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ABSTRACT: The influenza virus hemagglutinin (HA) protein has HA1
and HA2 subunits, which form an initial complex. HA1’s bind host cell
sialic acids, which triggers endocytosis, HA1/HA2 separation, and HA2-
mediated fusion between virus and endosome membranes. We report
hydrogen−deuterium exchange mass spectrometry (HDX-MS) on the
HA2 subunit without HA1. HA2 contains the fusion peptide (FP),
soluble ectodomain (SE), transmembrane domain (TM), and
endodomain. FP is a monomer by itself, while SE is a trimer of hairpins
that includes an interior bundle of residue 38−105 helices, turns, and
residue 154−178 strands packed antiparallel to the bundle. FP and TM
extend from the same side of the SE hairpin, and fusion models often
depict a FP/TM complex with membrane traversal of both domains that
is important for membrane pore expansion. The HDX-MS data of this
study do not support this complex and instead support independent FP
and TM with respective membrane-interfacial and traversal locations. The data also show a low level of aqueous exposure of the
22−38 segment, consistent with retention of the 23−35 antiparallel β sheet observed in the initial HA1/HA2 complex. We
propose the β sheet as a semirigid connector between FP and SE that enables close membrane apposition prior to fusion. The
I173E mutant exhibits greater exchange for residues 22−69 and 150−191, consistent with dissociation of SE C-terminal strands
from interior N-helices. Similar trends are observed for the G1E mutant as well as less exchange for G1E FP. Fusion is highly
impaired with either mutant, which correlates with reduced membrane apposition and, for G1E, FP binding to SE rather than
the target membrane.

Influenza is an enveloped virus enclosed by a membrane
obtained during budding from an infected host cell.1−3 The

viral protein hemagglutinin (HA) is responsible for attachment
of the virus to an uninfected host cell and subsequent membrane
fusion within the cell. HA is synthesized as a single polypeptide
and then proteolytically cleaved into two disulfide-linked
subunits, HA1 and HA2, with lengths of ∼330 and ∼220
residues, respectively.4 HA2 is a single-pass integral membrane
protein with an ectodomain (ED) that contains an N-terminal
fusion peptide (FP) and soluble ectodomain (SE), a trans-
membrane domain (TM), and an endodomain (∼25, 160, 25,
and 10 residues in length, respectively) (Figure 1A). An initial
complex is formed with a HA2 trimeric ED bundle and three
HA1’s bound to the outside of this bundle.5,6 The HA1’s bind to
sialic acids on the host cell surface, which triggers endocytosis.
The early endosome with virus cargo migrates to the host cell
nucleus and matures with a decrease in its pH to <6, which

induces HA1/HA2 separation and HA2 SE rearrangement into
a final trimer-of-hairpins structure (Figure 1B).7,8 A decreased
pH also triggers HA-mediated membrane fusion with the
following stages: (1) hemifusion in which there is a single bilayer
diaphragm that separates the two bodies, (2) pore formation
that allows passage of <1 kDa species, and (3) pore expansion
that allows deposition of the virus capsid in the cytoplasm.3,9

Many functional data have been published for pH-triggered
fusion between HA-expressing cells (HA-cells) and red blood
cells (RBC’s).10,11

There are high-resolution structures for the initial complex of
the proteolytically cleaved HA ED, which includes the HA2 ED
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and HA1. These structures typically show an organization of
HA2 ED trimers with three bound HA1’s but sometimes show a
different organization of individual HA2/HA1 hetero-
dimers.5,6,12,13 The geometries of the HA2 ED/HA1 units are
very similar in either oligomeric organization, which supports
the HA2 ED/HA1 heterodimer being a fundamental folding
unit. The trimer has a mushroom shape with a stem region
containing mostly HA2 and a globular head region containing
mostly HA1. The stem includes three HA276−125 helices that
form an internal parallel coiled coil pointing away from the head

and three HA238−55 helices that are antiparallel to the middle of
the coiled coil. The HA21−20 FP’s have extended structure
buried in the stem and connected to the stem by the HA223−35 β
sheet hairpins. The HA2130−141 segments are also β sheet
hairpins and connect the stem to the HA2146−153 and HA2159−170
helices.
There is a topologically distinct structure of the HA233−178 SE

without HA1 (Figure 1B). This HA2 structure is hyper-
thermostable and likely part of the final HA2 fusion state.14,15

The structure is a trimer of hairpins that includes HA238−105

Figure 1. (A) Schematic diagrams and sequences of full-length HA2 and truncated constructs with colored domains: pink for the fusion peptide (FP),
blue for the soluble ectodomain (SE), green for the transmembrane domain (TM), and orange for the endodomain (Endo). This color coding is also
used in Figures 2 and 8. Amino acid sequences are from the X31 strain, which is a H3 subtype. The C-terminal regions (black) include a non-native H6
tag for affinity chromatography. The G1E and I173E mutation sites are underlined in the HA2 sequence. (B) Ribbon diagrams of the SE in the final
trimer-of-hairpins structure (PDB entry 1QU1) and the FP with a closed helical hairpin structure (PDB entry 2KXA). A monomer subunit is
highlighted for the SE, as well as the terminal residues of regular secondary structure elements, and residue 173.
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helices in an internal parallel coiled coil, 180° turns, and
HA2110−128 helices that are antiparallel to and in the grooves of
the HA290−104 region of the coiled coil. The HA2130−141 β sheet
hairpins connect to HA2146−153 helices that are perpendicular to
the internal coiled coil, and the HA2154−178 segments have
extended structures antiparallel with the HA238−78 segment of
the coiled coil. There are limited data about the transformation
between the initial and final SE structures, but some data support
a functional role for the final trimer-of-hairpins state.3,16−19 For
example, exogenously added HA2 FP+SE constructs induce
steps 1 and 2 of “HA0-cell”/RBC fusion, where HA0 is a HA
variant that binds to RBC’s but does not induce fusion.20,21

There are striking similarities to HA-cell/RBC fusion, including
the requirement of a low pH and a greatly reduced level of fusion
for the G1E and I173E mutants that are in the HA2 FP’s and SE
strands, respectively. There are similar trends with pH and
mutations for vesicle fusion induced by full-length HA2 in the
final hairpin structure.14,15 These mutants are examined in the
study presented here. The aforementioned data support a model
in which HA1 dissociation leads to FP insertion in the target
membrane, formation of SE hairpin structure with consequent
membrane apposition, and then membrane fusion. An alternate
common mechanistic model is membrane fusion with HA2 in
intermediate structures that are not the trimer of hairpins, with
conversion of some of the free energy released during HA2
structural transformations into activation energy of fusion.1−3,22

For this model, the final trimer-of-hairpins state forms after
fusion is completed and is therefore a “postfusion” state.
The FP sequence is highly conserved across viral subtypes,

and its importance in fusion is evidenced by it (and the TM) as
the only HA segments that are deeply inserted in the membrane
after virus/vesicle fusion.4,23 HA-cell/RBC fusion is also
eliminated by the G1E mutation at the N-terminus of the
FP.11 The FP is initially in the HA2 ED/HA1 trimer in the
protein interior and has extended structure but adopts very
different structures without the rest of HA2 and HA1 and in
detergent-rich or lipid bilayer media.24−27 For example, HA21−23
in detergent is a monomer and adopts a “closed” helical hairpin
structure at both low and neutral pH, with 1−12 helix/tight
turn/14−22 helix topology and antiparallel tight packing of the
two helices (Figure 1B). In the membrane, there is some
population of the closed structure as well as a population of a
related “semiclosed” (less tightly packed) structure, with a larger
semiclosed:closed population ratio at pH 5 than at pH 7, with a
higher level of fusion at the lower pH. The EPR line widths of the
spin-labeled FP segment of the trimeric HA21−127 construct
bound to the membrane are also consistent with non-interacting
monomer FP’s. EPR relaxation data correlate with tilted
insertion of the FP helices in a single leaflet, with L2 and F3
being ∼12 Å from the membrane phosphorus plane.28

This study focuses on hydrogen−deuterium exchange
coupled tomass spectrometry (HDX-MS), which is an approach
for probing the segmental structure andmotion of proteins.29−32

Incubation of the whole protein in D2O leads to exchange of
backbone N−H for N−D and is followed by pepsin digestion
and then MS determination of the percent HDX (D%) of the
resultant peptides.33 The D% of a peptide is positively correlated
with the aqueous exposure, structural disorder, and motion of
the corresponding segment of the intact protein. HDX-MS has
previously been applied to the HA2 ED (without the TM or the
endodomain) in a complex with HA1.34 Incubation of the
complex for 3 h at pH 4.9 followed by HDX/MS at pH 7.4 gave
D% values that were generally consistent with the trimer-of-

hairpins structure for the HA2 SE (Figure 1B). For example, the
expected protection of the HA238−105 internal helices in this
structure correlates with a D% of <2% for the HA2 53−69 and
70−87 peptides for a 30 min exchange time, and exposure of
HA2106−175 loops, helices, and strands correlates with a largerD%
of >70% for the HA2 102−109, 100−115, 139−148, 149−167,
and 168−175 peptides. Peptides corresponding to the FP
segment were not analyzed.
This study describes HDX-MS of HA2 constructs in the

absence of HA1, including HA21−221, HA21−185 ≡ FP + SE ≡
“FHA2”, and HA220−211 ≡ SE + TM ≡ “SHA2_TM” (Figure
1A).14,15 Studies of HA2 by itself are relevant because HA2
catalyzes fusion after separation of HA1, and as noted earlier,
FHA2 and HA2 (without HA1) induce cell/cell and vesicle
fusion. Other new features of this study are inclusion of the TM
and endodomain, analysis of FP peptides, and comparison
between functional WT and fusion-impaired G1E and I173E
mutants. Our study addresses the long-standing hypothesis of a
thermostable bundle containing one ormore TMhelices and the
FP helix/helices, with all helices traversing the membrane
(Figure 2). This bundle is hypothesized after HA1 dissociation
and for late stages of fusion with a role in the final pore expansion
step.1,35−37 The bundle is potentially supported by inhibition of
this final but not earlier steps of HA-cell/RBC fusion by
truncation of the TM domain.38 Another potentially supporting
observation is full HA-cell/RBC fusion when the HA2 TM and
endodomain are replaced by the TM and endodomain of a
nonhomologous protein.39

