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We designed a host—guest fusion peptide system, which is completely
soluble in water and has a high affinity for biological and lipid model
membranes. The guest sequences are those of the fusion peptides of
influenza hemagglutinin, which are solubilized by a highly charged
unstructured C-terminal host sequence. These peptides partition to
the surface of negatively charged liposomes or erythrocytes and elicit
membrane fusion or hemolysis. They undergo a conformational
change from random coil to an obliquely inserted (~33° from the
surface) a-helix on binding to model membranes. Partition coeffi-
cients for membrane insertion were measured for influenza fusion
peptides of increasing lengths (n = 8, 13, 16, and 20). The hydrophobic
contribution to the free energy of binding of the 20-residue fusion
peptide at pH 5.0 is —7.6 kcal/mol (1 cal = 4.18 J). This energy is
sufficient to stabilize a “stalk” intermediate if a typical number of
fusion peptides assemble at the site of membrane fusion. The fusion
activity of the fusion peptides increases with each increment in
length, and this increase strictly correlates with the hydrophobic
binding energy and the angle of insertion.

usion peptides play a central role in facilitating membrane

fusion. Fusion peptides are highly conserved and quite hydro-
phobic sequences of fusion proteins that reside in viral envelope
membranes or in the plasma membranes of sperm cells (1). These
peptides are thought to be the only segments of the fusion proteins
that insert deeply into the lipid bilayer of the target membrane at
an early stage of membrane fusion (2). Despite this prominent role
and numerous biophysical studies, no precise structure of a fusion
peptide in lipid bilayers has yet been determined. Also, the binding
of fusion peptides to lipid bilayers could not be studied previously,
because these peptides are too hydrophobic to measure their
partitioning between aqueous and membrane phases. Obtaining
thermodynamic parameters of fusion peptide binding to lipid
bilayers would be extremely helpful for the formulation of physically
relevant models of energy coupling in membrane fusion. Most
previous physical studies of fusion peptide—bilayer interactions
were conducted with samples in which peptides and lipids were
mixed in organic solvents and hydrated or added from organic
solvent to preformed liposomes before spectroscopic analysis. A
notable exception was a spin-label EPR spectroscopic study in
which an expressed fragment of influenza hemagglutinin (HA) was
used to assess the depth of the fusion peptide in lipid bilayers (3).
The conformation of hydrophobic peptides in lipid bilayers often
depends on the solvent that was used in the reconstitution proce-
dure. Gramicidin A, for example, adopts many different confor-
mations depending on how the samples are prepared (4). There-
fore, the current procedures to reconstitute fusion peptide—bilayer
complexes may not be adequate for higher-resolution structural
studies of fusion peptides in lipid bilayers. To alleviate these
problems, we have designed a host—guest peptide system in which
the fusion guest peptide is linked via a flexible linker to a host
peptide that solubilizes the entire peptide. This design allows us to
perform partition experiments and to obtain quantitative data on
the binding of fusion peptides to lipid bilayers in physiological
buffers. It further opens the possibility to study the structure of such
peptides in a presumably more physiological conformation. To
prove the validity of this approach, we have applied this concept to

study the binding of various peptides that are derived from the
fusion peptide sequence of influenza virus HA to lipid bilayers. We
also determined the secondary structures of these peptides in
solution and in lipid bilayers. The influenza HA fusion peptide
resides at the very N terminus of the HA; subunit of the homotri-
meric two-subunit protein. To assess the relative contributions of
the different segments of the peptide to the overall binding energy
and secondary structure, we have incremented the length of the
influenza fusion peptide in four steps. This procedure mimics the
progressive growth of the peptide into the lipid bilayer as it may also
occur physiologically.

Materials and Methods

Peptides and Liposomes. All peptides were synthesized by solid
phase synthesis by the Biomolecular Research Facility at the
University of Virginia by using Fmoc chemistry. Reverse-phase
HPLC-purified peptides were >96% pure, and their molecular
masses were confirmed by mass spectrometry. Concentrations of
stock solutions were determined by quantitative amino acid
analysis. Labeling with NBD (90-95% labeled) was performed
as described (5).

