
766 Protein & Peptide Letters, 2009, 16, 766-778 

 0929-8665/09 $55.00+.00 © 2009 Bentham Science Publishers Ltd. 

Composition and Functions of the Influenza Fusion Peptide 

Karen J. Cross1, William A. Langley2, Rupert J. Russell3, John J. Skehel1 and David A. Steinhauer2,* 

1
National Institute for Medical Research, The Ridgeway, Mill Hill, London NW71AA, UK; 

2
Department of Microbiology 

and Immunology, Emory University School of Medicine, 1510 Clifton Road, Atlanta, Georgia 30322, USA; 
3
School of 

Biology, University of St. Andrews, Fife KY16 9ST, UK 

Abstract: Fusion of the influenza virus envelope with the endosomal membrane of host cells is mediated by the hemag-
glutinin glycoprotein (HA). The most conserved region of HA is at the N-terminus of the HA2 subunit, a relatively hydro-
phobic sequence of amino acids referred to as the fusion peptide. This domain is critical both for setting the trigger for fu-
sion and for destabilizing target membranes during the fusion process. The "trigger" is set by cleavage of the HA precur-
sor polypeptide, when the newly-generated HA2 N-terminal fusion peptide positions itself into the trimer interior and 
makes contacts with ionizable residues to generate a fusion competent neutral pH structure. This essentially "primes" the 
HA such that subsequent acidification of the endosomal environment can induce the irreversible conformational changes 
that result in membrane fusion. A key component of these acid-induced structural rearrangements involves the extrusion 
of the fusion peptide from its buried position and its relocation to interact with the target membrane. The role of the fusion 
peptide for both priming the neutral pH structure and interacting with cellular membranes during the fusion process is dis-
cussed. 

INTRODUCTION 

 During the initial stages of the replication cycle envel-
oped viruses must fuse their membranes with those of host 
cells to introduce their genetic material. Depending on the 
virus, fusion can take place at the plasma membrane or 
within internal organelles of the cell following endocytosis 
of virions. A number of diverse strategies have evolved to 
bring about the fusion process, which are all dependent on 
properties of viral fusion proteins (VFPs). These are oli-
gomeric glycoproteins that are anchored in the viral mem-
brane due to hydrophobic transmembrane sequences in the 
C-terminal region of the protein. A common feature of VFPs 
is that they can be triggered by external stimuli to undergo 
structural rearrangements that result in the exposure of a 
second relatively hydrophobic peptide domain that can inter-
act with cellular target membranes as a pre-condition for the 
fusion event. These domains are referred to as fusion pep-
tides, and for VFPs to be functional the fusion peptide do-
mains need to satisfy several requirements. They need to be 
integrated into full-length polypeptide chains that fold into 
the native conformation, transport to the site of virus assem-
bly, and incorporate into infectious virions. These proteins 
also need to be capable of being triggered at the appropriate 
time and place to undergo the conformational changes requi-
site for fusion. As a result of these conformational changes, 
the VFPs must be able to direct fusion peptide domains to 
the target membrane, whereupon they need to functionally 
integrate into the cellular membrane in a fashion that leads to 
fusion and delivery of virion contents to the cellular interior.  

 The VFPs of enveloped viruses share a number of com-
mon functional properties [1], but are often grouped into  
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three classes, I, II, and III, based on structural and mechanis-
tic considerations [2, 3]. For most class I VFPs, which in-
clude the fusion proteins of orthomyxoviruses, paramyxovi-
ruses, and retroviruses among others, proteolytic cleavage of 
precursor polypeptide trimers generates membrane anchored 
fusogenic subunits that contain their fusion peptide domains 
directly at the newly created N-terminal ends. During fusion, 
these N-terminal fusion peptides interact with cellular mem-
branes to physically link them to viral membranes, and asso-
ciated conformational changes lead to the formation of 
highly thermostable -helical rod-like structures that draw 
the two membranes into proximity with one another. The 
interior of these rod-like structures is characterized by long 
triple-stranded coiled coils containing -helical components 
from each monomer of the trimer. Antiparallel polypeptide 
chains from each monomer pack against the central coiled 
coils on the outside of these structures to position the N-
terminal fusion peptides at the same end as the viral trans-
membrane domains [4]. The influenza hemagglutinin glyco-
protein is a prototype of the class I VFPs, belonging to a 
subset of these proteins that are triggered to mediate fusion 
in endosomes as they become acidified. An abundance of 
structural information exists for HA, and it has been well 
characterized both functionally and biochemically. There 
have also been a number of studies on the fusion activity of 
expressed HA mutants, virus variants with alternative fusion 
phenotypes, and viruses containing specifically mutated HAs 
generated by reverse genetics. In this review we concentrate 
on the role of the fusion peptide domain for HA-mediated 
membrane fusion. We consider the composition of this con-
served sequence, how it integrates as a structural component 
of each of the three major conformations the HA assumes 
during the virus life cycle, and how these structural proper-
ties relate to the functional and biological data derived from 
the study of mutants. 
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HA STRUCTURE 

 High resolution structures have been determined for pro-
teolytic fragments of each predominant conformation of HA; 
the HA0 polypeptide precursor, the neutral pH structure that 
is generated by cleavage of HA0, and the highly thermosta-
ble rod-like structure that HA folds into during the fusion 
process [5-8]. The structures of these are shown in Fig. (1) as 
a lateral view and in Fig. (2) viewed down the three-fold axis 
of symmetry. The residues that constitute the fusion peptide 
have functional significance as components of each of these 
structures, which will be addressed in detail following an 
overall description of the HA structures and conformational 
transitions. Unless specifically noted, the descriptions here 
will relate to the HA of A/Aichi/2/68 virus, a prototype of 
the H3N2 subtype "Hong Kong" viruses that emerged in 
humans in 1968 and continue to circulate. 