Our study also examines the hypothesis that highly impaired
fusion for the I173E and G1E mutants is due to dissociation of
C-terminal strands of the SE, with consequent destabilization of
the N-terminal bundle of the SE (Figure 2). This hypothesis is
based on (1) the moderately reduced helicity of I173E versus
that of WT or G1E and (2) large and comparable decreases in
Tm (≤40 °C) for I173E and G1E versus that of WT, where
Tm(WT)≈ 90 °C.15 Correlation of the stability of the SE trimer
of hairpins with fusion supports the importance of membrane
apposition by the hairpin prior to fusion. The destabilizing effect
of the I173E mutation may be related to the loss of I173 side
chain contacts with the N-terminal bundle. G1E destabilization
of the SE is surprising because the mutation site is >35 residues
from the SE. We hypothesize that G1E destabilizes the FP
structure and that destabilized FP’s compete with the N-helix
bundle of the SE for binding with the C-terminal strands (Figure
2). This is just a hypothesis as there are not yet structural data for
G1E.

■ MATERIALS AND METHODS
The following reagents and columns were used: n-decyl β-D-
maltopyranoside (DM) (Anatrace, Maumee, OH), D2O (99.9
atom % D) (Cambridge Isotope Laboratories, Andover, MA),
and Enzymate BEH pepsin column (2.1mm× 30mm), XBridge
BEH Vanguard precolumn/trap column (2.1 mm × 5 mm, 2.5
μm particle size), and C18 column (2.1 mm × 50 mm) (Waters,
Milford, MA). Most other reagents were purchased from Sigma-
Aldrich (St. Louis, MO). Solvents were high-performance liquid
chromatography grade.
Figure 1A displays color-coded domain schematics and amino

acid sequences of constructs HA2, FHA2 ≡ HA21−185, and
SHA2_TM ≡ HA220−211 (UniProtKB entry P03437). The
sequences are from the X31 strain of influenza virus with
mutation of all native Cys residues, specifically C137S, C144A,
C148A, C195A, C199A, C210A, and C220A. SHA2_TM
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includes an N-terminal G20C mutation introduced for future
native chemical ligation (not part of this study). Intertrimer Cys
cross-linking is unlikely, based on the absence of such cross-
linking in a similar construct of the nonhomologous HIV gp41
protein that also adopts a trimer-of-hairpins structure.40 There
are non-native C-terminal regions LEG6H6 (HA2 and
SHA2_TM) or LEH6 (FHA2) for affinity chromatography.

The G1E- and I173E-HA2 constructs were also studied.
Preparation of the constructs and expression, purification, and
refolding protocols have been previously reported.15 Protein
stocks contained 40 μMprotein in 10mMTris-HCl buffer at pH
7.4 with 0.17% DM.
The HDX-MS apparatus included an incubated autosampler

(Waters 2777), an external pump (Shimadzu LC-20AD), a
UPLC pump system (Waters Acquity Binary Solvent Manager),
and a mass spectrometer (Waters Xevo G2S QTof) operating
with electrospray ionization in positive ion mode, and
continuum mode at m/z 50−2000.33 HDX was carried out in
1.6 mL capped tubes at 25 °C. The protein stock (6 μL) was
mixed with D2O buffer (114 μL), where the latter contained 5
mM HEPES/10 mM MES at pD 7.4 with 0.17% DM. After
initial manual mixing, individual tubes were kept without being
stirred in the autosampler for either 1, 5, 30, 60, or 120 min. A “0
min” sample was made by mixing with H2O buffer. After the
HDX time, the tube was removed from the autosampler and 120
μL of ice-cold formic acid (FA) was added, so that pH was
decreased to <3, which inhibited additional HDX. Back “DHX”
exchange was minimized by the surrounding ice around the tube
and around other solutions, injection ports, valves, and columns.
The next set of liquid transfers was performed with the

external pump. Protein digestion was performed in a pepsin
column that had been equilibrated with a flow of water with 0.1%
FA (H2OFA). The protein solution (100 μL) was transferred to
the column using a 0.1 mL/min flow, followed by digestion in
the column for 1 min. The solution was then transferred to the
trap column using a 0.5 mL/min flow, followed by desalting with
a 1 min flow of H2OFA. Flow control was transferred to the
UPLC system, and the flow rate set to 0.3 mL/min. The flow
then went from the trap column to the C18 column, and the
peptides were separated using mixtures of H2OFA and
acetonitrile with 0.1% FA (ACNFA). The following separation
program was used: 1% ACNFA (1 min), a gradient to 30%
ACNFA (3 min), a second gradient to 99% ACNFA (3 min), and
99% ACNFA (1 min). The flow from the column went to the
mass spectrometer for analysis.
The protocol described above was first applied to the “0 min”

sample prepared by mixing with H2O buffer. Individual m/z
peak distributions in themass spectrumwere assigned to specific
peptide sequences by manual comparison of the average natural-
abundance mass (MH) of the distribution with theoreticalMH’s.
Assignments were confirmed by MS/MS analysis. The mass
spectra of HDX samples were assigned by the same procedure.
Peaks assigned to a single peptide within a user-selected m/z
window were inputs for the HX-Express software, which then
calculated the peak area weighted-average m/z for each tHDX.

41

The outputs were the averageMH (tHDX = 0) and averageMD at
each tHDX that was greater than zero. For a particular peptide, the
percent deuterium incorporationD%(t) = 100× [MD(t)−MH]/
N, where N is the number of backbone amide hydrogens in the
peptide.

■ RESULTS AND DISCUSSION
Figure S1 displays sequence coverages for identified peptides
from the different constructs. For all constructs, there is >90%
coverage of the HA2 region of the sequence. Figure 3 displays
mass spectra versus tHDX for representative peptides of WT-
FHA2, SHA2_TM, and HA2, and Figure 4 displays D% vs
log10(tHDX/min) for all peptides of these constructs. Figures 5
and 6 display similar plots for WT-, G1E-, and I173E-HA2. The
HA2 data in Figures 3 and 4 are the same as theWT-HA2 data in

Figure 2. Structural models for WT and mutant HA2 constructs that
are based on the residue 1−22 FP closed helical hairpin (PDB entry
2KXA), the 36−175 SE hairpin (PDB entry 1QU1), the 186−211 TM
continuous α helix that traverses the membrane, and the 212−221
endodomain that is disordered. Residues 23−35 and 176−185 are
represented as squiggly lines, because there is not electron density for
these residues in PDB entry 1QU1 for all or some of the monomers of
the HA223−185 construct. The WT SE is the trimer of hairpins like in
Figure 1B, but a single monomer SE is displayed for the sake of clarity.
Two WT-HA2 models are shown that have either a FP with a helical
hairpin structure at the membrane interface or a FP with continuous α
helical structure in complex with a TM and with membrane traversal.
I173E-HA2 is shown with dissociated C-terminal SE strands and
reduced helicity in the N-terminal SE. This model is consistent with a
reduced overall helicity at ambient temperature and a reduced Tm for
I173E vs that of WT. G1E-HA2 is shown as an equilibrium between the
WT structure and the I173E structure with unfolded FP’s that bind the
C-terminal SE strands. This model is based on a similar helicity at
ambient temperature and a reduced Tm for G1E vs that of WT.
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Figures 5 and 6. Use of log10(tHDX) for the horizontal axis is for
clarity of presentation and is not based on a specific kinetic
model of HDX. The maximum D% values are ∼70% rather than
100%, which is consistent with some structure in all regions

other than the HA2212−221 endodomain and may also reflect
some reduction in D% due to DHX back-exchange during the
∼10 min digestion and chromatographic separation steps.31

Back-exchange is estimated using the 62% experimental

Figure 3.HDX-MS data for selected peptides of FHA2, SHA2_TM, and HA2 proteins in DM detergent. Plots of the mass spectral signal intensity vs
m/z are displayed for all values of tHDX (the incubation time of the protein in buffer with D2O). The identity and charge of each peptide are given in the
left column, with identities confirmed by MS/MS analysis. The shifts of the distributions to largerm/z values with tHDX reflect an increasing level of H
→ D substitution in the segment of the protein corresponding to the peptide.
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exchange at 2 h for HA2206−217. The 212−217 fragment in the
endodomain likely exhibits full exchange, whereas the 207−211
fragment in the TM is estimated to have 35−40% exchange
based on 48% and 31% values for HA2179−187 and HA2188−191,
respectively, that include residues from the other end of the TM.
The calculated exchange for the 212−217 fragment is ∼80%,
which implies ∼20% back-exchange. Informative conclusions
can still be drawn from our data based on significant variations in
the D% values of different peptides of the same construct and

variations in the D% values for the same peptide in different
constructs.
Tables 1 and 2 present ⟨D%⟩ for the peptides, where ⟨D%⟩ is

the average of all tHDX data, i.e., 1, 5, 30, 60, and 120 min. The
uncertainties are in parentheses with typical values of 0.5% that
are calculated using the root-mean-square deviations (RMSD’s)
of theD% values. Although ⟨D%⟩ does not have a specific physical
meaning, ⟨D%⟩ is a convenient single number for describing each
peptide. Figure 7 displays the models of Figure 2 with colors
based on the ⟨D%⟩ values from Tables 1 and 2.

