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ABSTRACT. The amino-terminal region of the membrane-anchored subunit of influenza virus hemagglutinin,
the fusion peptide, is crucial for membrane fusion of this virus. The peptide is extruded from the interior
of the protein and inserted into the lipid bilayer of the target membrane upon induction of a conformational
change in the protein by low pH. Although the effects of several mutations in this region on the fusion
behavior and the biophysical properties of the corresponding peptides have been studied, the structural
requirements for an active fusion peptide have still not been defined. To probe the sensitivity of the
fusion peptide structure and function to small hydrophobic perturbations in the middle of the hydrophobic
region, we have individually replaced the alanine residues in positions 5 and 7 with smaller (glycine) or
bulkier (valine) hydrophobic residues and measured the extent of fusion mediated by these hemagglutinin
constructs as well as some biophysical properties of the corresponding synthetic peptides in lipid bilayers.
We find that position 5 tolerates a smaller and poaitioa larger hydrophobic side chain. All peptides
contained segments of-helical (33-45%) ands-strand (13-16%) conformation as determined by CD

and ATR-FTIR spectroscopy. The order parameters of the peptide helices and the lipid hydrocarbon chains
were determined from measurements of the dichroism of the respective infrared absorption bands. Order
parameters in the range of 6:0.6 were found for the helices of these peptides, which indicate that these
peptides are most likely aligned with theirhelices at obliqgue angles to the membrane normal. Some
(mostly fusogenic) peptides induced significant increases of the order parameter of the lipid hydrocarbon
chains, suggesting that the lipid bilayer becomes more ordered in the presence of these peptides, possibly
as a result of dehydration at the membrane surface.

The highly conserved fusion peptide of influenza virus by many groups using CD, ATR-FTIR, and EPR spectros-
hemagglutinin (HA) plays a crucial role in the mechanism copy (1—9). Even though there is general agreement that
of membrane fusion of this virus for gaining entry into the HA fusion peptide adopts a predominantlyhelical
infected host cells. This peptide comprises approximately conformation in lipid bilayers and orients obliquely to the
20 residues at the extreme N-terminus of the HA2 subunit membrane plane, the details of the structure of the fusion
of HA. The peptide interacts with the target membrane of peptide and its interaction with lipid bilayers are less well
host cells after a conformational change is induced in HA understood. It has been proposed thatatHeelical structure
by low pH. To elucidate the structural basis of the fusoge- is required for fusogenic activity of the fusion peptidd.(
nicity of the influenza fusion peptide, the conformation and More recently, we reported that the influenza virus fusion
orientation of this peptide in lipid bilayers has been studied peptide also contains sorfestructure, in addition to about
40—-50% a-helical secondary structur®)(
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relative contents gf-structure of the fusion peptides in lipid incubated at pH 5 for 1 min and subsequently overlaid with
bilayers and that this increase correlated with an inhibition DMEM containing fetal calf serum for 1 h. Cells were fixed
of membrane fusiong). in 2.5% (v/v) glutaraldehyde for 15 min and stained with

Effects of the influenza virus fusion peptides on the 1% (w/v) toluidine blue.
structure of the lipid bilayer have also been studied by several Hemolysis Experiment®eptide (2.5g from a stock of
groups. For example, Colotto and Epandg)(observed that 5 mg/mL peptide in DMSO) was incubated with 0.5 mL of
the formation of cubic lipid phases is promoted by the washed human erythrocytes (2% hematocrit in PBS). After
presence of the fusion peptide at pH 5. Gray et&lfgund the pH had been lowered to 5 with an aliquot of 0.15 M
that a longer version of this fusion peptide induced an citrate buffer (oH 3.5), the mixture was incubated at°’87
increase of the order parameter of the lipid hydrocarbon for 45 min. Cells were pelleted at 30§@r 1 min, and the
chains, and that mutant peptides with fusion-inhibiting amino OD of the supernatant was determined at 520 nm. Complete
acid replacements in the amino-terminal position altered the hemolysis was obtained after lysing the cells with 0.5% Brij
hydrogen bonding pattern in the lipid polar headgroup region. 36T.