Small unilamellar vesicles (SUVs) were prepared by sonicat-
ing lipid (Avanti Polar Lipids) or lipid—peptide dispersions in
buffer [5 mM N-(2-hydroxyethyl)-piperazine-N’-(2-ethanesul-
fonic acid) (Hepes)/10 mM 2-(4-morpholino)-ethanesulfonic
acid (Mes), pH 7.4] with a probe sonicator for 30 min at 50%
duty cycle on ice. Phospholipid concentrations were determined
by phosphorus assay (6). Large unilamellar vesicles (LU Vs; 100
nm in diameter) were prepared by extrusion through polycar-
bonate membranes as described (7).

Hemolysis and Fusion by Lipid Mixing. Peptides were incubated with
0.5 ml of washed chicken erythrocytes [2% (vol/vol) hematocrit in
PBS]. After the pH had been lowered to 5.0 with an aliquot of 0.15
M citrate buffer (pH 3.5), the mixture was incubated at 37°C for 45
min. Cells were pelleted at 3,000 X g for 1 min, and the OD of the
supernatant was determined at 520 nm. Complete hemolysis was
obtained after lysing the cells with 0.5% Triton X-100.
Membrane fusion was measured by fluorescence resonance
energy transfer (8) on a Spex Industries (Metuchen, NJ) Fluoromax
spectrometer. Two populations of 1-palmitoyl-2-oleoyl-3-sn-
phosphatidylcholine (POPC):1-palmitoyl-2-oleoyl-3-sn-phosphati-
dylglycerol (POPG; 4:1 mol/mol) LU Vs, one unlabeled and one
labeled with 1% each of N-lissamine rhodamine B sulfonyl-egg
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Table 1. Sequences and calculated hydrophobicities of influenza HA host-guest fusion peptides of different lengths

Hydrophobicity®
Peptide Sequence* Interface, kcal/mol Octanol, kcal/mol
H7 NH-GCGRKKK-CONH ~0.24 ~0.02
H7-ac CH;CONH-GC&KKK-CONH ~0.24 ~0.02
PBH7 NH-GLFGAIAGGCEKKK-CONH ~2.24 -4.10
P13H7 NH-GLFGAIAGFI ENGGCKKKK-CONH -3.68 ~6.93
P16H7 NH-GLFGAIAGFI ENG\EGGC&KKK-CONH 553 ~9.02
P20H7 NH-GLFGAIAGFI ENG\EGMDGGCKKKK-CONH ~6.07 ~10.81

*The host segments of each peptide are underlined.

The hydrophobic (negative on the respective scales of ref. 24) residues only are summed by using two different thermodynamic whole-residue hydrophobicity scales
that should represent the transfer of unfolded peptides to the bilayer interface and into the hydrophobic interior of the lipid bilayer, respectively (24). Folding into
an a-helix adds another —0.14 to —0.41 kcal/mol for each hydrogen-bonded residue in the interface (25, 26) and a likely more negative value in octanol.

phosphatidylethanolamine (PE) and N-NBD-egg PE, were mixed
at a 9:1 unlabeled:labeled ratio with 100 uM total lipid in 2 ml
Hepes/Mes buffer at pH 7.4 or 5.0 at 37°C. Peptide at 5 uM was
added after a 5-min preincubation from a 5 mg/ml stock solution
in water. The fluorescence before peptide addition and after
addition of 20 ul of 10% (vol/vol) Triton X-100 was taken as 0 and
100% fusion, respectively.

CD and Attenuated Total Reflection (ATR)-Fourier Transform Infrared
(FTIR) Measurements. CD spectra of peptides (0.25 mg/ml) in
solution and in association with POPC:POPG (4:1, mol/mol) SUVs
(prepared by cosonication) were recorded on a Jasco (Easton, MD)
600 spectropolarimeter as described (7). The fraction of residues in
a-helical conformation, fi;, was estimated from the measured mean
residue ellipticity at 222 nm, 622, by fu = (6222 — 60.)/(6u — 6.),
where 6y = (2507 — 44,000)(1 — 3/n) and 6. = 2,220 — 53T are
the limiting values of 6, for completely helical and completely
random coil peptides, respectively. T is the temperature in centi-
grade, and n is the number of residues of the peptides (9, 10).

ATR-FTIR spectra of peptides bound to planar phospholipid
bilayers supported on germanium ATR plates were recorded on
a Nicolet 740 FTIR spectrometer as described (7, 11). The
substrate-exposed monolayer was 1,2-myristoyl-3-sn-phosphati-
dylcholine, and the monolayer facing the liquid cell was com-
posed of POPC and POPG (4:1). Peptides were added to the
preformed bilayers in Hepes/Mes pD 7.4 D,O buffer and
allowed to bind for 5 min. Unbound peptides were removed by
flushing the measuring cell with 3 ml of this buffer. The methods
for processing of the infrared spectra and calculations of order
parameters have been described (12).