Figure 4. Plots of percent deuterium incorporation (D%) vs log10(tHDX/min) for all analyzed peptides of FHA2, SHA2_TM, andHA2. Peak intensities
vsm/z (Figure 3) are inputs for the HX-Express software, which calculates peak area weighted-averagem/z values, denotedMH for dilution into H2O
buffer or MD(t) for dilution into D2O buffer for duration t ≡ tHDX. D%(t) = 100 × [MD(t) − MH]/N, where N is the number of backbone amide
hydrogens in the peptide. Each point in a plot is the average of triplicate measurements, with a typical RMSD of 1%. Table S1 lists allD%(t) values and
associated replicate uncertainties.
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The WT Structural Model Supports the Significance of
Membrane Apposition during Fusion. Figure 8 (left)
displays a structural model for WT-HA2 that is based on
integration of the HDX-MS data of this study and high-
resolution structures of segments of HA2. The FP and TM in
Figure 8 are in the different membranes that exist prior to fusion,

but no significant changes in protein structure are expected
when the FP and TM are in a single membrane after fusion.
Figure S2 displays the HA2 structures in a single membrane.
One caveat of the membrane interpretation of our HDX-MS
data is that our samples are in DM detergent. However, DM is
probably a reasonable membrane mimetic, as evidenced by well-

Figure 5.HDX-MS data for selected peptides of WT-, G1E-, and I173E-HA2 proteins in DM detergent. Plots of mass spectral signal intensity vsm/z
are displayed for all tHDX (the incubation time of the protein in buffer with D2O). The identity and charge of each peptide are given in the left column,
with identities confirmed by MS/MS analysis. The shifts of the distributions to larger m/z values with tHDX reflect an increasing level of H → D
substitution in the segment of the protein corresponding to the peptide.
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folded, hyperthermostable, and fusion-active protein in DM.15

For simplicity of presentation, we subsequently refer to only the
membrane. The model in Figure 8 includes the trimer-of-
hairpins SE structure shown in Figure 1B and is supported by
HDX-MS data for HA2, FHA2, and SHA2_TM (Figures 3, 4,
and 7), with typical ⟨D%⟩ of <5% for 39−99 peptides from the
trimer interior and 35−50% for 110−178 peptides from the
hairpin turns and trimer exterior. For the sake of clarity, Figure 8
shows only one monomer unit of the trimer. The FP and TM in
Figure 8 are displayed as independent domains with respective

membrane-interfacial and traversal locations. These locations
are based on ⟨D%⟩ values of >35% for the 1−21 fragment and
<3% for the 192−205 fragment. The data do not support a
transmembrane FP/TM complex, for which the ⟨D%⟩ for the FP
would be small and comparable with that of the TM (Figure 2).
The extensive exchange for the FP is more consistent with
monomer thanwith oligomer FP’s, whereas complete protection
of the TM is consistent with either monomer or oligomer TM’s
that traverse the membrane. The ⟨D%⟩ of 57% for the 206−217

Figure 6. Plots of percent deuterium incorporation (D%) vs log10(tHDX/min) for all analyzed peptides of WT-, G1E-, and I173E-HA2. Peak intensities
vsm/z (Figure 5) are inputs for the HX-Express software, which calculates peak area weighted-averagem/z values, denotedMH for dilution into H2O
buffer or MD(t) for dilution into D2O buffer for duration t ≡ tHDX. D%(t) = 100 × [MD(t) − MH]/N, where N is the number of backbone amide
hydrogens in the peptide. Each point in a plot is the average of triplicate measurements, with a typical RMSD of 1%. Table S2 lists allD%(t) values and
associated replicate uncertainties.
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region is consistent with a contribution from an aqueous-
exposed and structurally disordered HA2212−221 endodomain.
Figure 8 displays the 23−35 region as a 23−27 strand/28−30

turn/31−35 strand antiparallel β sheet. The HA21−175/HA1
structure contains this motif; by contrast, the HA223−185 ED
structure does not have clear electron density in the 23−33
region, and HA21−28 does not exhibit NMR signals for residues
25−28. The latter observations are reasonably interpreted to
support a flexible and disordered 23−35 region of HA2 with a
high level of aqueous exposure and an expected ⟨D%⟩ of >50%. It
was therefore unexpected that ⟨D%⟩22−38 equaled 17% for HA2
and FHA2 and 13% for SHA2_TM, with 0.6% uncertainties in
individual ⟨D%⟩22−38 values. For comparison, ⟨D%⟩39−52 values
are ∼4% and 8%, respectively, where the 39−52 fragment is on
the interior of the trimer of hairpins. The small ⟨D%⟩22−38 values
are consistent with a well-structured and aqueous-protected
region and are the basis for the proposed retention of the 23−35
β sheet hairpin in the final state of HA2 without HA1. The 23−
35 sequence is reasonably conserved across the subtypes of
hemagglutinin and likely is not deeply membrane-inserted, on
the basis of a few hydrophobic residues.4 Figure 8 also shows a
179−185 bend region like that in one of the six monomers of the
HA223−185 crystal structure; the remaining monomers do not
have electron density for most of these residues. The bend in all
monomer units is consistent with smaller values of ⟨D%⟩ of 39%

for residues 179−187 and 50% for residues 172−178, where the
latter is a well-structured segment on the exterior of the SE
trimer of hairpins.
Figure 8 provides a mechanistic basis for the observation that

HA2 in its final SE hairpin state without HA1 catalyzes cell/cell
and vesicle fusion, and we propose that the mechanism is also
relevant for virus/endosome fusion. For this mechanism, the
entire 23−185 ED provides a semirigid and hyperthermostable
connection between the FP and TM that ensures close
apposition of the two membranes prior to fusion and
compensates for much of the ∼60 kT (computed) activation
barrier between the initial two-membrane state and the first
“stalk” fusion intermediate.3 Subsequent hemifusion and pore
formation steps have much lower computed activation barriers.
We also use our model in Figure 8 to understand earlier

observations that the TM is necessary for the final pore
expansion step of HA-cell/RBC fusion and that efficient fusion
occurs with replacement of the HA2 TMwith a TM sequence of
a nonhomologous protein.39,42 The HDX-MS data do not
support a FP/TM complex, so the TM segments on their own
might facilitate pore expansion by shielding acyl chains of lipids
from water during their transition from the hemifusion
diaphragm separating the two bodies to the final continuous
bilayer enclosing the fused body. In addition, the membrane
location of both the FP and TM with the semirigid HA2 ED
structure may lead to positive membrane curvature (see Figure
S2 for HA2 with FP and TM in a single membrane). This

Table 1. ⟨D%⟩ Values for Peptides from FHA2, SHA2_TM,
and HA2a

peptide FHA2 SHA2_TM HA2

1−8 44.88(0.58) 63.02(0.52)
1−9 46.82(0.40) 63.03(0.94)
10−21 38.43(0.68) 53.88(0.31)
4−11 34.67(0.76)
22−38 17.19(0.61) 13.13(0.55) 17.43(0.66)
39−52 4.74(0.35) 8.12(0.13) 3.26(0.23)
53−69 3.33(0.34) 5.05(0.29) 5.50(0.23)
70−87 1.66(0.78) 3.47(0.15) 2.01(0.06)
86−91 1.81(0.42) 4.16(0.55) 3.02(0.54)
92−98 0.82(0.06) 0.74(0.12) 1.09(0.39)
92−99 1.73(0.29) 3.44(0.18) 2.18(0.25)
99−110 16.10(0.35) 19.05(0.52) 17.21(0.22)
110−115 28.04(0.70) 23.19(0.65) 32.87(0.36)
120−138 41.29(0.54) 41.40(0.96) 42.81(0.87)
133−138 35.72(0.54) 41.17(0.31) 42.20(0.51)
139−141 42.43(0.49) 47.03(0.55) 43.88(0.96)
142−150 46.68(0.83) 49.13(0.54) 47.04(0.04)
151−162 37.14(0.65) 37.95(0.38)
151−167 37.41(0.76) 41.21(0.66) 37.50(0.56)
163−167 43.33(0.71) 44.20(0.68) 45.43(0.34)
163−171 35.26(1.07) 35.38(0.83) 34.27(0.83)
168−171 52.98(0.73) 54.26(0.55) 48.97(0.87)
172−178 50.03(0.45) 49.36(0.98) 49.85(0.67)
179−187 39.10(0.47) 39.07(0.54)
188−191 11.27(0.54) 15.31(0.13)
192−197 2.59(0.32) 2.19(0.17)
198−202/199−203 1.19(0.28) 1.24(0.42)
200−202 0.40(0.24) 0.13(0.11)
200−205 0.89(0.13)
206−217 57.41(1.04)

a⟨D%⟩ is the average D% for tHDX = 1, 5, 30, 60, and 120 min (see
Figure 4 and Table S1). The numbers in parentheses are the
calculated uncertainties.

