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Influenza virus is a class I enveloped virus which is initially endocytosed into a host respiratory epithelial
cell. Subsequent reduction of the pH to the 5–6 range triggers a structural change of the viral hemagglu-
tinin II (HA2) protein, fusion of the viral and endosomal membranes, and release of the viral nucleocapsid
into the cytoplasm. HA2 contains fusion peptide (FP), soluble ectodomain (SE), transmembrane (TM), and
intraviral domains with respective lengths of �25, �160, �25, and �10 residues. The present work
provides a straightforward protocol for producing and purifying mg quantities of full-length HA2 from
expression in bacteria. Biophysical and structural comparisons are made between full-length HA2 and
shorter constructs including SHA2 � SE, FHA2 � FP + SE, and SHA2-TM � SE + TM constructs. The
constructs are helical in detergent at pH 7.4 and the dominant trimer species. The proteins are highly
thermostable in decylmaltoside detergent with Tm > 90 �C for HA2 with stabilization provided by the
SE, FP, and TM domains. The proteins are likely in a trimer-of-hairpins structure, the final protein state
during fusion. All constructs induce fusion of negatively-charged vesicles at pH 5.0 with much less fusion
at pH 7.4. Attractive protein/vesicle electrostatics play a role in fusion, as the proteins are positively-
charged at pH 5.0 and negatively-charged at pH 7.4 and the pH-dependence of fusion is reversed for
positively-charged vesicles. Comparison of fusion between constructs supports significant contributions
to fusion from the SE and the FP with little effect from the TM.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Influenza is a class I enveloped virus surrounded by amembrane
obtained during budding from an infected host cell. The membrane
contains hemagglutinin (HA) proteinwhich assembles as three HA1
and three HA2 subunits with�400 HA trimers per virion [1]. HA2 is
a single-pass integral membrane protein with fusion peptide (FP),
soluble ectodomain (SE), transmembrane (TM), and endodomain
regions with respective lengths of �25, 160, 25, and 10 residues
(Fig. 1). The ectodomain is outside the virus as is the �330-
residue HA1 subunit. Infection of respiratory epithelial cells is initi-
ated by binding of the HA1 subunits to cellular sialic acid receptors.
The virus is then endocytosed and subsequent reduction of the
endosomal pH to the 5–6 range leads to a large structural rear-
rangement of HA2 subunits followed by fusion (joining) of the viral
and endosomal membranes. The timescale of fusion is several min-
utes [2]. To our knowledge, it isn’t known whether influenza fuses
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Fig. 1. Panel A displays a schematic of the HA2 constructs with domains colored:
fusion peptide (FP), red; soluble ectodomain (SE), blue; transmembrane (TM)
domain, green; and endodomain (Endo), yellow. The SHA2-TM7, SHA2-TM14, SHA2-
TM21, and SHA2-TM26 constructs respectively include 7, 14, 21, and 26 residues of
the transmembrane domain. Panel B displays the amino acid sequence of the HA2
construct with color-coding matching Panel A. The sequence has a non-native
C-terminal region in black which includes a H6 tag for affinity chromatography. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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initially with the membrane of the endosome or with the mem-
brane of a vesicle in the interior of the endosome [3–5].

Much of our understanding of fusion of the influenza virus is
based on fusion of HA-expressing cells with other cells or with
vesicles [6–10]. Influenza fusion occurs within the endosome
whereas in these studies, fusion is between the membrane of the
virus or cell and the membrane of another cell or vesicle. To our
knowledge, the significance of this difference, if any, is not known.
There is likely some difference in fusion topology because the virus
is enclosed within the endosomal body with which it fuses and
successful fusion requires release of viral contents (nucleocapsid)
outside of this body. In the model system, the fusing bodies do
not enclose one another and successful fusion is considered to be
mutual release of contents between them. This is more analogous
to fusion of a virus with the plasma membrane which can occur for
other viruses like HIV [11].

There is significant sequence conservation of HA2 across viral
strains, particularly in the FP [12]. The FP and TM are important
in fusion of influenza or HA-expressing cells with other cells or
vesicles and are the only HA2 regions which are deeply inserted
in the fused membrane [6,13–16]. Exogenous addition of many
HA2 constructs to solutions of vesicles (often negatively-charged)
leads to vesicle fusion with greater fusion at pH 5.0 than pH 7.4
[17–21]. Fusion is typically greater for a construct containing both
the FP and the SE than for either the FP or SE alone. Fusion is
impaired for the G1E mutant in the FP region which matches the
effect of this mutant on HA-catalyzed cell/cell fusion. There is also
leakage of small molecules out of the vesicles and the rates of
leakage and fusion are comparable [19]. Leakage has also been
observed in virus/vesicle fusion and is likely not problematic for
intracellular influenza fusion so there probably isn’t evolutionary
bias against it [8]. Such bias is expected for other viruses which
fuse directly with the plasma membrane because leakage could
disrupt cell homeostasis and result in cell death.

There is a crystal structure of the HA2 ectodomain (FP + SE) in its
initial complex with HA1 [22]. Three HA2 molecules form a trimer
in complex with three HA1molecules. A structure of the SE without
HA1 also shows three molecules each with hairpin structure with
N-terminal regions (residues 38–105) forming a helical bundle
followed by a 180� turn and C-terminal regions on the outside of
the bundle and antiparallel to the N-terminal regions [23]. This is
probably the final HA2 state in fusion. Although the FP and TM
are not in the construct, the structure implies that they both on
the same end of the hairpin which is opposite the hairpin turn.

There are also several structures of the monomeric FP in
detergent-rich media with significant differences among these
structures [24–26]. In particular, a peptide composed of the 20
N-terminal HA2 residues has (N-helix)-(open turn)-(C-helix) struc-
ture at pH 5 and (N-helix)-(open turn)-(C-coil) structure at pH 7. At
pH 5, the structure is an ‘‘open boomerang” with an oblique angle
between theN- and C-helices. In some contrast, a peptide composed
of the 23 N-terminal HA2 residues has (N-helix)-(tight turn)-
(C-helix) ‘‘closed hairpin” structure in detergent at both pH 5 and
7. The helices are antiparallel with close contact including hydrogen
bonds between the N- and C-helices. The hydrophobic surfaces of
the open and closed structures are also different and are located
in the interhelical pocket (open structure) or on a shared face of
the two helices (closed structure). These different hydrophobic sur-
faces are the basis for differentmodels of membrane binding, either
membrane insertion of the N-helix (open structure) or membrane
surface location of the hydrophobic face (closed structure).

To our knowledge, neither peptide catalyzes fusion between
detergent-rich micelles or bicelles but both peptides catalyze
inter-vesicle fusion for peptide:lipid mole ratio of �1:50 [27].
Fusion is moderately higher for the 23-residue relative to the
20-residue peptide and for pH 5 relative to pH 7. Fusion for both
peptides at both pH’s is difficult to understand based on the very
different structures reported in detergent but is well-correlated
to their structures in membrane. Both peptides adopt (N-helix)-
(tight turn)-(C-helix) structure in membrane at both pH 5 and 7
[27–29]. The helices can either pack tightly in the closed structure
or a little less tightly in a semi-closed structure. For both peptides
at both pH’s, there are significant populations of both structures
with greater semi-closed population at pH 5. The moderate
differences in vesicle fusion correlate well with moderate differ-
ences in hydrophobic surface areas, with greater surface area for
the 23-residue relative to the 20-residue peptide and for the
semi-closed relative to the closed structure.

