C31) did not form a stable 6-HB, clearly
indicating that the S528 —Q540 N-terminal segment and the
W666—N677 C-terminal segment interact with each other
and that this interaction contributes to the stabilization of
the 6-HB formed by gp41.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. Peptide N47 was synthesized on a
preloaded Fmoc-Lys(Boc)-Wang resin with 0.6 mmol/g
substitution at 0.05 mmol scale using an Applied Biosystems
Inc. model 433A synthesizer. The coupling strategy was
FastMoc chemistry. Double coupling was carried out for each
residue using HBTU/HOBt activation, and capping was
accomplished with acetic anhydride in the presence of DIEA.
After the completion of chain assembly, the resin was treated
with a solution of 0.75 g of phenol, 0.5 mL of thioanisole,
0.25 mL of EDT, 0.5 mL of water, and 10 mL of TFA. The
reaction was carried out at room temperature for 3 h. The
reaction mixture was filtered, and the filtrate was concen-
trated to a small volume on a rotator evaporator. The crude
peptide was precipitated by addition of ethyl ether and
purified by high-pressure liquid chromatography (HPLC)
(Thermo Separation Products) using a C4 reverse-phase
preparative column (GraceVydac). All synthetic peptides
were purified to >98% homogeneity and had the expected
mass as determined using electrospray ionization mass
spectrometry.

Vector Construction. The DNA encoding the TrpALE
polypeptide (/6) with a His tag at the N-terminus was
inserted between the Ndel and BamHI sites of pET24a
(Novagen, Darmstadt, Germany) and used as a starting point
to construct fusion proteins containing various segments of
gp41. The coding DNA for either the N-segment (S528 —R579)
or the C-segment (E630—N677) of the HIV-1 gp41 extra-
cellular domain, strain HXB2, including two TAA stop
codons, was attached to the DNA encoding the TrpALE
polypeptide sequence using HindIIl and BamHI restriction
sites. A hydroxylamine cleavage site, Asn-Gly (/7), solubility
tags, and stop codons in all constructs were created using a
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Table 1: Amino Acid Sequences of gp41 Peptides®

Peptide Gp41 position Sequence - N’ Peptides MW
N4g 2 S546-1581 541-ARQLL SGIVQQQNNL L RAIEAQQHLLQLTVWGIKQLQARILAVERYLKDQ-54, 5807.7
N52 $528-R579 50" STMGAASMTLTVQARQLLSGIVQQQNNLLRAIEAQQHL LQLTVWGIKQLQAR-; ;4 5757.7
N47 $528-K574 50" STMGAASMTLTVQARQLLSGIVQQQNNLLRAIEAQQHL LQLTVWGIK-5, 5161.0
N42 $528-T569 505" STMGAASMTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQL T, 4577.3
N42E, $528-T569-EEE 505" STMGAASMTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLT-;¢-EEE 4964 6
N38 $528-1565 505" STMGAASMTLTVQARQLLSGIVQQQNNLLRAIEAQQHL -¢¢5 41217
N29E, A541-T569-EEE 541-ARQLLSGIVQQQNNLLRAIEAQQHLLQLT-44-EEE 3685.1
Peptide Gp41 position Sequence - C’ Peptides
c422 N624-K665 624-NHTTWMEWDREINNYTSLIHSLIEESQNQQEKNEQEL LEL DK-gg: 5187.6
R,C49R, RRR-1635-K683-RRR RRR-g;:-INNYTSLIHSLIEESQNQQEKNEQELL ELDKWASLWNWFNITNWLWYIK;,RRR  7061.9
c48 E630-N677 s30-EVVDREINNY TSLIHSLIEESQNQQEKNEQEL L EL DKWASLWNWFNITN-¢;; 5950.4
R,C43 RRR-1635-N677 RRR-g3:-INNYTSLIHSLIEESQNQQEKNEQEL L EL DKWASLWNWFNITN-g;, 5703.2
C43 1635-N677 535-INNYTSLIHSLIEESQNQQEKNEQEL L EL DKWASLWNWFNITN-¢; 52347
C42 N636-N677 63-NNYTSLIHSLIEESQNQQEKNEQELLEL DKWASLWNWFNITN-4;; 51215
R,C31 RRR-1635-K665 RRR-g3:-INNYTSLIHSLIEESQNQQEKNEQELLELDK-g55 4169.6

“ Amino acid numbering (in subscript) is according to the gpl60 sequence of the HXB2 strain. Amino acids participating in core formation are
underlined. Solubility tags are in italics. ® Core peptides studied by Weissenhorn et al. (3).

Quik-Change XL site-directed mutagenesis kit (Stratagene,
La Jolla, CA).