Table 2. ⟨D%⟩ Values for Peptides from WT-, G1E-, and
I173E-HA2a

peptide WT-HA2 G1E-HA2 I173E-HA2

1−8 63.02(0.52) 53.89(0.74)
3−9 55.09(1.00) 55.33(1.45)
10−21 53.88(0.31) 44.68(0.70)
12−22 49.79(1.14) 63.18(1.19)
22−38 17.43(0.66) 17.29(0.57) 35.23(0.42)
39−52 3.26(0.23) 47.00(0.87)
53−69 5.50(0.23) 4.12(0.51) 18.44(0.41)
70−87 2.01(0.06) 2.93(0.41) 1.75(0.11)
86−91 3.02(0.54) 3.16(0.54) 0.90(0.22)
92−98 1.09(0.39) 4.12(0.21) 4.64(0.12)
92−99 2.18(0.25) 1.92(0.59) 2.74(0.58)
99−110 17.21(0.22) 19.32(0.53) 21.40(0.92)
110−115 32.87(0.36) 31.43(0.77) 38.17(0.98)
120−138 42.81(0.87) 39.47(0.44) 46.49(0.77)
133−138 42.20(0.51) 43.02(0.39) 36.69(0.40)
139−141 43.88(0.96) 38.90(0.46) 40.22(1.05)
142−150 47.04(0.04) 50.58(0.29) 47.77(0.61)
151−167 37.50(0.56) 39.77(0.16) 44.26(0.85)
163−167 45.43(0.34) 46.64(0.41) 48.70(0.71)
163−171 34.27(0.83) 35.99(0.90) 40.11(0.71)
168−171 48.97(0.87) 54.33(1.51) 56.21(0.82)
172−178 49.85(0.67) 50.34(0.53) 60.05(0.81)
179−187 39.07(0.54) 42.79(0.96) 49.78(0.94)
188−191 15.31(0.13) 27.00(1.10) 32.11(1.11)
192−197 2.19(0.17) 1.07(0.17) 1.31(0.10)
198−202/199−203 1.24(0.42) 2.13(1.12) 1.62(0.85)
200−202 0.13(0.11) 0.00(0.00) 0.13(0.06)
206−217 57.41(1.04) 56.56(0.45) 55.63(1.00)

a⟨D%⟩ is the average D% for tHDX = 1, 5, 30, 60, and 120 min (see
Figure 6 and Table S2). The numbers in parentheses are the
calculated uncertainties.
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curvature may aid pore expansion, which typically has an
associated increase in positive curvature. Deletion of TM from
HA2 would probably release curvature stress and allow deeper
FPmembrane insertion. The latter prediction correlates with the
smaller ⟨D%⟩ for the FP in FHA2 versus HA2; e.g., ⟨D%⟩1−8
values of 45% versus 63% and ⟨D%⟩10−21 values of 54% versus
38%.Deletion of the FPmay also result in deeper insertion of the
protein, which correlates with smaller ⟨D%⟩22−38 values and
smaller ⟨D%⟩188−191 values for SHA2_TM versus HA2; i.e., 13%

versus 17% and 11% versus 15%, with typical uncertainties of
≈0.5%.

Structural Destabilization of I173E- and G1E-HA2
Underlies Their Fusion Impairment. Figure 8 (center)
displays a structural model for I173E-HA2 that is supported by
our HDX-MS data. The I173E structure is the same as that of
WT in the FP, 70−150 SE, TM, and endodomain regions, as
supported by the similar ⟨D%⟩ values of I173E and WT for the
1−8, 70−99, 120−150, and 192−217 segments. The C-terminal
strand of I173E is dissociated from the N-terminal bundle with a

Figure 7. Presentation of peptide ⟨D%⟩ fromTables 1 and 2 using color coding and the structural models of Figure 2. The colors forWT-HA2 are based
on the ⟨D%⟩ values of peptides 1−9, 10−21, 22−38, 39−52, 53−69, 70−87, 86−91, 92−98, 99−110, 110−115, 120−138, 139−141, 142−150, 151−
167, 168−171, 172−178, 179−187, 188−191, 192−197, 198−202, 200−205, and 206−217. The colors for other constructs are based on the ⟨D%⟩
values of subsets of these peptides with a few substitutions that include residues 3−9 for G1E-HA2 and residues 1−8 and 12−22 for I173E-HA2.
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consequent much greater level of aqueous exposure of the
bundle, as supported by the much larger ⟨D%⟩ of the 22−69
fragment for I173E versus WT, e.g., ⟨D%⟩22−38 values of 35%
versus 17%, ⟨D%⟩39−52 values of 47% versus 3%, and ⟨D%⟩53−69
values of 18% versus 6%. SE hairpin turns and C-terminal
strands are on the exterior of the WT structure and exhibit
significant ⟨D%⟩ values, but even larger ⟨D%⟩ values for I173E in
these segments support strand dissociation and SE destabiliza-
tion. For the same peptide in 100−115 and 151−191, the ⟨D%⟩
values are always larger for I173E than for WT, e.g., 60% versus
50% for the 172−178 peptide that contains the mutation site.
The model in Figure 8 supports the idea that highly impaired
fusion for I173E is due to a greater intermembrane distance that
results from a more flexible SE hairpin.
Figure 8 (right) displays a model for G1E-HA2 with a I173E-

like SE structure with a dissociated C-terminal strand bound to
unfolded FP. This structure is in equilibrium with the WT
structure, like in Figure 2. G1E fusion is consequently impaired
both by membrane apposition at a greater distance and by
weakened interaction of the FP with the target membrane. G1E
may destabilize the membrane-interacting helical hairpin FP
structure by reduction of the N-terminal NH3

+ charge/12−22
helix dipole interaction.43 FP/SE strand binding helps explain

the G1E destabilization of the SE, where the latter observation
was unanticipated because the trimer-of-hairpins structure of the
SE is thermostable in the absence of the FP.14 FP/SE binding in
Figure 8 is consistent with a decreased level of aqueous exposure
of G1E FP; e.g., ⟨D%⟩10−21 = 45% for G1E versus 54% for WT,
and ⟨D%⟩12−22 = 49% for G1E versus 63% for I173E. G1E likely
has the least thermostable FP and without SE binding would
exhibit higher rather than lower levels of aqueous exposure and
exchange. Partial dissociation of the C-terminal strand for G1E is
consistent with ⟨D%⟩ values for the 151−191 region that are
intermediate between the smaller WT and larger I173E values.
Distinct G1E SE states similar to either WT or I173E structures
are also evidenced by the bimodal behavior for the 39−52
fragment, with one distribution of peaks in am/z range similar to
that of WT and the other in a m/z range similar to that of I173E
(Figure 5). For tHDX = 120 min, there are approximately equal
sums of G1E peak intensities in the two ranges, and the
calculated D% values of 16% and 63% are similar to the values of
6% and 54% for WT and I173E, respectively. Table S3 lists the
D% values for the 39−52 fragment for all tHDX values. There are
similar ⟨D%⟩ values for G1E and WT for peptides in the 22−38,
53−150, and 192−217 regions.

Figure 8. Structural models for WT-, I173E-, and G1E-HA2 developed using the HDX-MS data of this study. The proteins are bound to two
membranes prior to fusion using color coding of domains like in Figures 1 and 2. WT has a trimer-of-hairpins structure for the SE as in Figure 1B, but
only one monomer is shown for the sake of clarity. The approximate positions of specific residues are indicated by the numbers. The WT model
combines the residue 1−22 closed FP helical hairpin (PDB entry 2KXA), the 23−35 antiparallel β sheet of the HA21−175/HA1 complex (PDB entry
2HMG), the 36−178 hairpin SE structure (PDB entry 1QU1), the 186−211 continuous α helix for TM, and the 212−221 unstructured endodomain.
The 179−185 extended structure is found in one monomer in PDB entry 1QU1, but there is not electron density for these residues in the other two
monomers. The TM traverses the virus membrane; the FP is interfacially bound to the target membrane, and the membranes are held in close
apposition by the fully structured and semirigid 23−185 SE. The close apposition reduces the activation energy for fusion. The HDX-MS data support
new features in Figure 8 vs those in Figure 2 that include the 23−35 β sheet, 179−185 structure, and respective membrane-interfacial and traversal
locations of the FP and TM rather than the FP/TM complex in Figure 2. The structure in Figure 8 is retained in the final fused membrane, which has
local positive curvature that accommodates the FP and TM locations (see Figure S2) and may be important for fusion pore expansion. The I173E
model shows dissociation of the C-terminal strands from the trimer of hairpins and reduced helicity for the N-helices, with resulting larger average
distances between the membranes, and impaired fusion catalysis. The G1E model shows binding of the FP to the C-terminal strands, which results in
more distant membrane apposition and weaker binding of the FP to the target membrane, and consequent impaired fusion catalysis. The displayed
G1E structure is in equilibrium with the WT structure, like in Figure 2.
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Integration with Previous Studies. The high Tm of 91 °C
of WT-HA2 correlates with the highly ordered structural model
in Figure 8. The thermostability and rigidity of WT-HA2 are
needed for the membrane apposition function of HA2 in fusion.
The lower Tm values of 79 °C for I173E and 75 °C for G1E
correlate with the loss of SE structure and the consequent
increased intermembrane distance and impaired fusion (Figure
8).15

The FP and TM in Figure 8 are displayed with membrane-
interfacial and traversal locations, respectively, that correlate
with peptides with a ⟨D%⟩ value of >35% in the 1−21 region and
a ⟨D%⟩ value of <3% in the 192−205 region. The low ⟨D%⟩
values of TM are consistent with either the monomer or the
oligomer TM that traverses the membrane. The monomer TM
is consistent with the low degree of sequence conservation in
this domain among HA subtypes and with robust HA-cell/RBC
fusion after substitution of the native TM and endodomain
sequences with those of an unrelated protein.4,39 However, cryo-
electronmicroscopy of the HA2/HA1 initial trimer complex in a
detergent was interpreted to support a trimeric TM bundle.36

We note that fluorescence and SDS−PAGE data for HA2 TM
peptides support a fraction of oligomeric peptides.37,44

The ⟨D%⟩ values of 63% for the 1−8 fragment and 54% for the
10−21 fragment from the FP of HA2 are comparable with the
⟨D%⟩ value of 57% of the 206−217 fragment that includes part of
the likely unstructured and aqueous exposed HA2212−221
endodomain. Thus, the FP ⟨D%⟩ could be consistent with
unfolded FP in aqueous solution. However, we consider this
scenario unlikely because of the stability of the FP helical hairpin
in detergent and membrane and the hydrophobic-effect free
energy penalty associated with aqueous solubilization.24,27,45