 The Aichi HA is synthesized as precursor polypeptide 
chains (HA0), that fold and associate as non-covalently 
linked homotrimers in the endoplasmic reticulum (ER) prior 
to transport through the Golgi apparatus to the plasma mem-
brane. HA is a classical type I membrane glycoprotein with 
an N-terminal signal sequence that is cleaved in the ER, a 
hydrophobic transmembrane anchor domain near its C-
terminus, and a short cytoplasmic tail sequence. It is post-
translationally modified by the addition of acyl chains at 
three cysteine residues in the cytoplasmic tail and its trans-
membrane interface [9, 10], and is N-glycosylated at seven 
asparagine residues in the ectodomain [8]. The trimeric ecto-

domain extends by over 130 angstroms from its membrane 
anchor to the tip of the distal globular head domains, where 
the receptor binding sites and major antigenic regions reside 
[8, 11]. The fibrous stem of the molecule features a long 
central coiled coil that is formed by the association of three 
helices of 50 residues, with each monomer contributing one 
of these. A hallmark of the HA0 precursor is the presence of 
a surface loop structure in the membrane-proximal third of 
the molecule [7]. Proteolytic cleavage at this site is required 
for virus infectivity as it allows the HA to assume the fusion 
competent conformation that can be triggered to mediate 
membrane fusion [12-14]. 

 The proteolytic activation of each HA0 polypeptide 
yields subunits of 328 residues (HA1) and 221 residues 
(HA2), which are linked by a single disulfide bond between 
HA1 14 and HA2 137. The arginine at the cleavage site, 
residue 329, is subsequently removed by carboxypeptidase 
activity [15]. The structure of the HA0 precursor and that of 
cleaved, neutral pH HA are very similar, with only six resi-
dues at the C-terminus of the newly formed HA1 subunit and 
12 residues at the N-terminus of HA2 actually relocating as a 
result [7]. However, the structural changes that result are not 
without significance for fusion. In particular, the highly con-
served N-terminus of HA2, which occupies the membrane-
proximal half of the cleavage loop in the HA0 structure, is 
repositioned to the interior of the trimer to fill a cavity that is 
present in HA0. The HA0 cavity is lined with ionizable resi-
dues that are exposed to solvent in the HA precursor struc-

 

 

 

 

 

 

 

 

Figure 1. Ribbon diagram of the three conformations of the HA trimer from a lateral view. The left panel shows the HA0 precursor structure 
prior to proteolytic cleavage of the monomers. Residues that will constitute the HA1 subunit following cleavage are depicted in blue, and the 
HA2 subunit in red. Residues that ultimately form the fusion peptide at the N-terminus of HA2 are shown in yellow. The cleavage loop from 
one of the monomers can be seen extending from the trimer surface to the right. The center panel shows that most of the HA structure re-
mains unchanged following cleavage, the major structural consequence being the relocation of N-terminal HA2 "fusion peptide" residues 
from the bottom of the cleavage loop to the interior of the trimer. The right panel shows the structure of the HA2 trimer following the acid-
induced conformational changes required for membrane fusion, which are described in detail in the text. This thermostable rod-like structure 
locates the fusion peptide and the viral transmembrane domain at the same end. Hashed lines indicate that the structure is unknown for of 
both the fusion peptide and the 10-residue peptide that links it to HA2 residues of known structure. 



768    Protein & Peptide Letters, 2009, Vol. 16, No. 7 Cross et al. 

ture, but the relocation of HA2 amino acids 1-12 effectively 
buries these residues. This appears to prime the HA for fu-
sion, as HA0 is relatively unresponsive to reduction in pH 
whereas cleaved HA can subsequently be triggered by acidi-
fication to mediate fusion. It is thought that a selection of the 
ionizable residues that are buried by fusion peptide residues 
may be important for triggering the fusion process [7, 16, 
17], and this is discussed in more detail below. 

CONFORMATIONAL CHANGES REQUIRED FOR 

FUSION 

 As endosomes become acidified, a critical pH is attained 
at which membrane fusion is initiated. This normally occurs 
between pH 5.0 and 6.0 depending on the viral strain, but 
mutants have been identified which fuse membranes at 
higher or lower pH than this [18, 19]. The HA conforma-
tional changes that lead to fusion have been defined in detail 
by X-ray crystallography studies [5, 6, 20]. In essence, four 
separate aspects of these molecular rearrangements can be 
defined, each involving the relocation of intact structural 
domains relative to one another.  

 1) The membrane distal monomeric head domains be-
come de-trimerized, but remain tethered to the trimeric core 
structure of low pH HA by HA1 residues 28-43, which are 
disordered in the fusion pH structure [5]. This suggests that 
this linking polypeptide is flexible, possibly allowing head 
domains to distance themselves from the HA2 fusion 
subunits during the fusion process. 

 2) The HA2 N-terminal fusion peptide domain is ex-
truded from its buried position in the trimer interior, where-
upon it is presumably relocated to interact with target mem-
branes due to the other structural transitions. 

 3) The N-terminal segment of the neutral pH coiled coil 
becomes extended due to the transition into a helical struc-
ture of the peptide chain that links the long and short alpha 
helices of native HA. As a result, the triple-stranded coiled 

coil of neutral pH HA extends N-terminally to include resi-
dues of the linking polypeptides as well as the short helices. 
In essence, this functions to recruit the fusion peptide to the 
N-terminal end of this extended coiled coil. 

