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ABSTRACT: The conformational and thermal stability of full-length hemagglutinin (HA) of influenza virus
(strain X31) has been investigated using a combination of differential scanning calorimetry (DSC), analytical
ultracentrifugation, fluorescence, and circular dichroism (CD) spectroscopy as a function of pH. HA
sediments as a rosette comprised of 5-6 trimers (31-35 S) over the pH range of 7.4-5.4. The DSC
profile of HA in the native state at pH 7.4 is characterized by a single cooperative endotherm with a
transition temperature (Tm) of 66 °C and unfolding enthalpy (∆Hcal) of 800 kcal‚(mol of trimer)-1. Upon
acidification to pH 5.4, there is a significant decrease in the transition temperature (from 66 to 45°C),
unfolding enthalpy [from 800 to 260 kcal‚(mol of trimer)-1], and ∆Hcal/∆HvH ratio (from 3.0 to∼1.3).
Whereas the far- and near-UV ellipticities are maintained over this pH range, there is an acid-induced
increase in surface hydrophobicity and decrease in intrinsic tryptophanyl fluorescence. The major
contribution to the DSC endotherm arises from unfolding HA1 domains. The relationship between acid-
induced changes in thermal stability and the fusion activity of HA has been examined by evaluating the
kinetics and extent of fusion of influenza virus with erythrocytes over the temperature and pH range of
the DSC measurements. Surprisingly, X31 influenza virus retains its fusion activity at acidic pH and
temperatures significantly below the unfolding transition of HA. This finding is consistent with the notion
that the fusion activity of influenza virus may involve structural changes of only a small fraction of HA
molecules.

Hemagglutinin (HA)1 is the influenza virus membrane
glycoprotein responsible for the binding of the virus to sialic
acid containing receptors on target cells and for fusion of
viral and target membranes (1). The fusion is triggered by
acid-induced conformational changes of HA (2, 3) that occur
in the low-pH environment of the endosomes (4). As a result,
the viral nucleocapsid complex is transferred into the cell,
and viral replication is initiated. HA is a trimeric integral
membrane protein (Mr 220 000) comprised of an ectodomain
of identical subunits, each of which contains two polypep-
tides, HA1 and HA2, linked by a disulfide bond (5). HA1 is

the receptor-binding subunit, and HA2 is responsible for the
fusogenic activity of HA (1).

Structural information is available for the ectodomains of
both the native protein at neutral pH (5) and a portion of
HA2 (i.e., TBHA2) following exposure to low pH (6). The
glycine-rich NH2 terminal (residues 1-20) region of HA2
has been designated as the fusion peptide based on a variety
of genetic, protein chemical, and biophysical studies (7). In
the native trimeric HA structure at neutral pH, the three
fusion peptides adopt sequential reverse turn conformations
and are partially buried betweenR-helices at the interface
between the HA2 and HA1 subunits, near the viral side of
the ectodomain stalk (5). Activation of HA at low pH results
in extensive molecular rearrangements leading to extrusion
of the fusion peptide from this buried location, whereupon
it can interact with the target and/or viral membrane (1).
Determination of the HA structure in the activated, low-pH
state has been hindered by the exposure of the hydrophobic
fusion peptide, which causes disordered aggregation of the
trimers in aqueous solution. However, the high-resolution
structure of a stable truncated recombinant ectodomain of
the fusion-pH conformation of HA2, which lacks the
N-terminal fusion peptide, has been determined at 1.9 Å
resolution (8). According to this structure, the N- and
C-terminal residues of the molecule form an N cap, terminat-
ing both the N-terminalR-helix and the central coiled-coil.
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Comparison with the crystal structures of a number of other
membrane fusion-inducing proteins reveals common struc-
tural motifs (9), which suggest potential mechanisms for
membrane fusion. The most plausible scenario is that
activation of the fusion protein results in release of the fusion
peptide and extension of a central coiled-coil structure (6,
10). The new positioning of the fusion peptides at the tip of
the stalk provides for easy contact with the target cell
membrane. A small group of proximal fusion proteins that
are simultaneously inserted into both the viral and target
membranes constitute a potential fusion site (11).

To better understand the unfolding pathways HA negoti-
ates when triggered to promote fusion, we have assessed the
conformational and energetic stability of full-length HA in
solution as a function of pH, utilizing a combination of
calorimetric, spectroscopic, and analytical centrifugation
techniques. Previous studies regarding the thermal stability
of HA as a function of pH have been based on spectroscopic
measurements and limited proteolysis (12-14) using either
the whole virus or solubilized fragments (BHA and TBHA2).
However, no systematic evaluation of the energetics of
unfolding purified full-length HA has thus far been obtained.
This multiparametric approach facilitates elucidation of the
HA unfolding pathway including the population of interme-
diate states while assessing the energetics of the unfolding
process. Information gleaned from this study provides insight
into the mechanisms of pH-induced conformational changes,
thereby improving our understanding of HA-mediated fu-
sogenic activity in virus-infected mammalian cells.

EXPERIMENTAL PROCEDURES

Virus Preparation. Influenza virus (strain X31) was
prepared as described previously (15). Briefly, the virus was
grown at 37°C for 48 h in the allantoic cavity of 10-day-
old embryonated hen eggs. The allantoic fluid of the eggs
was collected and the cell debris removed by a low-speed
spin (1000g) for 30 min. The virus was pelleted by
centrifuging the allantoic fluid at 95000g for 60 min. The
supernatant was discarded and the pellet resuspended in PBS
buffer (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5
mM KH2PO4, pH 7.4) and homogenized at 4°C with a
Teflon-coated homogenizer.

Viral Fusion ActiVity Assay.Purified X31 influenza virus
was labeled with octadecyl rhodamine (R18) as described
(16). Unincorporated dye was removed by passage through
a PD-10 (Sephadex G-25 M) column using PBS as the
elution buffer. R18-labeled X31 was collected in the void
volume (≈0.5 mg of virus/mL), stored at 4°C in the dark,
and used within 24 h. Human erythrocyte ghosts were
prepared essentially as described (17) and resuspended at a
concentration of≈5 × 109 ghosts/mL in PBS. To allow
association of virus with the ghosts, a mixture of ghosts and
R18-labeled X31 influenza virus (0.2 mL of each) was
incubated at room temperature for 15-20 min with oc-
casional shaking. Following addition of 1 mL of PBS, the
unbound virus was removed by centrifugation at 6000 rpm
for 2 min in a microcentrifuge.

