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Summary
Influenza hemagglutinin
(HA) undergoes a conformational change that Induces viral fusion with the cellular
membrane. The structure of HA in the fusogenic state
is unknown. We have identified a sequence in HA that
has a high propensity for forming a coiled coil. Surprisingly, this sequence corresponds
to a loop region in
the X-ray structure of native HA: the loop is followed
by a three-stranded,
coiled-coil
stem. We find that a
36 residue peptlde (LOOP-36), comprising the loop region and the first part of the stem, forms a threestranded
coiled coil. This coiled coil is extended
and stabilized in a longer peptlde, corresponding
to
LOOP-36 plus the residues of a preceding, short a helix. These flndlngs lead to a model for the fusogenic
conformation
of HA: the coiled-toll
stem of the native
state extends, relocating the hydrophobic
fusion pep
tide, by 100 A, toward the target membrane.
Introduction
Membrane fusion is necessary for a large number of diverse processes in biology. For example, protein trafficking, protein secretion, fertilization, and neurotransmission
require the fusion of distinct membranes to form a single
lipid bilayer. In general, membrane fusion is very slow in
the absence of specific proteins.
The best-characterized
membrane fusion event occurs
in the infection of animal cells by influenza virus. Infection
begins with the binding of virus to sialic acid, a component
of membrane proteins and lipids. The bound virion is then
internalized into a cellular endosome by receptor-mediated endocytosis. Ultimately, the viral envelope fuses with
the membrane of the mature endosome in response to
a drop in pH (for reviews see Wiley and Skehel, 1987;
Stegmann and Helenius, 1993). Membrane fusion is promoted by the trimeric, viral-envelope glycoprotein, hemagglutinin (HA), which also functions in cell attachment by
binding to sialic acid. At low pH, HA is sufficient for the
fusion of membranes in vivo and in vitro (White et al.,
1982a).
Each HA monomer is synthesized as a protein precursor, denoted HAO. The HA0 polypeptide is processed proteolytically to form a pair of disulfide-bonded
peptides, denoted HA1 and HA2 (Lazarowitz et al., 1971; Skehel and
Waterfield, 1975). This proteolytic processing is essential
for the infectivity of the virus (Klenk et al., 1975; Lazarowitz

and Choppin, 1975). Native HA binds sialic acid, but is
dormant for membrane fusion activity.
There is considerable evidence for a large, irreversible
conformational
change in HA that is required for membrane fusion (for reviews see Wiley and Skehel, 1987;
White, 1992; see, however, Stegmann et al., 1990; Stegmann and Helenius, 1993). The conformational change is
induced by mildly acidic conditions (e.g., pH - 5, the pH
of the mature endosome) and results in a trimeric structure
that is remarkably thermostable
(Doms and Helenius,
1986; Ruigrok et al., 1986, 1988). At neutral pH, a similar
conformational
change, leading to a stable, fusion-active
state of HA, can be induced at temperatures above 60%
(Ruigroket al., 1986). Theconformationof
HAthat isactive
for membrane fusion will be referred to as the fusogenic
state.
Structure of the Native State of HA
HA can be proteolytically cleaved with bromelain to release the exoplasmic domain from the viral membrane.
The resulting soluble domain, termed BHA, has sialic acid
binding and low pH, liposome binding activities similar to
those of intact HA (Brand and Skehel, 1972; Doms et al.,
1985). The X-ray crystal structure of the BHA trimer, in
the native state, has been determined with and without
bound sialic acid (Wilson et al., 1981; Weis et al., 1988,
1990a). The interaction between HA and sialic acid has
been well described (Weis et al., 1988; Glick et al., 1991;
Sauter et al., 1992), and this interaction is separate from
the membrane fusion activity of HA.
The central region of the HA2 polypeptide folds into a
helical hairpin structure (see Figure la): a short a helix
(red) is connected to a long a helix (magenta) by an extended loop region (yellow). The long a helix interacts with
the corresponding long a helices from two other HA2 polypeptides to form an interwound rope of three helices,
called a three-stranded
coiled coil. The three shorter a
helices are displayed on the outside of the coiled coil. The
sialic acid-binding domains of the HA1 subunits assemble
on top of the fibrous stem, which is formed primarily by
the three-stranded HA2 coiled coil (Figure 1 b). The length
of the trimer, from the junction with the membrane to the
distal tip of the HA1 subunits, is - 135 8, (Wilson et al.,
1981).
HA2 is the transmembrane
subunit, which spans the
envelope membrane once. At the amino terminus of HA2
is a highly conserved, hydrophobic sequence of - 25 residues, known to be necessary for membrane fusion (Daniels et al., 1985; Gething et al., 1986a). Although buried
in the hydrophobic interior in the native state (Figure 1,
light blue), these residues become exposed in the fusogenie state (for reviews see Wiley and Skehel, 1987; Stegmann and Helenius, 1993) and inserl into the endosomal
membrane (Stegmann et al., 1991). For these reasons,
this sequence is referred to as the fusion peptide (for a
review see White, 1992).
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Figure