 4) Amino acids at HA2 positions 106-112 in the central 
coiled coil of neutral pH HA undergo a helix-to-loop transi-
tion. This functions to invert by 180 degrees all of the struc-
tural entities C-terminal to this. This jack knife-like struc-
tural rearrangement functions to position the membrane an-
chor domain at the same end of the low pH rod-like structure 
as the fusion peptide [20], and the proximity of the two 
membrane associating regions that result from this are 
thought to be crucial for the fusion process.  

 The order in which these structural rearrangements occur, 
the extent to which certain individual domains unfold and 
refold, and the high-resolution structure of any intermediates 
in the pathway, all remain to be determined. However, these 
conformational changes provide a clear basis for the mecha-
nism by which a bridge is formed between the viral and cel-
lular membranes and how they might be drawn into proxim-
ity with one another. These suggest a general model for 
membrane fusion as depicted in Fig. (3). A number of varia-
tions on this theme have been proposed to provide more de-
tails and justify or explain the large collection of results and 
observations related to fusion. However, many of the specif-
ics involved remain the topic of study and a unifying detailed 
model for fusion is not currently available. Despite this, there 
is general agreement on the broad concept by which type I 
VFPs such as HA bring membranes together as a result of 
conformational changes, and related mechanisms have been 
proposed for class II and class III VFPs as well [1-3]. 
Among the accepted premises is the idea that fusion pro-
ceeds through a hemifusion intermediate, in which the outer 
leaflets of the membranes merge and lipid mixing occurs 
prior to full fusion and content mixing [21]. It is also possi-
ble that the composition and structure of the fusion peptides, 
and indeed the transmembrane anchor domains as well, play 

 

 

 

 

 

 

Figure 2. Structure of HA0 and cleaved neutral pH HA viewed down the three-fold axis of symmetry. Colors are as described for figure 1. 
This view illustrates more clearly the relocation of fusion peptide residues at the N-terminus of HA2 from the surface loop of uncleaved HA0 
to the interior of the trimer, whereupon the N-terminus of HA2 and the C-terminus of HA1 are separated by 22Å. The location in HA0 of the 
glycine residues that will constitute the HA2 N-termini following cleavage are shown as a filled black circles in the left panel, and as filled 
gray circles labeled N in the cleaved HA structure on the right. Also depicted are the locations of ionizable residues HA1 His 17 and HA2 
Asp 109 and Asp112, which are buried by fusion peptide residues following cleavage. 
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a critical role in the disruption of membranes in a fashion 
that proceeds to fusion.  

COMPOSITION OF FUSION PEPTIDES 

 All fusion peptides are reasonably hydrophobic and are 
capable of associating with membranes, but additional at-
tributes are required for biologically relevant fusion function. 
In general, the lengths of such fusion peptides have not been 
rigorously defined by experimental means, but are arbitrarily 
based on considerations such as hydrophobicity and other 
features of the amino acid sequences. Fig. (4A) shows a 
comparison of fusion peptide sequences from the class I 
VFPs of several viruses demonstrating that there is little or 
no direct identity among the more distantly related taxo-
nomic groups. As might be expected, these domains are rich 
in hydrophobic residues such as Phe, Leu, Ile, and Val, and 
most fusion peptides also contain a number of alanine resi-
dues. Concordantly, ionizable residues are very sparsely rep-
resented among these sequences. It is also notable that these 

fusion peptides are characterized by the presence of several 
interspersed glycine residues. These are often spaced at in-
tervals that might suggest a structural significance, but they 
do not necessarily align directly or demonstrate definitive 
motifs. 

 On the other hand, Fig. (4B) shows that the fusion pep-
tides of influenza A viruses are extremely well conserved 
among the 16 recognized subtypes, particularly for HA2 
residues 1-11 in the N-terminal half [22]. For HA the fusion 
peptide is often defined as the N-terminal 23 residues of 
HA2, in part because residues 20-23, GWYG, are completely 
conserved, include two large hydrophobic residues, and ex-
tend the interspersed glycine motif. In fact the HA fusion 
peptide domains are by far the most highly conserved do-
mains of this notably variable glycoprotein. Presumably, this 
sequence conservation is due in large part to the prominent 
role of this domain in the final stages of membrane fusion. 
However, as can be noted from the variability among viral 
fusion peptides illustrated in Fig. (4A), sequence require-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic diagram of a basic model for membrane fusion by influenza HA. A) Viral membrane with two representative cleaved 
neutral pH HA molecules and endosomal target membrane. B) Acid-induced conformational changes lead to fusion peptide insertion into 
target membranes. C) Packing of the inverted C-terminal portion of HA2 against central coiled coil draws membranes together. D) Formation 
of pre-fusion stalk intermediate. E) Hemifusion intermediate with lipid mixing but no content mixing. F) Formation of fusion pore leading to 
content mixing and transfer of viral genome. 
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ments for fusion peptide function do not appear to be par-
ticularly rigorous. Therefore, the constraints on the HA fu-
sion peptide sequences are also indicative of a functional 
relevance of these residues within the structure of the HA0 
precursor and the neutral pH cleaved HA, and for transitional 
events as one conformation of HA proceeds to the next.  

