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Infection by enveloped viruses initially involves mem-
brane fusion between viral and host cell membranes.
The fusion peptide plays a crucial role in triggering this
reaction. To clarify how the fusion peptide exerts this
specific function, we carried out biophysical studies of
three fusion peptide analogs of influenza virus hemag-
glutinin HA2, namely E5, G13L, and L17A. E5 exhibits an
activity similar to the native fusion peptide, whereas
G13L and L17A, which are two point mutants of the E5
analog, possess much less fusion activity. OQur CD data
showed that the conformations of these three analogs in
SDS micelles are pH-dependent, with higher a-helical
contents at acidic pH. Tryptophan fluorescence emis-
sion experiments indicated that these three analogs in-
sert deeper into lipid bilayers at acidic pH. The three-
dimensional structure of the E5 analog in SDS micelles
at pH 4.0 revealed that two segments, Leu?>-Glu!! and
Trp'*-Ile'®, form amphipathic helical conformations,
with Gly'2-Gly'® forming a hinge. The hydrophobic res-
idues in the N- and C-terminal helices form a hydropho-
bic cluster. At neutral pH, however, the C-terminal helix
of Trp'4-Ile'® reduces dramatically, and the hydropho-
bic core observed at acidic pH is severely disrupted. We
suggest that the disruption of the C-terminal helix ren-
ders the E5 analog fusion-inactive at neutral pH. Fur-
thermore, the decrease of the hinge and the reduction of
fusion activity in G13L reveal the importance of the
hinge in fusion activity. Also, the decrease in the C-
terminal helix and the reduction of fusion activity in
L17A demonstrates the importance of the C-terminal
helix in fusion activity. Based on these biophysical stud-
ies, we propose a model that illustrates the structural
change of the HA2 fusion peptide analog and explains
how the analog interacts with the lipid bilayer at differ-
ent pH values.

Membrane fusion plays a vital role in a large and diverse
number of essential biological processes. For example, infection
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by enveloped viruses involves fusion of viral and cellular mem-
branes with subsequent transfer of viral genetic material into
the cell. Hemagglutinin (HA)! is a homotrimeric surface glyco-
protein of the influenza virus with a relative molecular mass of
220 kDa. Each monomer of HA consists of the receptor-binding
HA1 domain (328 residues) and the membrane-interacting
HA2 domain (221 residues) linked by a single disulfide bond.
The membrane fusion activity of HA has been measured both
in vivo and in vitro by a variety of techniques, including he-
molysis (1), polykaryon formation (2), resonance energy trans-
fer (3), liposome cell fusion (4), spin-labeled electron paramag-
netic resonance (5), electron microscopy (6), flow cytometry (7),
electron spin resonance, and Fourier transform infrared (8).
The N-terminal 20 residues of the HA2 domain have been
identified as the fusion peptide, which is capable of inserting
into the target membrane and thereby plays a crucial role in
triggering membrane fusion. The crystal structure of soluble
trimers (BHA) at neutral pH, in which each HA2 chain after
residue 175 is cleaved, revealed that the fusion peptide is
buried inside the protein (9). In the crystal structure study,
TBHA, was prepared by successive digestion with trypsin and
thermolysin from BHA at pH 5.0. Each monomer of TBHA,
consists of residues 38—175 of the HA2 chain and residues 1-27
of the HA1 chain linked by a disulfide bridge, and the fusion
peptide becomes exposed to the aqueous phase in the crystal
structure of TBHA, (10). The difference in the location of the
fusion peptide between BHA and TBHA,, accounts for the mem-
brane fusion induction between viral and endosomal mem-
branes occurring at acidic pH for HA.

A comparison of the fusion peptide sequences (20 amino
acids) in various subtypes of influenza virus A strains (11, 12)
demonstrated that residues Gly'-Glu'!, Gly'?, Trp'*, and
Gly'® are conserved. Also, Gly?° is rather conserved with only
one exception of Val2® in the A/duck/Hong Kong/231/77 virus
strain. Position 12 includes either Gly or Asn, position 17
includes either Met or Leu, and position 18 includes either Ile
or Val. Thus, the native fusion peptide of the influenza HA2 is
highly hydrophobic, extremely aggregative, and hardly soluble
in aqueous solution. The fusion activities of several HA2 fusion
peptide mutants have been extensively studied. For example,
the fusion peptide without its C-terminal residues 17-20 was
fusogenicity inactive (13). Replacement of Glu'! with Pro!!
resulted in a marked decrease in « helical content, concomitant
with an almost complete loss of fusogenicity (14). Replacing the

! The abbreviations used are: HA, hemagglutinin; BHA, bromelain-
solubilized hemagglutinin ectodomain; TBHA,, a proteolytic fragment
of the low-pH form of BHA; DPC, dodecylphosphocholine; NOE, nuclear
Overhauser enhancement; NOESY, NOE spectroscopy.