Expression of the Fusion Peptide. Escherichia coli BL21
or Rosetta DE3 cells were transformed by standard heat-
shock transformation with plasmids encoding the expression
of gp41 C’ and N’ peptides, respectively. Cells were grown
overnight in 5 mL of LB medium at 37 °C with shaking at
225 rpm and then diluted 200-fold into 1 L of culture medium
in 5 L flasks. After dilution, cells were grown until the culture
reached an ODsgs of 0.6—0.7, and then expression was
induced by the addition of 1 mM isopropyl S-D-thiogalac-
topyranoside (IPTG) (Fermentas), followed by incubation for
16 h at 37 °C with shaking at 225 rpm. Cells were harvested
by centrifugation (8000 rpm for 30 min), suspended in buffer
A [50 mM Tris (pH 7.8), 0.5 mM EDTA, and 50 mM NacCl],
and sonicated while being cooled by ice (five 1 min pulses
at 70% amplitude, VibraCell, Sonics & Materials, Inc.).
Inclusion bodies were collected by centrifugation (13000 rpm
for 30 min at 4 °C), washed four times with buffer A, and
stored at —20 °C until cleavage.

Protein Cleavage. To release the gp4l peptides from
TrpALE carrier protein (/6), we chose hydroxylamine
cleavage (/7), since there are no naturally occurring aspar-
agine-glycine (NG) sequences in our gp41 peptides and since
the N’ peptides contain two methionine residues that
prevented the use of cyanogen bromide cleavage. Inclusion
bodies were cleaved in modified cleavage buffer [6 M
guanidine-HCI, 0.25 M hydroxylamine-HCl, and 50 mM free
methionine (pH 9)] at 45 °C for 6 h. Cleavage was stopped
by cooling and adding formic acid until the pH reached 7.

Peptide Purification. Cleavage samples were loaded on a
10 mL HisTrap column (GE Healthcare, Buckinghamshire,

England) immediately after the cleavage reaction [loading
buffer, 6 M guanidine-HCI, 10 mM imidazole, and 50 mM
Na,HPO, (pH 7.5)]. The flow-through solution containing
the gp41 peptides was dialyzed twice (1 kDa molecular mass
cutoff, Spectra/Por 6, Spectrum Laboratories, Inc.) against
50 mM NH4HCOj; (Fluka) in deionized Milli-Q water and
then lyophilized. The bound carrier protein was eluted from
the column by buffer containing 6 M guanidine-HCI, 0.8 M
imidazole, 0.5 M NaCl, and 50 mM buffer acetate (pH 4)
(elution buffer). The lyophilized crude gp41 peptides were
resuspended in 40% HPLC buffer B (buffer A, 99.9% H,O
and 0.1% TFA; buffer B, 74.9% acetonitrile, 25% H,0, and
0.1% TFA) and purified twice by high-pressure liquid
chromatography (HPLC) (Thermo Separation Products) using
C4reverse-phase preparative and analytical columns (GraceVy-
dac). All gp41 peptides eluted between 45 and 55% buffer
B using a gradient from 45 to 55% buffer B over 120 min.
Peptides were purified to >99% purity, and the molecular
mass was verified by MALDI/TOF and electrospray ioniza-
tion mass spectroscopy.

Circular Dichroism Spectroscopy. Circular dichroism (CD)
spectra were recorded using an AVIV Instruments Inc.
(model 202) spectrometer equipped with a thermoelectric
temperature controller. Spectra were recorded using 30 uM
samples at 4 °C in 1 mm quartz cells in 1 nm steps from
190 to 260 nm, a 1.5 nm bandwidth, and an averaging time
of 4 s/step. Data points were averaged over triplicate
determinations. Peptides were dissolved in buffer [5% D,O
and 2.2 mM deuterated formic acid (pH 3.2)]. After the
spectrum of the buffer was subtracted, raw ellipticity values
were converted to mean residue ellipticity using standard
methods. Thermal stability measurements were performed
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at 222 nm with 2 °C steps from 4 to 94 °C and back to 4
°C, and an averaging time of 30 s/step. Apparent thermal
melting points were calculated with a Boltzman sigmoid fit
(Origin version 7.0, OriginLab Corp.).

K, Determination. Peptide binding measurements were
carried out on a PC1 photon counting spectrofluorometer (ISS
Inc., Champaign, IL). C’ peptides (R3C31 or R3C43) were
mixed with their respective N” peptides (N29E3 or N42E3)
at different N’/C’ molar ratios and then diluted in buffer [5%
D,0 and 2.2 mM deuterated formic acid (pH 3.2)] to 2 uM
in a total sample volume of 250 uL. The excitation
wavelength was set to 276 nm to allow excitation of aromatic
residues (/8), and emission spectra were recorded at 290—450
nm at 25 °C (/8). The differences between the emission
intensity of the N” and C’ peptides’ mixtures and that of the
free C” peptide at 308 nm (for R3C31 which contains only
one tyrosine and neither tryptophan nor phenylalanine
residues) or at 350 nm (for R3C43 which contains one
tyrosine, three tryptophans, and one phenylalanine) at varying
N’ peptide/C’ peptide molar ratios were fitted to the following
equation (/9):

[Clo+ INTi + K,

AF= AF“’“"[ 2[Clo

(IClo + [NIi + K)> — 4[CloINI;
4[Clo2

where AF; is the difference between the fluorescence of the
peptide mixture and that of the unbound C” peptide, AFmax
is the fluorescence difference in the case of a 50-fold molar
concentration of the N” peptide with respect to the C” peptide,
[C]o is the constant C” peptide concentration, [N]; is the
variable N’ peptide concentration, and Ky is the N'—C’
dissociation constant.