The pellet was resuspended in 1 mL of PBS, stored on
ice, and used within 1-2 h for fusion experiments. Fusion
kinetics were monitored at preset pH and temperature values
as described (16). Variations in the pH values between 25

and 45°C weree0.1 unit. Percent fusion at a given time
was calculated as follows: 100× [(F - Fo)/(Ft - Fo)], where
Fo, F, and Ft are the fluorescence values at zero, a given
time, and in the presence of Triton X-100, respectively.

Purification of Hemagglutinin.Viral membranes were
solubilized in PBS containing 1.5% octyl-â-glucoside (Boeh-
ringer Mannheim, Indianapolis, IN) and agitated on a rotating
shaker for 1 h at 4°C. The insoluble material was removed
by centrifugation at 100000g for 60 min. The supernatant
containing hemagglutinin in detergent micelles was purified
by affinity chromatography on a ricin A column (Sigma
Chemical Corp., St. Louis, MO) in accordance with estab-
lished procedures (3). The protein was eluted from the ricin
column by the addition of 0.2 MD-galactose to the PBS-
detergent buffer system. Samples were dialyzed at 4°C with
a minimum of two 2.0 L changes over a period of 48 h to
ensure complete removal of octyl-â-glucoside and galactose.
The purity of hemagglutinin was assessed by SDS-PAGE
employing 12% TRIS-glycine gradient gels under both
reducing and nonreducing conditions.

Preparation of Hemagglutinin Solutions.Concentrated
stock solutions of purified HA were dialyzed against a mixed
buffer system comprised of 50 mM sodium phosphate, 50
mM sodium acetate, 100 mM NaCl, and 1.0 mM Na-EDTA
(pH 7.4), hereafter designated as Buffer A. The latter was
preferred to phosphate-buffed saline for its buffering capacity
over a broad temperature and pH range. The dialyzed samples
were diluted to an appropriate concentration based upon the
sensitivity requirements of the technique to be used. The
temperature of the HA solutions was maintained at 4.0°C
for pH adjustments. Microliter aliquots of 1 M acetic acid
dissolved in the appropriate buffer were added dropwise to
each HA sample with constant stirring to ensure homoge-
neous mixing and to minimize exposure of HA to conditions
of extreme acidity. HA at pH 7.4 in Buffer A was also
dialyzed versus an identical buffer containing 1% octyl-â-
glucoside (Buffer B). All HA solutions were incubated at
37 °C for 30 min and cooled to 4°C prior to calorimetric,
ultracentrifugation, and spectroscopic analysis. Protein con-
centration was determined either by the BioRad assay (using
bovine serum albumin as a standard and adjusted for
carbohydrate content) and/or by UV absorption spectropho-
tometry employing a specific absorbance ofA280nm,1cm) 1.25
cm3/mg. The latter was calculated from the amino acid
composition and a trimer molecular weight of 220 000 which
includes 19% carbohydrate by weight (5).

Analytical Ultracentrifugation.A Beckman Optima model
XL-A analytical ultracentrifuge equipped with a four-place
AN-Ti rotor was used for sedimentation velocity experi-
ments, with overnight preequilibration of the rotor to the
desired temperature. The density of each dialysate
buffer was determined at 20.00°C with a Paar DMA 58
densitometer, and the relative viscosity was measured as
described previously (18): Buffer A: η/η0 ) 1.0589;F20 )
1.01140; Buffer B: η/η0 ) 1.0766;F20 ) 1.01245. Protein
samples (0.34 mL) were loaded into the right side of each
4° Kel-F-coated double-sector centerpiece, and appropriate
reference buffers (0.35 mL) were placed in each left sector
in 12 mm cells, equipped with plane UV-quartz windows.
In the absence of detergent, three cells were run simulta-
neously at 25 000 rpm while scanning in a continuous mode
(0.003 cm step) with triple averaging at 280 nm at 6 or 7
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min intervals, after equilibration and radial calibration at 3000
rpm at which speed radial and wavelength (9-11 averages
at 1 nm resolution) scans were collected. A speed of 35 000
rpm was used for HA in 1% octyl-â-glucoside at pH 7.4. A.
P. Minton’s TRACKER program (http://bbri-www.eri.har-
vard.edu/RASMB/rasmb.htm1) was used to monitor the
progress of runs. Sedimentation coefficients (sobs) were
calculated by the radial derivative method (XLAVEL) from
Beckman Instruments, Inc., and corrected to values corre-
sponding to the density and viscosity of water at 20.00°C
using a partial specific volume of 0.73 mL/g for HA for the
buoyancy factor (s20,w). The value of 0.73 mL/g for the partial
specific volume of HA rosettes was estimated by sedimenta-
tion equilibrium (19), in which 0.100 mL of HA (A280nm ∼
0.3) in aqueous and D2O buffers was simultaneously sedi-
mented at 3700 rpm at 4.0°C until concentration gradients
were time-independent (between 48 and 72 h). Prior to
centrifugation, HA samples (∼1 mg/mL) were dialyzed
extensively versus either aqueous or D2O buffers containing
50 mM sodium phosphate, 100 mM NaCl, 1.0 mM Na-
EDTA with ∼4-8 mM acetic acid (added as glacial acetic
acid) for pH (pD) adjustment to pH 7.2 (pD) 7.6) using
H2O or D2O (99.9 atom % D from Sigma) to prepare buffers.

Circular Dichroism Spectroscopy.Acid-induced changes
in the secondary and tertiary structure of hemagglutinin
(mean residue molecular weight of 111.7) were evaluated
by circular dichroism (CD) spectroscopy in the far-UV (190-
250 nm) and near-UV (250-350 nm) regions, respectively.
Spectra of samples containing 0.1-1.0 mg/mL protein were
recorded at 0.1 nm wavelength intervals on a JASCO model
710 circular dichroism spectropolarimeter (JASCO Inc.,
Easton, MD) employing a scan speed of 10 nm/min and
average response time of 1 s. A minimum of four consecutive
scans were accumulated and the average spectra stored. The
temperature of the samples was maintained at 37°C through
the use of water-jacketed cylindrical quartz cuvettes inter-
faced to a NESLAB model RTE-111 water bath regulated
by an in-line temperature probe at the outlet of the cell. Path
lengths of either 0.01 cm (far-UV) or 1.0 cm (near-UV) were
employed for isothermal studies.