1. The Helical-Hairpin

Structure

in HA

The computer
graphics
representations
are based on the crystal structure
of bromelain-cleaved,
native HA ectodomain,
called SHA (Wilson et
al., 1981; Weis et al., 199Oa).
(a) A ribbon representation
of the helical-hairpin
structure
in the transmembrane
subunit (HA2) of HA. The C-terminal residues of HA2 are omitted
for clarity. The N-terminal fusion peptide (light blue; residues l-25) resembles
a “hook,” which is followed by a short antiparallel f3 sheet (purple;
residues 26-37). The hook fastens two helices together in a helical-hairpin
structure,
which contains a short a helix (red; residues 38-53) connected
to a long a helix (magenta;
residues 82-125) by the loop region (yellow; residues 54-81). The long a helix associates
with the corresponding
long
a helices of two other HA2 subunits, forming a three-stranded
coiled coil (not shown).
(b) A backbone-trace
representation
of the interaction
of the HA1 domain with the HA2 helical hairpin. The globular, sialic acid-binding
domain
(HAl) is at the top of the molecule. The viral membrane would be located at the bottom, and the tarpet membrane
of the endosome
would be
located at the top of the figure. The distance from the viral membrane to the distal tip of HA is 135 A. The helical-hairpin
structure
of one HA2
subunit is colored as in (a); the C-terminal residues of HA2 are omitted, for clarity. The corresponding
HA1 subunit is colored dark blue. The other
HA monomers
(purple) assemble to form a trimer, which buries the fusion peptides in the core of the coiled-coil interface.

The structure of HA in the fusogenic conformation is not
known. An immediate puzzle is to understand how the
exposed fusion peptide facilitates fusion of the viral envelope with the endosomal membrane, since, in the native
conformation, the fusion peptide is buried near the viral
envelope, - 100 A from the distal tip of the HA molecule
(Figure 1).
Model for the Structure of the Fusogenic State
We present a model for the fusogenic structure of HA.
The model evolved from our interest in the coiled-coil motif
found in many proteins (for a review see Cohen and Parry,

1990) including the leucine zipper domain of some transcription factors (Landschulz et al., 1988; O’Shea et al.,
1989,199l;
Ellenberger et al., 1992). The coiled-coil motif
consists of a helices wrapped around each other with a
left-handed superhelical twist. In general, coiled coils contain either two (Crick, 1953) or three (Pauling and Corey,
1953) parallel a helices.
Coiled-coil sequences contain hydrophobic and hydrophilic amino acid residues in a repeating, heptad pattern
(denoted positions a through g). Hydrophobic residues
tend to occur at positions a and d of the heptad repeat,
and these residues form the interface between helices.
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2. The Loop Region

of the Helical

Hairpin

as a Coiled Coil

The 26 residues with high coiled-coil
propensity
(see Experimental
Procedures)
are projected onto a helical wheel. The view is down the
helical axis starting at the N-terminus
(position f). The alignment of
predominantly
hydrophobic
amino acids at the a and d positions and
the predominance
of hydrophilic amino acids at other positions reveals
the strikingly amphipathic
nature of the sequence. Amino acid abbreviations: A, alanine; D, aspartic acid; E, glutamic acid; F, phenylalanine;
G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; N, asparagine; 0, glutamine; R, arginine; S, serine; T, threonine; V, valine; Y,
tyrosine.