STRUCTURE OF THE FUSION PEPTIDE IN HA0 

 Within the context of the HA0 precursor polypeptide, the 
12 N-terminal residues of the fusion peptide form the bottom 
half of the cleavage loop, which orients away from the trimer 
stalk as depicted in Figs. (1) and (2) [7]. The most obvious 
functional constraints for the residues that constitute the fu-
sion peptide within HA0 involve its folding into the native, 
cell surface-expressed oligomeric structure, and the capacity 
for recognition of the cleavage loop by activating proteases. 
The amino acid composition of sequences directly N-
terminal to conserved GLFGAIAGFI fusion peptide se-
quences of the loop have been shown to be particularly rele-
vant for influenza pathogenicity [7, 23-27]. For human and 
most nonpathogenic avian virus strains, the HA cleavage site 
contains a single arginine residue, and is cleaved extracellu-
larly by trypsin-like proteases following the transport of HA 
to the plasma membrane. However, certain avian strains, 
most notably represented by subsets of the H5 and H7 sero-
type viruses, contain polybasic sequences in the cleavage 
loop that can be recognized by ubiquitous furin-like prote-
ases that reside in the trans-Golgi of most cell types [28, 29]. 

As such, protease activation of these viruses can occur in-
tracellularly in a variety of cell and tissue types allowing 
them to spread more readily in systemic fashion. The up-
stream cleavage loop sequences of such HAs are often char-
acterized by insertions of basic residues containing the pro-
tease recognition motifs R-X-R/K-R or derivatives of this. 
The recognition motifs, the greater accessibility provided by 
a larger cleavage loop, and the presence or absence of 
proximal residues that are glycosylated can all have rele-
vance for protease activation. Clearly, any mutations to fu-
sion peptide sequences that inhibit HA0 cleavage would be 
selected against in wild isolates, and therefore such mutants 
have not been documented. However, cleavage activation 
mutants with changes in fusion peptide sequences have been 
selected in laboratory by passaging influenza in the presence 
of proteases with alternative cleavage site specificity [30, 
31], and an expressed HA with an alanine insertion at the N-
terminus of the fusion peptide has been shown to be resistant 
to trypsin activation of fusion potential [32].  

STRUCTURE OF THE FUSION PEPTIDE DOMAIN 

IN NEUTRAL PH HA  

 In the HA0 structure a cavity lined with ionizable resi-
dues lies adjacent to the cleavage loop. Following proteolytic 
activation, the highly conserved N-terminal domain of HA2 
inserts into the trimer interior and buries these ionizable resi-
dues, which are also highly or partially conserved (Fig. 2). 
The newly formed contacts resulting from this structural 

 

 

 

 

 

 

 

 

 

 

Figure 4. A) Representative fusion peptide sequences from various Class I viral fusion proteins. Glycine residues are highlighted in bold. B) 
Fusion peptide sequences from influenza A virus strains representing each of the 16 known antigenic subtypes. The H1 subtype is used as the 
reference sequence for this figure to keep the list in numerical order, and glycine residues are highlighted in bold. Dashes for other fusion 
peptide sequences indicate direct homology to the H1 sequence, and changes from the H1 reference sequence are noted with the single letter 
amino acid code.  
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relocation are thought to be important for priming of the neu-
tral pH HA such that it can subsequently be activated by 
acidification to mediate fusion [7, 16, 17]. This may in part 
explain the conserved nature of both fusion peptide and cav-
ity-lining amino acids. Among the contacts formed when the 
fusion peptide is inserted into the cavity are a series of hy-
drogen bonds that link main chain atoms of HA2 residues 2, 
3, 4, 5, and 6 to the highly conserved aspartic acids located at 
HA2 positions 109 and 112, which reside in a segment of the 
long helix of the central coiled coil that undergoes a helix-to-
loop transition during fusion. Another ionizable residue, 
HA1 histidine 17, forms hydrogen bonds with fusion peptide 
residues 6 and 10 via a water molecule in H3 group HA sub-
types and is thought to play a role in the initiation of acid-
induced conformational changes [16, 17]. The close associa-
tion between the residues in the N-terminal half of the fusion 
peptide and conserved ionizable residues that are buried fol-
lowing HA0 cleavage suggests that the HA2 N-terminal do-
main may be conserved not only for the purpose of func-
tional association with target membranes during fusion, but 
for making appropriate contacts to allow for the triggering of 
the metastable neutral pH HA. It is noteworthy in this regard 
that nearly all single residue substitution mutations that have 
been examined within the first 10 amino acids of the fusion 
peptide lead to an elevated pH at which conformational 
changes are initiated [18, 32-35], and many of these are per-
fectly functional for membrane fusion. Therefore, strong 
selective pressure may exist on conserved fusion peptide 
residues not only for fusion capacity, but also for maintain-
ing a neutral pH cleaved HA structure that is energetically 
favorable for triggering membrane fusion at an optimal pH. 
Such a structure would ideally balance requirements for sta-
bilizing HA against premature triggering of the irreversible 
conformational changes with those for the capacity to be 
induced to cause fusion within the endosomal pathway. This 
balance may have an influence on the stability of viruses in 
the environment, and might account, in part, for the differ-
ences in fusion pH and kinetics that can be observed among 
differing HA subtypes [36, 37]. 