An AVIV model 62A DS circular dichroism spectrometer
(AVIV Instruments USA, Lakewood, NJ) equipped with a
programmable thermoelectrically controlled sample compart-
ment was employed for temperature-dependent studies. The
thermal stability of HA secondary structure was monitored
by heating samples containing 100µg/mL protein at a
programmed rate of 90°C/h over the range of 5-105°C in
a 0.1 cm quartz cuvette. The mean residue molar ellipticity
at 222 nm was recorded at 0.1°C intervals employing a time
constant of 4 s.

Fluorescence Spectroscopy.Isothermal and temperature-
dependent fluorescence spectra were acquired on an AVIV
model ATF105 ratio spectrofluorometer (AVIV Instruments
USA, Lakewood, NJ) equipped with programmable thermo-
electrically controlled sample and reference compartments.
Fluorescence spectra of samples containing 100µg/mL
protein were recorded over the range of 300-500 nm
employing an excitation wavelength of 295 nm and slit
widths of 2.5 nm. Temperature-dependent changes in intrinsic
Trp fluorescence as a function of pH were monitored by
heating the samples at a programmed rate of 90°C/h over
the range of 5-95 °C. The fluorescence emission intensity

at 345 nm was recorded at 0.1°C intervals employing a time
constant of 4 s.

Acid-induced changes in the exposure of HA hydrophobic
residues were estimated by measuring the fluorescence of
samples incubated with Nile Red (Molecular Probes, Eugene,
OR) in accordance with an established protocol (20). Samples
containing 50µg/mL of protein at the desired pH were
incubated in the presence of 0.1µg/mL Nile Red at 37°C
for 30 min prior to measurement. Nile Red fluorescence
measurements were performed on an SLM AMINCO-
Bowman 8100 Series 2 spectrofluorometer. Temperature
stability was maintained through use of a water-jacketed 1.0
cm quartz cuvette interfaced to a programmable NESLAB
RTE-111 water bath. Fluorescence spectra were recorded
over the range of 560-650 nm employing an excitation
wavelength of 550 nm and slit widths of 5 nm. The
fluorescence emission intensity of Nile Red at 610 nm was
monitored as a function of pH at 37°C.

Differential Scanning Calorimetry (DSC).DSC experi-
ments were performed on MicroCal MC-2 and VP-DSC
calorimeters (MicroCal LLC, Northampton, MA) and a
Nano-DSC calorimeter (Calorimetry Sciences Corp., Spanish
Fork, UT). DSC data were corrected for the instrument
baseline, normalized for a scan rate of 90°C/h and protein
concentration based on a trimerMr of 220 000 (5), and the
excess heat capacity was expressed in kcal‚K-1‚(mol of
trimer)-1, where 1.000 cal) 4.184 J. Data conversion and
analysis were performed using Origin software (MicroCal
LLC, Northampton, MA) and the EXAM program (21). A
sigmoidal baseline (EXAM) between pre- and post-transition
regions was subtracted from each endotherm in order to
calculate the area, which is equal to the unfolding enthalpy
(∆Hcal). The corresponding van’t Hoff enthalpy (∆HvH) is
estimated from∆HvH ) 4.00RTm

2(Cp,m/∆Hcal) (22), where
R is the gas constant [1.987 kcal/(mol‚K)], the ratio Cp,m/
∆Hcal represents the maximum peak height to the area of
the transition, andTm is the transition temperature in degrees
kelvin atCp,m. The cooperative ratio (CR) is defined by the
relation: CR) ∆Hcal/∆HvH and used to estimate the number
of unfolding domains.

RESULTS

Hydrodynamic Properties. Sedimentation velocity experi-
ments have been performed to verify protein homogeneity
as well as to characterize the hydrodynamic behavior of HA
preparations. The results presented in Table 1 indicate that
in the absence of detergent or a target membrane, HA adopts
a characteristic rosette assembly, sedimenting as a spherical
complex of five to six trimers (31, 35 S). These results are
consistent with electron microscopy studies of intact influ-
enza virus in which rosette structures of five to six trimers
are observed (23). Except where indicated otherwise in Table
1, HA sediments as a single component (i.e., symmetrical
boundary) as monitored at 280 nm with loading absorbances
of 0.6-1.0. However, boundary spreading analysis suggests
that some heterogeneity in particle size exists, specifically
as a function of temperature. For example, sedimentation
coefficients (s20,w) of 35 S are measured for HA at 20°C at
either pH 7.4 or pH 5.85, whereas at 5°C, values ofs20,w

are 31 S for HA at pH 7.4, 5.85, and 5.4. Temperature may
therefore be a factor in the size of rosette structures observed.
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Assuming the relationshipM1/M2 ) (s1/s2)3/2 and a shape
factor similar to that of dodecameric glutamine synthetase
from E. coli, which hass20,w ) 20.3 S andMr ) 622 000
(18, 24), s20,w values of 31 and 35 S for HA in the absence
of detergent correspond to molecular weights between 1.2
and 1.4× 106, indicating∼5-6 trimers of HA per rosette
complex.

All the samples analyzed in Table 1 have been preincu-
bated at the indicated pH for 30 min at 37°C and then cooled
to the appropriate temperature prior to sedimentation velocity
experiments. The fact that the rosettes pretreated at pH 5.4
and 37°C are stable during the 5°C run with ans20,w value
of 31 S is consistent with the observation that influenza virus,
pretreated at pH 5.4 and 37°C for periods as long as 1 h,
retains both fusogenic activity and typical spike morphology
(25). Although X31 influenza virus does not exhibit fusion
activity at pH 5.4 and 20°C, HA does mediate fusion at pH
5.4 and 35°C (see Figure 5C). When the pH 5.4 and 37°C
treated samples are sedimented at 20°C, both dissociated
(trimer) and aggregated (rosette) species are evident, indicat-
ing that the preparations of HA become unstable when
exposed for lengthy periods of time at pH 5.4 and 20°C.
The onset of this instability correlates well with the fusogenic
activity of HA and its susceptibility to inactivation.