22725

900Z ‘0T J8qWSA0ON U0 ANISISAIUN uemie ] [euoneN e 610°0q-mmm wolj papeojumod


http://www.jbc.org

The Journal of Biological Chemis

e

22726

Structures of Fusion Peptide Analogs of Influenza Hemagglutinin

TABLE I
Amino acid sequences of native fusion peptide and its analogs of influenza hemagglutinin HA2

Peptide Amino acid sequence Remarks

Native GLFGAI AGFI EGGWMGM DG

E5 GLFEAI AEFI EGGVEGLI EG Gly*, Gly®, Thr'®, Asp'® — Glu; Met'” — Leu
G13L GLFEAI AEFI EGLVEGLI EG Gly'® — Leu in E5 peptide

L17A GLFEAI AEFI EGGVZEGAI EG Leu'” — Ala in E5 peptide

N-terminal Gly! with Glu® eliminated viral fusion activity (15),
but the fusion activity stayed the same with a Gly! — Ala!
substitution (16). Mutational studies of the fusion activity for
the two Ala residues in the N terminus showed that Ala®
tolerated a smaller (Gly) hydrophobic side chain and that Ala”
tolerated a larger (Val) hydrophobic side chain (17). A nega-
tively charged E5 analog was found to possess fusion activity at
acidic pH (14, 18), similar to that of the native fusion peptide.
In addition to triggering fusion activity, the E5 analog has also
been found to promote antisense the entrance of oligonucleo-
tides into the cytosol of mammalian cells upon permeabiliza-
tion of the plasma membrane (19). The specific angle of inser-
tion of the peptide into the membrane plane was observed to be
an important characteristic for the fusion process for both
intact and synthetic fusion peptides (8, 20).

To date, structural studies of the membrane-bound state of
the HA2 fusion peptide and of its analogs have been performed
using several biophysical techniques. Upon binding to syn-
thetic liposomes or lipids, the native fusion peptide and its
analogs possess higher a-helical contents (18, 21). The NMR
solution structures of the native fusion peptide with a host-
guest system of influenza hemagglutinin (22) and of the E5
peptide in dodecylphosphocholine (DPC) micelles (23) have
been determined. In the present study, we applied fluores-
cence, CD, and NMR methods to carry out biophysical studies
in SDS micelles for the E5 analog and its two point mutants,
G13L and L17A (Table I), both of which possess much less
fusion activity than the E5 analog (12). We then developed a
model that describes the structural change of the fusion pep-
tide analog and how the analog interacts with the lipid bilayer
at different pH values, on the basis of the determined three-
dimensional structures and results from CD and fluorescence
experiments. Comparison of our model with the two recently
reported models (22, 23) is then discussed.

EXPERIMENTAL PROCEDURES

Sample Preparation—Three fusion peptide analogs of HA2 of virus
strain A/PR/8/34 (8), E5 and its two point mutants, G13L and L17A,
were synthesized in automated mode by a solid phase synthesizer
(model 431 A; Applied Biosystems, Foster City, CA). These synthetic
peptides were cleaved from the resins with trifluoroacetic acid and
purified by reverse-phase high pressure liquid chromatography. The
sequences of these peptides were ascertained by electrospray mass
spectrometry and by amino acid analysis. Deuterated SDS was pur-
chased from Cambridge Isotope (Woburn, MA). Unless otherwise spec-
ified, all of the reagents and solvents were obtained commercially of
reagent grade and used without further purification.

CD Experiments—CD experiments were collected using an AVIV CD
202 spectrometer (AVIV, Lakewood, NJ) calibrated with (+)-10-cam-
phorsulfonic acid at 25 °C. In general, a 2-mm path-length cuvette with
50 uM (or 20 uM) fusion peptide analog in 20 mm phosphate was used for
CD experiments. The CD spectra of each analog at a molar ratio of 1:100
(peptide/SDS) at different pH values (pH 3.5-9.0) were recorded. Each
of the CD data was obtained from an average of three scans with 1-nm
bandwidth. The spectra were recorded from 180 to 260 nm at a scanning
rate of 38 nm/min with a wavelength step of 0.5 nm and a time constant
of 100 ms. After background subtraction and smoothing, all of the CD
data were converted from CD signal (millidegree) into mean residue
ellipticity (deg cm? dmol™'). The secondary structure content of each
peptide was estimated from the CD spectra according to the method of
Sreerama and Woody (24).

Fluorescence Measurements—Penetration of fusion peptides into
membranes can be determined by monitoring changes in intrinsic flu-

orescence of aromatic amino-acids (Trp, Tyr, or Phe) contained in the
peptide sequence. All of the fluorescence experiments were performed
on a Hitachi F-4010 fluorescence spectrofluorometer at ambient tem-
perature. An excitation wavelength of 280 nm was used to record
spectra from 290 to 490 nm with a data interval of 1 nm. The response
time was set at 2 s with a scan rate of 60 nm'min *. Excitation and
emission slits of 5 and 1.5 nm, respectively, were used for measure-
ments in the presence and absence of SDS micelles. Acrylamide was
used for tryptophan fluorescence quenching experiments. An incremen-
tal amount of acrylamide stock solution (1 M) was added to the peptide
(10 uM) solutions to make final concentrations of acrylamide up to 50
mM in the presence of SDS micelles at pH 4.3 and 7.3. The data were
analyzed according to the following Stern-Volmer equation (25).

FyF =1+ K«[Q] (Eq. 1

Where F,, and F are the fluorescence intensities in the absence and the
presence of quencher [Q], respectively. Kqy, calculated as the slope of
the Stern-Volmer plot, is the Stern-Volmer quenching constant and is a
measure for the accessibility of the tryptophan to acrylamide.