The larger ⟨D%⟩ values of FP in HA2 versus FHA2 are
completely inconsistent with a FP/TM complex, but we note
that earlier fluorescence, EPR, and calorimetric data were
interpreted to support weak association in the membrane
between a peptide containing the TM sequence and a peptide
containing the FP sequence.37,46 By contrast, there was no close
contact between the FP and TM domains of a 194-residue FP
+SE+TM HIV gp41 fusion protein construct.47 HIV gp41 is
nonhomologous withHA2, but the SE’s of the two proteins both
adopt trimer-of-hairpins structures.40,48−50 Finally, we note that
although the preponderance of simulations and experimental
data support a membrane-interfacial location for the FP in the
absence of the rest of HA2, there are some simulations and
experimental data that support membrane traversal for the
isolated FP.24,51−55

The models in Figure 8 and Figure S2 have local positive
membrane curvature to achieve interfacial locations for the FP
and the N-terminus of the TM. HA2-stabilized curvature could
be important for fusion catalysis, as there are likely membrane
intermediates during fusion with local curvature.1,56 Earlier
studies have provided experimental data that evidence
stabilization of local membrane curvature by viral fusion
peptides.57−60

The D% data from this study are compared to those of an
earlier study in which the HA21−175/HA1 complex that lacked
the TM and endodomain was incubated in a pH 4.9 solution
without detergent for 3 h, neutralized, and subjected to a
protocol similar to that described in the study presented here.34

The earlier protocol included incubation in 85% D2O for tHDX =
0.05, 1, 30, or 1200min, acidification, pepsin digestion, andmass
spectrometric analysis of the peptide products. Direct
comparison can be made between the D% for tHDX = 1 and 30

min, which are common to both studies. Comparison is made
using our data for FHA2 ≡HA21−185, as this construct is closest
to the HA21−175 subunit of the complex with HA1. There are
minor differences in how D% was calculated in the two studies.
As noted earlier, our D% values do not account for back-
exchange and might therefore be reduced by∼0.8 relative to the
earlier study that appeared to account for back-exchange. For
both studies, peptides in the 53−99 region exhibit D% values of
<5%, which is consistent with the interior location of the 38−
105 helices of the trimer-of-hairpins structure. For both studies,
peptides from the 99−171 region exhibit largerD% values, which
correlates with the exterior location of most of this region in the
structure. However, the D% values for the study presented here
are much lower than those from the previous study, even with a
0.8 multiplication of the previous values. Figure S3 provides
some examples of this trend that holds for the 22−52 and 99−
171 regions. For example, comparison of the 22−38 region for
FHA2 versus HA21−175/HA1 shows D% values of 14% and 75%
for tHDX = 1 min and D% values of 17% and 85% for tHDX = 30
min, respectively. For the 39−52 fragment,D% = 2% and 40% for
tHDX = 1 min and D% = 5% and 55% for tHDX = 30 min,
respectively. For the 110−115 peptide at either tHDX, D% = 26%
and 100%, respectively. For the 151−167 peptide,D% = 35% and
80% for tHDX = 1min andD% = 37% and 100% for tHDX = 30min,
respectively. Another difference is that peptides from the FP
were straightforwardly analyzed in the study presented here with
HA2-only constructs but not in the earlier study with low-pH
incubation of the HA21−175/HA1 complex because of significant
broadening of the envelopes of peaks. Such broadening was not
observed for the complex that had not undergone the incubation
and consequent large-scale structural rearrangement. One
experimental difference between the study presented here and
the earlier study is the presence and absence of detergent,
respectively. HA2 constructs form aggregates in the absence of
detergent via the exposed FP’s. Detergent is also important for
FHA2 folding as evidenced by circular dichroism θ222 values that
correlate with 65% and 25% helicity in the presence and absence
of detergent, respectively.15,21 The 65% helicity in detergent is
consistent with folded protein as it matches the percent helicity
calculated using the numbers of helical residues in the trimer-of-
hairpins SE structure and in the helical hairpin FP structure in
detergent. The envelope broadening of peptides from the FP
and the larger D% of the earlier study may therefore reflect
HA21−175 proteins that are aggregated and less folded than the
HA2 constructs in detergent in the study presented here.
We also compare the D% of the FP region of the study

presented here with earlier NMR-measured HDX rates for
HA21−23 in detergent.24 Residues 2−6, 12−17, and 20−23
exhibit rates of >0.1 s−1 and would be completely exchanged
even for the shortest tHDX of 1 min in the study presented here.
For tHDX = 1 min, the 1−9 peptide exhibits a D% of 20% for
FHA2 versus a D% of 45% for HA2 and 10−21 exhibits a D% of
35% for FHA2 versus aD% of 44% forHA2. For amodel in which
FP residues 2−6, 12−17, and 20−23 completely exchange and
other residues do not exchange, the calculated D% = 63% for
residues 1−9 and D% = 73% for residues 10−21. The FP
therefore exhibits greater protection in FHA2 and HA2 than in
HA21−23.

Dependence of D% on tHDX. For the study presented here,
peptides from the exterior of the SE often exhibit significant D%
for tHDX = 1 min and then small increases in D% for larger tHDX
values up to the maximum of 2 h. D% is a measure of aqueous
exposure, as supported by negligible exchange of the N-helix in
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WT-FHA2 and HA2, and negligible exchange of TM in all HA2
proteins. Peptides from structured regions on the protein
exterior have some residues facing outward with aqueous
exposure and some facing inward without exposure. Even
modest exposure results in complete exchange at tHDX = 1 min,
as supported by the calculated complete exchange in 1 min for
the slowest NMR-measured exchange rate for HA21−23
described above. Thus, the D% value at tHDX = 1 min for
peptides from the outside of the HA2 SE likely reflects their
fraction of aqueous-exposed residues. The small increases in D%
with larger tHDX values for the WT proteins likely reflect their
structural stability and small unfolded population, which is
consistent with their Tm values of >85 °C. The bimodal data for
G1E-HA239−52 are also consistent with this model, with one
population with a low level of exchange from protein that
remains folded and a second population with a high level of
exchange from protein that has transiently unfolded. The latter
fractional population increases with tHDX. Similar trends of D%
versus tHDX over the range from 1 min to 2 h has also been
observed for other proteins.33

■ SUMMARY
HDX-MS has been applied to subunit 2 of the influenza virus
hemagglutinin protein that mediates fusion between the virus
and endosome membranes. A high level of aqueous exposure of
the fusion peptide and a high level of aqueous protection of the
transmembrane region are consistent with separate domains that
have respective membrane-interfacial and traversal locations.
The HDX-MS data are also consistent with a trimer-of-hairpins
structure for the soluble ectodomain. A high level of aqueous
protection of the 22−38 peptide supports a well-structured
segment and is consistent with retention of the 23−35
antiparallel β sheet found in the initial HA2/HA1 complex.
The β sheet provides a semirigid connection between the fusion
peptide and soluble ectodomain and aids close apposition of the
two membranes prior to fusion. HDX-MS was also performed
on the G1E and I173E mutants that result in highly impaired
fusion. I173E shows a much higher level of aqueous exposure
versus WT of the 22−69 and 150−191 regions, which correlates
with dissociation of the C-terminal strands of the trimer of
hairpins. G1E has a level of aqueous exposure of these regions
intermediate between those of WT and I173E as well as an
increased level of protection of the fusion peptide. These data
are consistent with binding of the G1E fusion peptide to the
dissociated C-terminal strands. The HDX-MS data support a
model in which a reduced level of fusion by the mutants is due to
the larger distance between the apposed membranes and for
G1E also the loss of the contact of the fusion peptide with the
target membrane.
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Figure S1. Sequences with peptides observed by mass spectrometry underlined with domains 

colored: fusion peptide (FP), pink; soluble ectodomain (SE), blue; transmembrane domain (TM), 

green; and endodomain, orange. The non-native C-terminal regions are in black. 
 

FHA2    
 10         20         30         40         50         60  
GLFGAIAGFI ENGWEGMIDG WYGFRHQNSE GTGQAADLKS TQAAIDQING KLNRVIEKTN  
 
        70         80         90        100        110        120  
EKFHQIEKEF SEVEGRIQDL EKYVEDTKID LWSYNAELLV ALENQHTIDL TDSEMNKLFE  
 
       130        140        150        160        170        180  
KTRRQLRENA EEMGNGSFKI YHKADNAAIE SIRNGTYDHD VYRDEALNNR FQIKGVELKS  
 
       190         
GYKDWLEHHHH HH  
 
 

SHA2_TM  
            20         30         40         50         60  
                    C WYGFRHQNSE GTGQAADLKS TQAAIDQING KLNRVIEKTN  
 
        70         80         90        100        110        120  
EKFHQIEKEF SEVEGRIQDL EKYVEDTKID LWSYNAELLV ALENQHTIDL TDSEMNKLFE  
 
       130        140        150        160        170        180  
KTRRQLRENA EEMGNGSFKI YHKADNAAIE SIRNGTYDHD VYRDEALNNR FQIKGVELKS  
 
       190        200        210        220         
GYKDWILWIS FAISAFLLAV VLLGFIMWAA QGGGGGGLEH HHHHH  
 
  



S3 
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Tables S1. Percent deuterium incorporation vs. HDX time for peptides from FHA2, SHA2_TM, and 

HA2. Each value is the average of triplicate measurements, and the standard deviation is given in 

parentheses.  