In the presence of 1% octyl-â-glucoside, HA sediments
as a homogeneous species withs20,w ) 10.3 S (Table 1).
This s20,w value corresponds to a trimerMr of 220 000(
10 000, using the above relationship with glutamine syn-
thetase as the reference protein. From these data, a frictional
ratio (f/f0) of 1.28 is calculated, which corresponds to an axial
ratio of∼5 for a prolate ellipsoid. Sedimentation equilibrium
experiments with HA in 1% octyl-â-glucoside are compli-
cated by the presence of the detergent due to micelle
formation (26), and consequently cannot be analyzed reliably.
Nevertheless, the sedimentation velocity results reveal a
trimeric structure for HA at pH 7.4 in the presence of 1%
octyl-â-glucoside. This is in general agreement with previous
observations of Doms and Helenius (27), who estimated a

sedimentation coefficient of 9.0 S by sucrose density gradient
centrifugation of HA in detergent at 20°C. Uncorrected
sedimentation coefficients of 9 S for BHA at neutral pH in
the absence or presence of detergent as well as 30 S for the
BHA rosette at pH 5.0 have been measured previously (28)
by sucrose density gradient centrifugations at 20°C.

A Stokes radius of∼95 Å is calculated for a rosette of
six HA trimers from the data obtained at 20°C (Table 1),
which clearly is an underestimate based on the structural
information available. Crystallographic structures of BHA
have shown that at neutral pH, trimeric BHA adopts a
cylindrical structure with a length of 135 Å and radius of
30 Å, or an axial ratio of 4.5 (5), whereas these dimensions
at low pH are 165× 25 Å (6). Trimer lengths of 205 and
∼187 Å for intact HA at pH 7.0 in detergent and rosette
structures, respectively, have been measured in electron
microscopy studies (23), that report a hydrodynamic radius
of ∼170 Å for BHA rosettes from small-angle neutron
scattering experiments. In view of our sedimentation data,
it is apparent that the HA surface domains in rosettes exert
minimal frictional drag during sedimentation.

Secondary and Tertiary Structure. Secondary and tertiary
structures of HA have been examined by far- and near-UV
circular dichroism spectra at 37°C as a function of pH. The
far-UV CD spectrum of HA at pH 7.4 is characteristic for
anR-helical-containing protein with minima observed at 208
and 222 nm. The overall secondary structure of HA in
rosettes is maintained throughout the pH range studied (i.e.,
pH 7.5-4.5) as depicted in Figure 1A, in agreement with
previous findings (29). The near-UV CD remains unchanged
in the pH range of 7.4-5.4, below which it undergoes
gradual disruption with a transition midpoint centered at pH
∼5.1 (Figure 1A). The kinetics of the tertiary structure
changes have been monitored by near-UV CD (30) and by
intrinsic Trp fluorescence (31), revealing that the pH-
dependent changes are complete within∼30 min at 37°C,
at which time changes in tertiary structure are irreversible.
Since most of the aromatic residues are located predomi-
nantly in the ectodomain of HA (29), the observed reduction
in the near-UV CD spectrum may correlate with losses in
the environmental asymmetry upon acidification. The ap-
parent disruption of tertiary structure as HA is acidified below
pH 5.4 in this study (Figure 1A) reflects the instability of
HA when incubated at 37°C and low pH, an observation
that is consistent with the sedimentation velocity experiments
(Table 1). Our CD measurements therefore reveal that
acidification of HA in rosettes from pH 5.4 to 4.9 signifi-
cantly disrupts tertiary structure with minimal perturbation
of secondary structure.

Hydrophobicity.Nile Red interactions as a function of pH
have been performed to assess the surface hydrophobicity
of HA upon exposure to acidic conditions. The pH-dependent
changes in hydrophobicity have been monitored by titrations
with the apolar fluorescent probe Nile Red, which is
uncharged and well suited for pH-dependent changes in
protein conformation (20). The acid-induced increase in
protein hydrophobic group exposure as monitored by Nile
Red binding to HA (reflected by fluorescence increases at
610 nm) indicates that protonation of HA induces confor-
mational changes that result in increased exposure of
hydrophobic residues that bind to Nile Red (Figure 1B). A
transition midpoint at pH 5.4 is consistent with hydrophobic

Table 1: Sedimentation Coefficients of Influenza Virus
Hemagglutinin under Different Experimental Conditionsa

pH Trun (°C) sobs (S ( 0.3) s20,w (S) species presentb

7.4 20.0 33.6 35 rosette
5.85 20.0 33.1 35 rosette
7.4 5.0 19.7 31 rosette
5.85 5.0 18.1 30 rosette
5.4 5.0 19.5 31 rosette
5.4/7.4c 5.0 19.7 31 rosette
5.4 20.0 28.0 31 rosetted

7.4 (1% OG) 20.0 9.2 10.3 trimer
a Sedimentation coefficients (observeds, corrected to the viscosity

and density of water at 20°C, s20,w) in Svedberg units (S) are reported
as average values for two to four different preparations of hemagglutinin
(HA) in Buffer A adjusted to the indicated pH, preincubated for 30
min at 37°C, and cooled prior to ultracentrifugation (25 000 rpm for
rosettes or 35 000 rpm for trimer in the presence of octyl-â-glucoside)
at the indicated temperature. Except where indicated otherwise, HA
sediments as a single boundary as monitored at 280 nm with loading
absorbances of 0.6-1.0. b Five to six trimers of HA per rosette (31-
35 S) in the absence of 1% OG and monomeric trimer (10 S) in the
presence of 1% OG (see text).c HA sample incubated at pH 5.4 for 30
min at 37°C, cooled to 4°C, and immediately reneutralized to pH 7.4
prior to ultracentrifugation.d Some instability (i.e., time-dependent
aggregation) of HA at pH 5.4 evident during centrifugation at 20°C,
although the major component sedimented at 31 S.
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residue exposure upon acidification. Similar changes in the
hydrophobicity of HA upon acidification have been revealed
by binding to liposomes (3) and changes in 1,1′-bis(4-
anilino)naphthalene-5,5′-disulfonic acid fluorescence (32).
The acid-induced increase in Nile Red fluorescence at 610
nm does not change significantly with time (data not shown).

