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Abstract: The membrane proximal external region (MPER) of
HIV-1 gp4l contains epitopes for at least four broadly
neutralizing antibodies. Depending on solution conditions
and construct design, different structures have been reported
for this segment. We show that in aqueous solution the MPER
fragment (gp160°°-°") exists in a monomer-trimer equilibrium
with an association constant in the micromolar range. Ther-
modynamic analysis reveals that the association is exothermic,
more favorable in D,O than H,O, and increases with ionic
strength, indicating hydrophobically driven intermolecular
interactions. Circular dichroism, >C* chemical shifts, NOE,
and hydrogen exchange rates reveal that MPER undergoes
a structural transition from predominately unfolded monomer
at low concentrations to an o-helical trimer at high concen-
trations. This result has implications for antibody recognition
of MPER prior to and during the process where gp41 switches
from a pre-hairpin intermediate to its post-fusion 6-helical
bundle state.

Envelope protein (gp160 or gp120/gp41) of HIV-1 mediates
viral entry into the host cell. The requisite viral membrane
fusion process is initiated by large structural rearrangements
of the glycoprotein gp160, triggered by its binding to the host
cell receptor and co-receptor.’” These rearrangements
expose the gp4l ectodomain and fusion peptide, thereby
enabling their interaction with the host-cell membrane and
allowing gp4l to transition to the so-called pre-hairpin
intermediate state. The membrane proximal external region
(MPER) of gp41 connects the N-terminal ectodomain with
the single transmembrane helix, anchored in the viral
envelope. MPER harbors epitopes for at least four broadly
neutralizing antibodies, and its structure has been widely
studied.l*!

X-ray crystallographic studies in the presence of anti-
bodies (2F5 and 10ES8) revealed remarkably different struc-
tures of the MPER epitope. It adopts an extended -turn
conformation when bound to 2F5,[! whereas it folds into two
short a-helices when bound to 10E8." Early NMR studies of
MPER in the presence of DPC micelles showed a helix-turn-
helix conformation.l On the other hand, X-ray crystallo-
graphic studies in the presence of SDS identified a coiled-coil
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trimer,”® when stabilized by an engineered coiled-coil trimeric
isoleucine helix zipper motif.”] Although, a trimeric MPER
arrangement was also observed when the peptide was fused at
its N-terminus to the trimer-forming foldon domain of T4-
fibrittin,"'” the MPER helices splayed apart in the presence of
DPC detergent, exposing the C-terminal half of the peptide to
the phospholipid surface.l'' By contrast, a recent study in the
presence of phospholipid bicelles indicates that MPER forms
a stable trimeric structure, with intermolecular contacts at
both the N- and C-terminal ends, while the strands in the
central region splay apart." Hence, the different structures
observed for MPER under varied conditions are indicative of
considerable structural plasticity.

While prior studies have provided much structural
information about MPER, either bound to antibodies or in
the presence of detergents or lipids, structural studies in
aqueous solution were limited by its poor solubility. Solubility
increases either by truncating the hydrophobic stretch at the
C-terminus or by extending the N-terminus with native gp41
residues.> ! These studies reported a variety of MPER
structures, ranging from a mixture of 3,, and a-helical
conformations to dynamically disordered states. Here, we
report that the 15-residue segment of MPER (gp160 residues
660-674) exists in a concentration-dependent dynamic mo-
nomer-trimer equilibrium. Whereas the monomeric state is
largely unfolded, MPER self-associates into a homotrimeric
a-helical bundle at higher concentrations. The ability of the
lipophilic MPER segment to dislodge from the membrane is
prerequisite for antibody recognition, and its inherent pro-
pensity to adopt an a-helical coiled coil has important
implications for understanding viral entry, which may
extend to other Class I viral fusion proteins.

