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ABSTRACT

The conformational change of the influenza virus hemagglutinin (HA) protein mediating the fusion between the virus envelope
and the endosomal membrane was hypothesized to be induced by protonation of specific histidine residues since their pKas
match the pHs of late endosomes (pKa of �6.0). However, such critical key histidine residues remain to be identified. We investi-
gated the highly conserved His184 at the HA1-HA1 interface and His110 at the HA1-HA2 interface of highly pathogenic H5N1
HA as potential pH sensors. By replacing both histidines with different amino acids and analyzing the effect of these mutations
on conformational change and fusion, we found that His184, but not His110, plays an essential role in the pH dependence of the
conformational change of HA. Computational modeling of the protonated His184 revealed that His184 is central in a conserved
interaction network possibly regulating the pH dependence of conformational change via its pKa. As the propensity of histidine
to get protonated largely depends on its local environment, mutation of residues in the vicinity of histidine may affect its pKa.
The HA of highly pathogenic H5N1 viruses carries a Glu-to-Arg mutation at position 216 close to His184. By mutation of residue
216 in the highly pathogenic as well as the low pathogenic H5 HA, we observed a significant influence on the pH dependence of
conformational change and fusion. These results are in support of a pKa-modulating effect of neighboring residues.

IMPORTANCE

The main pathogenic determinant of influenza viruses, the hemagglutinin (HA) protein, triggers a key step of the infection pro-
cess: the fusion of the virus envelope with the endosomal membrane releasing the viral genome. Whereas essential aspects of the
fusion-inducing mechanism of HA at low pH are well understood, the molecular trigger of the pH-dependent conformational
change inducing fusion has been unclear. We provide evidence that His184 regulates the pH dependence of the HA conforma-
tional change via its pKa. Mutations of neighboring residues which may affect the pKa of His184 could play an important role in
virus adaptation to a specific host. We suggest that mutation of neighboring residue 216, which is present in all highly patho-
genic phenotypes of H5N1 influenza virus strains, contributed to the adaptation of these viruses to the human host via its effect
on the pKa of His184.

Infection by enveloped viruses requires fusion of the viral mem-
brane with the cellular target membrane to release their genome

into the cell cytoplasm (1, 2). For influenza virus, upon endocytic
uptake, the virus fuses with the endosomal membrane. Fusion is
mediated by a conformational change of the viral hemagglutinin
(HA) which is triggered in the acidic milieu of late endosomes (2,
3). Both the prefusion and essential features of the postfusion
structure of HA consisting of two covalently linked subunits (HA1
and HA2) are known (4, 5). Protonation-induced opening of the
interfacial contacts of the HA1 globular head is considered the
initiating step of the conformational change (6, 7). As a conse-
quence, water can enter the central cavity, which in turn induces
the structural transitions of the fusion-triggering subunit HA2
(6). These include formation of a long helix and insertion of the
N-terminal fusion peptide at the tip of this helix into the target
membrane (2, 3, 5, 8, 9).

Whereas essential steps of the fusion-mediating conforma-
tional change of HA are well understood, specific amino acids that
have to be protonated to induce the structural rearrangements
remain essentially unknown. Histidines have been proposed to
function as such molecular “switches” in class I and II viral fusion
proteins due to their unique characteristics to become protonated

and thus charged in the same acidic pH range within which these
viral proteins are activated (pKa of �6.0) (10–17). Kampmann et
al. identified potential pH-sensing histidines by a high degree of
conservation and the position at specific locations, such as prox-
imity to other positively charged residues or colocation with other
histidines (10). Based on that, four highly conserved histidines
were suggested as potential triggers of the HA conformational
change at low pH: HA1 residue His184 and HA2 residues His106/
His111, His142, and His159 (10). However, only His106 of the H3
subtype and the corresponding His111 of the H5 subtype have
been analyzed in detail but with contradictory results (13, 18, 19).
Whereas computational modeling revealed that protonation of
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His106/His111 induces bending of peptides corresponding to a
small part of the long helix of H1 and H3 subtypes (19), mutation
of these histidines in H3 (13) as well as in H5 HA (18) barely had
any effect on fusion and its pH threshold. Furthermore, except for
His184, all of the above suggested histidines are located in the
fusion domain of HA and might be involved in later steps of the
conformational change. Thus, there is no experimental evidence
for histidines which, upon protonation, trigger early steps of the
HA conformational change, such as the dissociation of HA1
monomers.