The present work enhances our understanding of
HA2-mediated fusion. Purified full-length HA2 is produced in mg
quantities after expression in bacteria as well as the shorter
constructs SHA2 (SE), FHA2 (FP + SE), and SHA2-TM (SE + TM). All
constructs can form folded trimers in detergent. At pH 5.0, the
constructs are positively-charged and induce significant fusion of
negatively-charged vesicles whereas at pH 7.4, the constructs are
negatively-charged and induce negligible fusion. The contribution
of attractive protein-vesicle electrostatics is further supported by
significant HA2-induced fusion of positively-charged vesicles at
pH 7.4 with much less fusion at pH 5.0. Comparison of fusion
among constructs reveals that the SE is the most important region
for fusion with moderate effect of the FP and little effect of the TM.

2. Materials and methods

2.1. Constructs, bacterial culture, and protein expression

Fig. 1A displays a schematic of the HA2 constructs of the pre-
sent study with color coding of different regions. Fig. 1B displays
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the amino acid sequence of full-length HA2 (residues 1–221) with
color coding matching Fig. 1A. The sequence corresponds to the
X31 strain of influenza virus except that all native cysteines are
mutated to other amino acid types, either serine (residue 137) or
alanine (residues 144, 148, 195, 199, 210, 217, and 220). Non-
native residues at the C-terminus are color-coded black in the
sequence and include a H6 tag for affinity chromatography and pre-
ceding G6 to increase H6 exposure during this chromatography.

Other constructs include FHA2 (residues 1–185) � full
ectodomain � FP + SE, SHA2 (residues 20–185) � primarily SE,
and SHA2-TM7, SHA2-TM14, SHA2-TM21, and SHA2-TM26 � SE + 7,
14, 21, and 26 TM residues, respectively. The term SHA2-TM refers
to these latter four constructs. The amino acid sequences of all con-
structs are given in Fig. S1.

The DNA coding for each construct was inserted in a pUC57-Kan
plasmid with codon-optimization for Escherichia coli. The sequence
of the construct was then subcloned via the Nde1 and Xho1 restric-
tion sites into a pet24a(+) plasmid that contained the Lac operon
and kanamycin resistance. The DNA sequence of the HA2 insert
is given in Fig. S2. The plasmid was transformed into E. coli cells,
BL21(DE3) strain, followed by preparation of 1 mL stock cultures
with 50% glycerol that were then stored at �80 �C. Culture growth
was initiated by adding bacterial stock to a flask containing 50 mL
LB broth and kanamycin antibiotic (50 mg/L). After growth over-
night at 37 �C with stirring at 180 rpm, the culture was added to
a baffled flask containing 1 L of fresh LB medium with kanamycin.
After growth to OD600 � 0.5, recombinant protein (RP) expression
was induced with addition of IPTG to 1 mM final concentration.
Expression continued for five hours at 37 �C followed by centrifu-
gation at 9000g for 10 min at 4 �C. The harvested cell pellet was
stored at �20 �C.

2.2. RP solubilization and purification

For HA2 and SHA2-TM, much purer RP was obtained by first
removing much of the native cellular material before performing
RP solubilization. The separation began with sonication of �5 g
wet cell mass in 40 mL buffer (10 mM Na2HPO4, 2 mM KH2PO4,
140 mM NaCl, and 3 mM KCl at pH 7.4). Sonication conditions
included 4 � 1 min rounds separated by 1 min rests. Each round
was �60 cycles consisting of 80% amplitude for 0.8 s followed by
0.2 s rest. After sonication, the insoluble material was pelleted by
centrifugation (48000g for 20 min at 4 �C). Relative to whole cells,
the pellet was enriched in RP both from the bacterial membrane
and from inclusion bodies. There were two subsequent courses of
sonication/centrifugation of the insoluble material.

For all RP’s, solubilization was achieved by sonication in 40 mL
of buffer A (50 mM phosphate, 0.5% N-lauroylsarcosine (SRC)
detergent, 50 mM sodium phosphate, and 300 mM NaCl at pH
8.0) with 10 mM imidazole. Sonication of either the HA2- or
SHA2-TM-enriched pellet resulted in a clear solution which was
then stirred for one hour. No solid was visible after centrifugation
which supports complete RP solubilization. RP separation was not
used for SHA2 and FHA2 because purified yields of >10 mg/L
culture were obtained from sonication of whole cells in buffer A
with 10 mM imidazole followed by centrifugation and purification
of the soluble lysate.

The purification procedure began with addition of 1 mL of Co2+

affinity resin to the �40 mL solution containing RP. Binding of RP
to the resin was achieved during one hour of agitation at ambient
temperature. The RP-coated beads were separated by pouring the
suspension through a fritted column. Weakly-bound proteins were
removed from the beads by addition of buffer A containing 10 mM
imidazole (0.75 mL, 3�). RP was then eluted from the beads by
addition of buffer A containing 250 mM imidazole (0.50 mL, 4�).
RP was quantitated using A280 as well as the Bradford assay.
2.3. RP identification

The RP was first detected as a band at the expected MW in
SDS–PAGE of the protein elution. Protein identity was further
investigated by transfer to a nitrocellulose membrane for Western
blotting with an anti-H6 antibody. The membrane was incubated
for one hour with 10 ml of TBST solution at pH 7.6 containing anti-
body and 5% (w/v) nonfat dry milk. The membrane was developed
using SuperSignal West Pico chemiluminescent substrate.

RP identity was also investigated by subjecting the band from
SDS–PAGE to trypsin digestion, sequencing the resultant peptides
by tandem mass spectrometry, and matching with continuous
regions of the RP sequence. Additional accurate mass analysis
was done using reverse-phase HPLC coupled to a time-of-flight
mass spectrometer (Waters, Xevo G2-S). Sample preparation
included protein precipitation from the eluent using acetonitrile
followed by centrifugation. The protein pellet was dissolved in for-
mic acid and the solution was injected into the LC–MS instrument.
Instrument parameters included a C18 analytical column and
electrospray ionization in positive ion and continuum modes. The
protein masses were derived from the spectrum using a maximum
entropy algorithm.

2.4. Circular dichroism (CD)

Spectra were obtained with a Chirascan instrument (Applied
Photophysics). Parameters included: (1) �20 lM protein concen-
tration; (2) 1 mm pathlength; (3) 260–190 nm spectral range with
0.5 nm wavelength increments and 1.5 s averaging time; and (4)
summing of three scans. The final spectrum was the (protein
+ buffer) � (buffer only) difference. For each of the four constructs
(SHA2, FHA2, SHA2-TM26, and HA2), the ‘‘textbook” a helix shape
of the CD spectrum was reproducible among replicate samples.
There was some variability in the magnitude of the absolute molar
ellipticity among replicate samples, probably because of A280

measurement error with the NanoDrop instrument. Comparative
spectra of the four constructs at ambient temperature were
obtained by: (1) simultaneous purification and sample prepara-
tion; and (2) successive spectral acquisition within a single day.
This approach resulted in similar molar ellipticities among the con-
structs. For each construct, a different sample was prepared for
which spectra were obtained at a series of increasing tempera-
tures. These samples were prepared on different days and there
was greater variability of absolute molar ellipticities between
samples.