Membrane Binding. Binding of NBD-labeled peptides to lipid
bilayers was measured as described (5). POPC:POPG (4:1,
mol/mol) SUVs were added successively to 0.05 uM fluorescent
P13H7, P16H7, or P20H7 or to 0.1 uM fluorescent H7 or PSH7
in Hepes/Mes pH 7.4 or 5.0 buffer. Fluorescence intensities were
measured with the excitation, emission, and slits set at 490, 530,
and 5 nm, respectively. Light scattering was negligible under
these conditions. The binding isotherms were analyzed as par-
tition equilibria by using the standard partition equation (13, 14)

Xb = KappCf, [1]

where Xj, is defined as the molar ratio of bound peptide per 60%
of the total lipid. We assume that the peptides initially partition only
into the outer leaflet of the SUVs, which contain about 60% of the
total lipid. Kqpp is the apparent partition coefficient in units of M1,
and Cy represents the equilibrium concentration of free peptide in
solution. To calculate Xy, we first determined the fluorescence
intensity F.., which is the limiting fluorescence when all peptide is
bound to lipid. F.. was obtained by extrapolation of a double-
reciprocal plot of the total peptide fluorescence vs the total lipid
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concentration in the outer leaflet, i.e., 1/F vs. 1/(0.6 Cr) (15).
Knowing the fluorescence intensities of unbound peptide, Fy, the
fraction of membrane-bound peptide, fi,, was calculated from f;, =
(F — Fo)/(F-» — F,). The free-peptide concentration, Cy, and the
concentration of bound peptide, Xy, were then calculated from f,,
and the total peptide concentration. Plots of Xj, vs. Cy are referred
to as conventional binding isotherms. Free energies of peptide
insertion were determined from standard equations (invoking
Gouy-Chapman to account for charge accumulation at the mem-
brane interface) as described in full detail in ref. 11. To calculate the
respective incremental free energy changes, AAGiys, for each guest
sequence, the free energy of insertion of the host peptide was
subtracted, i.e.,

AAG = AG;,(PnHT7) — AG,,(H7), n =28, 13,16, 20. [2]

Results

Design of the Host-Guest System. To study the binding of relatively
hydrophobic peptides to lipid bilayers, we designed a host—guest
system that should fulfill the following criteria: (i) the peptides
should be soluble in aqueous buffers up to concentrations needed
for equilibrium binding experiments with lipid bilayers; (if) the
peptides should be monomeric in aqueous buffers to facilitate the
analysis of binding equilibria; (ii7) the host peptides alone (i.e.,
without the guest fusion peptides) should bind to membranes with
a reasonably high affinity; (iv) the host, but not the guest, segment
of the peptides should have a site for attaching a spectroscopic
reporter group that is suitable to measure binding to lipid bilayers;
and (v) the host and guest segments of the peptides should form
independent folding units, i.e., there should be minimal interactions
between them. These criteria led to the design of the host peptide
H7 and four host—guest peptides PnH7 where n = §, 13, 16, and 20
stands for the number of residues from the N terminus of the
influenza HA (strain X:31) fusion peptide sequence (Table 1). The
sequences of the fusion peptides were increased in length to permit
us to determine incremental changes in binding and conformation
as the peptides were progressively “grown” into the lipid bilayer.
The longest peptide consisted of 20 guest residues, because mostly
hydrophilic residues follow the first 20 residues of influenza HA;
these subsequent residues do not insert into lipid bilayers as was
demonstrated by photoaffinity labeling (2). Good solubility in
aqueous buffers was achieved by linking the fusion peptides to a
very polar host peptide. The highly charged host peptide further
ensured that the peptides remained monomeric in solutions of low
ionic strength (see below). The four consecutive lysines facilitated
the binding of even the shortest guest peptide to lipid bilayers that
contained 20 mol percent acidic phospholipids. This part of our
design was guided by detailed studies of the binding of oligolysines
to charged lipid bilayers (16, 17). Finally, a linker region consisting
of the sequence Gly-Cys-Gly was incorporated into the host pep-
tide. This segment provides a site for the attachment of spectro-
scopic reporter groups by sulfhydryl alkylation, is expected to be
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Fig. 1. Hemolytic activities of
host—-guest fusion peptides at pH
7.4 (open circles) and 5.0 (closed cir-
cles) as a function of peptide con-
centration.
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conformationally flexible, and thereby fulfills our criterion for an
uncoupling of secondary structure induction across the host and
guest peptide boundary. Table 1 also lists for each sequence the
predicted hydrophobicities by using two different thermodynamic
scales that are based on the transfer of the apolar residues to the
membrane interface and the hydrophobic interior, respectively.