We focus here on His184 as a potential molecular switch (8)
triggering the conformational change of HA. Indeed, due to its
central position at the HA1-HA1 interface, protonation of His184
very likely could destabilize intermonomeric prefusion contacts
upon protonation (Fig. 1). Furthermore, His184 is highly con-
served among all subtypes (except H17 and H18) and within in-
dividual subtypes, emphasizing its significance. Likewise, we ad-
dressed His110 as a potential pH sensor at the HA1-HA2 interface
of H5 HA as it is part of the 110-helix close to the B loop which is
rearranged at low pH (20, 21). His110 may trigger structural re-
arrangements of this domain upon its protonation. However,
His110 is conserved only in the H2, H5, H13, and H16 subtypes.
To test the role of His110 and His184 as pH-dependent triggers of
the conformational change, we replaced these two histidines with
a set of different amino acids in the highly pathogenic H5 subtype
(H5 HP) and analyzed the mutant proteins for conformational
change and fusion. The structural consequences of mutations
were rationalized by computational modeling.

Since the propensity of histidines to get protonated depends on
their local environment (presence of other proton-donating resi-

dues, hydrophobic shielding, and interaction with other residues),
the pKa of individual histidines such as His184 or His110 can be
altered by mutations in close proximity (10, 16, 17). Comparing
the sequences of highly pathogenic and low pathogenic H5 (H5
LP) HA proteins, we identified a glutamate-to-arginine mutation
at position 216 in proximity to His184 at the HA1-HA1 interface.
Such mutations altering the pH of fusion have been reported in
several studies to modulate H5N1 virus pathogenicity in the avian
as well as the mammalian host (22–26). An altered pH sensitivity
of H5 HA due to mutation at position 216, as we reason, might be
the result of a pKa-modulating effect on His184. To unravel a
potential effect on the pKa of His184, we substituted Glu216 for
Arg (E216R) in the low pathogenic H5 HA and Arg216 for Glu
(R216E) in the highly pathogenic H5 HA.

MATERIALS AND METHODS
Plasmids and viruses. H5 HA from A/chicken/Vietnam/P41/2005 (H5
HP wild type [wt]) and viral RNA from low pathogenic H5N1 (A/teal/
Germany/Wv632/2005) (H5 LP wt) were obtained from the Friedrich
Loeffler Institute, Riems, Germany. Viral RNA was transcribed to cDNA
using the Uni12 primer (AGCAAAAGCAGG) and subsequently ampli-
fied with H5-specific forward and reverse primers (27). The sequences
encoding the H5 LP and HP HA proteins were cloned into a pCAGGS
expression plasmid using the Esp3I (Fermentas) restriction enzyme and
T4 DNA ligase (Fermentas) according to the method of Czudai-Matwich
et al. (28). Point mutations were introduced by site-directed mutagenesis
using an overlap extension PCR and were verified by DNA sequencing. All
amino acid residues are numbered according to the H3 subtype.

Transient expression of HA proteins. Monolayers of CHO cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 2 mM glutamine, and 1% penicillin-
streptomycin (DMEM full medium). For transient expression of the HA
proteins at the cell surface, CHO cells were transfected with pCAGGS HA
using the transfection reagent Turbofect (Fermentas) according to the
manufacturer’s instructions. Transfected CHO cells were incubated for 24
h for fusion analysis and for 48 h for the assessment of expression and
conformational change in DMEM full medium at 37°C and then treated as
indicated below for each experiment.

Cleavage activation of H5 LP HA. HA is synthesized as the HA0 pre-
cursor protein which needs to be cleaved into HA1 and HA2 after trim-
erization for subsequent fusion studies. Highly pathogenic HA (H5 HP
HA) proteins carry a polybasic cleavage site which is cleaved by intracel-
lular proteases in the course of transport to the cell surface. In contrast,
low pathogenic HA (H5 LP HA) proteins have a monobasic cleavage site
which can be cleaved only extracellularly by trypsin-like proteases. Thus,
before acidification, the H5 LP HA wild-type and E216R mutant proteins
were treated with 4 �g/ml tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-trypsin for 5 min at room temperature for cleavage activation.

Adjustment of pH in vitro. The pH of the fusion buffer (10 mM
HEPES, 10 mM morpholineethanesulfonic acid [MES], and 100 mM
NaCl in phosphate-buffered saline [PBS] containing magnesium and cal-
cium [PBS�]) was adjusted with 1 M NaOH and 1 M HCl before the
buffer was added to the HA-expressing cell monolayers. In the red blood
cell (RBC) fusion assay, cells were incubated for 5 min with fusion buffer
at the respective pH at 37°C with a subsequent reneutralization step for 2
min at 37°C. For conformational change analysis by flow cytometry, cell
monolayers were incubated for 15 min with fusion buffer before reneu-
tralization.