 
HDX time/min Deuterium Incorporation (%) 

(1-8) 
FHA2 HA2 

1  22.86 (0.62) 47.00 (1.21) 
5 34.86 (1.03) 63.05 (0.73) 

30 48.77 (1.19) 66.38 (1.72) 
60 56.21 (1.71) 68.90 (1.21) 

120 61.71 (1.62) 69.76 (0.46)  
 

HDX time/min Deuterium Incorporation (%) 
(1-9) 

FHA2 HA2 
1  19.79 (0.85) 45.31 (2.21) 
5 36.75 (0.43) 61.88 (2.12) 

30 55.50 (0.82) 67.13 (2.29) 
60 56.25 (0.00) 69.92 (2.74) 

120 65.83 (1.57) 70.93 (0.26) 
 

HDX time/min  Deuterium Incorporation (%) 
(10-21) 

FHA2 HA2 
1  34.58 (2.78) 43.58 (0.18) 
5 37.27 (0.77) 46.09 (0.00) 

30 39.27 (0.68) 57.05 (1.09) 
60 39.91 (1.02) 57.07 (1.09) 

120 41.21 (1.28) 65.59 (0.06) 
 

HDX time/min Deuterium Incorporation (%) 
 (4-11) FHA2 

1  20.86 (0.51) 
5 28.33 (0.21) 

30 37.10 (2.06) 
60 42.05 (3.13) 

120 45.00 (0.01) 
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HDX time/min Deuterium Incorporation (%) 
(22-38) 

FHA2 SHA2_TM HA2 
1  14.40 (2.38) 8.69 (0.00) 12.83 (2.02) 
5 15.73 (1.15) 10.79 (0.85) 15.81 (0.50) 

30 16.60 (0.07) 13.33 (2.17) 17.60 (1.87) 
60 18.25 (0.92) 15.63 (1.32) 19.69 (1.77) 

120 20.98 (1.16) 17.19 (0.60) 21.21 (0.22) 
 

HDX time/min Deuterium Incorporation (%) 
(39-52) 

FHA2 SHA2_TM HA2 
1  1.95 (0.22) 6.18 (0.32) 0.74 (0.24) 
5 3.90 (1.35) 7.08 (0.25) 1.59 (0.51) 

30 5.28 (0.58) 7.61 (0.27) 3.49 (0.85) 
60 5.79 (0.54) 7.97 (0.40) 4.64 (0.45) 

120 6.77 (0.75) 11.97 (0.09) 5.85 (0.23) 
 

HDX time/min Deuterium Incorporation (%) 
(53-69) 

FHA2 SHA2_TM HA2 
1  1.63 (1.23) 4.25 (0.68) 4.68 (0.77) 
5 2.91 (0.49) 4.79 (0.91) 4.63 (0.18) 

30 3.72 (0.31) 5.04 (0.84) 5.99 (0.61) 
60 4.00 (0.35) 5.63 (0.31) 6.00 (0.35) 

120 4.41 (0.93) 5.53 (0.04) 6.21 (0.44) 
 

HDX time/min Deuterium Incorporation (%) 
(70-87) 

FHA2 SHA2_TM HA2 
1  0.09 (0.12) 2.21 (0.04) 1.68 (0.21) 
5 0.29 (0.41) 3.09 (029) 1.68 (0.04) 

30 1.26 (1.54) 3.44 (0.04) 2.00 (0.17) 
60 1.47 (0.99) 3.97 (0.37) 2.21 (0.04) 

120 5.18 (3.41) 4.65 (0.58) 2.50 (0.04) 
 

HDX time/min Deuterium Incorporation (%) 
(86-91) 

FHA2 SHA2_TM HA2 
1  1.00 (1.56) 0.20 (0.28) 2.07 (1.33) 

5 0.40 (0.28) 2.70 (2.40) 1.93 (0.41) 

30 0.47 (0.23) 5.00 (0.84) 1.50 (0.14) 

60 1.20 (1.38) 5.70 (0.98) 3.53 (1.89) 

120 6.00 (0.20) 7.20 (0.20) 6.07 (1.33) 
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HDX time/min Deuterium Incorporation (%) 
(92-98) 

FHA2 SHA2_TM HA2 
1  0.78 (0.09) 0.61 (0.53) 1.58 (0.12) 
5 0.67 (0.16) 0.89 (0.09) 0.94 (0.25) 

30 0.92 (0.11) 0.83 (0.16) 0.94 (0.41) 
60 0.83 (0.00) 0.78 (0.09) 1.06 (0.25) 

120 0.89 (0.19) 0.61 (0.25) 0.94 (0.25) 
 

HDX time/min Deuterium Incorporation (%) 
(92-99) 

FHA2 SHA2_TM HA2 
1  1.19 (0.41) 3.93 (0.30) 4.64 (0.10) 
5 1.52 (0.43) 3.76 (0.35) 0.90 (0.08) 

30 1.64 (0.70) 3.62 (0.16) 1.90 (0.86) 
60 1.64 (0.90) 4.21 (0.50) 2.09 (0.82) 

120 2.67 (0.70) 1.67 (0.54) 1.38 (0.36) 
 

HDX time/min Deuterium Incorporation (%) 
(99-110) 

FHA2 SHA2_TM HA2 
1  7.48 (0.54) 10.15 (1.99) 4.15 (0.10) 
5 13.33 (1.42) 18.85 (0.84) 10.91 (0.86) 

30 18.23 (0.32) 21.00 (1.10) 21.15 (0.60) 
60 20.50 (0.32) 22.09 (0.72) 24.12 (0.19) 

120 20.97 (0.72) 23.18 (0.51) 25.73 (0.15) 
 

HDX time/min Deuterium Incorporation (%) 
(110-115) 

FHA2 SHA2_TM HA2 
1  25.90 (1.55) 17.13 (1.22) 26.33 (0.61) 

5 25.40 (1.41) 21.13 (2.51) 28.00 (1.59) 

30 26.10 (0.14) 22.90 (0.99) 33.80 (0.00) 

60 29.60 (2.83) 26.60 (1.25) 36.50 (0.14) 

120 33.20 (0.00) 28.20 (0.60) 39.73 (0.61) 

 
HDX time/min Deuterium Incorporation (%) 

(120-138) 
FHA2 SHA2_TM HA2 

1  38.39 (1.72) 39.72 (0.00) 42.50 (3.22) 

5 38.93 (1.57) 39.83 (2.84) 42.44 (1.86) 

30 39.56 (0.39) 40.72 (0.02) 42.11 (2.19) 

60 43.72 (1.26) 42.17 (1.41) 43.97 (0.71) 

120 45.86 (0.27) 44.56 (3.61) 43.03 (0.04) 

 



S7 
 

HDX time/min Deuterium Incorporation (%) 
(133-138) 

FHA2 SHA2_TM HA2 
1  34.33 (0.94) 33.87 (0.11) 39.33 (0.11) 

5 34.83 (1.17) 39.00 (1.13) 41.73 (0.98) 

30 35.83 (0.00) 42.93 (0.75) 42.07 (0.46) 

60 35.94 (1.00) 44.80 (0.69) 43.53 (1.72) 

120 37.67 (2.02) 45.27 (0.23) 44.33 (1.55) 

 
HDX time/min Deuterium Incorporation (%) 

(139-141) 
FHA2 SHA2_TM HA2 

1  34.50 (2.17) 37.25 (1.76) 31.00 (1.80) 

5 36.75 (1.06) 46.25 (1.76) 43.33 (3.78) 

30 46.50 (0.00) 50.25 (1.06) 46.83 (1.60) 

60 46.75 (0.35) 50.75 (0.35) 48.75 (1.06) 

120 47.75 (0.35) 50.67 (0.28) 49.50 (1.32) 

 
HDX time/min Deuterium Incorporation (%) 

(142-150) 
FHA2 SHA2_TM HA2 

1  45.13 (0.87) 46.63 (0.00) 41.83 (0.14) 

5 46.04 (1.22) 46.96 (0.14) 44.63 (0.00) 

30 47.29 (2.30) 49.96 (2.67) 48.46 (0.07) 

60 47.08 (3.10) 51.08 (0.07) 48.38 (0.00) 

120 47.88 (0.00) 51.04 (0.07) 51.92 (0.14) 

 
HDX time/min Deuterium Incorporation (%) 

(151-162) 
FHA2 HA2 

1  32.91 (0.00) 30.88 (0.57) 
5 35.18 (1.41) 34.85 (0.31) 

30 37.76 (0.10) 40.39 (1.63) 
60 39.42 (2.93) 41.55 (0.68) 

120 40.42 (0.05) 42.06 (0.37) 
 

HDX time/min Deuterium Incorporation (%) 
(151-167) 

FHA2 SHA2_TM HA2 
1  34.62 (0.64) 38.21 (1.60) 33.09 (0.75) 

5 35.87 (1.40) 40.88 (1.92) 34.50 (1.03) 

30 36.60 (2.15) 41.25 (1.20) 38.75 (1.25) 

60 38.89 (2.18) 41.90 (0.25) 40.33 (1.58) 

120 41.06 (1.67) 43.79 (1.75) 40.83 (1.43) 
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HDX time/min Deuterium Incorporation (%) 
(163-167) 

FHA2 SHA2_TM HA2 
1  36.12 (0.17) 30.33 (0.14) 43.75 (1.06) 

5 40.37 (3.00) 46.12 (1.94) 44.25 (0.25) 

30 45.50 (1.76) 45.67 (1.84) 45.75 (0.35) 

60 47.08 (0.14) 46.62 (1.59) 46.42 (1.01) 

120 47.58 (0.76) 52.25 (1.41) 47.00 (0.75) 

 
HDX time/min Deuterium Incorporation (%) 

(163-171) 
FHA2 SHA2_TM HA2 

1  35.94 (1.67) 33.83 (2.52) 31.88 (1.23) 

5 37.13 (1.59) 35.81 (2.20) 31.19 (0.44) 

30 33.25 (3.89) 36.71 (1.94) 36.06 (0.08) 

60 35.50 (2.62) 35.38 (0.79) 35.08 (0.76) 

120 34.50 (1.06) 35.19 (1.32) 37.17 (0.68) 

 
HDX time/min Deuterium Incorporation (%) 

(168-171) 
FHA2 SHA2_TM HA2 

1  49.22 (0.50) 34.33 (0.88) 39.67 (0.50) 

5 49.44 (0.38) 55.50 (0.70) 48.50 (0.38) 

30 50.67 (2.29) 58.83 (1.64) 51.44 (3.29) 

60 55.00 (2.64) 59.22 (1.38) 51.56 (2.65) 