Hemolysis and Fusion Activity. Previous experiments with virus,
isolated HA rosettes, and fusion peptides showed that the hemolytic
activity of peptide models correlates with viral fusion activity
(18-20). The data presented in Fig. 1 demonstrate that the host—
guest peptides lyse red blood cells in a pH-, concentration-, and
length-dependent manner. The longer peptides PI6H7 and P20H7
exhibit strong hemolytic activity at pH 5.0 but not at pH 7.4. H7 and
P8H7 are inactive, and P13H7 is marginally active at pH 5.0. The
P8 portion of PSH7 consists of only hydrophobic residues (and
glycines). It is clearly not sufficient to lyse red blood cells. However,
the subsequent sequence of the longer peptides has an amphipathic
and increasingly more negatively charged character. One or both of
these elements seem to be required for hemolysis. Importantly, the
pH-dependent hemolytic activity of our designed fusion peptides
mimics very well the pH-dependence of the fusion activity of in-
fluenza HA, which fuses viral membranes only below pH ~5.4 (21).

We also studied the ability of our peptides to fuse liposomes. A
common assay for membrane fusion monitors the mixing of lipids
between two liposome populations by measuring resonance energy
transfer between the fluorescent lipids NBD-eggPE and lissamine
rhodamine B sulfonyl-eggPE (8). Fig. 2 shows the fusion of lipo-

60 P20H7

Fig. 2. Induction of fusion of
POPC:POPG (4:1, mol/mol) lipo-
somes by host-guest fusion
peptides. Lipid mixing induced
by 5 uM peptide added to 100
uM lipid was measured atpH 5.0
and 37°C.

Lipid Mixing (%)

Time (s)
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somes as measured by lipid mixing and elicited by the five peptides
at pH 5.0. The rates and extents of fusion increase with the length
of the fusion peptides. Again, H7 and PSH7 were fusion-inactive.
Much lower rates and extents of fusion were observed at pH 7.4 for
all other peptides (data not shown). These results demonstrate that
our designed fusion peptides closely mimic the fusion behavior of
influenza virus and, therefore, may be used as a valid model system
to study the interaction of fusion peptides with lipid bilayers.

Conformation of Peptides in Solution and Bound to Lipid Bilayers. To
assess the secondary structure of the peptides under different
conditions, we measured their CD spectra in solution as a function
of pH, peptide, and salt concentration. The dashed lines in Fig. 3
show the CD spectra in pH 7.4 and 5.0 buffers without added salt.
The CD spectra of all five peptides are characteristic of mostly
random coil at both pH values. Only P20H7 may adopt a small
amount of a-helix (<10%) at both pH values under these condi-
tions. When designing these peptides, we reasoned that the high
charge density at the C termini might disperse the peptides enough
by electrostatic repulsion to overcome the tendency of the larger
peptides to self-associate by hydrophobic interaction. To test this
hypothesis, we measured the CD spectra of all peptides under high
salt conditions. Indeed, when electrostatic repulsion between the
peptides was screened, they adopted ordered secondary structures,
presumably as a result of self-association (11).

The solid lines in Fig. 3 show CD spectra of the five peptides
bound to lipid bilayers of POPC/POPG (4:1, mol/mol) at pH 7.4
and 5.0. All spectra were recorded at lipid/peptide molar ratios
of 100:1 (mol/mol) and total peptide concentrations of 0.25
mg/ml. We estimate from the partition coefficients (see below)
that >99% of the peptides were bound to membranes under
these conditions. The spectra indicate that, of the short peptides,
H7 and P8H?7 still did not adopt any ordered secondary struc-
tures after binding to lipid bilayers. However, the longer peptides
P13H7, P16H7, and P20H7 adopted mostly a-helical structures
on binding to lipid bilayers. Comparison of the spectra shown in
Fig. 3 Left and Right shows that a change of the pH from 7.4 to
5.0 further promoted secondary structure formation of the
membrane-bound peptides. Table 2 lists the contents of the
a-helix of each peptide as calculated from the CD spectra. They
range from 26% (P13H7, pH 7.4) to 50% (P16H7, pH 5.0).