Red blood cell fusion assay. Fresh human red blood cells (RBCs) were
doubly labeled with the lipoid dye octadecyl rhodamine B chloride (R18)
and the content marker calcein (Molecular Probes/Life technologies) as
described previously (29, 30). HA-expressing CHO cells were treated with
0.5 U/ml neuraminidase from Clostridium perfringens (Sigma) and (if
required) with 4 �g/ml TPCK-trypsin (Sigma), followed by incubation

FIG 1 Crystal structure of the highly pathogenic H5 HA in surface and car-
toon representation (PDB ID 2IBX). Monomers are marked in brown, orange,
and gray. Histidines at positions 184 and 110 (cyan) as well as the residue at
position 216 (green) are depicted as spheres in the brown monomer with
selected substitutions listed in the table. The fusion peptide and the B-loop are
highlighted in red.
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with DMEM supplemented with 10% FBS. CHO cells carrying cleaved
HA proteins were then incubated with the doubly labeled RBCs for at least
30 min to allow for binding of the RBCs to HA at the cell surface. Then,
samples were washed to get rid of unbound RBCs and analyzed for fusion
at low (pH 5.0 to 6.6) and high (pH 7.0) pHs under a fluorescence micro-
scope (Olympus Fluoview FV-1000).

Trimer formation assay. Trimer formation of H5 wild-type and mu-
tant proteins was determined by SDS-PAGE and Western blotting using
the cross-linker 3,3-dithiobissuccinymidylpropionate (DSP) and the
monoclonal anti-H5 Vn04-2 antibody (dilution of 1:1,000; Rockland Im-
munochemicals) (18, 31). At 48 h posttransfection cells were lysed and
centrifuged (12,000 � g for 5 min), and supernatants were treated with 0.8
mM DSP in dimethyl sulfoxide (DMSO) for 15 min at 15°C. The reaction
was stopped by addition of 20 mM ammonium chloride, and after the
loading dye was added and samples were boiled for 5 min, they were
subjected to SDS-PAGE and Western blot analysis under nonreducing
conditions. Equal loading of wells was confirmed by Western blotting
with a mouse monoclonal primary antibody against the cellular protein
�-actin (dilution, 1:3,000; Sigma).

Immunostaining and flow cytometry. Expression of the HA proteins
at the cell surface was analyzed at neutral pH using the Vn04-2 antibody
(dilution, 1:1,000). The conformation of HA at different pHs was assessed
using the monoclonal antibodies Vn04-9 and Vn04-16 (31) (dilution,
1:500; Rockland Immunochemicals) according to Reed et al. (18). Trans-
fected CHO cells growing in 24-well plates were incubated at neutral (pH
7.0) or low (pH 5.0 to 6.6) pH for 15 min at 37°C. After reneutralization
with PBS� medium, cell monolayers were blocked with 0.2% bovine
serum albumin (BSA) in PBS� for 15 min and placed on ice. For expres-
sion analysis, cells were overlaid with the primary antibody Vn04-2,
whereas for assessing the conformational change, primary antibodies
Vn04-9 and Vn04-16 were used. After incubation for 45 min, samples
were washed three times with 0.2% BSA in PBS� and overlaid with a
fluorescently labeled secondary anti-mouse antibody for 30 min. Cells
were detached using 2 mM EDTA in PBS following analysis by flow cy-
tometry using a FACS Aria II instrument (BD Biosciences). Expression of
mutant proteins relative to the wild type was evaluated by normalizing the
median fluorescence intensity (MFI) values of 10,000 cells to that of the
highly pathogenic H5 HA wild-type protein. The pH of conformational
change was determined as the point at which a 50% change in signal
occurred between the minimum and maximum of the respective Vn04-
9/Vn04-16 ratios.

Structural modeling of mutant proteins. The modeled protein struc-
tures are based on the crystal structure of the highly pathogenic H5 HA
(Protein Data Bank identification number [PDB ID] 2IBX). The His184
residues in chains A, C, and E were replaced. Missing atoms were added
using default internal coordinates of CHARMM22 (32, 33). To obtain
reasonable interactions of the mutated residue with its environment, the
model was geometry optimized with CHARMM (33) using the
CHARMM22 (32) force field. The influence of the solvent was considered
implicitly with a dielectric constant of 80 by using the module gener-
alized Born with simple switching (GBSW) (33) of the CHARMM
program. To obtain the correct protonation state for histidines at neu-
tral pH, an electrostatic energy calculation was performed using the
software Karlsberg� (34).