NMR Experiments—NMR measurements were carried out on a
Bruker AMX-500 or an AVANCE-600 spectrometer. The samples for
the NMR experiments contained about 0.35 ml of 2 mM peptide in SDS
micelles (peptide/SDS 1:100) using 20 mm phosphate buffer to adjust
pH values (pH 4.0-9.0). pH values were measured with a dissolved
oxygen microelectronic pH vision model PHB-9901 pH meter equipped
with a 4-mm electrode. All of the reported pH values were direct
readings from the pH meter without correction for the isotope effect. To
monitor the exchange rates of labile protons, the concentrated sample
in H,O was lyophilized only once and redissolved in D,O (99.99% D).
The NMR spectra were acquired immediately and thereafter at appro-
priate time intervals. All of the chemical shifts were externally refer-
enced to the methyl resonance of 2,2-dimethyl-2-silapentane-5-sulfon-
ate (0 ppm). Double quantum filtered scalar-correlated spectroscopy
(26), total correlation spectroscopy (27), and NOESY (28) were collected
with 512 ¢, increments with 2K complex data points. All spectra were
recorded in time-proportioned phase increment mode (29). The titration
experiments of the chemical shift versus pH were carried out using one-
and two-dimensional NMR experiments at 310 K for E5 and G13L. The
titration experiment was not performed for L17A, because of its severe
precipitation at neutral pH. Low temperature studies employed a tem-
perature-controlled stream of cooled air using a Bruker BCU refriger-
ation unit and a B-VT 2000 control unit. Water suppression was
achieved by 1.4 s of presaturation at the water frequency or by the
gradient method (30). All spectra were collected with 6024.1- and
7788.16-Hz spectral widths for AMX-500 and AVANCE-600,
respectively.

The data were transferred to an SGI O, work station (200 MHz
R5000SC; Silicon Graphics, CA) for the processing and further analysis
using Bruker XWINNMR and AURELIA software packages
(Karlsruhe, Germany). All data sets acquired were zero-filled to equal
points in both dimensions prior to further processing. A 60°-shifted
skewed sine bell window function was applied in all NOESY and total
correlation spectroscopy spectra, and a 20°- or 30°-shifted skewed sine
bell function was used for all correlated spectroscopy spectra. To help
resolve spectral overlap, the data were collected at different
temperatures.

Structure Calculations—Distance restraints of fusion peptide ana-
logs were derived primarily from the 200-ms NOESY spectrum re-
corded in SDS micelles at 310 K, pH 4.0. Comparison was made to the
100-ms NOESY spectrum to assess possible contributions from spin
diffusion. Peak intensities were classified as large, medium, small, and
very small, corresponding to the upper bound interproton distance
restraints of 2.5, 3.5, 4.5, and 6.0 A, respectively. An additional correc-
tion of 1.0 A was added for methylene and methyl groups. Backbone
dihedral restraints were inferred from ®Jy coupling constants, with ¢
restrained to —120 = 30° for *Jy, > 8Hz and —60 = 30° on *Jyy, <
6Hz. Three-dimensional structures were generated using a simulated
annealing and energy minimization protocol in the program X-PLOR 98
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(31). Hydrogen bond restraints were included only in the final stage of
refinement, and all of the peptide bonds were defined as trans. Average
structures were calculated using the final set of refined structures and
were further energy minimized to ensure correct local geometry. The
INSIGHT II (Molecular Simulation Inc., San Diego, CA), MOLMOL
(32), and GRASP (33) software programs were used to visualize sets of
structures and to calculate and draw the electrostatic surface potential
of the final three-dimensional models. The convergence of the calcu-
lated structures was evaluated in terms of the structural parameters,
that is, the root mean square deviation from the experimental distance
and dihedral constraints, the values of the energy statistics (F,,., F,

noe’ © tor’

and F,.,.), and the root mean square deviation from the idealized
geometry. The distributions of the backbone dihedral angles of the final
converged structures were evaluated by the representation of the Ra-
machandran dihedral pattern, indicating the deviations from the steri-
cally allowed (¢ and ) angle limits using PROCHECK-NMR (34).

RESULTS

Conformational Changes at Different pH Values—CD spec-
troscopy was used to determine whether the peptides undergo
a conformational change upon interaction with lipid micelles at
different pH values. The CD spectra of three analogs at various
pH values in SDS micelles all showed that the conformations of
the analogs are pH-dependent (Fig. 1). The observations of 208-
and 222-nm negative ellipticities and of isodichroic point at
203, 203, and 204 nm for E5, G13L, and L17A, respectively,
revealed that a random coil and an a-helix are in equilibrium in
these analogs. Based on the standard values of the mean res-
idue molar ellipticity at 222 nm, 4000 deg cm? dmol ! for the
random coil and —38000 deg cm? dmol * for the a-helix (35),
we estimated the following a-helical content for each analog at
pH 7.0 and 3.5, respectively: 48 and 72% for G13L; 43 and 62%
for E5; and 24 and 43% for L17A. Clearly, G13L exhibits the
highest content of a-helical structures, whereas LL17A contains
fewest a-helical structures at both neutral and fusogenic pH.
At pH > 6.0, the negative ellipticity shifted to the value of ~200
nm in L17A, indicating that L.17A is mostly unstructured un-
der this condition. Interestingly, the helical content of L17A at
acidic pH is nearly the same as that of E5 at neutral pH.