Analytical Ultracentrifugation. Sedimentation equilibrium
experiments were performed on a Beckman Optima XL-A
analytical ultracentrifuge (Beckman, Coulter, CA) at 4 °C
unless otherwise indicated. Six-channel cells were used with
an An60 titanium rotor. The cells were scanned using a step
size of 0.001 cm, and data points were averaged over 10
replicates. Solutions of 10—30 uM peptides were prepared
in buffer [5% D,O and 2.2 mM deuterated formic acid (pH
3.2)]. Samples were initially scanned at 3000 rpm to identify
appropriate wavelengths for data collection. The absorbance
obtained at 3000 rpm was compared to the absorbance at
higher rpm to ensure that the peptides remained in solution
over the course of the experiment. Data were collected at
different rotation speeds and wavelengths according to the
sample’s absorbance and the expected molecular mass.
Weight-averaged molecular masses were obtained by averag-
ing the molecular masses from all data sets after reaching
equilibrium. The apparent molecular mass was calculated
by the formula M = [2RT/(1 — vp)w?][d(In Abs)/dr?] (20),
where M is the solute molar weight (in grams per mole), R
is the gas constant in grams per square centimeter per square
minute, 7 is the temperature in kelvin, 1 — vp = 0.27 (v is
the partial specific volume in milliliter per gram; p is the
density in grams per milliliter) (27), w is the angular velocity
of the rotor in revolutions per minute, and d(In Abs)/dr? is
the first derivative of In Abs with respect to 7%, where Abs
is the absorbance of the solute (OD) at r which is the radial
distance from the axis of rotation. Different rotor speeds were
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tested to achieve a good fit of the data to probable
multimerization states (i.e., monomers, dimers, etc.). Equi-
librium was reached after an overnight run and verified by
overlay and subtraction of at least two successive scans.

RESULTS

Matching the HR1 Peptide to NN-T-20-NITN (C42). To
examine whether a peptide that contains most of the MPER
and the entire T-20 sequence, but only part of the core
segment, can form a 6-HB similar to the one formed by core
peptides C34 and N36 (4), we followed the interactions of
C42 with different N peptides. We used the T-20 peptide
analogue C42 (NN-T-20-NITN) (Table 1) in these experi-
ments because of its improved solubility at neutral or slightly
basic pH in comparison with T-20 which is poorly soluble
(21). Three N’ peptides, N47, N42, and N38 (Table 1), were
synthesized or expressed and then purified and mixed with
C42. Complex formation was followed by measuring the CD
spectrum of the free peptides and their mixtures in a 1:1
molar ratio. The theoretical isoelectric points (pI) of the N’
peptides are distributed between 10.5 and 12. However, the
pl of C42 is 4.1. The solubilities of the N’ peptides alone
are relatively high at acidic pH (up to 2 mM at pH <4).
Despite the improvement obtained by the addition of the NN
and NITN gp41 segments at the N- and C-termini of T-20,
C42 had a solubility of only 0.1 mM at pH >7 and was not
soluble at acidic pH. The large differences in the pls and
solubilities at the same pH resulted in technical problems
during their simultaneous dissolution in the same buffer. To
avoid precipitation of mixtures of the N” and C” peptides,
we prepared dilute solutions of each of the peptides and
incubated them together. The first N” peptide examined was
N47. According to the X-ray structure of the gp41 core (4),
this peptide aligns well with C42 with only five residues of
its C-terminal end that are part of the HRI1 core left
unmatched with opposing residues of the HR2 core. Fol-
lowing incubation with the C42 peptide, the sample severely
precipitated over a broad pH range (pH 3.5—8), and the CD
spectrum of the mixture could not be measured. The next
peptide examined was N42. The gp41 core segment of this
peptide should match perfectly with the core segment of C42.
Only slight precipitation was observed following incubation
of N42 with C42 (at pH <4). To better define the minimal
N’ peptide that can interact with C42, the next complex
examined contained the N38 peptide in which four more HR1
residues were omitted from the C-terminus of the peptide.
Similar to the case of N42, the mixture of N38 and C42
slightly precipitated out of solution, making mean residue
ellipticity conversions inaccurate.