The focus of the work presented here is the structural role Preparation of Lipid VesiclesDMPC (1.0 umol) in
of two alanine residues and one glycine residue in positions chloroform was mixed with an appropriate volume of peptide
5, 7, and 8, respectively, i.e., about one-third into the fusion dissolved in DMSO to obtain the desired peptide-to-lipid
peptide region. These residues are totally conserved in allfatio. The solvent was evaporated under a stream of nitrogen;
influenza hemagglutinin sequences which suggests that theythe dried lipid/peptide mixture was subjected to a high
perform an important structural and/or functional role. Vacuum overnight to remove trace amounts of solvent, and
Therefore, we introduced several mutations in these positions1-0 mL of pH 7.4 buffer [S mM HEPES, 10 mM MES, and
and studied the fusion activity of expressed HAs and the 150 mM NaCl (pH 7.4)] was added. Small unilamellar
conformations and orientations of the corresponding synthetic Vesicles to be used for CD spectroscopy were prepared by
peptides in lipid bilayers. By simply changing the hydro- Sonicating the I|p|d/pept|_de dispersions with a Bra_nson tip
phobic volume of these residues (alanines to glycines andProbe sonicator for 30 min at 50% duty cycle in an ice bath.
valines), we attempted to probe whether structural changesTitanium dust was removed by centrifugation. For measure-
due to hydrophobic packing constraints in lipid bilayers could Ments at pH 5, a buffer consisting of 5 mM HEPES, 10 mM
explain the fusion behavior of each of these constructs. Some MES, and 150 mM NaCl (pH 5.0) was used instead of the
but not all, of the introduced hydrophobic fusion peptide PH 7.4 bpffer. Large unilamellar vesples to be used for the
mutations significantly decreased the level of membrane Preparation of planar-supported bilayers and subsequent
fusion. Despite their different fusion behavior, all peptides ATR-FTIR experiments were prepared by extrusion through
were predominantly.-helical in lipid bilayers and contained ~ Polycarbonate membranes. After five freezaw cycles,
minor levels off-structure. No significant difference in the ~the lipid suspension was extruded 15 times through two
oblique orientation relative to the lipid bilayer was observed Stacked polycarbonate membranes (100 nm pore size; Nucle-
between the fusogenic and nonfusogenic peptides. The ordePPore, Pleasanton, CA) using the “Liposofast” extruder
parameters of lipid hydrocarbon chains were increased to a(Avestin, Ottawa, ON). _ N
greater extent in the presence of the fusogenic than in the Preparation of Supported Bilayerflanar phospholipid

presence of the nonfusogenic peptides. bilayers supported on germanium ATR plates were prepared
as previously described ). Briefly, a monomolecular film
MATERIALS AND METHODS of DMPC dissolved in 9:1 (v/v) hexane/ethanol was spread

_ . _ _ _ at low pressure onto an aqueous buffer [10 mM Tris/acetic
Peptides and LipidsTwenty-three-residue peptides with  acid (pH 5.0)] in a Langmuir-Blodgett trough (Nima model
unblocked N- and C-termini were made by the F-moc 611, Coventry, England). The monolayer was compressed

procedure 14) on an Applied Biosystems 430A peptide 5 32 mN/m. The germanium plate (50 mm20 mm x 1
synthesizer. They were precipitated three times from diethyl j\ym with 45 beveled edges; Spectral Systems, Irvington,
ether; mass spectrometry was used to check for correctyy) was carefully cleaned with ethanol, methanol, and
composition, and high-performance liquid chromatography nexane in sequence. After further cleaning in an Ar plasma
showed the peptides to bed5% pure. DMPC was purchased  cleaner (Harrick, Ossining, NY) for 10 min, the plate was
from Avanti Polar Lipids (Alabaster, AL) and used without yertically immersed through the monolayer at a rate of 50
further purification. mm/min and slowly withdrawn at a rate of 2 mm/min. The
Mutagenesis and Expression of HemagglutiniSite-  surface pressure of the monolayer was held constant at 32
specific mutagenesis was carried out by the method of mN/m during the coating procedure. The plate was assembled
Kunkel et al. (5). Wild-type and mutant hemagglutinins  in the measuring cell, and extruded vesicles with or without
were expressed in BHK21 cells as described by Steinhauerincorporated peptide were injected into the cell and incubated
et al. (L2) using the 7.5 K early-late promoter and the at room temperature for 3 h, yielding a single supported
Copenhagen strain of vaccinia virus. Cell surface expressionbilayer on both sides of the germanium plate. Excess unfused

was assessed by ELISA as described previous8). (All vesicles and unbound peptides were removed by flushing

values are averages from three or five independent experi-the cell with 6 mL (approximately 8 cell volumes) obO

ments. buffer (5 mM HEPES, 10 mM MES, and 150 mM NacCl in
Heterokaryon Fusion AssallA-expressing BHK21 cells  D,0, with the pH adjusted to 7.4 or 5.0 with NaOH).