Depth of Tryptophan Penetration to Membrane—All three
analogs contain a Trp residue at position 14. To verify the
interaction of the fusion peptide analogs and the SDS micelles,
the steady-state fluorescence emission spectra of these three
analogs were measured. It is suggested that the observation of
a blue shift upon interaction of the peptides with the negatively
charged vesicles indicates that the tryptophan moiety has pen-
etrated into the vesicle bilayer. As shown in Fig. 24, the E5
peptide at neutral pH without SDS micelles exhibited a emis-
sion maximum at 352 nm and reached a maximum of 336 nm
in the presence of SDS micelles. This observation of a blue shift
verifies the transfer of tryptophan to a more hydrophobic en-
vironment and verifies that there is an interaction between the
E5 analog and micelles. At acidic pH, a further blue shift was
observed, indicating a deeper insertion of tryptophan into lipid
bilayers. Interestingly, G13L possesses characteristics in its
fluorescence data very similar to those of the E5 peptide (Fig.
2B). The fluorescence spectra of L17A shown in Fig. 2C, how-
ever, revealed a different characteristic. The emission maxi-
mum of L17A remained at ~352 nm in aqueous solution with or
without micelles at neutral pH, revealing that at neutral pH it
hardly interacts with micelles. At acidic pH the emission max-
imum shifted to 336 nm, the same as the maximum of E5 at
neutral pH. The result of fluorescence emission experiments
seems to indicate that the structure of E5 at neutral pH is quite
similar to that of L17A at acidic pH. To further verify that
tryptophan inserts deeper into lipid bilayers at acidic pH, we
carried out acrylamide fluorescence quenching experiments.
Fig. 3A shows the Stern-Volmer plot for E5, G13L, and L17A
peptides in SDS micelles at pH 4.3 and 7.3. A comparison of the

sof A. ES

[6]x10° (deg cm* dmol™)

[6}x10° (deg cm” dmol™)

[e]x10° (deg cm® dmol™)

b
wavelength (nm)

Fic. 1. CD spectra of E5 (A), G13L (B), and L17A (C) analogs at
different pH values in SDS micelles with a molar ratio of pep-
tide/SDS of 1:100 at 25 °C are shown. The isodichroic point at 203,
203, and 204 nm for E5, G13L, and L17A, respectively, was observed,
indicating that an a-helix and a random coil are in equilibrium in these
analogs.

Stern-Volmer quenching constants (M~ !) among these peptides
is shown in Fig. 3B. The three analogs at acidic pH all possess
a smaller Kgy, value compared with that at neutral pH, indi-
cating that the Trp residue inserts deeper into lipid bilayers at
acidic pH. In addition, the Kgy value of E5 peptide at neutral
pH is nearly identical to that of L17A at acidic pH, in good
agreement with the finding that the emission maximum of E5
at neutral pH is the same as that of L17A at acidic pH.
Resonance Assignments and Secondary Structure Determina-
tion—With well dispersed NMR data, resonance assignments
for E5, G13L, and L17A were accomplished using standard
procedures. The total correlation spectroscopy and double
quantum filtered scalar-correlated spectroscopy spectra were
used to assign the spin systems, and the NOESY spectra were
used to make sequential connections between spin systems. In
addition, the NMR experiments obtained at different temper-
atures (285, 295, and 310 K) at both neutral and fusogenic pH
values were used to assign the overlapping peaks. Fig. 4 shows
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FiG. 2. Fluorescence emission spectra of E5 (A), G13L (B), and
L17A (C) acquired in the absence and presence of SDS micelles
at different pH values. For clarity, the emission maximum at three
different conditions for each analog is indicated by a labeled arrow.
Arrow a, in the aqueous solution at pH 7.0; arrow b, in the presence of
SDS micelles at pH 7.0; arrow c, in the presence of SDS micelles at
pH 3.5.

the representative regions of the NOESY spectra involving the
backbone protons for E5, G13L, and L17A at pH 4.0, respec-
tively. In general, the observations of weaker d (i, i+1) and
stronger d (i, i) and dyy(Z, i+1) connectivities, together with
d.NG, i+3), d (i, i+4), and d 4@, i+3) NOEs, suggest a stabi-
lization of the a-helical structure. We observed a set of a-helical
NOEs in the N-terminal segment of Ile>~Glu!! for all three
analogs at acidic pH. In the C-terminal region, the absence of
d .~ (10, 13) NOE and the observation of a nonhelical medium
range NOE of d_, (9, 13) indicated the lack of an a-helix in the
E5 analog in the Gly'2-Gly!? dipeptide. In the Trp*-Ile!® seg-
ment of E5, the weaker intensities of d,,5 (14, 17), d 5 (15, 18),
d.~ (14, 17), and d (15, 18) NOEs indicate that this region
possesses some a-helical structures but that it is less populated
than the N-terminal a-helix. Compared with the C-terminal
structure of the E5 peptide, structural differences were seen in
the C-terminal regions in G13L and L17A, both of which pos-
sess much less fusion activity than E5. In G13L, neither d_,, (9,

Structures of Fusion Peptide Analogs of Influenza Hemagglutinin
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Fic. 3. Trp fluorescence quenching experiments of HA2 fusion
peptide analogs by acrylamide in the presence of SDS micelles
are shown. A, Stern-Volmer plots for E5, G13L, and L17A peptides in
SDS micelles at pH 4.3 and 7.3. The peptide concentration is 10 um and
acrylamide concentration is given on the x axis. B, a comparison of the
Stern-Volmer quenching constants (M~ *) for E5, G13L, and L17A in the
presence of SDS micelles at pH 4.3 and 7.3.