Secondary Structure and Stability Analyses of HR1—Peptide
Complexes with C42. Circular dichroism (CD) spectroscopy
was used to analyze the secondary structure of the N42—C42
and N38—C42 complexes. Figure 2A shows that while N42
and C42 alone do not exhibit a high content of a-helices as
judged by the relative intensities of the 208 and 222 nm
minima, the N42—C42 mixture in a 1:1 molar ratio had a
CD spectrum typical of an o-helix, with two almost equal-
intensity minima at 208 and 222 nm. Similar changes were
observed for the N38—C42 mixture (Figure 2B). Due to the
slight precipitation in these solutions, no attempt was made
to calculate the mean residue ellipticities of the mixtures.
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FIGURE 2: Circular dichroism of untagged peptides. Spectra were collected at a peptide concentration of 30 M in 2.5 mM HEPES at pH
7 and 4 °C. (A) N42 (black), C42 (gray), and their 1:1 complex (dashed). (B) N38 (black), C42 (gray), and their 1:1 complex (dashed). (C)
Thermal unfolding of 1:1 complexes of N38 and C42 (#) and N42 and C42 (M). The CD signal is represented in millidegrees. The molar

ellipticity was not determined because of precipitation of the peptides.

However, the change in shape of the CD curve of the
peptides upon mixing the peptides in a 1:1 molar ratio
suggests the formation of an a-helix in the complex. The
thermal unfolding of the complexes was examined by CD
to determine their stabilities. As shown in Figure 2C,
while the N38—C42 complex had a melting temperature of
32 °C, the melting temperature of the N42—C42 complex was
53 °C. The CD measurements suggest that the additional four-
residue segment (C®LQLT>%) in the N42 peptide contributed
to the significant increase in complex stability. We hypothesize
this is due to interaction with the N-terminal segment of C42.
Notably, residues *°LQLT*® are the first residues of the
hydrophobic cavity formed by the N” peptides (22). The lower
stability of the N38—C42 complex in comparison with that of
the N42—C42 complex could be explained by the absence of
a hydrophobic interaction of Y638 with *LQLT>® which is
absent in the shorter N’ peptide complex.

Addition of Solubility Tags. As mentioned above, the N’
peptides, which form the core onto which the C-terminal
helices are packed, have pl values (pI = 10.9) drastically
different from those of the C” peptides (pI = 4.1) (Figure
3A,B). On the basis of the theoretical pl values, the
N-terminal peptides should exhibit maximum solubility at
acidic pH whereas the C’ peptides are expected to have
maximum solubility at neutral to basic pH (Figure 3). This
difference in the solubility properties of the N” and C’
peptides limited the concentration of the complexes to at most
0.1 mM at acidic pH (Table 2). Attempts to obtain a more
concentrated sample by preparing a highly diluted (10 4M)
complex followed by lyophilization, SpeedVac vacuum
concentration, buffer exchange via dialysis, or concentration
using semipermeable membranes (VivaScience, Gloucester-
shire, U.K.) resulted in irreversible aggregation. To enable
future structural studies of the complex between N” and C’
peptides containing the residues S528 —Q540 and W666—N677,
respectively, which were not included in any of the 6-HB
X-ray and NMR structures (3—5, 23), it was important to
develop constructs that would form a stable and soluble
complex.

Residue 1635 is one of the three hydrophobic residues
(1635, W631, and W628) of the C core that penetrates deeply
into the hydrophobic cavity formed by N core residues
L565—Q577 (4, 24). To further increase the stability of the
6-HB, 1635 was added to the C42 peptide. In addition, to
avoid precipitation of the N’ and C” peptides and/or their
complexes, to enable quantitative measurements of the
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FIGURE 3: Effect of solubility tags on the overall peptide charge
profile. Charge over pH plots created by Peptide property calculator,
Innovagen. The pl values of each peptide or tag are indicated.

ellipticity per residue, and to obtain concentrated solutions
of the complex for future NMR structural studies, we
explored the possibility of adding solubility tags to the
peptides. Since a basic pH is problematic for NMR measure-
ments of peptides due to fast exchange of the amide protons
with the solvent (25), we sought to optimize the solubility
of both peptides at acidic pH. Previously, simian immuno-
deficiency virus gp41 had been studied by NMR at pH 3,
providing a precedent for evaluating HIV-1 gp41 at acidic
pH (26). To increase the solubility of the N” and C” peptides
and of their complexes at acidic pH, we constructed
expression vectors with a short triarginine tag attached to
the C’ peptide (RRR, basic, pK, = 12.7). A triglutamic acid
tag was attached to the N peptide (EEE, acidic, pK, = 3),
to adjust the pI of each peptide to approximately 5 (Figure
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Table 2: Summary of Biophysical Properties of N” Peptide—C’ Peptide Mixtures”

solubility Tm complex molecular theoretical (6-HB)
N’ peptide C’ peptide (pH 3) precipitation  (°C) by CD mass (kDa) by AUC molecular mass (kDa)

N38 S528—L565 C42 N636—N677 <100 uM + 32 ND” 27.9
N42 S528—T569 C42 N636—N677 <100 uM + 53 ND? 28.3
N47 S528—K574 C42 N636—N677 <100 M  +++ ND* ND” 30