(15 h postinfection) were treated withg/mL trypsin for 5 CD SpectroscopyCircular dichroism spectra were re-

min at 37°C to cleave the HAto HA; and HA, and then corded on a Jasco 700 CD spectrometer (Jasco, Rochester,
with trypsin inhibitor (5 ug/mL). The cells were then NY). The spectra were measured at a peptide concentration
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of 0.3 mM and a peptide-to-lipid molar ratio of 1:10 in a HA glycoproteins with single-site mutations in the fusion
0.1 mm path length cell at room temperature. The actual peptide region were expressed in BHK21 cells using the
concentration of each sample was determined by measuringvaccinia system as described in Materials and Methods.
the absorbance at 285 nm of a small aliquot that was diluted Specifically, the alanines in positions 5 and 7 were changed
into DMSO and calibrating the measured value with a peptide to glycines and valines, and glycine 8 was changed to an
standard in DMSO. The concentration of the standard wasalanine. These mutations were designed to change the
determined by quantitative amino acid analysis. Each spec-hydrophobic volumes of the residues in question. ELISA
trum was obtained by averaging five scans that were recordedexperiments with nonpermeabilized cells showed that all the
at a rate of 10 nm/min between 190 and 250 nm. The CD HAs were expressed to similar extents on the cell surface.
spectra were corrected for signal arising from sources otherExpression levels were 100% for the wild type, 94% for
than peptide by subtracting spectra obtained with vesiclesA5G, 128% for A5V, 94% for A7G, 106% for A7V, and
with the identical composition and concentration, but without 104% for G8A. All HAs could be cleaved by trypsin into
peptide. Some spectra were also recorded &tCG3Mut no HA; and HA, and could undergo a conformational change
difference was found. at low pH as judged by an assay in which the release of
FTIR SpectroscopyPolarized ATR-FTIR spectra of sup- HA; by 20 mM dithiothreitol is monitored1®) (results not
ported bilayers were recorded on a Nicolet 740 Fourier shown). Figure 1 shows the fusion activity of the mutant
transform infrared spectrometer at room temperature asHA molecules using a heterokaryon formation assay. Cells
described previouslyl{). The instrument was purged with  expressing wild-type, A5G, and A7V HAs all formed
nitrogen fa 2 h toremove HO vapor. Two thousand scans heterokarya after incubation at pH 5 for 1 min at 33.
were co-added each at parallel and perpendicular polarizationFusion activity was inhibited between cells expressing A5V
and at pH 7.4 and 5.0 with a nominal resolution of 2¢m  or A7G HAs. It has previously been reported that cells
ATR spectra of RO buffers at the respective pH and orien- expressing G8A HA exhibited very little fusion activity2).
tation of polarization were used as references for converting These results show that introducing mutations toward the
transmittance to absorbance spectra. The methods of processenter of the fusion peptide has significant effects upon the
ing and calculations of order parameters, defined as fusion properties of the HA molecules (Table 1).
Hemolysis Actiity of Synthetic Fusion Peptide Mutants.
S_3EO§ o1 B To use synthetic peptides as a valid model system for
o 2 biophysical studies of the fusion peptide region, it is
important that the peptides interact with the lipid bilayer in
whered is the angle of the individual molecular orientations a manner similar to that of the fusion peptide region of the
from the membrane normal in the ensemble, were as fyll-length HA molecules. Hemolysis was used to study the
described previously 8( 18). Briefly, order parameters fusion properties of the fusion peptides. Experiments with
reflecting the order of the lipid acyl chains were calculated vijrus, isolated HA rosettes, and fusion peptides have shown
from the ATR dichroic ratios R*™® = A/A7) of the that hemolytic activity correlates with membrane fusion
methylene stretching bands according to activity (11, 20, 21). Table 1 shows the hemolysis caused
) TR 2 ) by incubation of red blood cells with the various peptides at
E’-R™E+E, pH 5. None of the peptides caused hemolysis at pH 7 (results
3 ‘Exz _ RATREyz —2E2 ( not shown). To provide for a single tryptophan in the 23-
z residue sequences, tryptophan 21 was replaced with a
and order parameters reflecting the orientational distribution Phenylalanine in all the peptides used in this study. This
of the helical segments of the peptides in the lipid bilayer relatively conservative change did not affect the hemolytic
were calculated from the ATR dichroic ratios of the amide 2activity of these peptides. The ASG and A7V peptides had