Conformational Stability of HA at Neutral pH.The
conformational stability of HA has been investigated by
differential scanning calorimetry (DSC) to characterize
thermodynamically the structural changes accompanying the
unfolding process. The thermal stability of HA either in the
presence or in the absence of detergent has been assessed
by DSC the heat capacity changes associated with unfolding
HA in its trimeric form or associated as rosettes, respectively.
At pH 7.4, the DSC profile is characterized by a single
cooperative endotherm (Figure 2, upper profile, closed circles
represent HA in rosettes) centered at a transition temperature
of 66°C with a cooperative ratio (CR)) 3.0 and an observed
enthalpy change of 800 kcal‚(mol of trimer)-1. A scan rate
of 90 °C/h has been used since slower scan rates induce post-
transition aggregation that decreases the reliability of post-
transition baselines. Inspection of the DSC profile for HA
at pH 7.4 reveals that post-transition points decrease some-
what more rapidly than predicted from the fit of the data
(solid line) to a model for three independent two-state
unfolding transitions, whereas pre-transition and transition

data fit this model of unfolding. This indicates that some
aggregation of unfolded domains occurs at neutral pH. For
this reason, Table 2 includes a column of values for the
product (i.e., CR× ∆HvH) which in some cases represent
higher estimates of the enthalpy changes for HA unfolding

FIGURE 1: (A) Stability of HA secondary and tertiary structure as
a function of pH at 37°C. The mean residue ellipticities at 222 nm
(circles) and 284 nm (squares) are plotted vs pH. Sample concentra-
tions are 0.10 mg/mL HA for far-UV and 1.0 mg/mL HA for near-
UV determinations. (B) Hydrophobicity changes of HA rosettes
monitored as a function of pH at 37.0°C. The pH-dependent change
in the fluorescence emission intensity of Nile Red is monitored at
610 nm (550 nm excitation wavelength).

FIGURE 2: Thermal unfolding of HA as a function of pH. DSC
endotherms of HA rosettes at pH 7.4, 6.0, and 5.4 in the absence
(closed circles) of detergent. The fit of the data in each case to a
two-state model with the number of unfolding domains treated as
a variable (CR in Table 2) is represented by the solid line. The
endotherms are corrected for buffer baseline, normalized for scan
rate and protein concentration, and then pre- and post-transition
baselines subtracted. The open circles at pH 7.4 are the endotherm
obtained for HA trimer in the presence of 1.0% octyl-â-glucoside.

Table 2: Summary of DSC Parameters for Thermal Unfolding of
HA as a Function of pH in the Absence and Presence of 1%
Octyl-â-glucosidea

pH Tm (°C)
∆Hcal

(kcal/mol)
∆HvH

(kcal/mol) CR
CR× ∆HvH

(kcal/mol)

7.4 65.8 800 292 3.0 880
7.0 66.2 809 290 3.0 870
6.5 63.6 748 300 2.5 760
6.2 59.6 600 254 2.3 580
6.0 59.5 528 269 2.0 540
5.7 52.5 365 183 2.0 370
5.4 45.2 260 195 1.3 250
5.0 42.2 76 101 1.0 100
7.4 (1% OG) 65.0 785 255 3.0 770

a Purified hemagglutinin rosettes (0.25-1.0 mg/mL) dialyzed against
Buffer A (50 mM sodium phosphate, 50 mM sodium acetate, 100 mM
NaCl, 1 mM Na-EDTA), adjusted to the indicated pH, and incubated
for 30 min at 37°C prior to each DSC experiment (rows 1-8). In row
9, HA at pH 7.4 dialyzed against Buffer A containing 1% octyl-â-
glucoside (1% OG) is a trimer. DSC scans are from 15 to 85°C at a
scan rate of 90°C/h, and in all cases, a single endotherm is observed
and analyzed. After subtraction of the instrument baseline, DSC data
are normalized for scan rate (1.5 K/min) and protein concentration using
a trimerMr ) 220 000 and a specific absorbance at 280 nm of 1.25
cm2/mg. CR is the cooperative ratio defined as∆Hcal/∆HvH, where∆Hcal

is equal to the area of the observed endotherm and∆HvH ) 4RT2(area/
Cp,max). Errors inTm are(0.2°C and in∆Hcal are(10%. Discrepancies
between∆Hcal values and values of CR× ∆HvH are due to post-
transition aggregation (refer to endotherms in Figure 3).
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than that obtained from direct integration of the total area
for each endotherm (∆Hcal). Thus, comparison of the∆Hcal

value to the product (CR× ∆HvH) reveals those cases in
which post-transition aggregation may be responsible for
decreasing the observed area of the endotherm.

In the presence of 1% octyl-â-glucoside at pH 7.4 (open
circles in Figure 2), the DSC endotherm of the HA trimer is
nearly identical to that of the rosette. In fact, theTm is only
∼1 °C lower than that for HA in the absence of detergent,
which suggests that the protein is only slightly stabilized
against thermal unfolding in the rosette. The enthalpy change
for unfolding HA in 1% OG (CR× ∆HvH) is ∼100 kcal/
mol lower than that for HA in the rosette at pH 7.4, although
the∆Hcal values are similar due to post-transition aggregation
of HA in rosettes, resulting in a decrease in the apparent
area. Furthermore, the cooperative ratios of unfolding the
HA trimer in the presence or absence of detergent are
essentially identical. A value for∆Cp of 7 ( 1 kcal K-1

mol-1 is estimated for HA in 1% OG.
Thermal Unfolding of Protonated HA Conformational

States. The thermal stability of HA rosettes is markedly
decreased upon acidification from pH 7.4 (Tm ) 66 °C) to
pH 5.4 (Tm ) 45°C). The decrease in transition temperatures
during acidification most likely results from the disruption
of HA1-HA1 contacts within the trimer and HA1-HA2
contacts in the stem region. Since the HA1 domains have
been reported to dissociate and remain globular with rear-
ranged tertiary structure upon acidification (33), the decrease
in cooperativity ratio suggests that the globular heads interact
during unfolding. The middle and lower endotherms in
Figure 2 show DSC endotherms for HA rosettes at pH 6.0
and 5.4, respectively. As the pH is decreased, the width of
the DSC transition increases, and the area of the respective
endotherm approaches that of∆HvH. The pH-induced
changes are irreversible as demonstrated by reneutralizing
an HA sample initially incubated at pH 5.4, and observing
identical DSC profiles withTm ) 45 °C (data not shown).
A value for∆Cp of 7.1 ( 1 kcal K-1 mol-1 for the thermal
unfolding of HA in rosette structures is estimated from the
enthalpy change per domain as a function ofTm at each pH
(34). This value is consistent with the∆Cp estimated from
fits of pre- and post-transition baselines of DSC endotherms
for HA rosettes (data not shown) and detergent-solubilized
trimers.