Statistical analysis. Graphing and statistical analysis were performed
by using GraphPad Prism, version 5 (GraphPad software, San Diego, CA).
For comparison of two samples, an independent t test was applied (see Fig.
4). For the statistical comparison of multiple data sets, a one-way analysis
of variance (ANOVA) with Dunnett’s multiple comparison posttest was
used (see Fig. 2 and 3). Probability values of less than 0.05 were considered
statistically significant.

RESULTS
Selection of substitutes for histidine. For characterization as po-
tential molecular switches, we replaced His184 and His110 with

different amino acids and analyzed their effects on conforma-
tional change and fusion (Fig. 1). Previous mutational studies of
histidines (H17 and H106/H111) in the HA protein revealed that
the effect on fusion largely depends on the substituted amino acids
(13, 18, 35). Thus, in order to obtain comprehensive results, we
selected a subset of structurally diverse amino acids as substitutes
for His184 and His110. Asparagine was selected to replace His184
(H184N). It is structurally most similar to histidine and thus
might be able to interact with neighboring residues at the interface
similar to histidine but does not have the propensity to get proto-
nated at low pH. In contrast, the neutral alanine at position 184
(H184A) was predicted to abrogate any interactions of His184
with neighboring residues, which would provide information
about the structural significance of histidine at position 184. Ar-
ginine with its positive charge was selected to mimic a protonated
histidine which, at first glance, should destabilize intermonomeric
interactions. The negatively charged aspartate was chosen as a
residue potentially stabilizing the HA1-HA1 interface. Corre-
spondingly, we selected arginine as destabilizing (H110R), glycine
as neutral (H110G), and glutamate as stabilizing (H110E) substi-
tutes for His110. Tyrosine (H110Y) was selected due to its re-
ported stabilizing effect on H5 HA when the histidine at position
110 was replaced (36, 37).

Cell surface expression and trimerization of mutant pro-
teins. Any mutation introduced can also interfere with other pro-
cesses unrelated to the pH threshold of fusion-mediating confor-
mational changes such as protein folding, oligomerization,
intracellular transport, or maturation. Specifically, the highly con-
served histidine at position 184 might be indispensable for correct
protein folding. Therefore, we analyzed trimer formation and cell
surface expression of H5 HP and LP HA mutants (Fig. 2). By using
the cross-linking reagent DSP, we detected trimers for all variants.
Hence, mutation of His184, His110, and residue 216 does not
seem to affect the ability of H5 HA to trimerize. Cell surface ex-
pression was quantified by immunostaining and flow cytometry
using the specific anti-H5 antibody Vn04-2 (18, 31, 38), which
served also as an indication of correct protein folding. In general,
substitution of His184 had a more pronounced effect on HA ex-
pression than substitution of His110 or mutation of residue 216.
H184R and H184D mutants exhibited significantly higher
(H184R) or lower (H184D) cell surface expression levels than the
H5 HP HA wild type (P values of �0.001 and 0.01, respectively),
whereas mutants H184N and H184A were expressed at levels sim-
ilar to the wild-type level. His110 as well as the H5 LP HA E216R
and the H5 HP HA R216E mutants was also similarly expressed;
only the low pathogenic H5 HA showed significantly higher ex-
pression than the wild type (P values of �0.05). Although the
extent of surface expression was different, correct protein folding
of surface-expressed HA was indicated by antibody Vn04-2 bind-
ing, trimerization, and binding of RBCs (see below) to HA-ex-
pressing cells for all generated mutants.

Effect of mutations on fusion. To assess the effect of histidine
mutations in HA of H5 HP on the pH of fusion, we used a well-
established red blood cell (RBC) fusion assay (29, 30, 39–41). Be-
fore binding to HA-expressing cells, RBCs were labeled with a
membrane (R18; red) and a content marker (calcein; green). Only
full fusion of membranes represented by redistribution of both
dyes to an HA-expressing cell upon low-pH incubation was eval-
uated as a fusion event. The hemifusion intermediate character-
ized by lipid/R18 mixing without content/calcein mixing was ob-
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served only in rare cases and was not rated as a fusion event. The
pH of fusion corresponds to the highest pH at which full fusion
was still observed for at least 50% of HA-expressing cells. Muta-
tion of His184 to Asn (H184N) and Ala (H184A) shifted the pH of
fusion from 5.8 to 6.2 and 6.4, respectively, whereas mutation to
Asp (H184D) and Arg (H184R) abolished fusion of H5 HP HA
even at pH 5.0 (Fig. 3A). For H184D the low cell surface expres-
sion of the mutant, which is also indicated by the low level of RBC
binding, might explain the absence of fusion at low pH. In con-
trast, the H184R mutant showed high surface expression and thus
higher levels of red blood cell binding than the wild-type protein

but still did not induce fusion. Thus, despite its positive charge,
which was predicted to disrupt the interfacial contacts, arginine at
position 184 seems to inhibit the fusion-mediating conforma-
tional change of HA.