120 60.56 (0.76) 63.44 (1.34) 53.67 (0.76) 

 
HDX time/min Deuterium Incorporation (%) 

(172-178) 
FHA2 SHA2_TM HA2 

1  40.72 (0.85) 37.33 (2.82) 38.08 (0.82) 
5 47.25 (1.29) 50.06 (1.10) 43.61 (2.89) 

30 50.75 (1.06) 50.25 (1.53) 55.06 (1.10) 
60 53.17 (1.17) 53.75 (3.41) 56.06 (1.00) 

120 58.25 (0.35) 55.39 (0.96) 56.42 (0.35) 
 

HDX time/min Deuterium Incorporation (%) 
(179-187) 

SHA2_TM HA2  
1  32.63 (0.35) 25.63 (0.65) 
5 37.06 (1.67) 38.75 (1.76) 

30 40.75 (1.11) 38.38 (1.51) 
60 41.54 (1.16) 45.08 (1.01) 

120 43.50 (0.33) 47.50 (0.65) 
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HDX time/min Deuterium Incorporation (%) 
(188-191) 

SHA2_TM HA2 
1  6.78 (0.38) 2.56 (0.19) 
5 6.00 (0.01) 3.89 (0.19) 

30 10.33 (0.00) 15.00 (0.00) 
60 15.89 (2.50) 24.00 (0.57) 

120 17.33 (0.00) 31.11 (0.19) 
 

HDX time/min Deuterium Incorporation (%) 
(192-197) 

SHA2_TM HA2 
1  1.07 (0.64) 2.00 (0.20) 
5 0.93 (0.30) 1.50 (0.14) 

30 0.50 (0.14) 2.40 (0.53) 
60 0.87 (0.11) 2.47 (0.50) 

120 9.60 (1.41) 2.60 (0.34) 
 

HDX time/min Deuterium Incorporation (%) 
(198-202/199-203) 

SHA2_TM HA2 
1  0.88 (0.88) 2.00 (0.17) 
5 2.17 (0.29) 0.63 (0.17) 

30 1.17 (0.87) 1.00 (1.52) 
60 0.88 (0.53) 2.17 (1.44) 

120 0.83 (0.14) 0.42 (0.14) 
 

HDX time/min Deuterium Incorporation (%) 
(200-202) 

SHA2_TM HA2 
1  0.33 (0.28) 0.00 (0.00) 
5 0.17 (0.28) 0.17 (0.28) 

30 0.17 (0.28) 0.17 (0.28) 
60 0.67 (0.76) 0.17 (0.28) 

120 0.67 (0.76) 0.17 (0.28) 
 

HDX time/min Deuterium Incorporation (%) 
HA2 (200-205) 

1  0.53 (0.23) 
5 0.40 (0.00) 

30 1.00 (0.59) 
60 1.53 (0.11) 

120 1.00 (0.20) 
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HDX time/min Deuterium Incorporation (%) 

HA2 (206-217) 
1  50.46 (2.76) 
5 54.12 (2.09) 

30 59.33 (3.22) 
60 61.50 (1.80) 

120 61.64 (1.10) 
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Tables S2. Percent deuterium incorporation vs. HDX time for peptides from digested WT-, G1E-, and 

I173E- HA2. Each value is the average of triplicate measurements, and the standard deviation is 

given in parentheses. 

 
HDX time/min Deuterium Incorporation (%) 

(1-8) 
WT-HA2 I173E-HA2 

1  47.00 (1.21) 37.14 (2.45) 
5 63.05 (0.73) 44.79 (0.91) 

30 66.38 (1.72) 60.00 (2.62) 
60 68.90 (1.21) 63.29 (0.40) 

120 69.76 (0.46) 64.21 (0.10) 
 

HDX time/min Deuterium Incorporation (%) 
(3-9) 

G1E-HA2 I173E-HA2 
1  42.17 (0.94) 42.42 (2.47) 
5 54.94 (1.86) 49.11 (3.26) 

30 58.94 (2.77) 59.58 (3.41) 
60 59.08 (0.82) 62.25 (3.89) 

120 60.33 (3.49) 63.28 (3.00) 
 

HDX time/min Deuterium Incorporation (%) 
(10-21) 

WT-HA2 G1E-HA2 
1  43.58 (0.18) 38.14 (2.51) 
5 46.09 (0.00) 43.67 (0.50) 

30 57.05 (1.09) 45.39 (0.71) 
60 57.07 (1.09) 46.03 (1.08) 

120 65.59 (0.06) 50.18 (1.98) 
 

HDX time/min Deuterium Incorporation (%) 
(12-22) 

G1E-HA2 I173E-HA2 
1  43.83 (2.92) 52.25 (3.16) 
5 45.10 (3.53) 63.13 (4.84) 

30 49.67 (3.35) 65.73 (0.67) 
60 51.30 (3.13) 66.73 (0.90) 

120 59.05 (1.20) 68.07 (0.66) 
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HDX time/min Deuterium Incorporation (%) 

(22-38) 
WT-HA2 G1E-HA2 I173E-HA2 

1  12.83 (2.02) 14.67 (0.60) 30.06 (1.24) 
5 15.81 (0.50) 15.96 (1.60) 33.34 (0.04) 

30 17.60 (1.87) 17.15 (1.02) 35.75 (0.89) 
60 19.69 (1.77) 18.04 (0.65) 37.77 (0.97) 

120 21.21 (0.22) 20.65 (1.92) 39.23 (1.07) 
 

HDX time/min Deuterium Incorporation (%) 
(39-52) 

WT-HA2 G1E-HA2 I173E-HA2 
1  0.90 (0.22)  35.27 (3.86) 
5 1.56 (0.54)  39.36 (1.76) 

30 4.10 (0.55) EX1 kinetics 51.58 (0.60) 
60 4.85 (0.16)  53.85 (0.62) 

120 5.95 (2.05)  54.95 (0.42) 
 

HDX time/min Deuterium Incorporation (%) 
(53-69) 

WT-HA2 G1E-HA2 I173E-HA2 
1  4.68 (0.77) 3.21 (0.77) 9.02 (0.12) 
5 4.63 (0.18) 2.82 (1.30) 16.77 (0.03) 

30 5.99 (0.61) 4.10 (0.22) 18.04 (0.82) 
60 6.00 (0.35) 5.16 (1.10) 21.53 (1.76) 

120 6.21 (0.44) 5.33 (1.75) 26.83 (0.64) 
 

HDX time/min Deuterium Incorporation (%) 
(70-87) 

WT-HA2 G1E-HA2 I173E-HA2 
1  1.68 (0.21) 1.03 (0.04) 1.23 (0.35) 
5 1.68 (0.04) 1.32 (0.12) 1.64 (0.21) 

30 2.00 (0.17) 1.91 (0.04) 1.71 (0.21) 
60 2.21 (0.04) 3.03 (1.29) 2.03 (0.27) 

120 2.50 (0.04) 7.35 (1.58) 2.13 (0.20) 
 

HDX time/min Deuterium Incorporation (%) 
(86-91) 

WT-HA2 G1E-HA2 I173E-HA2 
1  2.07 (1.33) 0.20 (0.34) 0.73 (0.46) 
5 1.93 (0.41) 0.47 (0.42) 0.93 (0.46) 

30 1.50 (0.14) 3.73 (0.11) 0.60 (0.00) 
60 3.53 (1.89) 4.73 (1.28) 0.93 (0.30) 

120 6.07 (1.33) 6.67 (2.33) 1.33 (0.81) 
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HDX time/min Deuterium Incorporation (%) 

(92-98) 
WT-HA2 G1E-HA2 I173E-HA2 

1  0.78 (0.09) 4.17 (0.47) 4.72 (0.19) 
5 0.67 (0.16) 3.25 (0.11) 4.72 (0.09) 

30 0.92 (0.11) 4.28 (0.10) 4.33 (0.44) 
60 0.83 (0.00) 4.56 (0.84) 4.44 (0.10) 

120 0.89 (0.19) 4.33 (0.33) 5.00 (0.29) 
 

HDX time/min Deuterium Incorporation (%) 
(92-99) 

WT-HA2 G1E-HA2 I173E-HA2 
1  4.64 (0.10) 1.48 (0.29) 3.71 (1.61) 
5 0.90 (0.08) 1.29 (0.51) 2.81 (1.30) 

30 1.90 (0.86) 1.86 (1.24) 2.20 (1.03) 
60 2.09 (0.82) 2.09 (1.53) 2.43 (0.87) 

120 1.38 (0.36) 2.86 (2.10) 2.57 (1.51) 
 

HDX time/min Deuterium Incorporation (%) 
(99-110) 

WT-HA2 G1E-HA2 I173E-HA2 
1  4.15 (0.10) 10.00 (1.41) 10.86 (0.32) 
5 10.91 (0.86) 17.76 (0.58) 12.27 (1.80) 

30 21.15 (0.60) 18.61 (0.32) 24.51 (2.73) 
60 24.12 (0.19) 21.45 (1.96) 29.06 (2.80) 

120 25.73 (0.15) 28.79 (0.93) 30.30 (1.59) 
 

HDX time/min Deuterium Incorporation (%) 
(110-115) 

WT-HA2 G1E-HA2 I173E-HA2 
1  26.33 (0.61) 27.07 (1.70) 26.13 (4.52) 
5 28.00 (1.59) 28.47 (2.14) 33.60 (0.69) 

30 33.80 (0.00) 32.10 (0.99) 42.80 (1.70) 
60 36.50 (0.14) 31.93 (1.51) 44.07 (0.31) 

120 39.73 (0.61) 37.60 (1.98) 44.27 (0.42) 
 

HDX time/min Deuterium Incorporation (%) 
(120-138) 