This feature is known as the 4-3 hydrophobic repeat and
is a hallmark of coiled-coil sequences (Hodges et al., 1972;
McLachlan and Stewart, 1975).
We evaluated the coiled-coil propensity for the amino

Figure

3. Position

of the LOOP-36

and LOOP-52

Peptides

acid sequences of proteins with known three-dimensional
structures. Segments of 28 residues were scored (Lupas
et al., 1991) according to the statistical preferenceof different residues for a specific position in the heptad (Parry,
1982). This analysis (see Experimental
Procedures) revealed a sequence in HA2 that has an unusually high score
(Figure 2). Surprisingly, this high scoring region does not
correspond to the known three-stranded coiled coil of HA
but to the adjacent, extended loop region (Figure 1,
yellow).
A closer examination of the HA2 sequence revealed a
continuous, 88 residuesequence
with the 4-3 hydrophobic
repeat characteristic of coiled coils (Figure 3). The sequence begins at the N-terminus of the short a helix, includes the loop, and continues through the long a helix
of the coiled coil (Figure 1, red, yellow, and magenta). The
heptad repeat is maintained, in register, throughout the 88
residue region. This sequence is highly conserved among
different strains of influenza virus (reviewed by Wiley and
Skehel, 1987).
These considerations
lead to the hypothesis that HA2
folds into a long, three-stranded coiled coil in the fusogenic
state (Figure 4): the existing three-stranded
coiled coil is
extended to include the loop region and the short, external
a helix. Thus, the 80 A coiled coil that exists in the native
state is extended to form a 135 A coiled coil in the fusogenie state.
A protein conformational change of the magnitude proposed here, while rare, is not unprecedented.
A striking
example, demonstrated by X-ray crystallography, involves
the serpin family of protease inhibitors. Upon cleavage
of the reactive center peptide bond, a segment of these
proteins can undergo a dramatic conformational
change
in secondary and tertiary structure, resulting in the reloca-

in HA2

A schematic
diagram of the structural
units in the native structure of HA2. The 86 amino acid sequence (residues 36-125)
proposed to form an
extended
coiled coil in the fusogenic
state, is shown with the a and d positions of the heptad repeat indicated above the sequence.
The high
scoring, 28 residue region (residues
54-61) is indicated by a bar (Scored 26). The sequences
of the LOOP-36 (residues
64-69) and LOOP-52
(residues 36-69) peptides are also indicated. LOOP-36 contains the entire loop region (residues 54-61) plus part of the sequence of the long a
helix. LOOP-52 contains the entire short a helix plus the residues of LOOP-36. The fusion peptide is at the N-terminus,
and the transmembrane
region (T.M.) is near the C-terminus
of HA2.
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Figure

4. A Model for the Fusogenic

State of HA

A trimer of HA2 molecules
in the native state (left) is depicted schematically,
as a stem of’ three helical hairpins (red, yellow, and magenta), each
fastened by the N-terminal fusion peptide hook (blue), which is buried in the core of the coil led coil. In the fusogenic state (right), the HA1 subunits
(not shown) are dissociated
from the stem (see text), the fusion peptide is released from !he protein interior, and the loop has “sprung”
into a
helical conformation
to form an extended coiled coil that relocates the fusion peptide 100 A toward the target membrane
to promote membrane

tion of a short region by 70 A (Wright et al., 1990; Stein
et al., 1990; Mottonen et al., 1992). In addition, aconformational change with aspect8 similar to our model for HA
has been proposed recently for the monomer to trimer
transition of yeast heat shock factor (Rabindran et al.,
1993).
Results and Discussion
To evaluate this model, we studied a 36 residue peptide
called LOOP-36, which correspond8 to the 28 residue loop
region plus 8 residues of the long a helix (Figures 3 and
5A). Most short peptides do not fold into stable structures
in aqueous solution (for reviews see Wright et al., 1988;
Kim and Baldwin, 1990), although coiled-coil peptides containing four or five heptad repeats are a notable exception
(Hodgeset al., 1981;O’Sheaetal.,
1991). Thusastringent