STRUCTURE OF THE FUSION PEPTIDE DURING 
FUSION 

 Nearly all mutant HAs with single substitutions in the 
fusion peptide domain that have been examined as expressed 
proteins or as components of infectious viruses have been 
found capable of transporting to the cell surface and respond-
ing to acidification with the characteristic structural changes. 
However, a significant number of these fusion peptide mu-
tants are inhibited for the capacity to mediate fusion, even 
though they retain the capacity to associate with target mem-
branes. Therefore, it is clear that the structure adopted by the 
fusion peptides of influenza, and other VFPs for that matter, 
in association with target membranes, is critical for function. 
The hydrophobic nature of fusion peptides has proven to be a 
formidable obstacle for obtaining structural information on 
these domains. For example, in all X-ray crystal structures of 
low pH HAs determined to date, the fusion peptides have 
been removed in order to generate soluble proteolytic frag-
ments capable of forming crystals. Therefore, our current 
knowledge on fusion peptide structures is largely based on 
alternative structural and biophysical techniques.  

 Hydrophobic photolabeling studies have shown that only 
the first 22 residues of HA2 are responsible for interaction 
with target membranes and it was suggested by the periodic-
ity of labeling that this segment adopts an amphipathic -
helical structure [38, 39]. Biophysical studies using circular 
dichroism and FTIR spectroscopy suggest that membrane-
bound fusion peptide analogs contain 40% to 60% -helical 
structure, with some studies also showing evidence of -
structure [40-45]. In some such studies the ability of mutant 
HA peptides to mediate liposome fusion showed a loose cor-
relation between helical content and fusogenicity [42, 45, 
46]. The HA and other viral fusion proteins, as well as apol-
ipoproteins, proteins of neurodegenerative diseases ( -
amyloid, human PrP), signal peptides, toxins, and fusion 
proteins of spermatozoids, can be modeled as oblique ori-
ented or tilted helices that possess an asymmetric gradient of 
hydrophobicity, which can be hypothesized to cause mem-
brane destabilization by perturbation of regular lipid acyl 
chain packing [47].  

 Tamm and colleagues have used a combination of NMR 
structural data and EPR depth analysis to analyze the struc-
ture of the influenza fusion peptide in DPC micelles [48, 49]. 
This line of work has involved the utilization of synthetic 
fusion peptide analogs containing the seven residue peptide 
sequence GCGKKKK attached C-terminal to a 20-residue 
HA2 N-terminal domain to mitigate against solubility prob-
lems, and these 27 residue peptides were shown to possess 
pH-dependent activity in lipid mixing and erythrocyte hemo-
lysis assays. Analysis of its structure by NMR showed the 
peptide to adopt an inverted V shaped structure in detergent 
micelles at both neutral pH and pH 5.0, with the apex of the 
V located at the aqueous interface [48]. The neutral pH struc-
ture comprises an N-terminal helix (residues L2 to F9) fol-
lowed by a turn, stabilized by backbone hydrogen bonds (H-
bonds) between residues E11, N12, G8 and F9. The C-
terminal segment is less ordered with residues W14 - G20 
forming an extended structure with a bend between residues 
G16 and M17. At pH 5, residue I10 extends the N-terminal 
helix and is followed by a turn, which is stabilised by a side 
chain H-bond between residues N12 and G8 and a backbone 
H-bond between residues W14 and F9. Additionally, the C-
terminal half of the fusion segment folds into a short 310 he-
lix with rotation of residues E15 and D19, and formation of 
main chain H-bonds among residues 13 through 18 [48]. 
This allows for complete alignment of apolar residues at the 
bottom face of the kinked peptide, creating a hydrophobic 
pocket and giving the peptide a more closed and deeply in-
serted structure within the membrane. A conserved glycine 
ridge exists at the top face of the N-terminal -helix (resi-
dues G1, G4 and G8) whereas the C-terminal segment con-
tains charged residues at positions 11, 15 and 19. More re-
cent NMR structural studies on mutant fusion peptide ana-
logues that demonstrate either reduced or negative fusogenic 
activity suggest a structural significance for the hinge region 
which lies in the middle of the fusion peptide sequence [50-
53]. These studies allow for the comparison of structural 
features displayed by mutant peptide analogs at different pH, 
and for the correlation of these features with the functional 
fusion properties of intact HAs. However, some of the inter-
pretations derived from such studies are dependent on the 
assumption that fusion peptides are active in monomeric 
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form, and the oligomeric state of fusion peptide domains 
during the fusion process remains unknown at present. The 
effects of pH on fusion peptide structures and their relevance 
for membrane destabilization are also not clear.  

 Tryptophan fluorescence quenching and NMR spectros-
copy analyses of a 25 residue HA fusion peptide analog in 
SDS micelles indicate that residues 2-14 exist predominately 
as an -helix with residues 16–18 residing at the micelle 
water interface and no observable changes in insertion depth 
at low pH [54]. The evidence suggests that residue E11 is 
located in the interior of the SDS micelle and the peptides 
tend to self-associate during SDS gel electrophoresis, consis-
tent with a trimeric assembly model in which fusion peptide 
residues E11, E15 and D19 at the hydrophilic face lie within 
the oligomeric interior, while hydrophobic residues I6, F9, 
W14 and M17 are exposed to the bilayer. Results with infec-
tious viruses within the first 10 fusion peptide residues [33] 
are also compatible with a model in which helical fusion 
peptides orient such that the relatively polar glycine residues 
form a trimeric interface and the large hydrophobic side 
chains of residues 2, 6, and 10 reside on the surface to inter-
act with membrane lipids [55]. Furthermore, in experiments 
with HA fusion peptide analogs linked to coiled coil domains 
to promote their trimerization, DeGrado and coworkers 
demonstrated that trimeric peptides promoted a greater de-
gree of liposomal content leakage and membrane mixing 
than the monomeric form [56]. 