Mutation of His110 did not show any effect on the pH of fusion
except for the histidine-to-tyrosine change (H110Y). This shifted
the fusion pH from 5.9 to 5.6, as already reported (36). However,
analysis of the crystal structure of the H110Y mutant (37) indi-
cated that the stabilizing effect of tyrosine at position 110 cannot
be explained by the absence of histidine but by an additional hy-
drogen bond at the HA1-HA2 interface which is formed with res-
idue Asn413. Thus, since replacement of His184 but not of His110
had a major impact on the pH of fusion, we investigated in detail
only the role of His184 for the conformational change of HA.

Effect of His184 mutations on the conformation of HA at
neutral and acidic pHs. Monoclonal antibodies Vn04-9 and
Vn04-16 (31) were reported to preferentially bind to the neutral
(Vn04-9) or the low-pH (Vn04-16) conformation of surface-ex-
pressed H5 HA (18, 22). We used these two conformation-specific
antibodies to determine the pH of the conformational changes of
H5 mutants. Median fluorescence intensity (MFI) values of fluo-
rescent HA-expressing cells, which were incubated at pHs ranging
from 5.0 to 7.4 and reneutralized before immunostaining, were
measured and normalized to the maximal MFI obtained with the
respective antibody (relative MFI). We found significant pH-de-
pendent binding for only the Vn04-9 antibody, whereas binding
of antibody Vn04-16 remained rather constant at all pH values
analyzed. Therefore, the ratio of Vn04-9 to Vn04-16 reactivity was
calculated (see Materials and Methods) and plotted as a function
of pH (Fig. 3B). The pH of conformational change was deter-
mined as the point at which a 50% change in the antibody binding
ratio was observed. Shifts in the pH of conformational change
obtained for the mutant proteins relative to the wild type were
compared to those observed for fusion with RBCs (Fig. 3C). Mu-
tations to alanine and asparagine resulted in shifts in the pH of
conformational change of �0.5 and �0.2 units, respectively, sim-
ilar to the results of the RBC assay. Also for the H184D mutant we
observed a decrease in the ratio with the lowering of the pH. Data
indicate an increase in the pH threshold of conformational change
of 0.5 units, similar to the H184A mutant. However, we note that
the change in the ratio of antibody binding activity of H184D is
moderate compared to that of the wild-type HA and mutants
H184N and H184A (Fig. 3B). For H184R we did not observe a pH
dependence of binding, indicating that this mutant does not un-
dergo a conformational change. This is supported by the failure to
trigger fusion.

Effect of the residue at position 216 on fusion and conforma-
tional change of HA. The HA proteins of highly pathogenic H5N1
strains, which caused massive bird die-offs associated with spo-
radic spillover infections to humans and other mammals in the
2003-2004 outbreak (42, 43), carry arginine residues at position
216, whereas HAs of low pathogenic strains have glutamates at this
position. To test if the insertion of an opposite charge in proximity
to His184 modulates the pH of fusion, we mutated arginine to
glutamate in the highly pathogenic H5 HA (H5 HP HA R216E)
and glutamate to arginine in the low pathogenic H5 HA (H5 LP
HA E216R). The pHs of conformational change and of fusion with
labeled RBCs for wild-type and mutant proteins were measured as
described in Materials and Methods, and the obtained data were
normalized to the value for the wild-type HA of H5 HP (Fig. 4).

FIG 2 Cell surface expression of wild-type and mutant HA proteins of H5 HP
and LP. Cell surface expression of mutant proteins was quantified by immu-
nostaining and flow cytometry using the H5-specific antibody Vn04-2. (A and
B) Representative images of flow cytometry measurements using the highly
pathogenic wild-type protein (A) and the H184R mutant protein (B). Gate Q1
represents the fluorescent positive cells of each measurement compared to the
mock control, with red crosses indicating the median fluorescence intensity of
the respective gate. FSC-A, forward scatter, area; PE-A, phycoerythrin, area. (C
and D) The median fluorescence intensity (MFI) value of fluorescent cells
(gate Q1) in each sample was normalized to that of the H5 HP HA wild-type
protein (relative MFI). Error bars represent the standard errors of the means
from triplicate experiments. Significant differences are marked by asterisks
with probability determined by one-way ANOVA and Dunnett’s multiple
comparison posttest: *, P � 0.05; **, P � 0.01; ***, P � 0.001. (E) Trimer
formation of histidine mutants and of highly pathogenic and low pathogenic
H5 HA with mutation at position 216. HA trimers and the cellular protein
�-actin were detected by SDS-PAGE and Western blotting following incuba-
tion with the cross-linking agent DSP.
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Mutation of residue 216 had a significant effect on the pH of
conformational change for both the highly pathogenic and the low
pathogenic H5 HAs. The replacement of arginine with glutamate
(positive against negative charge) in H5 HP HA caused an increase
of 0.2 units, whereas the glutamate-to-arginine mutation (nega-
tive against positive charge) in the H5 LP HA produced a change
in the pH threshold of conformational change of �0.4 units. The
pH of fusion of the highly pathogenic H5 HA was also significantly
increased by the exchange of charge at position 216 (�0.3 units).
Although not statistically distinguishable in the H5 LP HA, a