test of the model is to determine if the LOOP-36 peptide
forms a three-stranded coiled coil.
Although it is unfolded at neutral pH as determined by
circular dichroism (CD) spectroscopy, LOOP-36 is highly
helical (>90% at 100 PM) at pH 4.8 (Figure 58). CD experiments also reveal a reversible thermal unfolding transition
for LOOP-36 at pH 4.8 (Figure 5C). Sedimentation equilibrium experiments indicate that LOOP-36 is trimeric at pH
4.7 but primarily monomeric at pH 7.2 (Figure 5D). We
conclude that LOOP-36 folds into a trimeric, a-helical
coiled coil at the pH of membrane fusion.
There is a dramatic change in the a-helical CD signal
of LOOP-36 between pH 5 and pH 7 (Figure 5E). The
predominance of acidic residues at particular heptad positions in the LOOP-36 sequence (see Figure 5A) is reminiscent of the arrangement seen in the Fos leucine zipper
homodimer, which displays a similar pH dependence of
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5. Folding

of LOOP-36

as a Helical

Trimer

LOOP-36 at neutral pH (open circles) and low pti (closed circles).
(A) LOOP-36 as a coiled coil. The sequence
of !he LOOP-36 peptide is projected onto a helical wheel, as in Figure 2.
(6) CD spectroscopy
at 0% indicates a characteristic
a-helical spectrum
(>90% helix content based on the value of [91P2) for LOOP-36 at pH 4.6.
The CD spectrum for LOOP-36 at pH 7.0 indicates a random-coil
conformation.
(C) The CD signal at 222 nm for LOOP-36 shows a cooperative,
thermal-unfolding
transition at pH 4.8. No transition is seen for LOOP-36 at pH
7.0.
(D) The molecular mass of LOOP-36, as determined
by sedimentation
equilibrium experiments.
The slopes of the data shown are proportional
to
molecular weight (see Experimental
Procedures).
For LOOP-36, the average molecular
mass at pH 4.7 was 13.6 kd (expected
mass for trimer
was 13.4 kd), while the measured
molecular mass at pH 7.2 was 5.2 kd (expected
mass for monomer was 4.5 kd).
(E) The pH dependence
of helix content in LOOP-36. The CD signal at 222 nm (closed triangles)
is monitored
by CD spectroscopy
at 0% as a
function of pH. Helix content is highest between pH 4 and 5.

stability (O’Shea et al., 1992). Protonation of acidic side
chains at low pH alleviates electrostatic repulsion that destabilizes the folded conformation at neutral pH. There is
a second structural transition seen for LOOP-36 at even
lower pH (Figure 5E), but the conformation at pH 2 probably is not relevant for membrane fusion.

Nonetheless, the coiled coil formed by LOOP-36 is not
very stable, even at pH 5 (Figure 5C). In addition, as mentioned earlier, the fusogenic conformation of HA can be
induced at neutral pH with elevated temperature.
We
therefore suspected that coiled-coil structure in the loop
region would be stabilized in the context of the longer

LILTIVLT

QNIFFIV

220

A

240

260

Wavelength

-0.4 T

-

280

300

(nm)

OT

7
-0 9 --

5&

g -1 4 -i?
< -1.9 _c

C
205

PI

215

22

22.5

i
23

i0
lt

-20 ,-

0

~30

/"

t2

-40::

r.

-504

r*

Figure

.

r

.

.

-2 49 --

-3.4 i
20

A"
-10 --

6. Folding

of LOOP-52

.

D
I
0

i---t--ti
10 20

30

40

Temperature

as a Helical

~
50

/
60

~
70

I
80

-1
90

(" C)

Trimer

LOOP-52 at neutral pH (open squares)
and low pH (closed squares).
(A) LOOP-52 as a coiled coil. The sequence
of the LOOP-52 peptide is projected onto a helical wheel, as in Figure 2.
(6) CD spectroscopy
studies of LOOP-52 (OOC) indicate characteristic
a-helical spectra (- 100% helix content) at pH 4.9 and at pH 7.0. The value
of [9], for 199% helicity in peptides of this length is thought to be approximately
- 40,ooO degrees cm2 dmol-’ (Chen et al., 1974).
(C) The molecular mass of LOOP-52, as determined
by sedimentation
equilibrium experiments.
The average molecular masees for LOOP-52 were
18.4 kd at pH 4.7 and 19.5 kd at pH 7.2 (expected
mass for trimer was 19.4 kd).
(D) The CD signal at 222 nm for LOOP-52 shows a cooperative,
reversible,
thermal-unfolding
transition, at both pH 4.9 (T, = 72OC) and pH 7.0
(T, = 52’C).