 The issues of pH effects on fusion peptide structure and 
the relevance of this for fusion function are also unclear. 
Studies with fusion peptide analogs show that fusion activity 
is often higher at low pH compared to neutral pH [43-45, 
49]. However, most of these comparative studies are carried 
out at specific pH such as 7.4 and 5.0, and are not extended 
to intermediate pH. This may be critical for the interpretation 
of the relevance of fusion peptide structures if they are con-
sidered as separate entities from the HA as a whole. For ex-
ample, HA mutants that mediate fusion at pH as high as 6.5 
have been characterized, and this correlates with the pH of 
HA ectodomain conformational changes [18, 57]. It is not 
clear whether the structure of fusion peptide domains at pH 
6.5 more closely resembles that at lower or neutral pH, but 
this should be taken into consideration, as should the effects 
of pH and temperature on the membrane. HA-mediated 
membrane fusion can be promoted at neutral pH by increas-
ing temperature or by the addition of chemical denaturants 
such as urea [58, 59]. In these studies the conditions under 
which fusion activity was detected again correlated with 
those at which conformational changes of HA ectodomains 
were observed, although it was not possible to assess struc-
tural changes that may have taken place in the fusion peptide 
domains.  

STUDIES OF MUTANT HA PROTEINS 

 There have been numerous studies on the phenotypes of 
mutant HAs with changes in the fusion peptide domain, par-
ticularly for the N-terminal 10 amino acids, and these pro-
vide some guidelines regarding the requirements for particu-
lar classes of amino acids at given positions for folding and 
fusion function. Table 1 summarizes the fusion results for a 
number of mutants that have been examined in our labora-

tory and by other investigators. This list encompasses nu-
merous studies and observations based on the analysis of 
expressed HAs and mutant viruses selected in the laboratory 
by various means. Viruses generated by reverse genetics will 
be addressed separately below in order to discuss highly de-
bilitated viruses with poor fusion activity and the selection of 
revertants and pseudorevertants. In Table 1, a fusion positive 
phenotype is designated for HAs that demonstrate any level 
of full fusion activity with content mixing properties, unless 
stated. This compendium is limited, to a degree, in that some 
of the assignments of fusion positive or negative may not be 
directly comparable with one another when taking into ac-
count factors such as HA expression levels, the sensitivity of 
various assay systems employed, or differences associated 
with results obtained in separate laboratory settings. How-
ever, the table is meant to provide a relatively comprehen-
sive overall indicator of which types of changes are generally 
tolerated at particular positions for fusion activity, and which 
positions are more sensitive to changes with regard to func-
tion.  

 One observation suggested by the data is that fusion pep-
tide length may be important, as deletion of the N-terminal 
glycine residue results in a fusion negative phenotype, as did 
deletion of the leucine at position 2. This is consistent with 
results on cleavage activation mutants selected for growth in 
the presence of the protease thermolysin [31], which cleaves 
HA between HA2 Gly1 and Leu2. Mutants selected for 
growth in the presence of thermolysin contained single resi-
due insertions with leucine at the HA2 N-terminus, but had 
the authentic fusion peptide length restored. Although these 
studies and those on expressed HAs showed that LFL, LIL, 
and LLL (amino acid codes designate three N-terminal resi-
dues) are competent for fusion [31, 32], expressed HA with 
the single Leu substitution at the N-terminus was shown to 
display very low fusion activity [32]. In fact, with the excep-
tion of alanine, all mutants with single residue substitutions 
for the N-terminal glycine have been shown to be negative or 
significantly impaired for fusion activity [31-33, 35, 60]. 
However, despite the low levels of full fusion activity dis-
played by the serine substitution mutant at HA2 position 1, it 
is quite efficient at promoting the lipid mixing, characteristic 
of a hemifusion phenotype [33, 35]. The conserved glycine 
at position 4 appears to accept changes reasonably well while 
maintaining fusion function, although the mutants that have 
been characterized lead to a significant increase in the pH at 
which this takes place [32, 34, 61]. Among expressed HAs 
and mutant viruses, fusion activity is evident for HAs with 
alanine substitution or conservative changes for the large 
hydrophobic residues at positions 2, 3, 6, 9, and 10 [18, 32-
34, 52, 61-63]. However, alanine is not functional when sub-
stituted for the conserved glycine at position 8 [32]. On the 
other hand, expressed HAs with glycine substitutions for 
these large hydrophobic residues are significantly inhibited 
for fusion activity.  

 Not surprisingly, the less conserved positions between 
residues 12 and 23 seem reasonably tolerant of substitutions, 
whereas the highly conserved tryptophan residues at HA2 
positions 14 and 21, and the conserved tyrosine at HA2 22 
are less tolerant of mutations. Our data show that alanine and 
glycine substitution mutants at these positions were consis-
tently negative for polykaryon formation, and this has been
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Table 1. Fusion Activity of Expressed HAs or Mutant Viruses 

Mutations to HA2 Residues  

1  2  3  4  5  6  7  8  9  10  11 12 13 14 15 16  17  18  19  20  21  22  23  

G  L  F  G  A  I  A  G  F  I  E  G/N  G  W  T/E  G  M  I  D  G  W  Y  G  

Fusion  References  

L F L – – – – – – – – – – – – – – – – – – – – + 31 

L  I  L  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  31  

L  –  L  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  31,32  

A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  32,35,60  

S  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  + (lowa, hemifusion)  32,33,35  

L  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  + (low)a  32  

F  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  + (low)a 32  

H  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  + (low)a 32  

I  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  + (low)a  32  

V  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  35  

E  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  34,35  

Q  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  35  

del  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  32  

–  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  33  

–  I  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  62  

–  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  33  

–  del  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  32  

–  –  I  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  63  

–  –  L  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  18  

–  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  UPc  

–  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  UPc  

–  –  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  32  

–  –  –  E  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  34  

–  –  –  S  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  61  

–  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  41  

–  –  –  –  V  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +/– b  41,UPc  

–  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  33  

–  –  –  –  –  M  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  18  

–  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  33  

–  –  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +/– b  41,UPc  

–  –  –  –  –  –  V  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  41  

–  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  32  

–  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  33,52  

–  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  33  

–  –  –  –  –  –  –  –  L  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  18,61  
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(Table 1) contd…. 