change of �0.2 units in the fusion pH was detected when the
Glu-to-Arg mutation was introduced.

DISCUSSION
His184, a determinant of the pH dependence of the conforma-
tional change of HA. In several studies, histidines have been dis-
cussed as pH-dependent triggers of conformational change of vi-
ral fusion proteins because their protonation state changes from
uncharged to positively charged in the acidic environment of en-
dosomes (44–46). Mutational studies on different class II viral

FIG 3 pH of conformational change and of fusion for histidine mutants of HA (H5 HP). (A) Representative images of the RBC fusion assay for wild-type (WT)
and histidine mutant H5 HA proteins expressed at the CHO cell surface. Only full fusion of membranes represented by redistribution of both the membrane
marker (R18; red) and content marker (calcein; green) from RBCs to the HA-expressing cells following incubation at the indicated pH at 37°C was rated as a
fusion event. The pH of fusion was generally assessed in steps of 0.2 pH units. Since for the His110 mutants there was no change in the pH of fusion compared
to that of the wild type (except H110Y), a 0.1-pH-unit resolution for these mutant proteins was used. (B) The conformational change of the wild-type and His184
mutant proteins was assessed by plotting the obtained Vn04-9/Vn04-16 ratios of median fluorescence intensities as a function of pH. The average and standard
errors are shown (n � 3). (C) Summary of data obtained from the RBC fusion and the conformational change assays illustrated in panels A and B, respectively.
The pH of fusion corresponds to the highest pH at which full fusion was still observed for at least 50% of HA-expressing cells (n � 3). The pH of conformational
change corresponds to the pH of 50% change of Vn04-9/Vn04-16 antibody ratio obtained from median fluorescence intensities. In the right panel, the differences
in the pH shift of fusion and conformational (Conf) change of His184 mutants relative to the wild-type HA are shown. Error bars represent the standard errors
of the mean. Statistical difference based on one-way ANOVA and Dunnett’s multiple comparison posttest is indicated as follows: *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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fusion proteins such as the E protein of tick-borne encephalitis
virus (47) and the E1 protein of Semliki Forest virus (48) have
provided evidence of specific histidines as critical pH sensors. The
aim of our study was to characterize His184 at the HA1-HA1
interface and His110 at the HA1-HA2 interface of influenza virus
HA as potential molecular switches. We replaced both histidines
by a set of different amino acids in the highly pathogenic H5 HA
and analyzed the mutational effect on pH-dependent conforma-
tional change and fusion. Except for tyrosine, mutation of His110
did not affect the pH dependence of either the conformational
change or fusion. The H110Y mutation was already previously

shown to stabilize HA at this position owing to an additional hy-
drogen bond (36, 49). Apparently, the altered pH of fusion was
not due to the absence of histidine but to the interaction of ty-
rosine with Asn413 of the adjacent monomer (49). Therefore, we
do not consider His110 as a trigger of conformational change.

In contrast to findings for His110, we found a significant im-
pact of mutating His184 on the pH dependence of conformational
change and fusion. Mutation of His184 either abrogated the abil-
ity of HA to undergo a fusion-triggering conformational change
or shifted the pH dependence of conformational change and fu-
sion to a higher pH, as summarized in Table 1. In general, the pH