Binding of Peptides to Lipid Bilayers. To measure binding of the
host—guest fusion peptides to lipid bilayers, we labeled all five
peptides at their unique cysteines with the fluorescent probe NBD.
NBD is a relatively small amphipathic molecule, which we expect
does not significantly perturb the partitioning of the labeled pep-
tides. The quantum yield of NBD strongly depends on the dielectric
constant of its environment. This property makes it an excellent
spectroscopic probe to measure the binding of NBD-labeled pep-
tides to lipid bilayers (5). All NBD-labeled host—guest peptides
exhibited emission maxima at ~545 nm in solution and at ~526 nm
when bound to lipid bilayers (11). These changes and the severalfold
increased fluorescence emission are typical for the translocation of
the NBD group to the lipid bilayer interface (5) and were used to
measure the binding of the peptides to lipid bilayers. To determine
the surface partition coefficients, the fluorescence intensities were
converted to moles of bound peptide per moles of lipid and plotted
as a function of the free peptide concentration as described in
Materials and Methods. At pH 7.4 and without added salt, straight
lines were obtained for the binding of all peptides to lipid bilayers
composed of POPC:POPG (4:1, mol/mol; Fig. 4, Upper). Only at
the highest concentrations, two of the peptides (PSH7 and P20H7)
exhibited deviations from straight lines toward increased binding.
This behavior is typical for self-association of the peptides at the
membrane surface and will be described in more detail in a
forthcoming publication (11). The straight lines observed for the
other peptides (and for PSH7 and P20H?7 at lower concentrations)
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indicate that the peptides bound to the lipid bilayers as monomers
without self-association. Similar data were obtained at pH 5.0 (Fig.
4, Lower). Apparent partition coefficients, K,pp, were determined
for each of the NBD-labeled peptides from the slopes of the lines
of Fig. 4. They range from 5x10* M~! for NBD-H7 to 9x10° M ™!
for NBD-P20H7 at pH 7.4 and 3X10° to 1.3x10° M~! at pH 5.0.
These data are listed in Table 3. Generally, binding was stronger at
the lower pH, and the critical concentrations for self-association
were lower at pH 5.0 than at pH 7.4.

A large component of the “apparent” partition coefficient is
caused by electrostatic attraction of the positively charged peptides
to the negatively charged bilayers. The local concentration of
peptides in the layer of solution very close to the bilayer surface is
dramatically enhanced by the negative surface potential of the
bilayer. This local concentration can be calculated by means of the
Gouy-Chapman equation. It is this local rather than the bulk
concentration of peptide that is in direct equilibrium with bound
peptide. Therefore, we determined intrinsic partition coefficients,

Table 2. Contents of a-helix and orientation of the helical
segments of the host-guest fusion peptides bound to lipid
bilayers (POPC:POPG, 4:1, mol/mol) at pH 7.4 and 5.0

P13H7 P16H7 P20H7
pH74 pH50 pH74 pH50 pH74 pHS5.0
a-helix, %* 26 33 32 50 41 48
RiGR 1.70 1.53 1.68 1.53 1.80 1.68
Su¥ -0.05 -0.48 -0.11 -0.31 0.18 -0.07
0, degree$ 57 83 59 69 48 57

*a-helix content from CD spectroscopy.

Dicroic ratio of the amide I’ band determined from polarized ATR-FTIR
spectroscopy.

*Helix order parameter.