Mutations to HA2 Residues  

1  2  3  4  5  6  7  8  9  10  11 12 13 14 15 16  17  18  19  20  21  22  23  

G  L  F  G  A  I  A  G  F  I  E  G/N  G  W  T/E  G  M  I  D  G  W  Y  G  

Fusion  References  

–  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  +  33,52  

–  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  33  

–  –  –  –  –  –  –  –  A  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  52  

–  –  –  –  –  –  –  –  –  –  K  –  –  –  –  –  –  –  –  –  –  –  –  +  65  

–  –  –  –  –  –  –  –  –  –  V  –  –  –  V  –  –  –  –  –  –  –  –  +  32,64  

–  –  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  –  +  34,65  

–  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  –  – (hemifusion)  51  

–  –  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –  G  –  –  –  –  –  65  

–  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  +  51  

–  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  52,UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  V  –  –  –  –  –  –  –  –  +  32  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  +  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  +  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  +  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  +  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –  –  +  65  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  K  –  –  –  –  +  65  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  +  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  UPc  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  +  UPc  

a: Fusion activity was detectable at low levels following more prolonged incubation at acidic pH. 
b: Fusion was detected in these mutants only when a high level expression vector was utilized. 
c: Unpublished previously, this data is reported here for the first time. 

 

confirmed by others for the position 14 alanine mutant [52]. 
Substitutions for the conserved glutamic acid at position 11 
have yielded quite variable results for fusion activity, de-
pending on the amino acid substituted and the assay system 
employed [32, 34, 51, 64, 65]. 

STUDIES ON VIRUSES GENERATED BY REVERSE 

GENETICS 

 Some noteworthy insights on the requirements and func-
tional constraints of fusion peptide residues derive from 
studies on attempts to generate infectious viruses containing 
specific mutations using reverse genetics. In our laboratory 
we have used highly efficient methods in efforts to make 

several such mutants from cDNA clones [66], and have been 
able to rescue viruses that are clearly debilitated for replica-
tion on many occasions [33, 67, 68]. The results for experi-
ments on the generation of mutant viruses with substitutions 
in the fusion peptide are summarized in Table 2. In many 
cases the experiments were done with both Aichi HA (H3 
subtype) and WSN HA (H1 subtype), always with the ge-
netic background of the WSN virus. For simplicity, the table 
scores a mutant as positive if the virus was rescued for either 
HA during any experiment, although in most cases the re-
sults were the same for each HA. In some cases the effi-
ciency of rescue was low and virus titers were reduced rela-
tive to WT [33].  
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Table 2. Rescue of Infectious Viruses and Selection of Pseudorevertants 

Mutations to HA2 Residues 

1 2  3  4  5  6  7  8  9  10 11 12 13 14 15 16 17 18  19  20  21  22  23  

G  L  F  G  A  I  A  G  F  I  E  G/N  G  W  T/E  G  M  I  D  G  W  Y  G  

Virus 

Rescuea 
Reversions 

L  –  L  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  FLL  

S  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  G  

L  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  F  

–  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  V  

–  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –b  

–  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  V  

–  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  V  

–  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  I,V  

–  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –b  

–  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  +  A  

–  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  –  –  +  V  

–  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –b  

–  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –  +  D  

–  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  F  –  –  –  –  –  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  –  –  –  –b  

–  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –  –  –  –  –b  

–  –  –  –  –  –  –  –  –  –  –  –  –  V  –  –  –  –  –  –  –  –  –  –  –b  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  V  –  –  –  –  –  –  +  L  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  F  –  –  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –  –  –  –  –b  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –  –b  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  F  –  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –  –b  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  –  –  –b  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  G  –  –  –b  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  F  –  +  NONE  