A chemically synthesized N-terminal 15-residue fragment
(gp160°°°) of MPER was utilized (Figure 1 A), representing
a natural variant that contains Asn instead of Asp at position
664,1° but conclusions drawn apply to both variants (see the
Supporting Information). Analogous to the “host-guest”
system previously used for the hemagglutinin fusion pep-
tide,' we added a “host” poly-Lys tag at the peptide’s C-
terminus, which enhances its solubility to >14 mM in the
absence of lipids or detergents. At 0.1 mM, the 'H NMR
spectrum of MPER shows narrow spectral dispersion for its
amide region (Figure S1 in the Supporting Information).
However, at higher peptide concentrations (0.35 mM to
14.1 mM) large chemical shift changes are observed, most
clearly seen for the resolved Trp indole resonances, pointing
to oligomerization (Figure S1). As a single resonance is
observed for each indole 'H, the exchange rate is fast on the
time scale of the chemical shift difference between mono-
meric and oligomeric states (ca 1000 rads™ for Trp-672).
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Figure 1. Solution NMR study of MPER in H,O. A) Amino-acid
sequence of the MPER (residues L660-N674) peptide used in this
study, including an N-terminal acetylated Gly and five C-terminal Lys
residues. B) Overlay of the 'H-""N HSQC spectra of 14 mM (green),

3 mM (red), and 1.1 mM (blue) MPER. Assignments are marked for
the 1.1 mM sample. C) Changes in 'H and "°N chemical shifts when
increasing MPER concentration from 1.1 mM to 3 mM (red), and from
1.1 mM to 14 mM (green). Spectra were collected at 600 MHz in

50 mM MES buffer, pH 6, 40°C. The C-terminal poly-Lys residues are
shown on a grey background.

Natural N abundance 'H-"N HSQCNMR spectra also
exhibit substantial amide chemical shift changes for nearly all
MPER residues upon increasing the peptide concentration
from 1.1 to 14 mM (Figure 1).

The MPER peptide includes four Leu residues, located at
the N-terminus (L660, L661 and L663) and at the central
region (L669) of the peptide. Taking advantage of the high
sensitivity of "H-C methyl group HSQC spectra, the Leu
C°Hj, resonances were used to probe the oligomerization over
a wide concentration range. Although the analysis does not
require this, tentative stereospecific assignments were made
on the basis of the known chemical shifts differences between
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Leu C*' and C* in disordered peptides (Figure 2 A)."*l Upon
increasing the peptide concentration, large chemical shift
changes were observed for the methyl groups of L663 and
L669.

NMR measurements were carried out over a wide range
of concentrations (0.01-14 mM) in order to distinguish
between different possible modes of oligomerization, in
particular dimer and trimer. A fit to the monomer-trimer
model resulted in an eight-fold lower y* value than a mono-
mer-dimer model (Figure 2B). Global fitting for both resi-
dues 1663 and L669 yields K, =1.8 x 10° M~* at 35°C, in MES
buffer, increasing to 2.2 x 10° M~? at moderate ionic strength.

It has long been recognized that hydrophobic intermo-
lecular interactions are stabilized in D,O over H,O solu-
tions."*?2l For MPER, titrations as a function of peptide
concentration in D,O (Figure S2A) showed about a two-fold
increase in K, over measurements in H,O (Figure S2B,
Table 1) indicating that trimerization is more favorable by
approximately —0.15 kcalmol™' (of monomer) in D,O than in
H,0. Analysis of the methyl group chemical shifts over
a range of temperatures (25°C to 40°C) provided access to
thermodynamic parameters of the oligomerization process,
both in H,O and D,O. The equilibrium is temperature
dependent and favors trimeric species at lower temperature,
as evidenced by an increase in K, (Figure 2C). The linear
dependence of self-association (InK,) on temperature indi-
cates that the heat capacity does not significantly depend on
temperature and that the oligomerization process is more
exothermic by about —0.6 kcalmol™ in H,O than D,O.
Enhanced K, in both D,0O and upon increasing ionic strength
indicates that the association is largely driven by hydrophobic
interactions.

Earlier NMR studies of MPER pointed to the presence
of a stable monomeric 3;, helix in water (gp41°¥-°")1
and substantial helical propensity for a longer fragment
(gp41%%577) led to the proposal that this region constitutes an
autonomous folding unit that potentially serves as a nuclea-
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Figure 2. Trimerization of MPER peptide. A) Overlay of excerpts from 'H-">C HSQC spectra obtained at different concentrations (0.1 mM-black,
1.1 mM-blue and 3 mM-red) of MPER in 50 mM MES (pH 6) at 35°C. Assignments are shown for concentrations of 0.1 mM and 3 mM. B) Methyl
'H chemical shifts for L663 and L669 as a function of MPER concentration in the absence (green) and presence of salts (blue). Global fitting of
the data to a monomer-trimer equilibrium (solid lines) resulted in a ca 8-fold lower y* than monomer-dimer (dashed lines). C) Van’t Hoff analysis
of the monomer-trimer equilibrium over the 25°C to 40°C temperature range, in H,O buffer (green) and in D,O (purple). AH and AS were

obtained from the linear fit to the data.
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Table 1: Thermodynamic properties of MPER self-association.