coiled coil. To test this notion, we studied a 52 residue
peptide, LOOP-52, which begins at the N-terminus of the
short a helix and ends at the C-terminus of LOOP-36 (Figures 3 and 6A).
LOOP-52 forms a fully helical (- 100%) structure at pH
7.0 and pH 4.8 (Figure 6B). At both neutral pH and pH
4.7, LOOP-52 is a trimer, as determined by equilibrium
sedimentation (Figure 6C). The trimeric, helical structure
in LOOP-52 is very stable: at pH 7.0, LOOP-52 unfolds
with a transition midpoint (Tm) of 52%, and at pH 4.9, the
T, is 72’C (Figure 6D).

Comparison
with Other Results
It is extremely unusual for a small protein fragment, in
aqueous solution, to fold into a stable structure that is
different from that found in the native protein. Our results
indicate that the loop region can fold as a three-stranded
coiled coil; provide strong support for the proposal that,
in the fusogenic state, the coiled coil includes the external

a helix in addition to the loop region; and indicate that the
longer coiled coil is very stable, even at neutral pH.
Consistent with our model for the conformation of the
fusogenic state, HA is trimeric at pH 5 (Doms and Helenius, 1986). In addition, electron microscopy studies suggest,that an extended fibrous structure is formed on the
surface of influenza viral membranes, following treatment
at low pH or elevated temperatures at neutral pH (Ruigrok
et al., 1986, 1988).
Earlier proteolysis experiments provide strong biochemical support for our model. Although certain regions of the
fusogenic state of HA are sensitive to proteolysis, much
of the HA2 subunit is resistant to degradation (Skehel et
al., 1982; Ruigrok et al., 1988). The final tryptic digestion
product of HA2 starts at residue 40, and that obtained
with thermolysin starts at residue 38. In both cases, the
residues of the short a helix, loop region, and the long a
helix remain intact. The native state of HA is resistant to
proteolysis. Nonetheless, if HA2 maintained the helical
hairpin structure in the fusogenic state, one would expect
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7. The LOOP-36

Folding

Transition

Occurs

in a Physiologically

Relevant

pH Range

Normalized CD data for LOOP36(closed
triangles; from Figure 5E) are superimposed
on published results for the pH transitionsof
HAconformational
change and membrane fusion activity. The transition at - pH 5.7 for the CD data agrees well with other pH transitions
reported for HA. A sharp
transition
is seen between pH 7 and pH 5 for viral-cellular
membrane
fusion (open squares) (Wharton
et al., 1966) exposure
of a fusion peptide
epitope to a monoclonal
antibody (plus signs) (White and Wilson, 1967) protease sensitivity
of BHA (open circles) (Doms et al., 1965) liposome
binding by BHA (exes) (Doms et al., 1985) dissociation
of HA1 subunits and exposure
of an epitope to a monoclonal
antibody (open triangles)
(White and Wilson, 1967) and cell-cell fusion by virus particles (open diamonds)
(Doms et al., 1965).

the loop region to be sensitive to
tion and degradation of the HA1
tection from proteolysis would
region if it were part of a coiled

proteolysis upon dissociasubunits. In contrast, probe expected for the loop
coil, as in our model.

Mechanism of the Conformational
Change
One hypothesis for the mechanism of the conformational
change is that a decrease in pH shifts the thermodynamic
equilibrium between the native and fusogenic states. It
is striking that the following pH transitions coincide:
LOOP-36 helicity (and LOOP-52 stability), the known pH
dependences
for the conformational
changes, and the
onset of membrane fusion activity in HA (see Figure 7).
All of these transitions occur abruptly between pH 7 and
pH 5. If the mechanism for the conformational
change is
under thermodynamic control, it may be possible to design
fusion mutants that alter the stability of the long coiled
coil, and hence the fusogenic state, without affecting the
stability of the native state.
For several reasons, however, we favor a kinetically controlled mechanism for the conformational
change in HA,
in which the native state of HA is metastable (i.e., although
it is stably folded, it has the potential to form a thermodynamically more stable state). First, the conformational
change, induced either by a decrease in pH or by an increase in temperature at neutral pH, is irreversible (Ruigrok et al., 1966; for reviews see Wiley and Skehel, 1967;