13) nor d . (9, 13) NOEs were found, and two intensive a-hel-
ical NOEs, d . (10, 13) and d,y (13, 16), were identified in-
stead, indicating that a replacement of Gly'® with Leu'® (G13L)
increased the a-helical conformation in residues 12-13. Fur-
ther, based on the presence of stronger a-helical NOEs in the C
terminus than those present in the C terminus of E5, we
concluded that G13L possesses higher C-terminal «-helical
contents than the E5 peptide. Therefore, the G13L analog
likely forms an extended helix. In contrast, the NMR data of
L17A at acidic pH show that its C-terminal a-helix almost
disappears with very small d, (14, 17), d,,z (14, 17), and d
(15, 18) NOEs and the disappearance of the d_, (15, 18) a-hel-
ical NOE in Trp'*~Ile'®. A comparison of NOEs between E5
and L17A, however, does not show any significant change in
the N-terminal a-helix and the hinge region. Consequently, the
main structural difference between E5 and L17A comes from
the C-terminal a-helix in the Trp'*-Ile'® segment. Fig. 5 shows
a comparison of the C*H chemical shift between E5 and G13L
and between E5 and L17A, respectively. The substitution of
Leu for Gly'® (G13L) lowers the C*H chemical shifts in its
neighboring residues (Ile!®~Gly'? and Trp%), revealing that
the segment of Ile!®>~Trp'* in G13L contains a higher propen-
sity to form a helical structure. The substitution of Ala for
Leu!” (L17A), however, increases the C*H chemical shift at
residues Trp'* and Glu'®, indicating a reduction in the C-
terminal helix. Thus, the derived secondary structures based
on NOE connectivities and C*H chemical shifts are in good
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FiG. 4. The fingerprint and HN/HN regions of NOESY spectra of E5 (A), G13L (B), and L17A (C) in SDS micelles at pH 4.0 and 310
K. The sequential connectivities are annotated, and the intraresidue NOEs in the fingerprint region are indicated with a one-letter amino acid code
and a residue number. The observation of d_, (10, 13) NOE and the disappearance of d (9, 13) in G13L are specifically indicated by arrows. The
two a-helical NOEs, d . (14, 17) and d _ (15, 18) in L17A, which were hardly seen, were also indicated by arrows.

agreement. At neutral pH, the N-terminal a-helix remains and
the C-terminal «-helix of E5 is dramatically reduced, as de-
duced by the disappearance or significantly less intensity of
medium a-helical NOEs: d 5 (14, 17), d 5 (15, 18), d . (14, 17),
and d (15, 18). Therefore, the pH-induced structural change
of the E5 peptide at different pH values is mainly due to the
C-terminal a-helix. To check the rigidity of the structure and to
identify the hydrogen bonds, we measured the amide-proton
exchange rates for these analogs in SDS micelles using one-
and two-dimensional NMR for E5, G13L, and L17A at acidic
pH. The N-terminal amide protons (Ala®-Ile'?) were still pres-
ent in all three analogs after dissolution in D,0O for more than
30 min, suggesting that these residues are likely to form strong
hydrogen bonds. Thus, the exchange rates show that the N-
terminal a-helix in these three analogs is more stable and rigid
than the C-terminal one. The 3Jyy, coupling constants esti-
mated from the two-dimensional double quantum filtered sca-
lar-correlated spectroscopy spectra imply that N-terminal res-
idues Leu®>-Glu!! possess smaller coupling constants (< 6Hz),
which is in agreement with the formation of an a-helix in this
region. Fig. 6 provides an NMR summary for these three ana-
logs, respectively. All of the NMR parameters support that E5
forms a stable a-helical structure in Leu?-Glu'! and a loose
a-helix in the C terminus at Trp'“-Ile'®, with Gly'2-Gly'? form-
ing a hinge. G13L extends the N-terminal helix to the C-
terminal region, and L17A nearly loses the C-terminal short
helix entirely.

Analysis of pH Titration Experiments—On the basis of the
titration curves of the chemical shift versus pH, we determined
the pK,, values of five Glu residues in the sequence (Glu*, Glu®,

Glu'!, Glu'®, and Glu'®) of E5 and G13L peptides in SDS
micelles. We found that they are nearly identical to the values
in DPC micelles reported by Dubovskii et al. (23). In addition,
the chemical shift change for the C*H of Ile!® and Glu'® of E5
peptide in these two micellar solutions at different pH values
are also very similar. However, in G13L, we only observed very
small chemical shift changes of Glu'® C*H and did not detect
any shift change of Ile!® C*H at different pH values. Evidently,
the backbone structure at Ile'® and its nearby region of G13L is
very rigid and pH-independent.