2.5. Detergent exchange and refolding

A large fraction of a helical structure is observed in the high-
resolution structure of the soluble ectodomain and in structures
of the FP fragment in membrane and detergent environments.
The TM region is also expected to be an a helix. The degree of fold-
ing of a protein was therefore assessed by the far-UV CD spectrum,
in particular the characteristic signatures of a helical structure,
minima at 208 and 222 nm with |h222| > 104 degrees-cm2-
dmol�1-residue�1. CD spectra could not be obtained from the RP
eluent because of ultraviolet absorption by imidazole and SRC
detergent. Imidazole was removed and SRC exchanged for decyl-
maltoside (DM) detergent by dialysis against buffer B (10 mM
Tris–HCl, 0.17% DM, and 1 mM DTT at pH 7.4). This dialysis and
subsequent dialyses were done at 4 �C over two days with four buf-
fer changes. Precipitation was not observed during dialyses. The CD
spectra supported folding for SHA2 and FHA2 but not for HA2 and
SHA2-TM. The latter eluents were therefore subjected to a
refolding protocol in which eluent was added to twofold excess
ice-cold buffer (10 mM Tris–HCl, 0.17% DM, 2 mM EDTA, and 1 M
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L-arginine at pH 8.0) [30,31]. After overnight agitation at 4 �C, the
arginine and EDTA were removed by dialysis against buffer B.

2.6. Cross-linking

Protein in buffer B was dialyzed into buffer containing 20 mM
HEPES and either 0.17% DM or 0.1% SRC at pH 7.4. Cross-linking
between lysine –NH2 groups of the RP molecules was done with
bis(sulfosuccinimidyl) suberate. Cross-linking was done with [RP]
= 0.5 mg/mL and with 50-fold molar excess cross-linking agent.
The reaction was done at room temperature for one hour and then
quenched by adding Tris–HCl at pH 6.8 with final [Tris–HCl]
= 50 mM. The oligomer sizes were analyzed by SDS–PAGE.

2.7. Size-exclusion chromatography (SEC)

The SEC columns require [NaCl]P 150 mM in the running
buffer to inhibit electrostatic interaction between the protein and
the column. The protein solution in buffer B was therefore dialyzed
against buffer B with 150 mM NaCl or against buffer C (10 mM
Tris–HCl, 0.10% SRC detergent, and 1 mM DTT at pH 7.4) with
150 mM NaCl. The chromatography was done with a DuoFlow
Pathfinder 20 instrument (Bio-Rad) with Tricorn Superdex 200
semi-preparative column (General Electric). The column was equi-
librated with dialysis buffer before each run. Parameters included
0.8 mg protein/mL loading concentration, 0.3 mL/min flow rate,
and A280 detection.

2.8. Protein-induced vesicle fusion

Lipid was dissolved in chloroform followed by chloroform
removal with nitrogen gas and vacuum pumping. The film was
homogenized by freeze–thaw cycles in �1 mL buffer and extruded
through 100 nm diameter pores to form unilamellar vesicles. The
buffer contained 5 mM HEPES/10 mM MES at either pH 5.0 or
7.4. Fluorescently labeled vesicles were similarly prepared except
that the mixture also contained 2 mol% of the fluorescent lipid
N-NBD-PE and 2 mol% of the quenching lipid N-Rh-PE. Labeled
and unlabeled vesicles were mixed in 1:9 ratio with total
[lipid] � 150 lM. Fluorescence of the stirring vesicle solution was
measured at 37 �C with 467 nm excitation, 530 nm detection, and
1 s time increment. After measurement of the baseline fluores-
cence F0, a protein aliquot from stock was added and marked time
t = 0. Vesicle fusion was reflected in the increased fluorescence
BA   SDS-PAGE of Eluents

Fig. 2. Panel A displays SDS–PAGE of the purification eluents and panel B is the corresp
23.7 kDa; FHA2, 22.4 kDa, and SHA2, 20.4 kDa. Dominant monomer and minor dimer ban
by qualitatively similar dimer:monomer intensity ratios in SDS–PAGE and Western blot
DF(t) = F(t) � F0 due to longer distances between fluorescent and
quenching lipids in a fused (labeled + unlabeled) vesicle relative
to the initial labeled vesicle. The dead-time in the assay was �5 s
and asymptotic fluorescence (DFf) was usually reached by
�600 s. The maximum fluorescence change (DFmax) was detected
after addition of 12 lL 10% Triton X-100 which solubilized the vesi-
cles. Percent fusion was M(t) = [DF(t)/DFmax] � 100. Comparison
among assay replicates showed d(Mf)/Mf � 0.02. The protein stock
contained 40 lM protein in 10 mM Tris–HCl at pH 7.4 with
1 mM DTT and either 0.17% DM (HA2 and SHA2-TM) or 0.10%
SRC (FHA2 and SHA2). For these detergent choices, the trimer is
the dominant protein oligomeric species. No fusion was detected
after addition of either detergent solution without protein.

3. Results

3.1. RP solubilization and purification

The first approach was sonication of the cell mass in Buffer A
containing 0.5% SRC detergent followed by centrifugation and
Co2+ affinity chromatography of the supernatant. For SHA2 and
FHA2, SDS–PAGE of the purification eluent showed highly pure
RP with respective yields of �15 and �10 mg/L culture (Fig. 2).
RP identity was supported by clear bands in the anti-H6 Western
blot. In some contrast, for SHA2-TM or full-length HA2, there were
significant impurities after purification. Low expression was likely
not the problem because analysis of solid-state NMR spectra of
RP-expressing cells has always shown P100 mg RP/L culture
including for RP � FHA2 [32].

In our experience, Co2+ affinity chromatography can be compro-
mised with too small a RP:native protein ratio, likely because the
native protein rather than RP binds to the Co2+ sites. Many native
proteins are soluble in PBS whereas there is low solubility for
SHA2-TM and HA2. Separation based on this solubility difference
was done by sonication of the cell mass in PBS followed by cen-
trifugation and discarding the supernatant enriched in cell protein.
The procedure was repeated three times and followed by complete
solubilization of the RP-enriched pellet in buffer containing SRC,
and subsequent Co2+-affinity chromatography. This protocol
resulted in high-purity SHA2-TM and HA2 with purified yield of
�2 mg HA2/L culture (Fig. 2). The proteins are primarily
monomeric in SDS–PAGE with a small fraction of dimer.

Different solubilizing agents such as 8 M urea and 6 M GuHCl
were also tried but the highest yields were obtained with 0.5%
Anti-H6 Western Blot

onding anti-H6 Western blot. The expected MW’s are: HA2, 26.7 kDa; SHA2-TM26,
ds are observed where the latter is evidenced by binding to the anti-H6 antibody and
s.
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Fig. 3. (A) Peptide mapping via trypsin digestion and mass spectrometry; and (B) analysis of liquid chromatography–electrospray ionization mass spectra. The mapping in
panel A was done for the most intense monomer band of the SDS–PAGE of the purification eluent (Fig. 2). The underlined regions of a sequence correspond to detected
peptides and the percent sequence coverages are: HA2, 81%, SHA2-TM26, 55%; FHA2, 77%; and SHA2, 65%. The color coding of the sequences matches Fig. 1. The experimental
peak masses in panel B and expected masses are: HA2, 26,678 and 26,676 Da; SHA2-TM26, 23,663 and 23,663 Da; FHA2, 22,379 and 22,378 Da; and SHA2, 20,444 and
20,444 Da. The primary mass spectra are presented in Fig. S5.
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SRC (Fig. S3). Higher purified yields were obtained for SHA2-TM
with a G6LEH6 C-terminal tag than with a LEH6 tag (Fig. S4).
Inclusion of the G6 spacer may result in greater H6 exposure and
consequent better RP binding to the Co2+ resin.