N52 S528—R579 C42 N636—N677 <100 M ++++ ND* ND” 31.9
N42 S528—T569 R3C43 RRR-1635—N677 >1 mM - 42 ND” 31.2
N42E3 S528—T569-EEE  R3C31 RRR-1635—K665 >1 mM - 34 8.1£0.5 27.7
N29E3 A541-T569-EEE R3C31 RRR-1635—K665 >1 mM - 38 11.6+2 239
N42E3 S528—T569-EEE  R3C49R3 RRR-1635—K683-RRR  ND - 45 20242 36.2
N29E3 A541—T569-EEE  R3C49R3 RRR-1635—K683-RRR  ND - 42 11.5+1 33.5
N29E3 A541—T569-EEE  R3C43 RRR-1635—N677 >1 mM - 42 30+£2 29.5
N42E3 S528—T569-EEE  R3C43 RRR-1635—N677 >1 mM - 60 31+£2 323

“ Solubility represents the maximum solubility at pH 3.2. Precipitation estimated by visual inspection. The apparent melting temperature of the helical
conformation was measured by CD analysis as described in Experimental Procedures. Molecular masses were determined by analytical

ultracentrifugation. * Not determined.

3C,D). The solubility tags were added to the side of the
peptide that contained the gp41 core segment (27) to prevent
interference with possible interactions between the S528—Q540
and W666—N677 segments which are the major focus of
this study. Clearly, the solubility tags altered the charge
versus pH profile of the peptides (Figure 3), and we found
that at pH 3.2 N29E3—R3C31 and N42E3—R3C43 com-
plexes exhibited solubilities of up to 2 and 1.5 mM,
respectively (Table 2).

Secondary Structure of Different gp41 Complexes with
Added Solubility Tags. As mentioned in the introductory
section, residues S528—Q540 and W666—N677 were not
included in the structures of any gp41 core complexes that
had been previously determined by X-ray crystallography
or NMR (3-5). To examine whether the S528—Q540 and
W666—N677 segments that correspond to the FP-PR and
most of the MPER, respectively, contribute to the stability
of the 6-HB, we prepared peptides N29E3 (A541—T569-
EEE) and R3C31 (RRR-1635—K665) that do not include the
S5528—Q540 and W666—N677 segments, respectively, and
compared their structures and stabilities with those of the
N42E3 and R3C43 peptides and of the different possible
complexes. CD spectra of peptides N29E3, R3C31, N42E3,
and R3C43 and the 1:1 N29E3—R3C31, N29E3—R3C43,
N42E3—R3C31, and N42E3—R3C43 mixtures reveal that
R3C31 has a low fraction of helical structure while N29E3
is somewhat helical. The helical content is practically
unchanged when these two peptides are mixed (Figure 4A).
The R3C43 peptide with a mean residue ellipticity of —23000
deg cm? dmol~! at 222 nm is considerably more helical than
the shorter R3C31 peptide which exhibited a mean residue
ellipticity of —4000 deg cm? dmol™! at 222 nm (compare
panels A and C of Figure 4). The experimental CD spectrum
of a 1:1 mixture of N29E3 and R3C43 resembles the
theoretical sum of the CD spectra of the two peptides (Figure
4C). Thus, the CD of the N29E3—R3C43 mixture does not
provide an indication for interaction between the two
peptides. Similarly, the CD spectra of N42E3, R3C31, and
their 1:1 mixture (Figure 4B) did not provide any indication
for interaction between N42E3 and R3C31. Both N42E3 and
R3C43 exhibit considerable helical structure content with a
mean residue ellipticity of approximately —23000 deg cm?
dmol~!. When these two peptides are mixed in a 1:1 ratio,
the experimental CD spectrum differs significantly from the
theoretical average of the spectra of the individual peptides
and a mean residue ellipticity of —35000 deg cm? dmol ! is

observed (Figure 4D), indicating an interaction between
N42E3 and R3C43 that leads to an increase in the overall
helicity of the complex. To examine whether the addition
of the remaining MPER residues (*?WLW YIK®®) stabilize
the formation of the 6-HB, we prepared the peptide R3C49R3,
which includes the complete MPER sequence, and made its
complexes with N42E3 and N29E3. The mixture of N42E3
and R3C49R3 exhibited slightly more helical content than
their theoretical average, indicating interaction between these
two peptides that stabilizes a helical conformation (Figure
4F). However, the increase in helical content was much less
noticeable than with the mixture of N42E3 and R3C43,
suggesting that R3C49R3 had weaker binding to N42E3 than
R3C43. N29E3 and R3C49R3 hardly bind at all (Figure 4E),
which is evident from the almost complete overlay of
calculated average versus experimental data.