Stegmann and Helenius, 1993). Second, since LOOP-52
is very stable, even at neutral pH (Figure 6D), we expect
that the 66 residue coiled coil of the fusogenic conformation will be extremely stable at both low and neutral pH.
Third, an analysis of HA fusion mutants, obtained in a
genetic selection, shows a striking correlation between
the increase in the pH of fusion and the decrease in the
temperature of fusion at neutral pH (Ruigrok et al., 1966)
suggesting that the mutations destabilize the native state.
In addition, previous biophysical studies provide strong
evidence for a mechanism that is under kinetic control.
CD experiments with HA fragments reveal an irreversible
thermal transition at -63%
correlated with the temperature of HA-mediated fusion at neutral pH, followed by a
second, reversible transition at an even higher temperature (Ruigrok et al., 1966; see, however, Ruigrok et al.,
1966). The irreversibility of the first transition is consistent
with a transition from a metastable initial state to a more
stable final state. We would assign the second transition
to the unfolding of the long, stable coiled coil.
The notion of a metastable structure raises the question:
how does HA fold into a conformation that is not the most
thermodynamically
stable structure? The in vivo folding
of the HA0 precursor is known to be ATP dependent
(Braakman et al., 1992). A minority of the HA0 molecules
fail to fold into the native conformation, but instead form
stable, aberrant trimer species that do not leave the endo-
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plasmic reticulum (Gething et al., 1986b; Copeland et al.,
1986). These species may have an extended coiled-coil
structure similar to our proposed fusogenic conformation.
Thus, the native conformation of HA may be the result of
the in vivo folding pathway of the HA0 precursor. In addition, the relative instability of the loop region of HA2 at
neutral pH (see Figure 5C) may be important for in vivo
folding of HAO.
Regardless of whether the mechanism is under thermodynamic or kinetic control, there appear to be two types
of interactions that stabilize the native state and thereby
inhibit formation of the fusogenic state: intersubunit HA1
protein-protein
interactions and burial of the fusion peptide in the hydrophobic core of the trimer. As mentioned
previously, in the fusogenic conformation the HA1 subunits have dissociated and the fusion peptide is exposed
(see, however, Stegmann et al., 1990; Stegmann and Helenius, 1993).
In thestructureof the native state, extensive interactions
are apparent (Wilson et al., 1981) between the loop region
of HA2 and its corresponding HA1 subunit (see Figure 1 b).
Thus, the HA1 subunit may act as an inhibitor or “clamp”
that binds to the loop region, preventing the conformational change. In addition, multiple HAl-HA1 interactions
are likely to inhibit the conformational
change. Indeed,
introducing disulfide bonds between HA1 subunits prevents the conformational change in HA and inhibits membrane fusion activity (Godley et al., 1992). Furthermore,
many mutations that alter the pH of fusion appear to destabilize HAl-HA1
or HAI-HA2
interactions in the native
state (reviewed by Wiley and Skehel, 1987).
The native conformation may also be stabilized by the
fusion peptide, which makes significant hydrophobic interactions in the core of the native structure. The buried fusion peptide resembles a hydrophobic “hook,” which holds
the helices together in a helical-hairpin conformation (see
Figure 1a). Many of the HA mutants that fuse under less
acidic conditions (Daniels et al., 1985; Gething et al.,
1986a) contain amino acid substitutions near the region
of the fusion peptide. For example, the X-ray crystal structure of the HA2 fusion mutant, D112G, indicates that four
hydrogen bonds are lost (per monomer) between the
aspartate side chain and residues of the fusion peptide.
The pH of fusion for the mutant is elevated by 0.4 pH
units, presumably because loss of the hydrogen bonds
destabilizes the native state (Weis et al., 1990b).
Speculation
on the Relevance to Other
Fusion Events
Although influenza HA is the best-characterized
membrane fusion protein, other viral (and nonviral) fusion proteins are known to be oligomeric (reviewed by White,
1992), and some of these are candidates for further study
in light of our model. Like HA, these glycoproteins are
derived proteolytically from a precursor; this proteolysis
creates a new N-terminus with an adjacent fusion peptide
sequence (for reviews see White, 1990; Stegmann and
Helenius, 1993). Moreover, several of these fusion peptide
sequences are followed by a stretch of amino acids with a
4-3 hydrophobic repeat, suggesting a coiled-coil structure