Solubilization and purification of HA2 was also tried using
0.17% DM, 0.10% dodecylmaltoside, or 0.10% dodecylphospho-
choline detergents. There was poorer solubilization as well as
much lower final purities and yields with these detergents than
with 0.5% SRC. Sodium dodecyl sulfate detergent had previously
been successfully used for solubilization and purification of the
related ‘‘Fgp41” full ectodomain construct of the HIV gp41
membrane fusion protein [33]. There was better solubilization of
Fgp41 with SDS than with SRC but SDS is poorly exchangeable
and we have not yet tried SDS with the HA2 constructs.

3.2. RP confirmation by mass spectrometry

The SDS–PAGE band thought to be RP was digested with trypsin
and the fragment peptides were sequenced by tandem mass
spectrometry (Fig. 3A). For all RP’s, there is goodmatching between
the peptides and continuous regions of the RP sequence. It is partic-
ularly significant that full-length HA2 has 81% sequence coverage
including the FP and endodomain regions. Additional confirmation
was obtained from LC–MS of the RP eluents with each experimental
mass within 3 Da (0.01%) of the expected mass (Fig. 3B).

3.3. Hyperthermostable a helical structure

Fig. 4A displays CD spectra of the HA2 constructs in 0.17% DM
detergent at pH 7.4. The spectra of the four constructs are similar
and have the profile characteristic of proteins with high a helical
content including minima at 208 and 222 nm. The spectra have
similar appearance in 0.30% DM or at pH 9.0 (Fig. S6). The proteins
visibly aggregate at either pH 5.0 and 3.0 so spectra were not
obtained at these lower pH values. A �65% a helical content is
estimated from the experimental |h222| � 2 � 104 degrees-cm2

dmol-1-residue-1 and agrees semi-quantitatively with �60% a
helical content calculated for HA2 based on the high-resolution



A Circular dichroism spectra

 B Circular dichroism melting

Fig. 4. Circular dichroism (A) spectra and (B) melts of samples containing �20 lM
protein in buffer with 10 mM Tris–HCl, 0.17% DM detergent, and 1 mM DTT at pH
7.4. The panel A spectra were obtained at ambient temperature and the panel B
melting is for the mean-residue molar ellipticity at 222 nm.

P.U. Ratnayake et al. / Protein Expression and Purification 117 (2016) 6–16 11
structures of FP and SE fragments and the predicted a helical
structure in the �25-residue TM domain [23,25,27].

Spectra were obtained for a series of temperatures between 20
and 85 �C (Fig. S7) and the |h222| were plotted vs temperature
(Fig. 4B). SHA2 exhibits a small linear decrease in |h222| between
20 and 55 �C, greater linear decrease between 55 and 75 �C, and
even larger decrease between 75 and 85 �C. This multi-step behav-
ior may be due to the aggregation of SHA2 in DM and greater
description is provided in the Section 4. FHA2, SHA2-TM26, and
HA2 behave more simply and exhibit small linear decreases in
|h222| between 20 �C and �75, 80, and 85 �C, respectively. For
FHA2 and SHA2-TM26, there are more significant decreases
approaching 85 �C which indicate onset of unfolding. For FHA2,
the estimated Tm � 85 �C based on |h222(85 �C)|/|h222(20 �C)| � ½
and for SHA2-TM26, the Tm > 85 �C. There is no indication of
unfolding of full-length HA2 for temperatures 685 �C, so HA2
appears to adopt a hyperthermostable structure which is
likely the final HA2 state in HA-mediated fusion. Overall, the
CD-detected melting in DM support a thermostable SE in HA2
and the ordering of stability FHA2 < SHA2-TM26 < HA2 supports
additional stabilization associated with the FP and TM.

3.4. Trimers and higher-order oligomers at pH 7.4

For [protein] = 0.8 mg/mL at 4 �C, all HA2 constructs remain sol-
uble in pH 7.4 buffer that contains either 0.17% DM or 0.10% SRC
detergent, e.g. after one day, there were no visible precipitates after
centrifugation of these solutions. The protein oligomeric states
were investigated with these two detergent conditions.

The cross-linking experiments used [protein] = 0.8 mg/mL and
with either DM or SRC, the protein:detergent mole ratio is
�1:110. Although the loading [protein] = 0.8 mg/mL in the SEC,
the running concentration is about ten-fold lower, so that the pro-
tein:detergent mole ratio is �1:1100. The 0.17% DM concentration
is about 2�CMC and the aggregation number is �70 so that
protein:micelle ratio is �1:1.6 in cross-linking and �1:16 in SEC.
Although the 0.10% SRC concentration is below its CMC, the
aggregation number is �2 so the SRC ‘‘micelle” is just a dimer
and there isn’t significant difference in detergent state below vs
above the CMC.

Fig. 5A displays SDS–PAGE of HA2 constructs after one hour of
chemical cross-linking. For protein in either detergent, there is typ-
ically a band in the 60–80 kDa range that likely corresponds to a
trimer. For SHA2 and FHA2 in DM, there are also bands at higher
MW’s that correspond to larger oligomers and for SHA2, a signifi-
cant fraction of these oligomers are so massive that they don’t
migrate in SDS–PAGE. There is only a small fraction of monomer
protein (Fig. S8). The cross-linking is done with folded proteins
with significant bound detergent mass, but this mass is not appar-
ent in the SDS–PAGE because of SDS-induced unfolding of proteins,
including standards, and SDS binding to the unfolded proteins and
replacement of the bound DM or SRC in the HA2 proteins. The MW
determination by SDS–PAGE via comparison with the protein stan-
dards therefore results in protein-only rather than protein +SDS
masses.

SEC was done with folded non-cross-linked HA2 proteins which
migrate with bound detergent whereas the soluble protein stan-
dards do not migrate with detergent. The MW’s determined by
SEC are therefore for the HA2 + detergent complexes and include
significant contributions from both protein and detergent masses.
The SEC of all constructs in SRC shows a dominant oligomeric spe-
cies with MWProt+Det � 200 kDa (Fig. 5B). This is also the dominant
species for HA2 and SHA2-TM26 in DM whereas the dominant spe-
cies for FHA2 and SHA2 are larger with respective MWProt+Det of
�400 kDa andP 2 MDa with most SHA2 in the column void vol-
ume. For all constructs in DM, there is also a small population with
MWProt+Det � 50 kDa. Fig. S9 displays the SEC of the MW standards
and Fig. S10 displays a replicate SEC in DM for which there is a less
sloped baseline.

The �200 kDa species and �50 kDa species in SEC are respec-
tively assigned to protein trimer and monomer. These assignments
are based in part on correlation to the cross-linking data showing
major trimer and minor monomer species. The larger MW species
in the SEC of FHA2 and SHA2 in DM are also consistent with the
cross-linking data. The Section 4 describes additional support for
these assignments by correlations with earlier studies of HA2
and HIV gp41 constructs. All constructs form visible aggregates
at pH 5.0 in 0.17% DM. In addition, SHA2 forms aggregates at pH
7.4 in the absence of detergent.
3.5. Vesicle fusion