Temperature-Dependent Tryptophan Exposure.The ther-
mal stability of HA tertiary structure has been assessed by
monitoring temperature-induced changes in the intrinsic
tryptophanyl fluorescence as a function of pH. In the native
state at pH 7.4, the fluorescence spectrum of HA reflects
the characteristic apolar environment of the aromatic residues
comprising the HA1 and HA2 domains, each of which
contains six Trp residues. Acidification of HA in rosette
structures results in the exposure of these aromatic residues
that may be monitored by observing the decrease in the
intrinsic tryptophanyl fluorescence. It is important to dis-
tinguish between the acid-induced conformational changes
of HA that result in increased Trp exposure versus the
temperature-dependent changes in Trp exposure at a par-
ticular pH. The isothermal decrease in fluorescence intensity
as a function of pH at 37°C has been presented in one of
our earlier studies (31). Temperature-induced changes in the
intrinsic Trp residue fluorescence of HA in rosettes at pH

7.4, 6.0, and 5.4 are presented in Figure 3. These profiles
are normalized relative to the fluorescence intensity at 5°C
to facilitate direct comparison of the thermally induced
changes in amplitude as a function of pH. The transition
temperatures of 63 and 57°C for Trp residue exposure at
pH 7.4 and 6.0 are somewhat lower than the respectiveTm

values determined from DSC at these pH values (Table 2).
However, the transition temperature of 50°C for Trp
exposure at pH 5.4 is higher than theTm value from DSC,
and may reflect interactions among HA domains during
unfolding at low pH. Upon acidification to pH 5.0, there is
no evidence of additional Trp residue exposure, and the HA
melting profile solely reflects the temperature dependence
of intrinsic Trp fluorescence (data not shown). The ap-
proximate correlation observed between the Trp fluorescence
melting profiles and the DSC endotherms at each pH suggests
that temperature-induced unfolding of HA reflects disruption
of residual domain contacts within HA1 and HA2, resulting
in exposure of buried Trp residues.

Thermal Stability of Secondary Structure.Temperature-
dependent perturbations in secondary structure have been
assessed for both the native (pH 7.4) and low-pH (pH 5.4)
conformations of HA by monitoring changes in the mean
residue molar ellipticity at 222 nm. Figure 4A presents far-
UV CD spectra acquired at 5.0°C (solid line) and 95.0°C
(dashed line) for HA rosettes at neutral pH. Inspection of
the temperature progress curve (Figure 4A, inset) reveals that
the native conformation of HA is thermally stable at
temperatures below 60°C. The secondary structure is only
slightly perturbed upon heating to 100°C with the transition
at∼65 °C characterized by the partial unfolding of less than
10% of secondary structure elements. Consequently, the

FIGURE 3: Effect of pH on the temperature-induced exposure of
Trp residues. Progress curves for temperature-induced changes in
the intrinsic tryptophanyl fluorescence for HA rosettes at pH 7.4,
6.0, and 5.4. Fluorescence intensity changes at 345 nm (with
excitation at 295 nm) are normalized relative to the fluorescence
intensity at 5.0°C.

Thermal Stability of Hemagglutinin upon Acidification Biochemistry, Vol. 41, No. 6, 20022049



thermal stability of secondary structure in the native state
contrasts with the temperature-dependent increase in tryp-
tophan exposure (Figure 3) as well as the magnitude of
excess heat capacity changes in DSC (Table 2). There is a
significant decrease in the thermal stability of secondary
structure of the low-pH conformation as noted by comparing
the far-UV CD spectra recorded at 5.0°C (solid line), 65.0
°C (dotted line), and 110.0°C (dashed line) in Figure 4B.
The temperature progress curve (Figure 4B, inset) is char-
acterized by a biphasic transition which suggests there is
some thermally induced ordering and rearrangement of
secondary structure at∼53 °C, followed by thermal disrup-
tion and unfolding of secondary structure at∼90 °C.
Comparison of the low and neutral pH states therefore reveals
significant differences in the thermal stability and overall
loss of HA secondary structure.

Temperature and pH Dependence of Viral Fusion ActiVity.
To relate the low-pH-induced changes in thermal stability
with the fusion activity of influenza hemagglutinin, we
measured fusion of influenza virus X31 with erythrocyte
membranes as a function of pH and temperature. The kinetics
and extent of fusion of the X31 strain with a variety of targets
have been reported previously using assays for continuous
monitoring of fluorescence changes (31, 35-37). However,

a complete temperature-pH profile starting at 5°C is not
available in the literature. To monitor fusion with biological
membranes, we have performed a fluorescence dequenching
assay that utilizes the lipophilic fluorescent dye octadecyl
rhodamine B (R18) incorporated into intact virions under
self-quenching conditions (38). Once fusion has occurred,
the fluorophore diffuses into the larger target, resulting in
relief of self-quenching, and consequently an increase in the
fluorescence signal is observed.

Fluorescence changes in R18 as a result of fusion have
been measured spectrofluorometrically with a 1s time resolu-
tion as a function of pH at temperatures between 5 and 55
°C. Figure 5A shows a typical set of kinetic curves at 35
°C. Whereas at pH values above 5.8 we observe no R18
dequenching at this temperature, we note that at pH 5.8 the
fusion reaction starts increasing after about 200 s following
exposure of the virus-cell complexes to low pH and 35°C.
This lag time decreases between pH 5.8 and 5.0, and at pH
5.0, it is not measurable with the time resolution employed.
The rate of fluorescence change increases markedly over the
same pH range. We have previously interpreted the lag time
as reflecting the relative rates of rearrangements of lipids
into the fusogenic state following acid-induced conforma-
tional changes in HA (31, 37, 39). Accordingly, higher
amounts of HA activation will result in decreased lag times
and faster fusion kinetics (37). The delay time for a
population of cells represents the earliest time point at which
lipid continuity is discerned for a subpopulation of our fusing
species, with a total dequenching above the noise of our
experiment. Operationally, the delay time can be defined as
the intersection of the time axis with the tangent drawn to
the steepest part of the fusion curve (40). To determine the
kinetic parameters governing HA-mediated fusion at a given
pH and temperature, we have fit the kinetic data to an
empirical equation from which we have derived the time at
which the rate of fusion is maximal (tmax), which is closely
related to the delay time (40). In Figure 5B we have plotted
the tmax as a function of pH for three temperatures, and
derived pH values where fusion activity attains its half-
maximal level (pH1/2) of 5.35, 5.50, and 5.67 at 25, 35, and
45 °C, respectively.