(Chambers et al., 1990). Our results suggest that some
of these 4-3 hydrophobic repeat sequences may fold into
different conformations in the native and fusogenic states
of the glycoprotein.
Proteins that mediate fusion at neutral pH (for example,
those involved in fertilization, protein trafficking, or human
immunodeficiency
virus [HIV] infection; reviewed by
White, 1992) may also unleash a latent fusogenic conformation in response to an external stimulus, such as binding of a receptor or interaction with another protein. For
example, the binding of HIV to CD4 is known to induce
conformational changes in the envelope glycoprotein that
result in release of the extracellular subunit (gp120) from
the transmembrane subunit (gp41), exposure of the fusion
peptide, and fusion of the viral membrane with the cell
(reviewed by Vaishnav and Wong-Staal, 1991). A peptide
from gp41, corresponding
to a sequence adjacent to the
N-terminal fusion peptide, has been shown to form a coiled
coil (Wild et al., 1992). Moreover, expression of gp41 in the
absence of gp120 results in syncytium formation (Perez
et al., 1992), demonstrating that the interaction between
gp120 and gp41 inhibits fusion activity, possibly in a manner similar to our proposed inhibitory interaction of the
HA1 and HA2 subunits in the native state of HA.
Finally, if our model iscorrect, it may lead to new insights
for the discovery of anti-viral drugs. For example, therapeutic agents might be designed to prevent the low-pH
activation of HA (Wiley and Skehel, 1987; Godley et al.,
1992; Kemble et al., 1992). Alternatively, since acid pretreatment of influenza virus can abolish infectivity (e.g.,
White et al., 1982b; Puri et al., 1990) agents might be
designed that cause the conformational
change to occur
prematurely(Wileyand
Skehel, 1987). It isalso interesting,
in light of our results, that a synthetic coiled-coil peptide
from gp41 of HIV inhibits viral replication (Wild et al., 1992).
Experimental Procedures
Coiled-Coil Prediction
An algorithm (Parry, 1982)

was used to predict coiled-coil propensities
based on the statistical preference
of different amino acids for each
position in the heptad repeat. Sequences
from the Protein Data Bank
(Srookhaven)
were analyzed using a computer program @oiledcoil;”
Lupas et al., 1991) based on the algorithm. With a window size of 28
residues, sequences
with scores above 1.3 are thought to have a high
probability
of being coiled-coil structures,
while scores between 1 .l
and 1.3 generally correspond to amphipathic a helices in globular
proteins (Lupas et al., 1991). A score of 1.6 was obtained for residues
54-81 of HA2. For comparison,
a score of 1.9 was obtained for the
GCN4 leucine zipper sequence.
Inspection of the complete HA2 sequence
revealed a continuous
heptad repeat from residues38
to 125. Although an earlier analysis had
predicted a coiled-coil structure for much of the 88 residue sequence of
HA2 identified here, the register of the heptad repeat was not maintained throughout
this sequence,
and several interruptions in the
coiled coil were also predicted (Ward and Dopheide,
1980; see also
Chambers
et al., 1990).