The HA2 fusion activities were probed by monitoring mixing of
lipids between vesicles after addition of an aliquot of protein stock.
The pH of the vesicle solution was either 7.4 or 5.0 with the latter
pH closer to the 5–6 range of influenza virus fusion with endo-
somes. Fig. 6A displays fusion at pH 5.0 of vesicles containing
20 mol% negatively-charged lipid. All constructs induce significant
and comparable rates and extents of vesicle fusion with increased
extents for constructs that include the FP, e.g. HA2 vs SHA2-TM26

and FHA2 vs SHA2. There is typical ±1% variation in fusion extents
among assay replicates so the extents for HA2 and FHA2 are
comparable and the extents for SHA2-TM26 and SHA2 are
comparable. Thus, there isn’t a significant effect of inclusion of
the TM- or TM- + endo-domains and this is also evidenced by
comparable fusion for SHA2-TM constructs with different length
segments of the TM domain (Fig. S11B).
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Fig. 5. (A) SDS–PAGE after chemical cross-linking and (B) SEC of the proteins in the absence of cross-linking. Solutions contained either (top) 0.17% DM or (bottom) 0.10% SRC
detergent at pH 7.4. Cross-linking was done with pure proteins (Fig. 2) using bis(sulfosuccinimidyl) suberate and the displayed SDS–PAGE are 8% gels with band diffuseness at
low MW’s. The trimer region is marked. SEC was done with A280 detection and �0.8 mg protein/mL loading. The vertical arrows in the plots mark the elution times of the MW
standards with Vo � column void volume. The SEC of the MW standards is provided in Fig. S7. A fraction of protein molecules are typically in oligomeric states larger than a
trimer as evidenced by diffuse high MW intensity in SDS–PAGE and by A280 intensity at shorter SEC elution times.
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The typical fusion rate is estimated to be �200 s�1 based on
typical achievement of at least half the final fusion extent during
the �5 s dead-time of the assay. Dose dependence is observed with
significant fusion by FHA2 for protein:lipid = 1:1120 (Figs. 6B and
S11A). This corresponds to �15 trimers per 100 nm diameter
vesicle (assuming quantitative binding) which is much smaller
than the typical number of HA trimers per virion (�400).

There is little fusion of negatively-charged vesicles at pH 7.4
(Fig. S11C). One reason for this pH-dependence is attractive vs
repulsive protein/vesicle electrostatic energies at pH 5.0 and 7.4,
respectively, corresponding to the protein charges of �+8 and
��9. This electrostatic contribution is also evident in the reversal
of the pH-dependence of vesicle fusion for positively-charged vesi-
cles (Fig. 6C). The fusion extent of positively-charged vesicles at pH
7.4 appears to be significantly larger than the fusion of negatively-
charged vesicles at pH 5.0. For HA2 in 0.17% DM detergent, the
major biophysical difference between pH 7.4 vs 5.0 is predominant
trimer vs larger (likely multiple trimer) species. There may be a
similar pH-dependent difference in oligomeric state in membrane
that correlates to the different fusion extents.

HA2-induced fusion is also compared for neutral PC-only and
negatively-charged PC:PG (4:1) vesicles (Fig. S11D). At 50 s after
HA2 addition, there is at least twice the fusion of negatively-
charged vesicles relative to neutral vesicles at pH 5.0 with little
fusion of either vesicle-type at pH 7.4 [21]. These observations
are consistent with HA2 binding to vesicles in descending order
PC:PG (pH 5.0) > PC (pH 5.0) > PC (pH 7.4) > PC:PG (pH 7.4) with
respective estimated [protein]bound/proteinfree ratios of �80, 3,
0.5, and 0. The first three values are calculated using: (1) the
experimental binding constants to PC and PC:PG vesicles for the
positively-charged HA3fp20 fusion peptide; and (2) [outer-leaflet
lipid] � 8 � 10–5 M in our vesicle fusion assays [34]. The HA3fp20
binding constants are used because to our knowledge, there aren’t
yet constants for larger HA2 constructs. Negligible HA2 binding to
PC:PG vesicles at pH 7.4 is based on repulsive HA2/vesicle electro-
static energy.

Solution transparency was retained after protein addition for
PC:PG vesicles at pH 5.0 and 7.4 and for PC vesicles at pH 7.4. In
some contrast, the PC vesicle solution at pH 5.0 became cloudy
after addition of protein. We previously observed that HA2 con-
structs aggregate at pH 5.0 but not 7.4 and we attribute the cloudi-
ness to aggregation of unbound protein.
4. Discussion

4.1. Significant findings

The present paper describes production of mg quantities of
purified full-length HA2 as well as shorter HA2 constructs via
expression in E. coli without a large solubility tag. Folding of the
proteins in detergent at pH 7.4 was evidenced by CD spectra con-
sistent with helical structure and by predominant trimer species
evidenced by cross-linking and SEC. The proteins are highly-
thermostable in DM detergent with Tm � 85 �C for FHA2 and
Tm > 90 �C for HA2 with major stabilization provided by the SE
and additional stabilization from the FP and TM domains. The pro-
teins efficiently fused negatively-charged vesicles at pH 5.0 but not



A  Fusion of negatively-charged vesicles at pH 5.0

B  Dose response for FHA2 

C  Fusion of positively-charged vesicles 

lipid:protein

Fig. 6. Protein-induced fusion of (A, B) negatively-charged vesicles at pH 5.0 and (C)
positively-charged vesicles at pH 5.0 and pH 7.4. The protein:lipid mole
ratio = 1:280 in panels A and C and is displayed for each trace in panel B. The
vesicle composition is (A, B) POPC:POPG (4:1) and (C) POPC:DOTAP (4:1). For each
trace, protein is added a few seconds before the first displayed point. There is
typically <± 1% variation in final extent of vesicle fusion among replicate assays and
no fusion is observed with addition of detergent solution without protein.
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pH 7.4 which corresponding positive and negative protein charges,
respectively. The role of protein/vesicle electrostatic energy in
vesicle fusion was further evidenced by much greater fusion of
positively-charged vesicles at pH 7.4 than pH 5.0. Comparison
between HA2 constructs showed a moderate enhancement of
fusion with inclusion of the FP and little effect by inclusion of
the TM. Efficient vesicle fusion is evidenced by its requirement of
fewer than 15 HA2 trimers per vesicle which is lower by at least
a factor of 10 from the number of HA2 trimers in the viral
envelope.
4.2. Full-length HA2 purified from E. coli

To our knowledge, this is the first report of mg purified
quantities from E. coli of full-length HA2 without a large
N-terminal solubility tag. Our accomplishment compares favorably
with an earlier report (also reproduced in our laboratory) of a
maltose-binding protein-HA2 construct that could be purified in
mg quantities from E. coli but for which little HA2 was subse-
quently recovered after attempted cleavage of the maltose-
binding protein [30]. Key points of our approach included: (1)
removal of soluble E. coli proteins from the cell pellet prior to sol-
ubilization of the remaining proteins with SRC; and (2) a G6LEH6

rather than a LEH6 tag to increase exposure of the H6 region during
affinity purification. The purified FHA2 yield of the present study is
�10 mg/L culture and is compared with >100 mg/L expression of
FHA2. There is probably lower expression of full-length HA2 which
includes the TM and corresponding lower purified yield of �2 mg/L
(Fig. 2). Although these yields are good for a non-bacterial mem-
brane protein expressed in E. coli, there are >90% losses during sol-
ubilization and purification. The purification losses have previously
been noted for FHA2 using SDS–PAGE with lanes for the soluble
cell lysate and for washes and elutions from the Co2+-affinity
column with bound protein [31]. The lysate and wash lanes are
similar with a band corresponding to FHA2 as well as bands with
significant intensity corresponding to higher MW proteins. This
supports some loss of FHA2 during the column washes. The eluent
lane shows a dominant FHA2 band which is �3 times more intense
than the FHA2 band in the lysate. However, the eluent volume is
�10 times smaller than the lysate volume which also supports
an overall loss of FHA2 during purification.