FIG 4 Effect of a mutation of opposite charge at position 216 on the pH dependence of fusion and of conformational change of H5 HP and H5 LP HA proteins,
respectively. (A) Representative images of the RBC fusion assay for H5 HP and LP wild-type HAs and respective mutant proteins after incubation at the indicated
pH at 37°C (n � 3). (B) pH-dependent conformational change of H5 HP and LP wild-type HAs and mutant proteins as detected by antibody binding and flow
cytometry. Vn04-9/Vn04-16 ratios of median fluorescent intensities were plotted as a function of pH. The average and standard errors are shown (n � 3). (C)
Summary of data obtained from the RBC fusion and the conformational change assays illustrated in panels A and B, respectively. The pH of fusion of the
wild-type and mutant proteins as assessed by the RBC fusion assay at 37°C corresponds to the highest pH at which full fusion of membranes could still be detected
(n � 3). The pH of conformational change corresponds to the pH of 50% change of the antibody Vn04-9/Vn04-16 ratio obtained from median fluorescence
intensities. In the right panel, the differences in the pH shift of fusion and conformational change in relation to the highly pathogenic wild type are shown. Error
bars represent the standard errors of the means. Statistical difference was determined by an independent t test (*, P � 0.05; ns, nonsignificant).
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of conformational change measured by antibody binding and flow
cytometry was lower than the pH of fusion. The difference could
be explained by the assumption that the number of activated HA
molecules required to induce fusion is lower than that corre-
sponding to the midpoint of change in the Vn04-9/Vn04-16 ratio,
which was defined as the pH of conformational change. Replacing
His184 with asparagine and alanine caused a shift to a higher pH
for the conformational change of H5 HA and fusion. Mutation of
His184 to arginine totally abolished conformational change and
fusion. Fusion was also not observed for H184D. This might be
related to the significantly lower expression of the mutant on the
plasma membrane of CHO cells. Another explanation could be a
conformational change that was not able to mediate fusion or even
the absence of any conformational change at all. Indeed, although
we observed a decrease in the ratio of antibody binding by lower-
ing the pH, the decrease was rather moderate, lacking a sharp
decline as observed, for example, for the wild type.

Interaction of His184 and respective mutants as the molecu-
lar basis for pH sensing. To gain insight into the structural basis
for an altered pH of conformational change and fusion due to
mutation of His184, we performed computational modeling of
the neutral pH crystal structure of the highly pathogenic wild-type
H5 HA (PDB ID 2IBX). We addressed the influence of mutations
of His184 on interaction with neighboring residues and, in turn,
possible consequences for the pH-dependent stability of the HA
ectodomain.

In the wild-type H5 HA, His184 forms an intramonomeric salt
bridge with glutamate at position 231 (Fig. 5A and D). Interest-
ingly, a pair of positively charged arginine residues (Arg220 and
Arg229) is located close to His184 at the interface of HA1 mono-
mers. Being shielded from water, the two charged amino acids
need to be stabilized by a defined number of hydrogen bonds
inside the protein which are mostly formed with the backbone
amides of neighboring residues of the same monomer (Fig. 5B and
C). Arg220 thereby interacts with the backbone of His184 and
with the side chain oxygen of Asn210 from the adjacent monomer.

These hydrogen bonds are at the same time the only intermono-
meric interactions in this region. HA, especially the association of
HA1 monomers clamping the HA2 subunit at neutral pH, is meta-
stable so that small alterations at the HA1-HA1 interface could
affect the stabilization of the complex, leading to the fusion-in-
ducing conformational change. We surmise that at low pH His184
becomes doubly protonated and thus competes with Arg220 for
hydrogen bonding, resulting in the destabilization of the structure
and thus in the HA conformational change. By modeling of the
doubly protonated His184 into the H5 HP HA crystal structure,
we could indeed confirm that protonation may cause His184 to
interact with Asn210, thereby weakening the hydrogen bond net-
work of Arg220 (Fig. 5E).

Modeling of the different amino acids at position 184 in the H5
HP HA structure supports the hypothesis of His184 controlling
the pH dependence of the conformational change at low pH (Fig.
6). In the case of alanine at position 184, no interaction of this
amino acid with surrounding residues occurs. However, as the
smallest amino acid, it leaves enough space for water to enter the
hydrophobic cavity, which possibly weakens the interfacial inter-
actions in general. Asparagine as well as aspartate at this position
forms a hydrogen bond with Asn210 in the neutral-pH structure.
As a result these residues have a strong influence on the hydrogen
bond network of Arg220 and Arg229 near the intermonomeric
interface, suggesting a destabilizing effect of these mutations.
While for asparagine this is in line with our experimental results,
for aspartate we could not observe fusion, and we noted only a
possible conformational change with rather moderate pH depen-
dence. This result illustrates and supports the high sensitivity of
this region to the character of the amino acid present at position
184. Aspartate and asparagine are structurally very similar, and
thus both are able to form a hydrogen bond with Asn210, as shown
by computational modeling. However, due to its negative polar-
ity, aspartate might have a different effect than asparagine on the
stability of the complex, which we are not able to predict.