Peptlde

Synthesis
and Purltlcatlon
Peptides were synthesized
on an Applied Biosystems
model 430A
peptide synthesizer
using Fmoc chemistry
with Fastmoc reaction cycles modified to include acetic anhydride capping (Fields et al., 1991).
LOOP-36 corresponds
to residues 54-89, and LOOP-52 corresponds
to residues 38-89 of HA2 from the X-31 strain of influenza virus (Kilbourne, 1969). In each peptide, the N-terminus
is acetylated
and the
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C-terminus
is amidated. The peptides were cleaved using standard
Fmoc protocols
and desalted on a Sephadex
G-10 or G-25 column
(Pharmacia)
in 5% acetic acid. Final purification was by reverse-phase,
high performance
liquid chromatography
(Waters, Inc.) at 25OC using
a Vydac preparative
or semipreparative
Cl6 column (stock numbers
218TP1022
or 218TP510,
respectively).
A linear acetonitrile-water
gradient of 0.1% buffer B increase per minute was used with a flow
rate of 10 mllmin (5 mllmin for the semipreparative
column). Buffer A
is 0.1% trifluoroacetic
acid in water; buffer B is 90% acetonitrile
and
0.1% trifluoroacetic
acid in water. The identity of the peptides was
confirmed by laser desorption
mass spectrometry
(Finnigan MAT LASERMAT). The measured
mass for LOOP-36 was 4451 daltons (expected 4450 daltons), and the measured mass for LOOP-52 was 6147
daltons (expected
6146 daltons).
CD Spectroscopy
CD experiments
(for a review see Woody, 1985) were performed
on
an AVIV CD spectrophotometer
(model 62DS) equipped with a thermoelectric temperature
controller.
The cuvettes
used for thermal unfolding studies and pH studies were 1 cm and 0.1 mm in pathlength,
and the cuvettes
used for wavelength
spectra were 1 mm and 0.1
mm in pathlength. Peptide concentration
was determined
by tyrosine
absorbance
at 275.5 nm (Edelhoch,
1967) in 6 M guanidinium
chloride
(SchwarzMann
Biotech, Ultra-Pure grade).
The pH dependence
of LOOP-36 structure was determined
by monitoring the CD signal at 222 nm. Measurements
were made at 0°C and
32 mM peptide in a buffer of 150 mM sodium chloride, 20 mM (each)
sodium borate, sodium citrate, and sodium phosphate.
Both transitions
observed
in the pH dependence
studies are >95% reversible
(data
not shown).
For thermal unfolding experiments,
the CD signal was monitored
at 222 nm as a function of temperature.
Samples at pH 7.0 contained
32 uM LOOP-36,
10 mM sodium phosphate,
and 150 mM sodium
chloride; or 500 uM LOOP-52, 50 mM sodium phosphate,
and 150
mM sodium chloride. Samples at pH 4.8 contained
10 mM sodium
citrate, 10 mM sodium phosphate,
and 10 mM sodium borate for both
LOOP-36 and LOOP-52. All thermal unfolding experiments
are reversible (>95% for LOOP-36 samples and >85% for LOOP-52 samples)
in the temperature
range from O°C to 60°C for LOOP-36 and O°C to
85OC for LOOP-52 (data not shown).
CD spectra were obtained at O°C, in the same conditions as used in
thermal unfolding experiments,
except that the peptide concentration
was 100 uM for LOOP-36.
In Figure 7, percent helicity for LOOP-36
was calculated
assuming that 100% helicity corresponds
to -33,000
degrees cm2 dmol-I, as has been found in studies of helical peptides
of this length (Chen et al., 1974).
Equilibrium
Sedimentation
Molecular weights were determined,
at 1 “C for LOOP-36 and 25OC
for LOOP-52,
by analytical ultracentrifugation
(reviewed
by Laue et
al., 1992) with a Beckman
XL-A Optima Analytical
Ultracentrifuge
equipped with absorbance
optics. A Beckman An-6OTi rotor was used
at 22,000 and 27,000 rpm. Experiments
were performed
at pH 7.2
and pH 4.7. LOOP-36
samples were made at three concentrations
(300,100,
and 33 uM) per pH, and LOOP-52 samples also were made
at three concentrations
(500,167, and 56 uM) per pH. All samples were
dialyzed exhaustively
(- 24 hr) against buffer prior to the experiments.
Buffer conditions were 150 mM sodium chloride, 50 mM sodium phosphate (pH 7.2) or 150 mM sodium chloride, 5 mM sodium acetate (pH
4.7). The molecular weights were determined
by a simultaneous
fit of
each data set using a nonlinear least squares fit algorithm, HID-4000
(Johnson et al., 1961); no systematic
residuals were observed.
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Note Added
Recently,
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a connection was made between fusion proteins involved in
vesicle transport and vesicle-synaptosomal
membrane fusion
(Sdlfner, T., Whiteheart,
S. W., Brunner, M., Erdjument-Bromage,
H.,
Geromanos,
S., Tempst, P., and Rothman, J. E. (1993). SNAP receptors implicated in vesicle targeting and fusion. Nature 362, 318-324).
The amino acid sequences
for some of these membrane proteins contain a long, COntinuOus region of 4-3 hydrophobic
repeats.
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