4.3. Dominant thermostable trimer supported by earlier biophysical
studies

To our knowledge, the present study is the first to produce and
study the full-length HA2, SHA2 � SE, and SHA2-TM26 � SE + TM
proteins. FHA2 � FP + SE has been previously studied as has the
construct ‘‘F185” � FLAG + FHA2 where FLAG � DYKDDDDK [35].
Because of the 8-residue non-native hydrophilic FLAG tag, F185
is soluble at pH 7.0 in the absence of detergent and cross-linking
and SEC shows that F185 forms a dominant trimer species. The
major SEC peak of F185 reflects migration of protein-only and
the mass agrees quantitatively with the expected value of a protein
trimer. The CD spectrum of F185 in the absence of detergent is sim-
ilar to our CD spectrum of FHA2 in detergent in Fig. 4A and the
|h222| values correspond to �65% a helical structure which is close
to the �60% value calculated using the high-resolution structure of
the FP and the structure of a large region of the SE. In addition, the
|h222| vs temperature for both constructs have sigmoidal shape
with Tm � 85 �C. These good correlations between F185 and FHA2
support dominant trimers of our HA2 constructs with ther-
mostable SE hairpin structure.

The major peaks in our SEC’s are typically at �200 kDa which is
similar to the mass previously observed in the SEC of FHA2 in Brij-
35 non-ionic detergent [35]. We assigned this peak to a protein tri-
mer with �80 kDa protein and �120 kDa detergent contributions.
This assignment is consistent with an earlier study on a MBP + HA2
construct that supported a dominant trimer species with hairpin
HA2 SE structure based on analytical ultracentrifugation, electron
microscopy, antibody-binding, and cross-linking data [30]. The
MBP + HA2 had been solubilized at neutral pH in non-ionic deter-
gents which included 0.17% DM which is used in our study. The
major SEC peak for MBP + HA2 was at �350 kDa with respective
protein trimer and detergent mass contributions of �200 and
�150 kDa. MBP is very soluble so it is reasonable that most of
the detergent binds to HA2. It is therefore reasonable that similar
detergent masses bind to trimeric MBP + HA2 and to trimeric HA2.

There is also semi-quantitative agreement between our SEC and
the published SEC in non-ionic detergent of an ectodomain + TM
construct of the HIV gp41 membrane fusion protein [36].
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The HIV construct is functionally and structurally homologous to
HA2. The gp41 SEC had a peak at �180 kDa that was assigned to
a protein trimer with respective protein and detergent mass contri-
butions of �60 and �120 kDa.

4.4. SHA2 aggregation in DM

The FHA2 CD data in DM detergent at pH 7.4 is compared with a
previous study in which the FHA2 was solubilized in 0.14 M NaF at
pH 7.4 [21]. At ambient temperature, the CD-derived |h222| in NaF
is about half that in DM. The |h222| vs temperature are different in
NaF and DM with the NaF data resembling those of SHA2 in DM
(Fig. 4B). There was a large decrease in |h222| between 55 and
65 �C, followed by leveling, and then a second large decrease
between 75 and 85 �C. This behavior differs from the single sig-
moidal curve for FHA2 in DM with Tm � 85 �C. For our SEC in
DM, SHA2 forms large (>2 MDa) aggregates which is different from
the other three constructs which are not aggregated (Fig. 5B).
There was no SEC characterization of FHA2 in the earlier study
but we propose that this protein was also aggregated which is
reflected in the |h222| vs temperature. For SHA2 in DM and FHA2
in NaF, we propose that the 55–65 �C component corresponds to
dissociation of the protein aggregates and the 75–85 �C component
corresponds to unfolding of the SE. The latter assignment is consis-
tent with the Tm of FHA2 in DM for which large aggregates are not
formed.

4.5. Viral fusion overview

Influenza fusion occurs within endosomes which themselves
are undergoing morphological and chemical changes in time [3].
Following initial endocytosis, the early endosome forms in
�5 min and is characterized by: (1) enlargement due to fusion with
other endocytic vesicles; (2) pH reduced to �6.2; and (3) migration
from the plasma membrane towards the nucleus [2]. The late
endosome forms in the next �3 min and is characterized by: (1)
creation of vesicles within the endosomal lumen; and (2) further
lowering of pH to �5.5. The late endosome may then fuse with
lysosomes which contains hydrolase enzymes that degrade pro-
teins and whose pH < 5. The membrane compositions of both the
endosome and interior vesicles are different from one another
and change during these maturation steps in a manner correlated
to use of the endosomal pathway to transport cholesterol in and
out of the cell [37,38].

The fusion trigger pH of 5–6 for influenza supports fusion
within the late endosome which is formed after the early
endosome and prior to the endosome–lysosome hybrid. To our
knowledge, it isn’t clear whether the virus fuses first with the outer
membrane of the late endosome or with the membrane of one of
the vesicles within the endosomal lumen. For the former circum-
stance, the viral nucleocapsid is released directly into the cytosol
close to the nucleus whereas in the latter circumstance, nucleocap-
sid release into the cytosol requires an additional event such as
back-fusion with the endosomal membrane. The influenza virus
can fuse with membranes with a variety of compositions so fusion
is probably not influenced by composition differences between
outer vs interior endosomal membranes or by differences at differ-
ent stages of endosome maturation [8].

To our knowledge, there has been little detailed study of virus/
endosome fusion. There have been some studies of virus/vesicle
fusion but most detailed studies have examined fusion between
cells expressing HA (HA-cells) and cells containing sialic acid but
not HA (often Red Blood Cells – RBC’s) [7,9,10]. One dye (typically
small-molecule) is incorporated in the RBC membrane and a differ-
ent dye incorporated into the RBC cytoplasm. Fusion is triggered by
lowered pH. Subsequent intercellular lipid mixing is quantitated
by the percentage of HA-cells containing membrane dye while
intercellular contents mixing is quantitated by the percentage cells
containing cytoplasmic dye. Lipid mixing without contents mixing
is often considered evidence for arrest at a hemifusion intermedi-
ate state. In cases in which neither lipid nor contents mixing are
observed with lowered pH, a small molecule like chlorpromazine
is sometimes added and becomes membrane-incorporated. Subse-
quent lipid and contents mixing has been interpreted to mean that
HA alone had induced ‘‘hemifusion with restricted lipid
movement” where the restriction prevented movement of the
RBC membrane dye into the HA-cell membrane [10].

Although cell/cell fusion shares common features with virus/
endosome fusion, one topological difference is initial physical sep-
aration of the two cells vs initial enclosure of the virus within the
endosome. In addition, unlike cell/cell fusion, there may be signif-
icant contents leakage during virus/endosome fusion. Leakage has
been observed in virus/vesicle fusion and leakage in intracellular
virus/endosome fusion probably doesn’t hurt cell viability so there
isn’t evolutionary selection against it [8].

4.6. Common fusion features

The present study describes HA2-catalyzed vesicle fusion using
stock solutions with predominant folded hairpin trimer species.
Such protein characterization has typically not been done in vesicle
fusion studies but is very useful because it provides information
about the likely protein structure during initial interaction with
the membrane (Fig. 7). This may also be the fusogenic structure.

Unlike vesicle/vesicle fusion for which HA2 initially has hairpin
structure, virus/endosome and HA-cell/RBC fusion initially have
HA2 in non-hairpin structure in complex with HA1. Upon pH
reduction, HA1 dissociates and HA2 folds into the final hairpin
state. It has often been assumed that some of the free energy
released upon folding (DGfold) provides activation energy for fusion
(DG�

fusion) [7,39]. For vesicle/vesicle fusion, HA2 always has hairpin
structure so DGfold � 0 and DG�

fusion would be influenced by
membrane interactions of the hairpin SE and the FP.