I' band component at 1651658 cnt! according to activities similar to that of wild type; the G8A peptide had
a decreased level of hemolysis, whereas the A5V and A7G

2 EX2 — RATREyz =+ E22 peptides exhibited levels of hemolysis similar to background.
S, = (14,) 5 — 5 3) Therefore, the degree of hemolysis activity of the peptides
3codo—1 E - R E°—2E closely matches the fusion activity of the intact HA glyco-

) ) ) ) ) _ . proteins, the only difference being that the G8A HA exhibited
Since the fusion peptides are mostly inserted into the lipid 15 fysjon activity while the corresponding peptide exhibited

bilayer, the thin-film approximation was used for calculation 5 small amount of hemolysis. We also synthesized peptides
of the electric field components which were as follows under \yith mutations at both the 5 and 7 positions. When these

the conditions that were used,® = 1.969,E,* = 2.249, residues were mutated to valines (A5V/A7V) or glycines
andE;” = 1.892 (L8). The anglen is the angle between the  (A5G/A7G), the hemolysis activity of the peptides was
amide | transition moment and the helix axis and i$ @B). greatly decreased.

The parametetfi, is the fraction of residues in am-helical Secondary Structure of the Fusion Peptides in Lipid

conformation thlat contributes to the band component at Bilayers Far-UV CD spectra of the peptides bound to small
1650-1658 cnt™. unilamellar vesicles of DMPC at pH 7.4 are shown in Figure
2. The spectra of the fusion-active peptides are grouped in
RESULTS e ! . ;
panel A and those of the fusion-inactive peptides in panel
Expression and Fusion Actty of Mutant HA Molecules.  B. Very similar spectra were obtained at pH 5. The fraction
The sequence of the fusion peptide of influenza strain X:31 of residues in am-helical conformation was calculated for
hemagglutinin reads GLEEAGFIENGWEGMIDGWYG. each peptide from the ratio of the experimental mean residue
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Table 1: Fusion and Hemolysis Activities and Percesttelix in
DMPC Bilayers of Wild-Type and Mutant HA Fusion Peptides

heterokaryon  hemolysis M

peptide formatior? (%)P pH7.4  pH5.0
wild type + 81 42 37
A5G + 92 36 22
A7V + 74 25 326
A5V — 2 34 13
ATG - 1 39 33
A5G/A7TG nd' 6 46 31
ABV/IATV nd 1 25 31
G8A — 32 50 47

aMeasured between cells expressing HAs with the respective
mutations at pH 5° Measured with synthetic peptides at pH 5.
¢ Estimated from CD spectra of synthetic peptides bound to lipid
bilayers.4 Not determined.

31to 47% at pH 5. Apart from one possible exception (A5G/
A7G), the helicities of the peptides varied by less than 10%
when the pH was changed from 7.4 to 5. A 10% change is
within the range of experimental error of these measurements
which is mainly determined by uncertainties of the absolute
peptide concentrations in each sample. Therefore, the he-
licities of these peptides (except that of ASG/A7G) do not
appear to depend on pH. Of all peptides used in this study,
G8A appears to be the most helical and the two double
mutants appear to be the least helical.

Polarized ATR-FTIR spectra in the amiderégion are
shown in Figure 3 for the wild-type, A5V, A5G, A7V, and
A7G peptides in supported bilayers of DMPC at pH 7.4.
The amide 'l bands of all peptides exhibited multiple
components which allowed us to determine the relative
amounts of3-structure of these peptides. The amideands
of peptides G8A, A5G/A7G, and A5V/A7V were too weak
to allow for a reliable quantitation of secondary structure.
Decomposition of the amidé bands of the five peptides
whose results are depicted in Figure 3 consistently yielded
three distinct Gaussian component bands centered at-1676
1682, 1656-1658, and 16281630 cm’. The calculated
summed spectra of these three components reproduced the
experimental amid€ ktontours very well. The first compo-
nent is attributed to residues in turn structures and may also
contain the weak high-frequency counterpart that is usually
present in spectra of antiparall@-sheets. The second
component arises from-helices and irregular secondary
structures, and the third component represents residues in a
p-strand conformation. The relative band areas are listed in
Table 2. The relative levels gi-structure in these peptides
were calculated from the area fractions of the component at
1629 cn! and by taking into account the fact that the molar
(integrated) extinction coefficient of this component is about
1.4 times larger than those of the other compone28s24).