Tertiary Structures—Because E5 possesses membrane-pen-
etrating activity similar to the native fusion domain (36), we
first determined the E5 structure in SDS micelles at fusogenic
pH. A set of 372 restraints was used for simulated annealing
and energy minimization calculations using the software pro-
gram X-PLOR. Among these restraints, 356 are interproton
distance restraints, 10 are hydrogen bond restraints, and 6 are
dihedral-angle restraints. Each structure was checked accord-
ing to geometric deviation, total energy, and distance violation.
Thirteen structures were chosen to represent the ensemble of
NMR structures on the basis of the lowest target function and
minimal distance and torsional angle restraint violations in the
final stage. All of these structures were consistent with both
experimental data and standard covalent geometry and dis-
played no violations greater than 0.5 A for distance restraints.
The NMR solution structures demonstrate that the E5 peptide
is composed of two helical segments; one section is located in
the N terminus (residues Leu?-Glu'?), and the other is located
in the C-terminal region (Trp'*-Ile'®). In the C-terminal
Trp!*-Ile'® segment, the backbone ¢ and ¢ dihedral angles are
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Fic. 5. Comparisons of the C“H chemical shift of G13L and E5
(A) and L17A and E5 (B) are shown. The substitution of Leu for
Gly*? (G13L) lowers the C*H chemical shift in its neighboring residues
(Ile’*—Gly'? and Trp'*), revealing that this segment contains a higher
propensity to form a helical structure. However, the substitution of Ala
for Leu'” (L17A) increases the C*H chemical shift at residues Trp** and
Glu'®, indicating a reduction of the C-terminal a-helix.
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close to the values for 3,,-helix (¢ = —60° and y = —30°) and
two (i, i+3) hydrogen bonds, Trp'* CO/Leu!” NH and Glu'®
CO/Tle'® NH, were observed; thus it is confirmed that Trp'*-
Ile'® forms a 3,,-helix. Gly is known to be a helix-breaking
residue. As expected, Gly'2-Gly'® terminates the N-terminal
a-helical structure and forms a hinge structure. For clarifica-
tion, superimpositions of backbone heavy atoms (N, Ca, and C’)
from residues 2-18, 2-11, and 14-18 with root mean square
deviations of 1.26, 0.44, and 0.29 A, respectively, were calcu-
lated and are shown in Fig. 7. The precise orientation of the two
helical segments could not be determined because of the lack of
medium and long range NOEs between the two helices. An
angle between the two helical axes of ~120° was consistently
observed in the ribbon representation of structure. The struc-
tural statistics on the final set of structures are given in Table
II. Interestingly, because of the twist of the central hinge in E5,
the charge distribution of E5 forms an amphipathic bent helical
structure with five negatively charged Glu residues located on
one side and with the hydrophobic residues located on the
opposite side (Fig. 8). Using the same protocol, we also gener-
ated the solution structures of G13L and L17A at acidic pH. A
comparison of the ribbon diagrams of the three analogs is
shown in Fig. 9.
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Fic. 6. Summaries of the amide proton exchange rates, the
3Jnme. coupling constants, NOE connectivities, and C*H chemi-
cal shift index for E5, G13L, and L17A at pH 4.0 are shown. Slow
and medium exchanging amide protons are represented by filled and
open circles, respectively. The ?J, coupling constants smaller than 6
Hz are indicated by filled squares. Bar thickness indicates the intensity
of NOE connectivity, with thicker bars representing stronger NOEs.
Negative bars in the chemical shift index indicate upfield shifts of more
than 0.1 ppm of the C*H compared with the expected random coil C*H
chemical shift. Positive bars indicate downfield shifts of more than 0.1
ppm of the C*H compared with the expected random coil C*H value.
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N-terminal oc-helical
region: residues(2~11)

Hinge region:
Residues
(G12,G13)

% C-terminal 3, helical
k® region: residues(14~18)

Fic. 7. Superposition of the backbone (N, C* and C’) atoms of
13 NMR structures of the E5 analog obtained from simulated
annealing and energy minimization calculations. The structures
are best fitted to residues 2-18 (A), 2-11 (B), and 14-18 (C),
respectively.

TaBLE II
Structural statistics on the final set of simulated annealing structures
of E5 in SDS micelles

Restraints used
Distance restraints

Intraresidue 172
Sequential 140
Medium and long range 44
Total distance restraints 356
Hydrogen bonds 10
Dihedral angles 6
Statistics for the final X-PLOR structures
Number of structures in the final set 13
X-PLOR energy (kcal - mol ™ %)
Eyor 12.73 = 1.43
E i1 1.83 + 0.68
Epona T Eongie + Eimproper 591.55 + 5.32
lec 2.25 = 0.26
NOE violations
Number > 0.5 A . None
Root mean square deviation (A) 0.05
Deviation from idealized covalent geometry
Angle (deg) 2.58 = 0.46
Improper (deg) 3.99 + 0.03
Bonds (A) 0.01

Root mean square deviation A)
Backbone (N, C*, C’)

Residues (2-18) 1.26 = 0.32
Residues (2-11) 0.44 = 0.12
Residues (14-18) 0.29 = 0.09
Ramachandran data
Residues in most favored regions (%) 85.2
Residues in allowed regions (%) 12.8
Residues in generously allowed regions (%) 0.5
Residues in disallowed regions (%) 1.5