Thermal Stability of Different gp41 Complexes with Added
Solubility Tags. The thermal stability of the conformations
formed by the tagged N’ and C’ peptides and their 1:1
mixtures was examined by measuring the CD spectrum at
222 nm between 4 and 94 °C (Figure 5). Among the
individual peptides, only R3C43 exhibited a sigmoidal curve
indicating cooperative melting of a helical conformation
(Figure 5A). The melting temperature of the helix in R3C43
was found to be 42 °C. The other individual peptides
(N29E3, N42E3, R3C31, and R3C49R3) exhibited gradual
melting. When the N” and C” peptides were mixed, except
for R3C43 and the N29E3—R3C43 mixture, more sigmoidal
curves were observed for the mixture of the peptides in
comparison with the melting curves of the individual peptides
(Figure 5B). This suggests that the melting of the mixtures
was more cooperative than the melting of the individual
peptides. The most stable helical structure was formed by
the 1:1 mixture of N42E3 and R3C43 with a melting
temperature of 60 °C (Figure 5B). This is considerably higher
than the melting temperature of 42 °C observed for R3C43
alone and the temperature (~20 °C) at which N42E3
exhibited a 50% decrease in its ellipticity at 222 nm. Thus,
we conclude that the melting curve of the 1:1 mixture of
N42E3 and R3C43 represents that of a complex formed by
these two peptides. Interestingly, a complex between N42
with R3C43 exhibited a sigmoidal melting curve with a
melting temperature of 54 °C (Figure 6). The higher melting
temperature of the 6-HB of the complex of the two tagged
peptides suggests that additional stabilization of the 6-HB
occurred probably as a result of preventing the electrostatic
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FIGURE 5: Thermal unfolding transitions of tagged gp41 peptides (left) and peptide mixtures (right) at a peptide concentration of 30 M in
buffer [5% D,0 and 2.2 mM deuterated formic acid (pH 3.2)]: (A) (O) N42E3, (<) N29E3, (a) R3C49R3, (M) R3C43, and (¢) R3C31
and (B) (O0) N29E3 and R3C43, (M) N42E3 and R3C43, (<) N29E3 and R3C31, (®) N42E3 and R3C31, (A) N29E3 and R3C49R3, and

(a) N42E3 and R3C49R3. All complexes have a 1:1 molar ratio of N” to C” peptides.

repulsion between the positively charged N-terminally tagged
C’ peptide molecules. Moreover, a salt bridge may exist in
the 6-HB between the three glutamic acid residues of the
E3 tag of N42E3 and the arginine residues of the R3 tag of
R3C43. Electrostatic interactions and hydrogen bonds in-
volving side chain carboxyls can considerably lower the pK,
values below 2.5 (28, 29), causing the glutamic acids to be
negatively charged even under our experimental conditions
(pH 3.2). Among the tagged peptides, the second most stable
complex was the N42E3—R3C49R3 complex (Figure 5B),
suggesting that the added MPER sequence not only did not
strengthen N’—C” interaction but also reduced the stability
of the 6-HB. The next most stable complexes were the
N29E3—R3C43 and N29E3—R3C49R3 complexes (Figure
5B). However, the melting curves resemble the melting curve

of R3C43 alone, and therefore, the melting of N29E3,
R3C43, and the 1:1 N29E3—R3C49R3 mixture measured
by CD does not provide an indication of additional stability
of a helical conformation obtained by formation of a complex
between the peptides. Similarly, when the melting curves of
N29E3 and R3C31 in a 1:1 ratio and N42E3 and R3C31 in
a 1:1 ratio are compared to the melting curve of the individual
peptides, except for changes in cooperativity, little evidence
of complex formation was observed. Since all thermal melts
were not reversible, we refer to the calculated T,, as the
“apparent Tp,”.

Dissociation Constants of the Six-Helix Bundle Complexes.
The large difference in stability between the shortened core
complex (N29E3—R3C31) and the elongated complex
(N42E3—R3C43), which includes most of the MPER se-
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FIGURE 7: Measurement of the binding of N” and C’ peptides using
fluorescence spectroscopy. Fluorescence intensities were measured
at a constant R3C43 or R3C31 concentration of 2 uM in buffer
[5% D,0O and 2.2 mM deuterated formic acid (pH 3.2)] at 25 °C.
N42E3 (@) or N29E3 (a) was added to R3C43 or R3C3l1,
respectively, in an up to 50-fold molar excess. The fluorescence
intensity scale is for R3C43 titration (R3C31 fluorescence intensity
was multiplied by 10-fold for convenience).

quence, was further investigated in an effort to assess the
contribution of the interaction of the MPER with the FP-PR
to the stability of the 6-HB. For this purpose, K4 measure-
ments of the different complexes were carried out by
following the change in the fluorescence intensity of the
aromatic residues of the C segments upon complex formation
(Figure 7) (19). While R3C31 could not be fully saturated
by N29E3 even with 50-fold molar excess and a concentra-
tion of 100 uM (Kq = 113 & 24 uM) (Figure 7), R3C43
bound N42E3 well with a Kg of 1.9 & 0.3 uM (Figure 7)
This is clear evidence that the interaction between parts of
the MPER region and the matching N-terminal segment
contributes to the stabilization of the 6-HB. The 2-fold
increase in fluorescence intensity and the 9 nm blue shift in
fluorescence maxima between the unbound and bound
R3C43 suggest that aromatic residues of R3C43 moved to a
more hydrophobic environment upon binding to N42E3 (30),
possibly by interacting with an extension of the hydrophobic
groove of the inner trimeric core created by the FP-PR (4).