The percentages @i-structure of the fusion peptides range

expressing from 13 to 16% and are also listed in Table 2. Lowering the

wild-type or mutant HA. The wild type and the fusion peptide pH to 5 had no significant effect on the relative levels of
mutants A5G and A7V form heterokarya after incubation for 1 min - -structure in these peptides.

at pH 5, whereas the mutant HAs with the A5V and A7G
substitutions do not form heterokarya under otherwise identical

conditions.

molar ellipticity at 222 nm to a molar ellipticity of30 x
10° deg cnt dmol! which was taken to represent 100%
helical secondary structur3). As shown in Table 1, the

Orientation of Fusion Peptides in Lipid BilayerBhe order
parameters representing the helix orientation of the five
peptides whose results are depicted in Figure 3 were
determined from the linear dichroism of the ATR-FTIR
o-helical amide 1band. An important parameter that enters
the calculation of helical order parameters from the ATR

average helicities ranged from 25 to 50% at pH 7.4 and from dichroic ratio, Riey, is the fraction of helical residues
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Ficure 2: CD spectra of the fusogenic wild-type, A5G, and A7V peptides and the partially fusogenic peptide G8A (A) and the nonfusogenic
peptides A5V, A7G, ASG/A7G, and A6V/A7V (B) bound to small unilamellar vesicles of DMPC at pH 7.4 and measured at room temperature.

Similar spectra were obtained at pH 5.

wt Table 2: Fractional Areas and PercéhStructure of the Wild-Type
and Mutant Fusion Peptides As Determined from the Amidgaind
Components of the FTIR Spectra of Figure 3
peptidé 1680 cntt 1655cmt 1629 cnt B-structure (%)
wild type (+) 4 78 18 14
A5G (+) 11 68 21 16
A7V (+) 8 72 20 15
S —— A5V (—) 10 73 17 13
ASG A5V A7G (-) 8 72 20 15
2 a2 The+ and— signs in parentheses indicate the fusogenicity of each
= peptide.? Calculated from the band area at 1629 -éntaking into
= account the fact that the extinction coefficient of this band is about 1.4
g times larger than those of the other bands.
£
<«
Table 3: Dichroic Ratios, Helical Order Parameters, and “Average”
T T T T ' ; ' T Angles from the Membrane Normal of the Helical Segments of the
ATV A7G Wild-Type and Mutant Fusion Peptides
peptidé Risss i S 6°
wildtype (+) pH7.4 22402 053 05992532
pH5.0 22402 049 06402
A5G (+) pH7.4 18+02 053 01292 50
pH5.0 17401 055 00203 55
T T T T .
1700 1675 1650 1625 1600 1700 1675 1650 1625 1600 ATV (+) pH7.4 2.0+£02 0.60 0.33f§é§ 42
Wavenumber (cm'l) Wavenumber (cm'l) pHS5.0 2.0+£03 045 0-440:43 38
A5V (-) pH7.4 18+01 046 01400 49
FiGure 3: Parallel polarized ATR-FTIR spectra in the amide | pH5.0 1.9£02 059 (2300 46
region of the fusogenic wild-type, ASG, and A7V peptides (left a7 () pH74 19+01 057 o0 5gr014 26
column) and the nonfusogenic peptides A5V and A7G (right H50 1901 0.43 0'3118;%5 43
column) bound to supported bilayers of DMPC at pH 7.4. All pr>. ) : : 07016

spectra were decomposed into three (or four) Gaussian components 2 The+ and— signs in parentheses indicate the fusogenicity of each

centered at approximately 1680, 1655, and 16291613 cnt?).
The dotted lines are the sums of the curve-fitted component band
The spectra were recorded at room temperature. Similar spect
were obtained at pH 5.

contributing to the amide band component at 1650658
cm™!, fy. Consideration of this parameter is important

because there is a significant contribution from irregular

structures to this component. Since it is difficult to distinguish
betweern-helical and irregular secondary structure by FTIR
spectroscopyl®), we took the number ai-helical residues

peptide.P Ratio of residues in am-helical conformation divided by
S.the sum of residues in an-helical and irregular conformation.
re¢ “Average” angle of thex-helical axis of the peptide to the membrane
normal, calculated frons; assuming unique orientations.