SAverage angle of the a-helix axis of the peptide to the membrane normal.
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Ko, of our peptides with the Gouy—Chapman theory and the surface
partition equilibrium. In these calculations, we used the sum of the
side chain charges as the formal charge of the peptide. We did not
include a charge on the a-amino group of the N terminus because
the H7 peptide with an acetylated N terminus yielded very similar
partition coefficients as free H7 at pH 7.4 and 5.0 (Table 3).
Apparently the a-amino group does not contribute significantly to
the electrostatic attraction of these peptides. The binding free
energy calculated from the partition coefficient of H7-ac is small
and negative (—0.2 kcal/mol at pH 7.4), which indicates a weak
chemical attraction of the peptide to the membrane surface. This
energy could be the contribution of the NBD moiety to the binding
of our peptides to the membrane surface. The binding energy of
H7-ac decreases to —0.9 kcal/mol at pH 5.0. The difference of 0.6
to 0.7 kcal/mol may be caused by a local change of the pK values
of the peptides in the membrane interface, which is not accounted
for by our simplified Gouy—Chapman approach, and/or a true small
increase of the intrinsic affinity of these peptides at the lower pH
value. Because we are only interested in the contribution of the
fusion (guest) peptide moieties to the binding free energies, we
subtracted in the last column of Table 3 the respective reference
AGs of H7-ac from the peptide AGs of the longer peptides at each
pH value. The AAGiy,s values thus obtained decrease monotonically
as the length of the fusion peptide is increased. Although the AGs
are more negative at low pH than at neutral pH, the AAG’s are more
negative at neutral pH. To check the validity of the Gouy—Chapman
approach to determine intrinsic partition coefficients, we also
measured the binding of P20H7 to uncharged POPC bilayers. The
directly determined intrinsic partition coefficients of this experi-
ment yielded binding free energies that were, particularly at pH 5.0,
very close to those determined when P20H7 was bound to the
charged membranes.

Orientation of Peptides in Lipid Bilayers. We also studied the
conformations of the membrane-bound host—guest fusion pep-
tides by polarized ATR-FTIR spectroscopy. When the peptides
P13H7, P16H7, and P20H7 were bound to planar supported
bilayers composed of 1,2-myristoyl-3-sn-phosphatidylcholine:
POPC/POPG (4:1, mol/mol), we observed amide I' bands with
absorbance maxima at 1,650 to 1,652 cm~! at both pH 7.4 and
5.0 (11). These wavenumbers are consistent with a-helical

Han and Tamm



Table 3. Partition coefficients and free energies of insertion of the host-guest fusion peptides on interaction with bilayers composed
of POPC:POPG (4:1, mol/mol) or POPC in a buffer containing 5 mM HEPES, 10 mM MES, pH 7.4, and pH 5.0

Peptide pH Kapp: M™1 Zp* Ko, M1 AGins, kcal/mol* AAGis, kcal/mol$
POPC:POPG (4:1, mol/mol) bilayers
H7 7.4 (5.24 = 0.79) x 104 4 0.016 -0.07
5.0 (3.00 + 0.73) X 105 4 0.094 —0.98
H7-ac 7.4 (8.75 = 0.19) x 104 4 0.027 -0.24 0
5.0 (2.57 = 0.11) X 105 4 0.081 -0.89 0
P8H7 7.4 (1.43 = 0.11) x 105 4 0.045 -0.54 -0.30
5.0 (3.81 = 0.58) x 105 4 0.12 -1.12 -0.23
P13H7 7.4 (2.87 = 0.03) x 105 3 3.81 -3.17 —-2.93
5.0 (5.61 = 0.15) x 105 3 7.45 —3.57 —2.68
P16H7 7.4 (6.90 + 0.66) X 105 2 3.87 X 102 —5.91 —5.67
5.0 (7.95 = 0.21) x 105 2 4.46 X 102 -6.00 -5.11
P20H7 7.4 (9.15 + 0.34) X 105 1 2.16 x 104 -8.30 —8.06
5.0 (1.29 = 0.15) x 108 1 3.05 x 104 —-8.50 —-7.61
POPC bilayers
P20H7 7.4 — 1 5.50 X 103 —7.49 —7.25
5.0 — 1 3.78 x 104 —8.63 -7.74

*Net charge of peptides used in Gouy—-Chapman calculations.

The intrinsic partition coefficients were calculated from equation Ko = Kappexp(zoFWo/RT) by using a surface potential of —96.1 mV which was obtained from

the Gouy-Chapman equation sinh[zeWo/2kT] = Ac/(c)"/? (see ref. 11).
*AGins = — RT In(55.5Ko).

5The AAGins values were calculated by subtracting AGins of H7-ac from the AGins values at each pH.

conformations of the membrane-bound peptides (12). There was
no evidence for other amide I' components in these spectra.
Polarized ATR-FTIR spectroscopy was used further to deter-
mine the order parameters (reflecting orientational distribu-
tions) of the helical segments of the membrane-bound peptides
P13H7, P16H7, and P20H7. The measured dichroic ratios of the
amide I" ATR-FTIR bands are listed in Table 2 along with the
derived order parameters and average orientation angles of the
a-helical segments relative to the bilayer normal (see ref. 12 for
definitions). At pH 7.4, the helical order parameters ranged
from ~ —0.1 to 0.18. Under the simplifying assumption that all
peptides were aligned at the same angle in a given sample, these
order parameters correspond to angles from 59 to 48° to the
membrane normal for fusion peptides of increasing lengths.
Lowering the pH to 5.0 led to shallower insertion angles. The
helical segment of P20H7, for example, was inclined at an angle
of 57° from bilayer normal or 33° from the membrane surface.
The shorter peptide P13H7 had its helical segment oriented 83°
from the normal, i.e., almost parallel to the membrane surface.