DISCUSSION

We performed CD, fluorescence, and NMR experiments to
investigate the structural changes of three fusion peptide an-
alogs of influenza virus HA2 in SDS micelles at different pH
values. As described above, E5 possesses fusion activity similar
to the native fusion peptide, whereas G13L and L17A exhibit
much less fusion activity than the E5 analog. CD experiments
revealed that G13L possesses higher a-helical content than E5
at acidic and neutral pH, indicating that a-helical structure
alone cannot cause fusion activity for influenza HA2 fusion
peptide. Both E5 and G13L showed a blue shift in their fluo-
rescence spectra in the presence and absence of SDS micelles at
neutral pH, revealing that both analogs penetrate into the
micelles and associate with the hydrophobic core in the lipid
bilayer at neutral pH. In contrast, the emission maximum of
fluorescence spectra of L17A at pH 7.0 remained the same with
or without SDS micelles, indicating that SDS micelles are
unable to induce any conformational change in L17A at neutral
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pH. This observation is consistent with our CD data, which
show that at neutral pH L17A is mostly unstructured in the
presence of SDS micelles and in the aqueous solution. From
neutral to acidic SDS micelles, a further blue shift was detected
in E5 and G13L, indicating a deeper insertion of both analogs
into lipid bilayers. Also, a blue shift of 16 nm (shift from 352 nm
to 336 nm) observed in L17A suggested that LL17A can pene-
trate into and interact with the micelles at acidic pH. It is
noteworthy that the emission maximum of L17A at acidic pH is
the same as that of E5 at neutral pH. Therefore, the charac-
teristic of E5 of peptide insertion into lipid bilayers at neutral
pH should be similar to that of L17A at acidic pH. Acrylamide
quenching experiments showed that the Kgy values for E5,
G13L, and L17A at acidic pH are lower than the Ky, values at
neutral pH in the presence of SDS micelles, indicating that the
tryptophan residue is more protected against quenching by
acrylamide at acidic pH. Accordingly, fluorescence emission
experiments revealed that E5 as well as G13L exhibit a very
similar means for peptide insertion into lipid bilayers, even
though they possess different fusion activities. This phenome-
non indicates that the insertion of a peptide into lipid bilayers
does not guarantee whether the peptide is fusion-active.

The NMR solution structure of the E5 peptide in SDS mi-
celles at pH 4.0 is comprised of a regular a-helix in the N-
terminal Ile>~Glu'! and a 3;,-helix in the C-terminal Trp*-
Tle'® with Gly'2-Gly'? forming a hinge. Also, the hydrophobic
residues in the N- and C-terminal helices form a hydrophobic
cluster. We suggest that the fusion peptide inserts into the lipid
bilayers with its hydrophobic surface exposed to the apolar
interior of the membrane. At neutral pH, the pH-induced struc-
tural change of the E5 analog occurs predominantly in the
C-terminal helix. The decrease of the C-terminal helix hence
breaks the hydrophobic cluster observed at acidic pH, and the
fusion activity becomes inactive. A comparison of the solution
structures of E5 and G13L shows that the hinge observed in E5
is dramatically reduced in G13L at acidic pH. The decrease of
the hinge along with the reduction of fusion activity in G13L
reveals the importance of the hinge in fusion activity. By con-
trast, we found that the main structural difference between E5
and L17A at acidic pH occurs at the C-terminal helix. There-
fore, the decrease of the C-terminal helix together with the
reduction of fusion activity in L17A demonstrates the impor-
tance of the C-terminal helix in fusion activity. Taken together,
the structural features that are essential for fusion activities of
the influenza fusion peptide can be summarized as follows: 1) a
rigid N-terminal helix for disrupting the membrane, 2) a cen-
tral hinge for twisting and bending N- and C-terminal helices
to form a hydrophobic cluster, and 3) a C-terminal 3,-helix to
span the membrane, thereby facilitating deeper insertion of the
peptide and formation of a central hinge at acidic pH.

Taking these results together, we propose a model (Fig. 10)
to describe the structural change of the E5 analog and how E5
interacts with the lipid bilayer at different pH values. At neu-
tral pH, a blue shift was observed for the E5 analog in the
presence and absence of SDS micelles, implying that there is an
interaction between the Trp residue and the lipid bilayer. We
thus suggest that Gly'-Trp'* is located inside the membrane,
with Trp' near the head group of the lipid bilayer, and that the
C-terminal region (Glu'®-Gly?°) is exposed to the aqueous
phase. When lowering the pH, the charged residues, Glu'! and
Glu'®, are neutralized, and the C-terminal helix is increased.
Under this condition, Glu®-Ile'® also inserts into lipid bilay-
ers, and a hydrophobic core is formed among the hydrophobic
residues in the N- and C-terminal helices to facilitate the
interaction of the E5 analog with the lipid bilayer. The fusion
peptide analog then destabilizes the membrane, with the fusion
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F3 12
Fusogenic pH

- Lipid Bilayer

Fic. 8. The active fusion peptide analog E5 presents a helix-hinge-helix structural motif. A, a cartoon representation of the structure
of the E5 analog at fusogenic pH, with a helix-hinge-helix structural motif. B, the hinge structure of the E5 analog facilitates the hydrophobic
surface of the C-terminal helix to twist to the same side with the hydrophobic surface of the N-terminal a-helix. The helix-hinge-helix structure

of E5 forms a hydrophobic pocket consisting of Leu?, Phe?, Ile®, Phe?, Ile'?, Trp'4, Leu'?, and Ile'®.