fu by dividing by the sum of the number of residues in
o-helical and irregular conformations as determined from
the FTIR band component at 1655 ch(Table 2). These
results are presented in Table 3. The average helical order
parameterssy, range from 0.0 to 0.6 which correspond to
angles from 30 to 55to the membrane normal, if in a given

in each peptide from the CD data of Table 1 and calculated sample all peptides were aligned at the same angle. (A wider
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Table 4: Dichroic Ratios and Derived Order Parameters of the Lipid Methylene Stretching Vibrations Measured from Polarized ATR-FTIR
Spectra of Wild-Type and Mutant Fusion Peptides in Supported DMPC Bifayers

2852 cnric 2924 cmtd
pH7.4 pH 5.0 pH7.4 pH 5.0
peptidé RATR S RATR S RATR S RATR S
—e 1.47+0.03 0.21+£0.03 1.36+£0.05 0.33+0.05 152£0.02 0.17+0.02 1.43+£0.03 0.26+0.03
wild type (+) 1.15+0.03 0.58+0.05 1.08+£0.02 0.67+0.03 1.21+0.02 0.51+0.03 1.15£0.03 0.58+0.04
A5G (+) 1.16+0.06 0.57£0.07 125006 0.46+0.07 123001 047£0.01 1.29+£0.06 0.42+0.07
A7V (+) 1.09+0.01 0.67£0.02 1.15+£0.05 0.590.07 1.21+0.05 0.50+0.06 1.19+0.04 0.53+0.05
A7G (-) 1.35+0.05 0.35£0.05 1.30+£0.04 0.3%+0.04 1.36+£0.08 0.33:0.08 1.38+£0.07 0.30+0.07
A5V (—) 1.34+0.06 0.35£0.06 1.33+0.04 0.36+0.05 1.33:0.03 0.35-0.02 1.37£0.01 0.33+:0.03

A5G/A7G (-) 1.23+0.05 0.48+0.06 1.28+0.04 0.42£0.05 1.29+0.06 0.41+£0.09 1.30+£0.06 0.39+0.07
A5V/A7V (=) 1.36+0.03 0.34£0.03 1.39+0.01 0.30+0.02 1.41+0.05 0.28+:0.05 1.45£0.05 0.25+0.05
G8A (30%) 1.12£0.01 0.63+£0.01 1.14+0.01 0.60+£0.02 1.18+0.02 0.54+:0.03 1.18+:0.02 0.53+0.04

aData are averages of three independent measurements for each geptiee: and — signs in parentheses indicate the fusogenicity of each
peptide. G8A is about 30% fusogenfcSymmetric CH stretch.9 Asymmetric CH stretch.¢ Pure DMPC bilayer. No peptide added.

range of angles would account for the experimental data if 7 T CpH 7.4
angular distributions instead of unique orientations were used % o/ Ti l mpH 5.0
to interpret the measured order parameters. See eq 1 for a o i

definition of order parameters.) Clearly, all five peptides
inserted into DMPC bilayers at oblique angles from the
membrane normal. This oblique orientation did not depend
on the pH of the environment.
Effect of Fusion Peptides on Lipid Ordeks a measure
of the order of the lipid hydrocarbon chains in supported
bilayers, the dichroic ratios of the methylene stretching
vibrations at 2924 and 2852 crhwere determined from the 0
polarized ATR-FTIR spectra. These values and the corre-
sponding order parameters of the bands at 2852 and 2924
cm ! are listed in Table 4. The order parameters calculated
from both bands fall into two categories which correlate with Ficure 4: Order parameters determined from the ATR dichroic
the fusogenicities of the fusion peptides. In a first group that ratios of the DMPC methylene symmetric stretching vibrations at
comprises all measurements that were performed in the2852 cn of wild-type and mutant fusion peptides at pH 7.4 and
. . 5. The+ and — signs in parentheses indicate the fusogenicity of
presence of the fusogenic peptides, the order parameterg ., peptide
derived from the symmetric GHstretching bands at 2852