Discussion

Much can be learned from thermodynamic studies of the binding
of peptides to lipid bilayers (13, 14, 22). Such studies are obviously
limited to peptides that are soluble in aqueous buffers. Many
membrane-interactive peptides that are of great biological impor-
tance are insoluble and thus not amenable to quantitative studies of
membrane binding. The fusion peptides of enveloped viruses
belong to this class of water-insoluble peptides. These peptides,
which often reside at the N terminus of the membrane subunits of
the viral fusion proteins, penetrate deeply into the lipid bilayers of
cellular target membranes at an early stage of membrane fusion
(23). Because fusion peptides are believed to perturb the lipid
bilayer structure in preparation for fusion, it is very important to
know how much energy is gained on the gradual insertion of these
peptides into lipid bilayers. In this work, we have addressed this
problem by attaching the fusion peptide of influenza virus HA to
a solubilizing host peptide. Detailed binding measurements allowed
us to determine the relative contributions of increasingly longer
segments of this peptide to the free energy of membrane insertion.
We found that at the physiologically relevant pH 5.0, the free energy
of insertion of the full-length fusion peptide, P20, is —7.6 kcal/mol.
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From CD spectroscopy, we further determined that 48%, or 13
residues, are in an a-helical conformation, and from polarized
FTIR spectroscopy, we estimated an insertion angle of approxi-
mately 33° for the helix axis from the membrane surface.

The experimentally determined energy of insertion of P20 at pH
5.0 or pH 7.4 is intermediate between two theoretical estimates
from whole residue scales (24) that consider partitioning of un-
folded peptides into the interface or the hydrophobic interior (—6.1
and —10.8 kcal/mol, respectively; Table 1). The AG for folding an
a-helix in the interface has been estimated to be —0.41 kcal/mol per
residue in LUVs (25) and —0.14 kcal/mol in SUVs (26). If 13
residues of P20 fold into an a-helix, the folding contribution to the
total free energy in the interface of SUVs would be —1.8 kcal/mol.
A total value of —7.9 kcal/mol may thus be expected for the
partioning and folding of P20 in the interface. This value is in
excellent agreement with the experimental values of —7.6 (pH 5.0)
and —8.1 (pH 7.4) kcal/mol that we determined for P20. However,
this agreement may be somewhat fortuitous, because we combined
values from LUVs (partitioning) and SUVs (folding) in these
theoretical calculations. Our experimental values are those of the
insertion and folding of a peptide that we know inserts relatively
deeply (helical angles of 33° and 42° from the surface at pH 5.0 and
7.4, respectively) into the bilayer of SUVs. An overestimate of
partitioning may therefore compensate for an underestimate of
folding. The experimental values obtained with P16 (—5.1 and —5.7
kcal/mol; helix 21° and 31° from the membrane surface) are very
close to the expectation from the interface scale (—5.5 kcal/mol)
but too small if the folding contribution of 13 (—1.8 kcal/mol) or
9 (—1.3 kcal/mol) residues is added. The shorter peptides P13 and
P8, which are less helical and strictly located in the interface exhibit
free energies of insertion of —2.7 and —0.2 kcal/mol, i.e., much
lower values than predicted by the interface scale. The reason for
this increasingly larger discrepancy is almost certainly the progres-
sively shallower location of these peptides combined with the use of
SUVs. Interfacial scales are limited to specific depths in bilayers
of specific average curvatures. Depth and curvature dependencies
of the relevant thermodynamic parameters are not known.