There is evidence that the HA2 hairpin is a fusogenic structure
in cell/RBC fusion. In particular, FHA2 and truncated FHA2trunc
(residues 1–127) catalyze cell/RBC fusion including the steps of
intercellular lipid mixing and small-molecule contents mixing
[21,40]. Both constructs are presumed to be in the final hairpin
state. Large pores are not formed but this may be due to no TM
in either FHA2 construct. The TM is required for formation of large
pores in HA-cell/RBC fusion [7]. There are many correlations
between HA-cell/RBC fusion and FHA2-catalyzed cell/RBC fusion
including: (1) low pH requirement; (2) reduction in fusion with
the G1E and V173E mutations which are respectively in the FP
and SE domains; (3) reduction in fusion with addition of lysophos-
phatidylcholine detergent with positive curvature; (4) reduction in
fusion at 4 �C and fusion recovery upon return to 37 �C; and (5)
increased fusion under some circumstances with addition of chlor-
promazine dye [10]. All these correlations are consistent with sim-
ilar mechanisms of HA-cell/RBC fusion and FHA2-catalyzed cell/
RBC fusion. Vesicle fusion induced by HA2 constructs also show
pH dependence as well as reduction in fusion with the G1E and
other mutations [19,21]. It is likely there are at least qualitative
correlations between the mechanisms of HA-cell/RBC fusion and
FHA2-catalyzed cell/RBC and vesicle fusion. Overall, these studies
support the fusogenic nature of the trimer-of-hairpins structure
including the significances of the SE and FP regions.

The Fig. 7 pictures of trimeric hairpin HA2 prior to fusion show
two topologies in which the FP and TM domains are in (A) the same
or (B) different membranes. The pictures may be relevant catalytic
intermediates for: (1) vesicle/vesicle, (2) HA-cell/RBC; and (3)
virus/endosome fusion with the TM in the (2) HA-cell or (3) viral



    A     B

Common fusion intermediate 

Fig. 7. Model of trimeric hairpin HA2 prior to fusion with the FP and TM regions in (A) the same membrane or (B) different membranes. The two membranes would
correspond to: (1) two vesicles; (2) HA-cell and RBC; or (3) virus and endosome. For cases (2) and (3), the TM is respectively in the HA-cell and the viral membrane. The color
coding is the same as Fig. 1 with FP (red), SE (blue), TM (green), and Endo (yellow). A single HA2 trimer is shown with structural elements: FP, helix-(tight-turn)-helix; SE,
trimer-of-hairpins; and TM, helix. For either fusion type at pH � 5, the SE binds to both membranes in part because of attractive electrostatic energy between the positively-
charged protein and negatively-charged membrane. The resultant membrane apposition and membrane perturbation aid catalysis of the subsequent membrane fusion. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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membrane. To our knowledge, there aren’t yet data to distinguish
between these topologies for any of these three cases. It is also
possible that there is a distribution of FP’s between the two
membranes. For any FP/TM topology, virus/endosome fusion may
be efficient because of the high virus/endosome collision rate in
the restricted volume of the endosome.

Virus/vesicle and HA-cell/RBC fusion are greatly reduced when
preceded by �5 min low-pH pre-incubation without target mem-
brane [21]. This reduction is often ascribed to insertion of the FP
in the same membrane as the TM and it is therefore inferred that
successful fusion requires FP insertion in the different (target)
membrane. However, Fig. 6 in the present paper shows little vesi-
cle fusion for times P10 s following protein addition. The absence
of cell–cell fusion with pre-incubation for 5 min may therefore be
due to intrinsic loss of protein activity rather than initial insertion
of the FP in the same membrane as the TM.

For HA2-catalyzed vesicle fusion, the inter-vesicle collision rate
is�10 s�1 and the fusion rate is �0.2 s�1 so there are�50 collisions
prior to fusion. This may result in FP’s and TM’s in different vesicles
prior to fusion. Alternatively, they could plausibly insert in the
same vesicle during the initial HA2/vesicle binding.

4.7. HIV vs influenza fusion

HIV fusion with the plasma membrane and influenza virus
fusion with the endosome membrane are respectively catalyzed
by the gp41 and HA2 proteins which are non-homologous in
sequence but have similar final hairpin structures of the SE. Suc-
cessful infection by HIV requires nucleocapsid release in the inte-
rior of the cell body with which the virus fuses, whereas
infection by influenza requires release to the exterior of the body
(endosome). Monomer species exist for both gp41 and HA2
proteins and may be functionally important because folding of
the individual protein monomers to the final hairpin state is topo-
logically more straightforward than folding of trimers [36,41–44].
The monomer is dominant for gp41 at pH 3–4 whereas the trimer
is dominant for HA2 at pH 7.4 (Fig. 5). Hexamers containing the
folded gp41 ectodomain are also observed and correlate with
observation of HA2 oligomers larger than the trimer under some
conditions [41,45]. Both gp41 and HA2 typically aggregate at their
respective fusion pH’s of �7 and �5 which may correlate to previ-
ous detection of multiple trimers for both proteins at the fusion
site [46–49]. For HA2, the SE hairpin trimer has Tm � 85 �C whereas
the corresponding monomer hairpin SE of HIV gp41 has
Tm � 110 �C [50]. In addition, the HA2 Tm is higher with inclusion
of the FP and/or TM. To our knowledge, there isn’t evidence yet
for this effect in monomer gp41.

Like HA2, vesicle fusion induced by gp41 is also enhanced
by attractive protein/vesicle electrostatic energy [41,51,52].
Interestingly, fusion extent for gp41 is inversely-dependent on
the magnitude of vesicle charge which probably reflects the effect
of inter-vesicle electrostatic repulsion. For both proteins, the hair-
pin SE makes an important contribution to fusion with moderate
enhancement with inclusion of the FP in the construct.
5. Conclusions

Full-length influenza virus hemagglutinin II membrane fusion
protein as well as shorter constructs have been expressed and puri-
fied in mg quantities. The constructs typically adopt a folded
trimer-of-hairpins structure in detergent and the full-length pro-
tein is hyperthermostable. The proteins induce vesicle fusion with
significant contributions from the soluble ectodomain and fusion
peptide and little contribution from the TM domain. The present
as well as previous studies support a role for the final hairpin struc-
ture in catalysis of fusion between the viral and endosomal
membranes.
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Supplementary Material for “Full-Length Trimeric Influenza Virus Hemagglutinin II Membrane 

Fusion Protein and Shorter Constructs Lacking the Fusion Peptide or Transmembrane Domain: 

Hyperthermostability of the Full-Length Protein and the Soluble Ectodomain and Fusion Peptide 

Make Significant Contributions to Fusion of Membrane Vesicles” by Punsisi U. Ratnayake, 

Sweta S. Komanduru, E. A. Prabodha Ekanayaka, and David P. Weliky 

 

1. Material sources 

Molecular biology and Cells: pUC57-Kan plasmids, Genscript; Restriction enzymes – New 

England Bio Labs; Competent E. coli cells – Novagen, Super Signal West Pico 

chemiluminescent substrate – Thermo Scientific. 

Detergents and Lipids: DM – Affymetrix; N-NBD-DPPE, N-Rh-DPPE, DOTAP, POPC, and 

POPG – Avanti Polar Lipids; N-lauroylsarcosine, Biomedicals; Cholesterol, Fisher Scientific. 