cm* range from 0.55 to 0.7. (A single exception was the ot the viral envelope glycoproteins that mediate membrane
ASG peptide which exhibited an order parameter of 0.46 at fsjon. Therefore, the structure of the fusion peptide in lipid
pH 5, but 0.57 at pH 7.4.) In marked contrast, when these jjavers is doubtless very important for membrane fusion.
lipid order parameters were measured in the presence of theg approach to uncovering structeieinction relationships
nonfusogenic peptides, values that range from 0.3 to 0.4 werej, the fusion peptide region of the influenza virus HA is to
found. (A single exception was the ASG/A7G peptide which hertyrp the sequence of this peptide by relatively gentle yet
had order parameters of 0.48 and 0.42 at pH 7.4 and 5.fynctionally effective mutations and to find correlations
respectively.) Thus, a trend exists which indicates that the yenyveen function and structural changes and modified
lipid order parameters are generally larger for the fusogenic jneractions of these peptides with lipid bilayers. Previous
than for the nonfusogenic peptides (Figure 4). Analysis of g,dies using this approach have focused on the extreme
the order parameters derived from the antisymmetric CH N_terminus of the fusion pepitde. It has been known for a
stretching bands at 2924 criproduced a very similar graph  qite some time that the N-terminal glycine residue is
(data shown in Table 4 only) and, therefore, lead to the samejmportant for fusion. Fusion is completely abolished when
general conclusion. In summary, these results suggest thatyis residue is deleted , 12, 25) or changed to a glutamate
the hydrpcarbon chains in the lipid bilayer bepome more (10). Replacements of Gly-1 with Phe, His, lle, Leu, or Ser
ordered in the presence of the fusogenic peptides, but arey, inserting an additional Ala after Gly-1 also blocks fusion,
affected little by the nonfusogenic peptides. The pH of the \yhereas replacing it with an Ala or appending an additional
envwonment has no S|gn|f|cant_ effect on the lipid ordering a5 pefore Gly-1 is tolerated1@). More recently, Qiao et
behavior of the fusogenic peptides. al. (26) showed that the phenotype of the Ser mutant in this
position actually is a hemifusion mutant in which only the
DISCUSSION proximal but not the distal leaflets of the lipid bilayer are
Although it has long been known that the fusion peptide merged. It is also reported in this latter study that Val, Glu,
plays a crucial role in viral membrane fusion by interacting GIn, and Lys replacements for Gly-1 are completely fusion-
with the lipid bilayer of the target membrane, its precise inactive. Biophysical studies with peptides corresponding to
structure in lipid bilayers is not known. Yet, the sequence the deletion, Glu replacement, and Ala insertion mutants at
of the fusion peptide is one of the most conserved regionsthe N-terminus show that these peptides exhibit higher levels
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of B-structure and lower levels @f-helix compared to the  peptides inserted at oblique angles, i.e., roughly 3% from
wild-type peptide when these peptides are inserted into lipid the membrane normal. Although we did not observe a
bilayers 8). In contrast to the wild-type peptide, these mutant correlation between order parameter (insertion angle) and
fusion peptides also break hydrogen bonds between lipid fusogenicity, small angular differences between the two
ester carbonyls and water either directly by interaction of classes of peptides cannot be excluded because the standard
the mutated residues or indirectly by the increg8edrand errors of our dichroic ratios are relatively large. The reason
propensity of the mutant peptides. for the magnitude of these errors is that these measurements

Several residues within the fusion peptide, namely, Leu- were conducted on single supported bilayers rather than
2, Phe-3, Gly-4, lle-6, Phe-9, Glu-11, and Glu-15, are less multibilayer samples that are often used by other investiga-
sensitive to moderate mutatiori?]. In contrast, Ala-5, Ala- tors. However, we think that it is very important to use fully
7, and Gly-8 are highly conserved and no permissive hydrated bilayers as was done in our studies, because
mutations were identified in these positions prior to this conformations and orientations of amphiphilic peptides can
study. Therefore, we suspected that these residues could bée very sensitive to the degree of hydration of the host lipid
particularly important for fusion and that changes in these bilayer. Partially hydrated stacks of interacting bilayers are
positions might alter the structure and interactions of these probably not adequate for meaningful studies of peptide
peptides in lipid bilayers. A first step in our attempt to conformation and their interactions with lipids in these
establish structurefunction relationships for these residues systems 18, 29).
was to introduce a few conservative mutations in these In this work, we found that most fusogenic peptides
positions. To decrease and increase the hydrophobic volumesncreased the packing order of the lipid acyl chains whereas
of these residues, we changed the alanines to glycines andhe nonfusogenic peptides did not (Figure 4). Supported lipid
valines, respectively, which can be considered very moderatebilayers of DMPC are fluid at 2222 °C (30) and exhibit
changes. Interestingly, a smaller but not a larger residue wasan acyl chain order parameter of 6.3.4 (18). The nonfu-
tolerated in position 5, whereas the converse was true forsogenic peptides at a peptide-to-lipid molar ratio of 1:10 did
position 7 (Figure 1 and Table 1). When Gly-8 was replaced not noticeably alter this order parameter, except for A5G/
with an alanine, fusion was inhibited?) and the corre-  A7G whose order parameter moderately increased to 0.48
sponding peptide was only marginally hemolytic (Table 1). at pH 7.4. However, the fusogenic peptides increased this
Double mutations in positions 5 and 7 also lead to inactive order parameter to 0.59.7, except for A5G which exhibited
fusion peptides. These results confirm that the three con-only a moderate increase to 0.46 at pH 5. (At pH 7.4, the
served residues in positions 5, 7, and 8 are extremelyincrease to 0.57 was as large as expected for the fusogenic
sensitive to only subtle mutations. peptides.) An increase in the order parameter would be