It has been proposed by many authors that intermediates with
high membrane curvature occur in membrane fusion (27-31). The
free energy that is required to form a stalk intermediate has been
estimated to be of the order of 100200 kT depending on the radius

PNAS | November 21,2000 | vol.97 | no.24 | 13101

BIOPHYSICS



of the stalk and the intrinsic curvature of the lipids that are used to
form the stalk (32, 33). This energy amounts to an unfavorable
60-120 kcal/mol at room temperature. Therefore, the binding of
about 8 to 16 fusion peptides would provide sufficient energy to
stabilize such an intermediate. If six trimers of HA participate in a
fusion pore (34), the binding of 18 fusion peptides would release
—137 kcal/mol, i.e., enough energy to stabilize a stalk-like fusion
intermediate.’

The secondary structure of the guest fusion peptide is similar to
that reported for influenza fusion peptides by various authors (7, 19,
35, 36). The consensus of the earlier and present studies is that the
HA fusion peptide is ~40-50% o-helical. However, previous
measurements of the orientation of the a-helix in the bilayer by
polarized ATR-FTIR and EPR spectroscopy have varied widely,
ranging from 20 to 60° from the membrane surface (3, 7, 36-38).
The large differences in these reports are likely caused by significant
differences in sample preparation, including differences in the
degree of hydration of the bilayers and whether the peptides were
mixed with the lipids in organic solvents to prepare the model
membranes. The angle of 33° from the membrane surface we find
here from polarized ATR-FTIR spectroscopy for a fusion peptide
in fully hydrated bilayers and bound to the membrane from the
aqueous phase (without using an organic solvent) is similar to the
25° found for the peptide portion of an expressed HA, fragment
that also was bound to model membranes from solution but
measured by EPR spectroscopy. This angle is shallower than the 50
to 60° that we previously reported for peptides that were mixed with
the lipids in chloroform/DMSO solutions before vesicles and
planar lipid bilayers were formed (7, 36). Because the methods of
measurement and data analysis were the same in the present and
our previous studies, we believe that the solvent history has a
profound effect on the structure of fusion peptides in lipid bilayers.
Relatively small contents of B-structure were also reported in some
but not all previous studies of fusion peptides in lipid bilayers. As
we will show elsewhere (11), the amount of B-structure depends on
the peptide concentration in the bilayer. At the relatively small
peptide concentrations used in this study, we found no evidence for
B-structure.

The host—guest concept presented here should also be useful to
study other fusion peptide systems and to assess the effect of
mutations on the structure and lipid interactions. We believe that
the lipid—peptide complexes are much better defined than those
that are generated from solvent mixtures. Therefore, we expect that
structural changes caused by specific mutations will be easier to

TBound fusion peptides may alter the intrinsic curvature of the bilayer significantly. The
magnitude of this effect is not known and, therefore, has not been taken into account in
this over-simplified estimate.
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detect and will no longer be masked by solvent-induced structural
polymorphisms. Structural studies at higher resolution are also
within reach with this system. Host—guest concepts have been
proposed previously to study the insertion of transmembrane
peptides into lipid bilayers. For example, Moll and Thompson (39)
conjugated a hydrophobic peptide to bovine pancreatic trypsin
inhibitor and studied its binding to lipid bilayers. Chung and
Thompson (40) attached a hexalysine moiety to a proposed trans-
membrane peptide and, more recently, Wimley and White (41)
used the sequence KSKSKS to solubilize another transmembrane
model peptide. Even if soluble, these peptides still aggregated in
solution where they adopted significant amounts of regular sec-
ondary structures. These factors precluded a thorough thermody-
namic analysis of their binding to lipid bilayers. In contrast, our
host—guest fusion peptides seem to be monomeric random coils in
solution. A thermodynamic analysis of their binding as presented
here thus was possible. It seems that in many aspects the fusion
peptides are intermediate between the purely surface-located pep-
tides such as melittin, magainins, or mitochondrial signal peptides
on one hand and true transmembrane peptides on the other hand:
The angles of insertion of fusion peptides are oblique; they pene-
trate deep but only into the cis monolayer; and the hydrophobic
components of their binding energies are larger than for the surface
peptides and presumably smaller than those of the transmembrane
peptides. It is likely that these features are key to their fusogenicity.
For example, in Fig. 5, we demonstrate that the free energy of
binding and the helix order parameter of the peptides of this study
correlate with their fusion activity. The activity increases linearly
with the hydrophobic binding energy and the order parameters,
reflecting increasingly steeper angles of insertion of these peptides.
Although fusion also increases with increasing helicity, this rela-
tionship is not linear. It will be interesting to see whether these
correlations also hold for fusion peptides with single-site mutations
and for lipid bilayers of different lipid compositions.
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