At temperatures below 25°C, we could not obtain reliable
fits to our kinetic data throughout the pH range studied. We
therefore used the extent of fusion after 400 s to obtain a
complete pH profile in the temperature range from 5 to 55
°C. Figure 5C shows the extent of fusion after 400 s at three
representative temperatures. As indicated above, X31 influ-
enza virus exhibits negligible fusion activity at pH 5.4 and
20 °C, whereas HA does mediate fusion at pH 5.4 and 35
°C As shown in Figure 5C, the pH1/2 shifts as a function of
temperature from pH1/2 ) 4.88 at 10°C, to pH1/2 ) 5.18 at
20 °C, to pH1/2 ) 5.45 at 35 °C. This temperature is
significantly below the transition temperature measured for
thermal unfolding of HA rosettes at that pH (e.g.,Tm ) 45.2
°C at pH 5.4; see Table 2). A complete profile of the pH1/2

values for the extent of fusion between 5 and 55°C and for
thetmax between 25 and 55°C for X31 influenza virus fusion
activity is presented in Figure 5D. In the temperature range
where we could determine both the kinetics and extent of
fusion, the pH1/2 values at a given temperature appear
comparable. In Figure 5D, we have also plotted theTm values
as a function of pH from our DSC experiments in Table 2.

FIGURE 4: Thermal stability of HA secondary structure as monitored
by temperature-dependent changes in the far-UV CD. (A) Spectra
of 0.10 mg/mL HA rosettes at 5°C (solid line) and 95°C (dashed
line) at pH 7.4. (B) Spectra of 0.10 mg/mL HA rosettes at 5°C
(solid line), 65°C (dotted line), and 110°C (dashed line) at pH
5.4. Progress curves for temperature-induced changes in mean
residue ellipticity at 222 nm are shown as insets for HA in panels
A (pH 7.4) and B (pH 5.4).
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The data in Figure 5D clearly indicate that X31 fusion
activity is elicited at temperatures significantly below the
unfolding transition of influenza HA.

DISCUSSION

The structure of the extracytoplasmic domain of HA is
comprised of two distinct regions, namely, a fibrous stem
containing residues from HA1 and HA2, and a globular
region composed solely of HA1 residues arranged in an

eight-strandedâ-structure (5). A significant number of
residues within the HA2 subunits adopt a triple-stranded
R-helical coiled-coil that stabilizes HA trimeric structure.
HA1 globular subunits also associate into a trimeric as-
sembly, and the N- and C-terminal regions of HA1 participate
in long-range interactions with HA2 in the stem region. Our
hydrodynamic studies confirm that the full-length protein
adopts a trimeric structure in the presence of detergent (Table
1). Removal of the detergent via dialysis facilitates reas-

FIGURE 5: Comparison of the temperature and pH dependence of viral fusion activity of HA with transition temperatures (Tm) obtained for
thermal unfolding of HA by DSC. (A) Kinetics of X31 influenza fusion at 35°C and pH 5.8 (top left panel), pH 5.6 (top right panel), pH
5.4 (bottom right panel), and pH 5.0 (bottom left panel). The data were collected with 1 s time resolution, but for clarity only 10 s data
points are shown. The kinetic data have been fit to a variety of sigmoidal functions provided by the SigmaPlot2000 (SPSS Science, Chicago,
IL) function library. The “Gompertz” equation (f ) a*exp[-exp(-(x - x0)/b)]) provided the best fit to the full set of curves. In this
equation,x0 is the time at which the rate of fusion is maximal (tmax), which is closely related to the delay time. (B) Values oftmax derived
from curves such as shown in (A) as a function of pH at 25 (b), 35 (9), and 45°C (2), respectively. The lines represent best fits to the
equation: f ) a/{1 + exp[-b(pH - pH1/2)]}, yielding pH1/2 values of 5.35, 5.50, and 5.67 at 25, 35, and 45°C, respectively. (C) Extent
of fusion after 400 s as a function of pH at 10 (2), 20 (b), and 35°C (9), respectively. The lines represent best fits to the equation:f )
a/{1 + exp[-b(pH - pH1/2)]}, yielding pH1/2 values of 4.88, 5.18, and 5.45 at 10, 20, and 35°C, respectively. (D) pH1/2 at a given
temperature derived fromtmax values (b) of curve fits such as those shown in (A) and (B), and from extent of fusion values (O) derived
from curve fits such as those shown in (C). (9) representTm values as a function of pH derived from DSC measurements in Table 2.
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sembly of HA into rosette structures comprised of 5-6
trimers, in agreement with previous studies (23). We find
that these rosettes are stable in the native (pH 7.4) state and
after pretreatment at 37°C and pH 5.4. The onset of rosette
instability (pH< 5.4) appears to correlate well with the viral
fusion activity (Figure 5).

The widely accepted “spring-loaded” type of mechanistic
model for HA-mediated fusion posits that the cleaved HA
is a metastable intermediate in which extensive contacts
between HA1 and HA2 kinetically trap the molecule behind
a free-energy barrier (1, 6, 10). Application of an acidic
trigger surmounts the barrier to yield a stable low-pH
conformation of HA2. The observation that the bacterial-
expressed ectodomain of HA2, comprising amino acids 23-
185, folds spontaneously at neutral pH into the fusion-pH-
induced conformation (13) is consistent with this notion.
Nevertheless, our temperature-dependent calorimetric and
spectroscopic measurements indicate that intact HA exhibits
significant conformational and thermal stability at neutral
pH. DSC profiles at pH 7.4 reveal a single endotherm that
is characterized by a transition temperature (Tm) of 66.0°C
and an unfolding enthalpy (∆Hcal) of 800 kcal/mol (Figure
2). A specific enthalpy change of 4.2 cal g-1 at 37°C (based
on ∆Cp ) 7.1 kcal K-1 mol-1) indicates that HA only
undergoes partial thermal unfolding (30-50%). The ratio
of the calorimetric to van’t Hoff enthalpies is a measure of
the number of cooperative domains that undergo unfolding
and provides insight into the magnitude of interdomain
interactions within multidomain proteins (34, 41). Coopera-
tive ratios greater than unity are indicative of a non-two-
state process and may therefore reveal the presence of
unfolding intermediates. Evaluation of the∆Hcal/∆Hvh ratio
for the HA endotherm at neutral pH indicates that three
domains of comparable stability unfold independently.
Significantly, deconvolution analysis of the HA endotherm
at pH 7.4 reveals that the data fit a model of three
independent two-state unfolding transitions (data not shown).
Evidence for three cooperative unfolding domains is con-
sistent with the structural model of HA in the native state
(5). Furthermore, binding of monoclonal antibodies at neutral
pH to epitopes in the interfacial region (site D) suggests
relative movement of the HA1 globular domains, which is
consistent with the notion that these domains unfold inde-
pendently (42).