Although valines have a slightly higher propensity for expected if the bilayers were partially dehydrated at the
o-helix in membranes than alanin€¥), we did not observe  surface by the action of the peptide because surface hydration
a significant increase in helicity in the Ala-to-Val mutant and chain order are known to be coupled in lipid bilayers
peptides (Table 1). (The double valine mutant was actually (31—33). The possibility that (active) fusion peptides could
slightly less helical than the wild-type peptide.) Glycines tend partially dehydrate membrane surfaces is interesting because
to disrupt helices in globular proteins or peptides in solution it is clear that repulsive hydration forces must be overcome
(28), but still support helix formation in membrane environ- to allow membranes to fus&4, 35). Therefore, the fusion
ments 7). Consistent with this expectation, we did not peptides could promote fusion not only by altering lipid
observe significant changes in helicity in our Ala-to-Gly curvature as previously proposed) but also by dehydrating
mutant peptides. The marginally hemolytic Gly-to-Ala pep- membrane surfaces and thus making them more hydrophobic
tide exhibited a slightly increased helicity compared to the than unperturbed lipid bilayers. This proposal in the context
wild type. When these results and our previous results on of viral fusion proteins is particularly interesting because we
the N-terminally mutated peptide8)(are taken together, it  recently discovered that the helical transmembrane domain
appears that “successful” fusion peptides are about 40%of influenza hemagglutinin exerts a similar effect on the
o-helical based on peptides that include the first 23 residueslipids in model lipid bilayers and thus, presumably, also in
of strain X:31 HA2. Significant deviations from this value viral membranes3g). Therefore, an appealing mechanism
(up or down) appear not to be conducive to fusion. However, for viral spike glycoprotein-mediated fusion would include
it is also clear from the studies presented here that althoughan increase in the viral and target membrane surface
necessary, the requirement fo0% helix is not sufficient hydrophobicities as prerequisites for fusion. In this model,
to make an active fusion peptide. In additioroedelix, small insertion of the fusion peptide would be preceded by the
amounts of3-structure (13-16%) are also present in all the “spring-loaded” coiled coil transitions of the soluble part of
peptides used in this study. However, and in contrast to thethe fusion protein 37, 38) and the fusion foci of the two
N-terminally mutated peptide8), the fraction of3-structure membranes would be brought into close contact by the
does not discriminate between fusogenic and nonfusogenicconcerted tilting of the coiled coils in the fusion site as
species of the peptides with internal mutations studied hereexperimentally observed by ATR-FTIR spectroscop9-
(Table 2). 41).

It has been argued often that an insertion ofdhleelix at In conclusion, gentle mutations at the most conserved sites
an oblique angle is characteristic for fusion peptides in lipid of the influenza hemagglutinin fusion peptide do not ap-
bilayers @, 6—9). These polarized FTIR measurements again preciably alter the secondary structure and orientation of
support this general conclusion (Table 3). However, no these peptides in lipid bilayers, although they can abolish
discrimination between fusogenic and nonfusogenic peptidesthe fusion activity of the parent fusion proteins. Rather than
was evident from these measurements. Both classes oby subtle conformational change, they appear to compromise
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membrane fusion by altering the packing order of the lipid 18.
bilayers into which they insert and, as a possible conse-
quence, by altering the surface hydrophobicity of the

Tamm, L. K., and Tatulian, S. A. (1999). Re. Biophys. 30
365—-429.
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membranes to be fused.
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