Most other reagents were purchased from Sigma–Aldrich. 
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HA2: residues 1-221 with G6LEH6 non-native C-terminal tag 
 
1
   GLFGAIAGFIENGWEGMIDGWYGFRHQNSEGTGQAADLKSTQAAIDQINGKLNRVIEKTN 
61
  EKFHQIEKEFSEVEGRIQDLEKYVEDTKIDLWSYNAELLVALENQHTIDLTDSEMNKLFE 

121
 KTRRQLRENAEEMGNGSFKIYHKADNAAIESIRNGTYDHDVYRDEALNNRFQIKGVELKS 

181
 GYKDWILWISFAISAFLLAVVLLGFIMWAAQRGNIRANIAIGGGGGGLEHHHHHH 

 
FHA2: residues 1-185 with LEH6 non-native C-terminal tag 
 
1
   GLFGAIAGFIENGWEGMIDGWYGFRHQNSEGTGQAADLKSTQAAIDQINGKLNRVIEKTN 
61
  EKFHQIEKEFSEVEGRIQDLEKYVEDTKIDLWSYNAELLVALENQHTIDLTDSEMNKLFE 

121
 KTRRQLRENAEEMGNGSFKIYHKADNAAIESIRNGTYDHDVYRDEALNNRFQIKGVELKS 

181
 GYKDWLEHHHHHH 

 
SHA2: residues 20-185 with G20C mutation and LEH6 non-native C-terminal tag 
 
                    20 CWYGFRHQNSEGTGQAADLKSTQAAIDQINGKLNRVIEKTN 
61  EKFHQIEKEFSEVEGRIQDLEKYVEDTKIDLWSYNAELLVALENQHTIDLTDSEMNKLFE 
121 KTRRQLRENAEEMGNGSFKIYHKADNAAIESIRNGTYDHDVYRDEALNNRFQIKGVELKS 
181 GYKDWLEHHHHHH 
 
SHA2-TM26: residues 20-211 with G20C mutation and G6LEH6 non-native C-terminal tag 
                    20 CWYGFRHQNSEGTGQAADLKSTQAAIDQINGKLNRVIEKTN 
61  EKFHQIEKEFSEVEGRIQDLEKYVEDTKIDLWSYNAELLVALENQHTIDLTDSEMNKLFE 
121 KTRRQLRENAEEMGNGSFKIYHKADNAAIESIRNGTYDHDVYRDEALNNRFQIKGVELKS 
181 GYKDWILWISFAISAFLLAVVLLGFIMWAAQGGGGGGLEHHHHHH 
 
Figure S1. Sequences of some of the HA2 constructs with color coding matching Fig. 1A. The 
non-native C-terminal regions are shown in black and include a H6 tag for affinity 
chromatography. For constructs that include the TM region, G6 is added as a flexible region to 
increase H6 exposure during chromatography. 
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1
   ggtctgttcggtgctatcgctggctttattgaaaacggttgggaaggcatgatcgacggc 
61
  tggtacggctttcgccatcaaaactcagaaggcaccggtcaggcggcggatctgaaaagc 

121
 acgcaggcagctattgaccaaatcaacggcaaactgaatcgtgtgatcgaaaaaaccaac 

181
 gaaaaattccatcagatcgaaaaagaattttctgaagtcgaaggtcgcattcaagatctg 

241
 gaaaaatatgtggaagatacgaaaatcgacctgtggtcatacaacgcggaactgctggtt 

301
 gccctggaaaatcagcacaccattgatctgacggactcggaaatgaacaaactgttcgaa 

361
 aaaacccgtcgccaactgcgtgaaaacgcagaagaaatgggcaacggtagtttcaaaatc 

421
 taccataaagctgataacgcggccattgaatccatccgcaatggcacgtatgatcacgac 

481
 gtttaccgtgacgaagcgctgaacaatcgctttcagattaaaggcgtcgaactgaaatcc 

541
 ggttacaaagattggattctgtggatcagctttgcaatttctgctttcctgctggccgtg 

601
 gttctgctgggtttcatcatgtgggcggcgcagcgtggcaacattcgtgcaaacatcgca 

661
 atcggtggcggtggcggcggcctcgagcaccaccaccaccaccac 

 
Figure S2. DNA sequence that codes for the amino acid sequence of HA2 displayed in Fig. S1. 
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Figure S3. SDS-PAGE of purification eluents for SHA2-TM21. The cells were first lysed in PBS 
followed by centrifugation to separate the insoluble material enriched in RP from the soluble 
fraction enriched in bacterial proteins. The procedure was repeated three times and the pellet was 
then solubilized with buffer containing either (A) 8 M urea; or (B) 0.5% (w/v) SRC with 
subsequent Co2+ affinity purification. 
  

A Solubilization with urea 

                 
 

B Solubilization with SRC 
 

                
 

Dimer 

 

Monomer 
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Figure S4. SDS-PAGE of purification eluents for SHA2-TM26 with either a (A) LEH6 or (B) 
G6LEH6 C-terminal tag. Sequential 0.5 mL elutions are shown in (A) lanes 2 and 3 and (B) lanes 
2-5. 
  

A SHA2-TM26 with LEH6 tag 
 

                
 

B SHA2-TM26 with G6LEH6 tag 
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Figure S5. Mass spectra after liquid chromatography and electrospray ionization. 
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B  Circular dichroism spectra of FHA2 at pH 7.4 and ambient temperature 
 
 
 
 

 

Figure S6 
                 
 

A  Circular dichroism spectra at pH 9.0 and ambient temperature 
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Figure S7. Circular dichroism spectra at pH 7.4 in 0.17%  DM detergent. 
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Figure S8. SDS-PAGE of protein after one hour of chemical cross-linking. The faint marked 
bands are assigned as protein monomer. This is a 15% gel. 
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Figure S9. SEC (A) plot and (B) analysis of MW standards. The SEC was done with a Superdex 
200 column with A280 detection. For each standard, Kav was calculated as [(Ve – Vo)/(Vc – Vo)] 
using Ve ≡ elution volume of the standard, Vo ≡ column void volume, and Vc ≡ column volume. 
The standards include the thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), 
conalbumin (75 kDa), Ovalbumin (44 kDa), carbonic anhydrase (29 kDa), ribonuclease A (13.7 
kDa), and aprotinin (6.5 kDa). Vo corresponded to blue dextran with MW = 2 MDa. 

 A SEC of MW standards 
 
 

                
 

 B SEC analysis 
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SEC in 0.17% DM at pH 7.4 
 
 

 
 
 
 
 

Figure S10 
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Figure S11. (A-C) Protein-induced fusion of negatively-charged vesicles including (A) dose 
response for SHA2 at pH 5.0; (B) different SHA2-TM constructs at pH 5.0; and (C) data at pH 
7.4. The vesicles contained POPC:POPG (4:1) and for panels B and C, the protein:lipid mole 
ratio = 1:280. (D) HA2-induced fusion for POPC-only and POPC:POPG (4:1) vesicles with 
protein:lipid = 1:140. Replicate assays consistently showed at least twice the fusion for PC:PG 
vesicles relative to PC-only vesicles at 50 s after protein addition. Because of instrument 
breakage, the (D) vesicle fusion assays were done with a different fluorimeter than the rest of the 
assays of this study. Because this fluorimeter had lower sensitivity, we needed to increase the 
integration and sampling times to 3 s. 

D HA2-induced fusion of neutral vs negatively-
charged vesicles 
 
 

 
 

A Dose response for SHA2 at pH 5.0 
 
 

 
 
 
 
 
 
   
 
 

B  Fusion by different SHA2-TM at pH 5.0  
 
 

 
 
 
 
 
 

C  Fusion at pH 7.4 
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