Buffer K, AG AH AS
[x10°M™  [kcalmol™] [kcal mol™'] [cal mol™']
H,0F! 1.8+0.1 —2.47+0.01 —4.7£0.1 —7.2+0.5
D,0% 3.8+0.1 —2.6240.01 —4.134+0.04 —4.940.1
Salts® 2241 —2.98+0.02 NA NA

Values for K, and AG values are for 35°C, pH 6. AG, AH and AS are per
mole of monomer. AH and AS were derived from van’t Hoff analysis
(Figure 2C). [a] 50 mM MES, pH 6. [b] 20 mM sodium phosphate

(pH 6.0), 50 mM NaCl, H,0.

tion site for protein folding."! Subsequent NMR, circular
dichroism (CD) and molecular dynamics studies of analogous
peptides reported a more dynamic, disordered structure.!"!%!
To obtain further insights into the origins of our concen-
tration-dependent NMR spectral changes, we also carried out
CD measurements as a function of concentration. Analysis
of these data confirms that the helical signature strongly
increases when the concentration is raised from 0.025 mM
([6]2 = —6350 degem®*dmol™)  to  6.8mM ([0~
—17500 degcm®dmol "), corresponding to an increase in
a-helicity from ~19% to =53 %, incl. its poly-Lys tag
(Figure 3A and S3A,B). A non-linear least-squares fit of
[6]., as a function of concentration to a monomer-trimer
model yields K, ~1.3x10’ M~? at 25°C, in good agreement
with the NMR-derived value (Figure 2 B), in particular when
taking the temperature dependence of K, into account
(Figure 2C).

To obtain residue-specific secondary structure informa-
tion, C* NMR chemical shifts were analyzed over a wide
range of concentrations (0.1 mM to 14 mM; Figure S4). The
deviation in *C* chemical shifts (A8"C") from random coil
values provides information about local secondary structure.
At 0.1 mM, MPER displays narrow resonances with moder-
ate, positive A8"C* secondary chemical shift values (0.5-
1.25 ppm), confirming the previously reported intrinsic pro-
pensity of the monomeric peptide to adopt helical structure
(Figure 3B).[*19 At 14 mM, the A8"*C® values approximately
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double, indicative of a strong increase in helicity. The A8"*C*
values of MPER at intermediate concentrations (=0.5-
1 mM, Figure 3B and S11D) agree fairly well with a prior
solution NMR study of a biosynthetically prepared, “C-
enriched longer segment that encompassed the entire
sequence of the antiviral drug fuzeon.'® Analysis of HY, N,
C* and H® chemical shifts by TALOS-N software®! shows
that at high concentration (14.1 mM) the MPER chemical
shifts of residues L661-F673 are consistent with a-helical
secondary structure (Figure S5).

Increased population of secondary structure was further
validated by NMR-based hydrogen exchange (HX) experi-
ments. Amide protons in dynamically disordered regions
exchange rapidly with solvent,! while amides engaged in H-
bonds are protected from HX.*! Residue-specific HX rates
for the strongly overlapping amide resonances commonly are
measured from 'H-"N HSQC measurements, which were not
feasible for the natural abundance samples used in our study.
Instead, we obtained these HX rates by monitoring the amide
"H (F,) crosspeaks to aliphatic (F,) cross peaks in a 2D 'H-'H
TOCSY spectrum,? ! in the absence and presence of
inversion of H,O magnetization prior to the TOCSY pulse
sequence (Figure S6). Monomer populations of ca. 98 % and
43 % are expected for sample concentrations of 0.25 mM and
4.3 mM, respectively. Comparison of HX rates measured at
0.25 mM and 4.3 mM concentrations (Figure 3C, Figure S7
and Table S1) shows an average 2.7-fold reduction in HX
rates for all amides that donate intramolecular H-bonds when
adopting helical structure (W665-N674).