G . c-

ES G13L L17A

Fic. 9. A comparison of ribbon diagrams of the three-dimen-
sional structures of E5, G13L, and L17A analogs is shown. The
ribbon structure was produced using the MOLMOL program.

pore forming with the help of the hinge in the Gly'2-Gly!®
dipeptide, thereby triggering membrane fusion.

Our proposed model is different from the reported model (23)
based on a structural study of the E5 peptide in DPC micelles.
The CD spectra showed that the E5 peptide in DPC micelles
contains more helical content (50%) at pH 5.4 than at pH 6.7
(40%), which is in good agreement with our finding that the
conformation of the E5 peptide in SDS micelles is pH-depend-
ent. The NMR solution structure of the E5 analog in DPC

Fusogenic pH

Fic. 10. A proposed model, based on the results from NMR, CD,
and fluorescence experiments, shows the structural change of
the E5 analog and how the analog interacts with lipid bilayers
at different pH values. The C terminus is mostly unstructured at
high pH and is exposed in the aqueous phase. At fusogenic pH, the
helical content in Trp**-Ile'® is increased because of the charge neutral-
ization on Glu'® and/or Glu''. The C-terminal helix then penetrates into
the membrane and interacts with the hydrophobic core in the lipid
bilayer. In the meantime, the flexible region in Gly'2-Gly'® serves to
facilitate fusion pore formation. Subsequently, the fusion peptide ana-
log destabilizes the membrane and then triggers membrane fusion.

micelles at pH 5.4 and at a detergent-to-peptide ratio of 60 was
determined to contain an amphipathic a-helix in residues 2—18,
in which 11-18 is flexible. However, the hinge in Gly'2-Gly!®
dipeptide and pH-induced structural change in the C-terminal
helix were not mentioned in the paper. Dubovskii et al. (23)
then used the plot of the chemical shift versus pH to determine
the pK,, values of five Glu residues in the sequence, and Glu'*
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and Glu'® were shown to possess unusually high pK, values of
~5.6 compared with a pK,, of 4.24 for isolated glutamic acid in
aqueous solution. Based on these elevated pK, values, the
proposed model of Dubovskii et al. shows that fusion activity is
likely driven by the protonation of the carboxylate group of the
Glu'! residue participating in a transient hydrogen bond with
the backbone amide proton of Glu'®. According to the model,
once the side chain carboxylate of Glu!! is protonated at acidic
pH (pH < 6), the fusion peptide relocates into the hydrophobic
core of the micelle followed by stabilization of the amphipathic
a-helix in residues 2-18. Interestingly, we found that the pK,
values of five Glu residues in the sequence (Glu?, Glu®, Glu'?,
Glu'?, and Glu'®) of E5 and G13L peptides in SDS micelles are
nearly identical to the values in DPC micelles reported by
Dubovskii et al. This finding indicates that possessing unusual
pK, values in the Glu'! and Glu'® residues is not the only factor
for the HA2 fusion peptide in fusion activity, because G13L is
much less fusion-active than E5. In addition, we did not ob-
serve the hydrogen bond between the carboxylate group of
Glu'! and the backbone HY of Glu'® in our NMR structures of
the E5 analog in SDS micelles. Apparently, the proposed model
of Dubovskii et al. contradicts our biophysical data. In contrast,
our model is similar to the one proposed by Han et al. (22). The
solution structure of influenza HA2 host-guest fusion domain
was determined to contain the structural motifs of helix-break-
helix and helix-break-irregular at pH 5.0 and 7.4, respectively.
Both structures are highly amphipathic and feature a bend in
the middle, and this bend orients the two ends of the fusion
domains toward their hydrophobic faces. Strikingly, the struc-
tural basis between native fusion peptide in DPC micelles and
the E5 analog in SDS micelles at different pH values are almost
identical. Because of the highly similar structural properties,
our proposed model and that of Han et al. are alike.

In conclusion, all three models suggest that the N terminus
from residues 2—11 exhibits a stable a-helix structure and that
the fusion peptide possesses a higher helical content at acidic
pH (fusogenic pH) than at neutral pH. Our E5 analog and the
reported native fusion peptide NMR structures all showed a
structural change in the C-terminal helix at different pH val-
ues. However, the importance of the hinge in the middle of the
sequence and the C-terminal helix of HA2 fusion peptide in
membrane fusion have not been reported before. In this work,
our NMR data of G13L and L17A, as described above, directly
demonstrate the importance of the hinge in Gly*2-Gly'® and the
C-terminal 3,,-helix in Trp!*-Ile'® in fusion activity. It is
known that the E5 analog and the native fusion peptide of
influenza HA2 induce fusion activity at acidic pH and possess
similar characteristics when interacting with the lipid bilayer.
Most interestingly, we found that the structure/fusion activity
relationships exhibited by the E5 analog represent well the
property of the native fusion peptide of influenza virus HA2.
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Consequently, our model further provides insight into the
mechanism of membrane fusion for influenza virus HA2 fusion
peptide.
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