WT-HA2 G1E-HA2 I173E-HA2 
1  42.50 (3.22) 37.88 (0.41) 40.31 (2.87) 
5 42.44 (1.86) 38.84 (0.48) 45.67 (1.81) 

30 42.11 (2.19) 39.73 (1.52) 47.11 (0.63) 
60 43.97 (0.71) 39.88 (1.15) 49.41 (0.12) 

120 43.03 (0.04) 41.01 (0.87) 49.96 (1.67) 
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HDX time/min Deuterium Incorporation (%) 

(133-138) 
WT-HA2 G1E-HA2 I173E-HA2 

1  39.33 (0.11) 43.30 (0.14) 33.75 (0.82) 
5 41.73 (0.98) 42.67 (1.20) 36.42 (1.06) 

30 42.07 (0.46) 42.20 (1.00) 37.56 (1.00) 
60 43.53 (1.72) 42.87 (0.83) 37.50 (1.00) 

120 44.33 (1.55) 44.07 (0.81) 38.22 (0.42) 
 

HDX time/min Deuterium Incorporation (%) 
(139-141) 

WT-HA2 G1E-HA2 I173E-HA2 
1  31.00 (1.80) 31.17 (0.29) 28.75 (1.77) 
5 43.33 (3.78) 38.50 (0.00) 40.00 (3.53) 

30 46.83 (1.60) 39.17 (1.04) 41.17 (1.61) 
60 48.75 (1.06) 41.50 (2.00) 44.00 (0.87) 

120 49.50 (1.32) 44.17 (0.29) 47.17 (2.93) 
 

HDX time/min Deuterium Incorporation (%) 
(142-150) 

WT-HA2 G1E-HA2 I173E-HA2 
1  41.83 (0.14) 49.00 (0.90) 43.25 (2.65) 
5 44.63 (0.00) 49.88 (1.02) 46.13 (0.35) 

30 48.46 (0.07) 50.71 (0.47) 48.17 (0.85) 
60 48.38 (0.00) 51.46 (0.14) 49.75 (1.19) 

120 51.92 (0.14) 51.83 (0.19) 51.54 (0.29) 
 

HDX time/min Deuterium Incorporation (%) 
(152-167) 

WT-HA2 G1E-HA2 I173E-HA2 
1  33.09 (0.75) 37.41 (0.49) 37.66 (3.67) 
5 34.50 (1.03) 39.10 (0.24) 44.78 (1.54) 

30 38.75 (1.25) 40.25 (0.47) 45.44 (0.65) 
60 40.33 (1.58) 40.81 (0.90) 46.90 (0.67) 

120 40.83 (1.43) 41.29 (0.30) 46.52 (1.15) 
 

HDX time/min Deuterium Incorporation (%) 
(163-167) 

WT-HA2 G1E-HA2 I173E-HA2 
1  43.75 (1.06) 45.50 (0.50) 44.33 (2.63) 
5 44.25 (0.25) 45.63 (0.53) 47.67 (2.12) 

30 45.75 (0.35) 46.17 (1.25) 49.58 (0.52) 
60 46.42 (1.01) 47.25 (0.71) 50.50 (0.87) 

120 47.00 (0.75) 48.67 (1.28) 51.42 (0.52) 



S15 
 

 
HDX time/min Deuterium Incorporation (%) 

(163-171) 
WT-HA2 G1E-HA2 I173E-HA2 

1  31.88 (1.23) 34.83 (2.38) 35.75 (0.53) 
5 31.19 (0.44) 35.33 (2.00) 37.88 (1.56) 

30 36.06 (0.08) 36.17 (1.70) 40.75 (1.94) 
60 35.08 (0.76) 36.54 (2.24) 42.04 (1.25) 

120 37.17 (0.68) 37.08 (1.66) 44.13 (2.14) 
 

HDX time/min Deuterium Incorporation (%) 
(168-171) 

WT-HA2 G1E-HA2 I173E-HA2 
1  39.67 (1.33) 48.44 (2.21) 48.33 (1.88) 
5 48.50 (0.71) 53.11 (3.59) 54.50 (1.18) 

30 51.44 (0.19) 55.33 (3.78) 57.33 (3.21) 
60 51.56 (0.19) 55.78 (5.01) 60.11 (1.02) 

120 53.67 (0.00) 59.00 (0.00) 60.78 (0.77) 
 

HDX time/min Deuterium Incorporation (%) 
(172-178) 

WT-HA2 G1E-HA2 I173E-HA2 
1  38.08 (0.82) 37.08 (0.35) 54.67 (0.94) 
5 43.61 (2.89) 50.22 (1.51) 58.50 (3.46) 

30 55.06 (1.10) 51.67 (2.02) 61.22 (1.92) 
60 56.06 (1.00) 55.08 (0.59) 62.61 (0.19) 

120 56.42 (0.35) 57.67 (0.29) 63.25 (0.11) 
 

HDX time/min Deuterium Incorporation (%) 
(179-187) 

WT-HA2 G1E-HA2 I173E-HA2 
1  25.63 (0.65) 39.25 (2.47) 36.96 (1.73) 
5 38.75 (1.76) 40.00 (1.77) 47.04 (1.58) 

30 38.38 (1.51) 41.42 (0.56) 52.13 (1.96) 
60 45.08 (1.01) 44.96 (2.94) 54.88 (2.54) 

120 47.50 (0.65) 48.31 (2.21) 57.88 (2.51) 
 

HDX time/min Deuterium Incorporation (%) 
(188-191) 

WT-HA2 G1E-HA2 I173E-HA2 
1  2.56 (0.19) 12.67 (3.77) 16.33 (1.41) 
5 3.89 (0.19) 25.67 (1.15) 18.00 (4.58) 

30 15.00 (0.00) 30.67 (1.33) 37.00 (2.02) 
60 24.00 (0.58) 32.00 (1.45) 40.89 (0.84) 

120 31.11 (0.19) 34.00 (3.30) 48.33 (1.76) 
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HDX time/min Deuterium Incorporation (%) 

(192-197) 
WT-HA2 G1E-HA2 I173E-HA2 

1  2.00 (0.20) 0.87 (0.30) 1.00 (0.34) 
5 1.50 (0.14) 0.87 (0.64) 0.93 (0.23) 

30 2.40 (0.53) 1.40 (0.20) 1.27 (0.11) 
60 2.47 (0.50) 1.13 (0.30) 1.53 (0.11) 

120 2.60 (0.35) 1.07 (0.23) 1.80 (0.20) 
 

HDX time/min] Deuterium Incorporation (%) 
(198-202/199-203) 

WT-HA2 G1E-HA2 I173E-HA2 
1  2.00 (0.17) 0.25 (0.00) 3.58 (2.98) 
5 0.63 (0.17) 2.00 (3.03) 0.33 (0.14) 

30 1.00 (1.52) 4.17 (3.39) 0.25 (0.00) 
60 2.17 (1.44) 0.25 (0.00) 0.25 (0.00) 

120 0.42 (0.14) 4.00 (3.30) 3.75 (3.03) 
 

HDX time/min Deuterium Incorporation (%) 
(200-202) 

WT-HA2 G1E-HA2 I173E-HA2 
1  0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
5 0.17 (0.28) 0.00 (0.00) 0.50 (0.00) 

30 0.17 (0.28) 0.00 (0.00) 0.00 (0.00) 
60 0.17 (0.28) 0.00 (0.00) 0.00 (0.00) 

120 0.17 (0.28) 0.00 (0.00) 0.17 (0.29) 
 

HDX time/min Deuterium Incorporation (%) 
(206-217) 

WT-HA2 G1E-HA2 I173E-HA2 
1  50.46 (2.76) 52.36 (1.52) 45.80 (3.74) 
5 54.12 (2.09) 53.42 (0.54) 51.99 (0.31) 

30 59.33 (3.22) 57.92 (0.54) 57.04 (1.86) 
60 61.50 (1.80) 58.40 (0.37) 61.03 (1.47) 

120 61.64 (1.10) 60.72 (1.44) 62.31 (2.27) 
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Figure S2. Structural models of WT-, I173E-, and G1E- HA2 in a single membrane. The HA2 

structures are the same as in Fig. 8. The approximate locations of specific residues are noted. 
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Table S3. Percent deuterium incorporation vs. HDX time for the 39-52 peptide of WT-, I173E-, and 

G1E- HA2. WT and I173E exhibit approximately unimodal distributions in the m/z = 496-501 range, 

and G1E exhibits a bimodal distribution for tHDX = 120 min, with the modes approximately separable 

into m/z = 496-498 and 498-501 ranges. Each value is the average of triplicate measurements, and 

the RMSD is given in parentheses. 〈D%〉 is the average of the five D%, and the associated uncertainty 

in parentheses is calculated using the D% RMSD’s.  

 
HDX 

time/min 
Protein 

(m/z range) 
WT-HA2 

(496-501) 
I173E-HA2 
(496-501) 

G1E-HA2 
(496-498) 

G1E-HA2 
(498-501) 

1  0.90 (0.22) 35.27 (3.86) 6.89 (0.11) 66.21 (0.66) 
5 1.56 (0.54) 39.36 (1.76) 7.15 (0.28) 65.18 (0.75) 

30 4.10 (0.55) 51.58 (0.60) 7.23 (0.35) 65.44 (0.83) 
60 4.85 (0.16) 53.85 (0.62) 15.37 (0.21) 65.52 (1.24) 

120 5.95 (2.05) 54.95 (0.42) 16.23 (0.96) 62.83 (1.32) 
     

〈D%〉 3.26 (0.23) 47.00 (0.87) 10.58 (0.22) 65.04 (0.45) 
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Figure S3. Comparison between D% of the present study and an earlier study for tHDX = 1 min and 

tHDX = 30 min (Structure (2015) 23, 665-676). Data are displayed for peptides respectively from FHA2 

≡ HA21-185 and from the HA21-175/HA1 complex after incubation at pH 4.9 for three hours. 
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