Oligomerization State of the Mixtures of the Tagged N’
and C’ Peptides. To further characterize the extent of N'—C’
interactions, we determined the oligomerization state of
various peptide mixtures using sedimentation equilibrium
(31). Equimolar mixtures of different N” and C” gp41 peptides
were tested for the ability to form a stable 6-HB. The

mixtures of N29E3 and R3C31 and of N42E3 and R3C31
both at a 1:1 molar ratio revealed molecular masses of 11.6
and 8.1 kDa (Table 2), respectively, which are larger than
the molecular masses of the monomeric peptides, indicating
that there are some aggregates or weak interaction between
the N” and C’ peptides. However, the population of the 6-HB,
if it exists at all for these complexes, is rather low. As shown
in Table 2, a molecular mass of 32.1 kDa was measured for
the 1:1 N29E3—R3C43 mixture, indicating the formation of
a 6-HB (theoretical mass of 28.5 kDa). The molecular mass
of the 1:1 N42E3—R3C43 mixture was 29.9 kDa, indicating
the formation of a 6-HB by this mixture (theoretical mass
of 32.3 kDa). To examine whether elongation of the R3C43
peptide by the MPER sequence *WLWYIK®3 could further
stabilize the interaction between the N’ and C’ segments,
the complex formed by R3C49R3 was also tested. Sedimen-
tation equilibrium measurements clearly indicated that
R3C49R3 could not form a stable complex with either
N29E3 (exhibiting a molecular mass of 11.5 kDa instead of
the value of 33.5 kDa expected for a 6-HB) or N42E3
(exhibiting a molecular mass of 20.2 kDa instead of 36.2
kDa). We therefore suggest that the W678—K683 segment
at the C-terminus of the MPER does not interact with the
FP-PR. It has been previously reported that this segment
interacts with the viral membrane (32). In the absence of
lipids, this segment (*WLWYIK®3) may interact nonspe-
cifically with hydrophobic residues in the N” and C” peptides
perturbing the formation of a 6-HB.

To verify that the determination of the N42E3—R3C43
6-HB molecular mass was carried out under optimal condi-
tions, the two peptides were mixed at different molar ratios
and tested for complex formation at different speeds (Figure
9A—C). Molar ratios and sample concentrations were set to
reflect the Ky determined for these peptides by fluorescence
measurements, and rotation speeds were adjusted for different
oligomerization levels (10000, 18000, and 25000 rpm for
60, 30, and 10 kDa, respectively) according to the manu-
facturer’s manual. Complex formation is clearly evident, and
a molecular mass of 32 £ 1 kDa is obtained when the molar
ratio between R3C43 and N42E3 is 0.3 (Figure 9A) or 1
(Figure 9B). In both cases, the data fit well to a trimer-of-
dimers species, reflecting complete binding of R3C43 by
N42E3, even at 3 M. When the molar ratio between R3C43
and N42E3 is 3.33 (Figure 9C), most of the R3C43 is
unbound and the data deviate strongly from the theoretical
linear behavior expected for a 32.3 kDa complex (Figure
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9D). It should be noted that since the absorbance was
measured at 280 nm it reflects only the R3C43 population
in the sample (N42E3 has no aromatic residues).

DISCUSSION

Despite the importance of the MPER (E662—K683) in viral
fusion (9), there is no information regarding the interaction of
the MPER with the FP-PR. The MPER encompasses the entire
C-terminal segment of T-20, a polypeptide whose sequence
corresponds to residues 638—673 of gp41. The role of the T-20
C-terminal segment in the strong inhibition of viral fusion by
T-20 had not been resolved. Previous studies proposed that
unlike other C’” peptides that contain most of the HR2 segment
(W628—L661) (I, 4), T-20 did not form a stable 6-HB with
peptides corresponding to the N-terminal region of the gp41l
heptad repeat region but rather formed an insoluble nonhelical
complex or aggregates with low a-helical content (14, 15). In
addition, it was found that T-20 interacted with several targets
on gpl20 and gp41 (/4). These findings led to the suggestion
that inhibition of HIV-1 fusion by T-20 resulted from interac-
tions with multiple sites on gp41 and gp120 and that interference
with the formation of the 6-HB hairpin that plays a prominent
role in viral—target cell fusion was unlikely (/4).