–  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  –  A  +  NONE  

a: Data for residues 1-10 published in reference 33. Data for residues 12-23 reported here for the first time. Data for residue 3 also reported here for the first time. 
b: Original mutant not recovered. 
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 In general, the results with rescued viruses correlate with 
fusion activity displayed by expressed mutant HAs, although 
the capacity to generate viruses would appear to be a more 
sensitive indicator for suboptimal levels of fusion. For ex-
ample, fusion peptide mutants of HA that display activity 
using standard assays for fusion such as polykaryon forma-
tion, erythrocyte hemolysis, or assays of HA-mediated con-
tent mixing, can be rescued efficiently as infectious viruses. 
On the other hand, it has also been possible to generate a 
number of viruses that demonstrate little or no detectable 
fusion using standard assays with expressed HAs. Studies 
with these mutants provide us with additional data to con-
sider from a biological perspective, as a number of them 
initially replicate quite poorly, and subsequently select for 
reversions or pseudoreversions upon passage. For example, 
the G1S and G1L substitutions at the HA2 N-terminus were 
found to promote heterokaryon formation very poorly [32] 
and using some assays display only hemifusion activity [33, 
35]. The G1S virus reverted to WT almost immediately in 
one rescue experiment, but was still the predominant geno-
type following 3 passages in another experiment before sub-
sequent reversion. Thus, the hemifusion phenotype ascribed 
to this mutant might be "leaky" enough for a low level of 
biological activity that is readily selected against once WT 
reversions are generated. Similarly, the G1L mutant was 
observed to mutate readily upon passage, but in this case the 
change involved a pseudoreversion to phenylalanine. For 
such examples, the possibility exists that minor representa-
tives of virus populations could be responsible for the appar-
ent capacity of the mutants to replicate, even as sequence 
analysis of total viral RNA shows that a majority of the 
population contains the mutation designated in the table. 
However, in most cases it takes at least two or three passages 
reflecting several rounds of replication for the reversions or 
pseudoreversions to appear at the RNA sequence levels, and 
for other examples viruses are never rescued despite many 
attempts using the same or different "master stocks" of pa-
rental cDNAs. This suggests at least some basal level of ini-
tial fusion activity for the mutant HA is probably required to 
generate virus. 

 It was also possible to rescue viruses with phenylalanine 
to glycine substitutions at either positions 3 or 9, even 
though fusion activity was not detected with these expressed 
HAs. In each case the viruses replicated poorly and pseudor-
eversions to valine and alanine respectively, were selected 
upon passage. The viruses in which large hydrophobic resi-
dues at positions 2, 3, 6, 9, and 10 were changed to alanine 
also proved interesting. When expressed, these mutants were 
positive for heterokaryon formation and were rescued as 
components of infectious viruses, but upon passage, pseu-
doreversion mutations to alternative large hydrophobic resi-
dues were selected (true reversion to WT would have re-
quired two separate changes at the RNA level for most of 
these). This was observed for the alanine mutants at L2, F3, 
I6, and I10, all of which mutated to valine after several 
rounds of replication.  

 Among the viruses rescued with substitutions at positions 
12-23, changes to conserved positions W14, W21, and Y22 
were notably difficult to rescue. Only the W14F mutant for 
WSN HA was rescued among position 14 mutants, and this 
replicated to titers approximately 10-fold lower than virus 

with WT HA. At positions 21 and 22, only the large hydro-
phobic substitutions of phenylalanine were rescued for tryp-
tophan and tyrosine respectively. Among the viruses gener-
ated with changes in the C-terminal half of the fusion pep-
tide, the only examples of pseudoreversion observed in-
volved N12G changing to aspartic acid and M17V changing 
to leucine.  

 The major inferences derived from these studies on mu-
tants relate to the 10 N-terminal fusion peptide residues, for 
which glycine appears to be operative only at the positions 1, 
4, and 8, where they reside in the WT sequence, but not at 
other positions. Similarly, the large hydrophobic residues at 
positions 2, 3, 6, 9, and 10 confer a clear selective advantage. 
These results are consistent with models for the structure of 
the fusion peptide in membranes with the glycines oriented 
on one face of the helix and the large hydrophobic side 
chains interacting with the membrane bilayer. These proper-
ties can be incorporated into models of monomeric fusion 
peptides [48], or in those of fusion peptide oligomers with 
glycines in the trimer interior. The cumulative results also 
point to the conserved W14 as being important for fusion, 
based on expressed HAs and mutant viruses as reported here, 
and on structural and functional considerations with peptide 
analogs [51]. The data on mutants reported here also sug-
gests that the conserved W21 and Y22 residues may be sig-
nificant for functional association with membranes. Alanine 
and glycine substitutions at these positions were negative for 
both fusion activity and virus rescue. Reverse genetics stud-
ies on mutants with a phenylalanine substitution at position 
21 shows that this appears to be well tolerated for virus rep-
lication in cell culture, but viruses with phenylalanine at po-
sition 22 displayed titers reduced by approximately two logs. 
The effects of changes at conserved positions W21 and Y22 
might relate directly to fusion function, or alternatively, may 
reflect a structural significance for the initiation of fusion 
within the cleaved neutral pH HA. In this structure these 
residues are in close proximity to HA1 position 17 and HA2 
position 111, where group specific histidine residues thought 
to be important for initiating fusion reside [16, 17]. Unfortu-
nately, many of the studies using fusion peptide analogs util-
ized shorter versions of the fusion peptide domain that do not 
extend through conserved residues W21 and Y22. 

SUMMARY 

 Although a great deal of structural information exists for 
HA, and for the fusion peptide residues in the pre-fusion 
states of the molecule, the functional structure of HA fusion 
peptides during fusion and their oligomeric form within bio-
logical membranes remain to be elucidated. The viral trans-
membrane domain of HA should also be taken into consid-
eration, as in the final fusion state following membrane 
merger this domain is available to interact with fusion pep-
tides, and such interactions may play a role in the final stages 
of the fusion process [69, 70]. Additionally the presence of 
the complete HA molecule may impose constraints on the 
structure that the fusion peptide adopts in membrane that 
may not be apparent based on studies of synthetic peptide 
analogs. The determination of complete HA structures in-
cluding transmembrane and/or fusion peptides associated 
with membranes will be required to fully appreciate fusion 
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mechanism. Indeed, the question of how many complete HA 
trimers participate in biologically relevant membrane fusion 
has been addressed but not defined with precision [71-73]. If 
and when a consensus emerges, the structural data will have 
to reconcile with the large quantity of biological information 
that has accumulated regarding HA fusion peptide mutants. 
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