Extensive studies have been performed on the acid-
triggered conformational changes that are related to the
fusogenic activity of influenza HA (2). White and Wilson
(43) have probed the details of the pH-dependent confor-
mational changes in X31 HA using a panel of anti-HA-
peptide antibodies. The results of their study indicate that
the acid-triggered conformational change of isolated HA
occurs in at least two steps: the fusion peptide comes out
of the trimer interface (“intermediate state”) followed by
dissociation of the globular heads (“the low pH form”). The
intermediates are also characterized by susceptibility to
proteinase K digestion and binding to liposomes (3, 15).
Although these intermediates may actually consist of a
population of states, for convenience we will refer to these
as the “intermediate state”. Upon acidification to the optimal
pH for fusogenic activity at 37°C, long-range contacts
between HA1 interfaces are disrupted, as indicated by

changes in spike morphology (15, 25, 44) and reactivity to
anti-peptide antibodies raised against the top and interface
regions (43). Pretreatment of X31 virus under these condi-
tions leads to inactivation of HA-mediated fusion (15, 25).
Significantly, at pH values below 5.0, preincubation of HA
at 37°C results in temperature-dependent calorimetric and
spectroscopic profiles that are indistinguishable from the
baseline. By contrast, in the intermediate state, HA maintains
its spike morphology and fusogenic activity (25). These
results support the notion that during fusion, overall HA
structural integrity is preserved. The near-UV CD spectra
reveal states below pH 5.4, in which the tertiary structure is
disrupted with a transition midpoint at pH 5.1 (Figure 1A).
In contrast, the secondary structure remains intact throughout
the entire pH range (pH 7.4 to pH 4.5). The low-pH form
has significant secondary structure but is devoid of most
tertiary structure contacts. In this state, the triple-helical
coiled-coil structure is retained together with the transmem-
brane segments, thereby preserving the overall trimeric
assembly. The acid-induced conformational changes resulting
in the loss of HA1/HA1 and HA1/HA2 contacts within the
trimer without major changes in secondary structure are
consistent with studies on low-pH HA2 that is characterized
by an overall retention of secondary structure content,
although it lacks approximately two-thirds of the molecule
including the HA1 subunit (6, 29).

The DSC endotherms of HA rosettes pretreated at 37°C
and acid pH are characterized by a thermodynamic domain
that unfolds less cooperatively (i.e., broader transition) and
exhibits a reduced enthalpy and lower transition temperature
relative to the neutral pH conformation (Figure 2). Inspection
of the relative pH dependent decrease in enthalpy per domain
as a function of temperature reveals a linear relationship
which is entirely consistent with previous studies conducted
on a large number of proteins (22) and demonstrates that
the pH-dependent enthalpy changes are a reflection of the
reduction in denaturation temperatures. Acidification of HA
from pH 7.4 to pH 5.4 not only decreases the transition
temperature of unfolding but also reduces the cooperative
ratio from 3.0 to 1.3 (Table 2). The observed reduction in
CR as a function of pH suggests that exposed hydrophobic
residues in thermally labile HA1 domains interact during
denaturation and the collapsed structure unfolds as a single
cooperative unit with some heterogeneity indicated by
broader endotherms. Our temperature-dependent far-UV CD
studies reveal discrete changes in which the neutral pH state
exhibits a transition midpoint at 65°C that is characterized
by no more than a 10% decrease in molar ellipticity (Figure
4). In contrast to the high thermal stability of the native
conformation at pH 7.4, a significant temperature-dependent
reduction in secondary structure (∼60%) occurs at low pH,
albeit at much higher temperature (Tm ∼ 90 °C). The
thermally unfolded low-pH form is therefore characterized
by a loss of tertiary structure (Tm ) 45 °C) with subsequent
disruption of approximately two-thirds of the secondary
structure at a transition temperature of 90°C. This high-
temperature transition is not detected calorimetrically as it
lacks the cooperativity characteristic of tertiary contacts and
therefore resembles the unfolding of compact denatured states
reported for other proteins (45) that lack tertiary structure
but retain significant secondary structure.
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We find that the pH1/2 values fortmax or extent of fusion
after 400 s vary with temperature (Figure 5). These data are
consistent with Wharton et al. (35), who reported for WT
X31 a difference of 0.89 pH unit between the pH1/2 values
at 5 and 50°C, whereas we observe a difference of 1.07 pH
units between these temperatures (Figure 5D). For temper-
atures above 55°C, the virus-erythrocyte complexes are
unstable, and therefore the fusion measurements are unreli-
able. Using an X31 mutant virus that has a higher pH
threshold for triggering conformational changes, it is possible
to observe fusion at lower temperatures and pH values closer
to neutral (14, 35). The fusion experiments reported in this
study have been performed employing the same batch of
influenza virus and an identical assay at all temperature and
pH values, and the DSC measurements have been conducted
using purified HA extracted from this batch of influenza
virus. The most striking observation in our study is that X31
influenza virus retains its fusion activity at acidic pH and
temperatures significantly below the unfolding transition
temperature of HA (Figure 5). This implies either that the
entire population of HA molecules does not require a great
deal of unfolding to induce fusion (15, 25, 46-48) or that
only an undetectable fraction of HA molecules needs to
unfold to induce fusion. Studies showing that HA-mediated
fusion requires both separation of the globular head domains
(49, 50) and loop to helix transitions of HA2 residues (6,
10, 51) indicate a requirement for major structural changes
in the HA molecules mediating fusion. The hypothesis that
fusion activity of influenza virus may involve structural
changes of a small fraction of HA molecules is consistent
with the notion that only a few HA molecules are involved
in the fusion process (39, 52-54).
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