Our results conclusively point to an increase in a-helical
structure with concentration. However, differentiating o-
helix from 3, helix on the basis of *C* chemical shifts or CD
spectra can be challenging. To resolve this ambiguity, a 2D
NOESY spectrum was recorded which shows d,(i, i+4)
interactions characteristic of a-helix but absent in 3, helix.
(Figure S8A). At low concentration (0.25 mM), no NOE/
ROE connectivities beyond d(i,i + 2) were observed, point-
ing to a dynamic transient population of helical structure!*!!
that may include 3,, helix (Figure S$B,C).!""!

A Ton (B)
.05mM 0.22mM 0.68mM 6.8mM

0.1mM

N
o o
1 1

MRE (10°deg.cm?dmol™)
o
o
1

1 20mM NaPhos (pH 6), 50mM NaCl
T T T T T

1.1mM

50mM MES (pH 6)
—

14.1mM 1 20mM Imidazole (pH 6.2)
0.25mM

4.3mM

200 220 240 260 660
Wavelength (nm)

Residue Number

670 K1 K5 660 670 K1 K4
Residue Number

Figure 3. Secondary structure of MPER. A) Far-UV CD spectra at concentrations ranging from 0.05 to 6.8 mM of MPER at 25°C (see Figure S3 for
a complete titration series). B) Residue-specific secondary A8"C" chemical shifts of MPER (0.1 mM—blue; 1.1 mM—green; 14.1 mM—orange)
at 35°C. C) Hydrogen exchange rates (HX) of 0.25 mM and 4.3 mM MPER at 35 °C. Significant reduction in HX rates at higher concentration

(4.3 mM) is indicative of increased a-helical H-bond formation.”! Buffers used are indicated. C-terminal poly-Lys residues are shown on a grey

background.
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To map critical regions essential for oligomerization,
shorter versions of the MPER peptide were also examined. A
peptide lacking the N-terminal Leu®®-Leu® residues
(MPER™Y) showed a 4-fold reduction in K, (Figure S9). A
further exclusion of Trp**-Asn®* (MPER™") yielded NMR
spectra that were independent of concentration over 0.1-
2.3 mM range (Figure S10), indicating that these C-terminal
residues are essential to trimerization. A MPER peptide that
contains Asp at position 664 (MPERP®*), as in the antiviral
drug fuzeon,” also exhibited the monomer-trimer equilibri-
um but with an eightfold increase in K,, accompanied by
a small increase in intrinsic helical propensity of the mono-
meric state, as judged by *C® chemical shifts and CD under
dilute conditions (Figure S11).

Although, at first sight, the micromolar K, values we
report for MPER may appear high from a biological per-
spective, it is important to note that other structural elements
of gp4l, notably the N-terminal heptad repeat region of its
ecto domain (residues 1.544-1.582) are generally considered
to remain homotrimeric during the entire viral fusion
process.”! Hence, three MPER peptides are physically
restrained to remain located in a sphere with a radius of
roughly 100 A, which then corresponds to an effective MPER
concentration of ca 1 mM, well within the range relevant for
trimerization.

Helical trimer formation has previously been observed for
considerably longer “isoleucine-zipper” motifs.”) The ability
of MPER to adopt a helical trimeric arrangement when fused
to such a motif was demonstrated by X-ray crystallography.®!
Our observation that the HIV-1 gp41 MPER fragment of only
15 residues spontaneously adopts such an arrangement
confirms that this property is of likely significance in gp41’s
role in membrane fusion. The precise role of MPER in the all-
important structural transition of the gp41 ectodomain from
its pre-fusion intermediate to its well-established post-fusion
homotrimeric six-helical bundle state remains unknown. Our
data clearly indicate a strong propensity for this MPER
region to adopt a three-helical bundle motif, which may
stabilize the early state of the gp4l during its structural
transition.

HIV-1 envelope protein gpl60 is a class I viral fusion
protein with structural and functional homology to other well-
studied viral fusion proteins such as influenza hemagglutinin
and Ebola virus envelope protein.?* For both virions, the
dynamic properties of their membrane proximal regions have
been implicated in antibody binding.***"! The SARS-CoV-2
Spike protein is also a member of the class I viral fusion
proteins, and it therefore appears likely that similar consid-
erations will apply for its membrane proximal region.
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