To examine the role of the T-20 C-terminal segment in
fusion inhibition and whether the MPER interacts with the
FP-PR, we designed N-terminal peptides that were longer
at their N-terminus and shorter at their C-terminus than those
previously studied and that were expected to better match
the slightly extended T-20 peptide [C43 (Table 1)]. In our
design, we selected an N-terminal peptide extended to S528,
which encompasses the S528—T569 segment (N42). This
peptide contains a relatively short region (*LLQLT®) of
the hydrophobic groove formed by residues L565—Q577 of
the HRI1 trimer (4). Our T-20 analogue peptide (C43)
includes only the first of the three HR2 hydrophobic residues
(635, W631, and W628) that interact with the hydrophobic
groove formed by the HR1 trimer (4), and most of the
MPER. To increase the solubility of our constructs, we added
RRR and EEE tags to the termini that were distant from the
regions we are investigating. Specifically, we prepared
peptides N42E3 and R3C43. This allowed us to probe
specific contributions of interactions between residues
S528—Q540 of the FP-PR and residues W666—N677 of the
MPER to the stability of hexahelical complexes formed by
N” and C-terminal peptides. Such information is not available
from previous investigations (3) and is, we believe, essential
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for improving our understanding of the role of the MPER in
viral fusion and the molecular basis for T-20 function.

Our CD and sedimentation experiments provide unequivo-
cal evidence that at a concentration of 30 4M the 1:1 mixture
of the short N (N29E3) and C” (R3C31) peptides that do
not include the FP-PR and the MPER, respectively, does not
form a stable 6-HB. The apparent T}, (38 °C) of the 1:1
mixture of these two peptides found in the CD analysis is
likely due to the melting of the helical C-terminal peptide
that may be stabilized by the weakly interacting N” peptide.
Similarly, neither the CD nor the sedimentation results
indicate the presence of a stable 6-HB in the 1:1 molar
mixture of the long N” peptide (N42E3) and the short C’
peptide (R3C31). Interestingly, peptides N29E3 and R3C43
formed a 6-HB as determined by sedimentation equilibrium
measurements. This could be due to the increased helical
content of R3C43 in comparison with R3C31 (Figure
4A—D). It is reasonable to conclude that the increase in the
helical content of R3C43 compared to that of R3C31 (Figure
4) is caused by the tendency of the additional C-terminal
residues (W666—N677) to assume a helical conformation.
This is consistent with previous findings that showed that
residues W666—N671 of gp41, as part of a short 13-residue
peptide, had a strong propensity to be helical (33). The 1:1
mixture of the extended N’ (N42E3) and C’ (R3C43) peptides
showed markedly enhanced minima at 208 and 222 nm and
a molecular mass consistent with a 6-HB. The apparent
melting point of this bundle (60 °C) was 22, 26, and 18 °C
higher than those of the 1:1 N29E3—R3C31, N42E3—R3C31,
and N29E3—R3C43 mixtures, respectively, and the Ky of
the N42E3—R3C43 complex was 2 orders of magnitude
smaller than that of the N29E3—R3C31 complex. Altogether,
these data point to a significant stability increase of the 6-HB
formed by the extended N’ and C’ peptides.

In an analysis of our results, it is important to pinpoint
the molecular interactions that result in stabilization of the
6-HB. The solubility tags that we employed (EEE in the N’
peptide and RRR in the C” peptide) may form attractive
electrostatic interactions that would stabilize the complexes
formed, even at pH 3.2 if the pK, of the glutamic acid
residues of the EEE tag is shifted to a more acidic pH upon
complex formation as a result of salt bridges and hydrogen
bonds with the arginine residues of the RRR tag (28, 29).
However, the solubility tags are the same for all four possible
complexes (N29E3—R3C31,N42E3—R3C31,N29E3—R3C43,
and N42E3—R3C43) and should contribute equally to their
stability. Therefore, the changes in stability between the four
complexes are solely attributed to the combination of the
gp41 sequences used and the presence or absence of the
interaction between the MPER and the FP-PR. Moreover,
our observation that the apparent T, of the N42—C42
complex, which does not have the solubility tags, is
nevertheless 11 °C higher than that of the N29E3—R3C43
supports our contention that it is the interaction between the
MPER which contains the entire C-terminal segment of T-20
and the matching FP-PR segment in the N’ peptide that is
primarily responsible for the increased stability of the 6-HB.

In conclusion, the data presented in this report indicate
that regions of the MPER (excluding *WLWYIK®3) and
the C-terminal segment of T-20 can interact strongly with
regions on the FP-PR of gp41. These interactions were shown
to result in a highly stable 6-HB by CD, sedimentation
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analysis, and Ky determination. Our results indicate that it
is quite reasonable that an important mode of action of T-20
is to interfere with formation of the 6-HB within gp41, thus
abolishing viral fusion. The new peptides designed for this
study have solubilities that make them suitable for analysis
by high-resolution NMR techniques. Such analyses should
pinpoint the specific residues in the MPER responsible for
stabilizing the hairpin and thereby provide information that
may be useful for future drug development.
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