According to our experimental studies, arginine at position
184 prevents a conformational change of HA which is, at a first
glance, an unexpected observation. Arginine is positively charged
like a protonated histidine, and the latter is thought to support the
dissociation of the monomers due to ionization. In contrast, as
revealed by modeling of the H184R mutation, the arginine at po-
sition 184 forms a double salt bridge with Glu231 which is very
stable. Furthermore, the polar atoms of the long residue are most
distant from Asn210 and Arg220 and closer to the surrounding
water, which may result in a much weaker influence on the hydro-
gen bond network of Arg220 and Arg229 residues than the muta-
tions or substitutes discussed before (H184A, H184N, H184D).
Taken together, except for H184D, our modeling approach allows
a rationalization of the molecular basis for the influence of His184
mutations on the respective pH shift of the conformational
change of HA and fusion.

His184 is part of a conserved interaction network at the HA1-
HA1 interface. In order to investigate the significance of Arg220,
Arg229, and Asn210 in triggering the conformational change, we
aligned the HA sequences of subtypes from H1 to H18 (Table 2).
Both arginine residues (R220 and R229) are highly conserved.
Residue 210 is also partly conserved as it is an asparagine, glu-
tamine, threonine, or serine in all subtypes. These amino acids are
all structurally similar and polar, enabling their interaction with
Arg220. The only exceptions to the consensus interactions at the

TABLE 1 Summary of data obtained for histidine mutants and for
highly pathogenic and low pathogenic H5 HA containing a mutation at
position 216

HA protein

Surface
expressiona

(mean 	 SD)


pHb

RBC fusion
assay

Conformational
change assay Avg

H184A 109 	 2 �0.5 �0.5 �0.5
H184N 111 	 27 �0.3 �0.2 �0.3
H184D 73 	 13 — �0.5 �0.5c

H184R 140 	 14 — —
H110Y 87 	 2 �0.3 ND �0.3
H110R 123 	 22 0.0 ND 0.0
H110E 95 	 1 0.0 ND 0.0
H107G 99 	 10 0.0 ND 0.0
H5 HP wt 100 	 5 5.9 5.7 5.8
H5 HP R216E 127 	 13 �0.3 �0.2 �0.3
H5 LP wt 158 	 73 6.0 6.0 6.0
H5 LP E216R 113 	 13 �0.2 �0.4 �0.3
a Relative (%) MFI.
b The values represent the average from a minimum of three experiments. In all cases
the difference between the three measurements did not exceed 0.1 pH units. ND, not
determined; —, no fusion or conformational change was detected at any pH.
c Only a possible conformational change was detected. See Results and Discussion.
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HA1-HA1 interface are the four subtypes of newly defined group
3 of HAs (H13, H16, H17, and H18) (50–52). H13 and H16 carry
tryptophan at position 229. However, both have lysines at position
231 which might compensate for the “lost” Arg229. In bat-derived
H17 and H18, position 184 is an asparagine and a glutamine,
respectively. These two subtypes were suggested to have a different
mechanism of fusion activation and might not necessitate a pH-
dependent conformational change of HA (51–53). Thus, the ab-
sence of histidine at position 184 in the H17 and H18 subtypes in
contrast to its high degree of conservation not only between but
also within all other subtypes reinforces the requirement of a his-
tidine at position 184 for the pH-dependent conformational
change of histidine.

According to our results, histidine is the only amino acid at
position 184 which is able to stabilize or destabilize the HA1
monomers depending on its pH of protonation, explaining its
high degree of conservation in all subtypes (except for H17 and
H18). Other residues at position 184 were shown to destabilize
(Ala, Asn, and perhaps Asp) the associated HA1 monomers al-
ready at a higher subacidic pH (�6.0) or to completely stabilize
the HA1-HA1 interface (Arg), abrogating a conformational
change and fusion even at rather low pH values. Thus, we suggest
that His184 is not the sole trigger of fusion but one determinant
regulating the HA conformational change at low pH, as has also
been suggested for critical histidines of the West Nile virus E pro-
tein (46). Furthermore, the fact that the interactions of Arg229 (or

FIG 5 Interactions of His184 and of neighboring residues at the HA1-HA1 interface in its neutral (A and D) and doubly protonated (E) states (PDB ID 2IBX).
(A) Interactions at the HA1-HA1 interface. Monomers (chain A in brown and chain E in yellow) are depicted in surface representation, and residues which might
be crucial for the regulation of HA1 monomer dissociation are shown in stick model. (B and C) Hydrogen bond network of residues Arg220 and Arg229.
Interactions are formed between the polar atoms of residues Arg220 (B) and Arg229 (C) with those of the backbone amides, except for Asn210, where the
hydrogen bond is formed with the side chain carbonyl-oxygen. The hydrogens were modeled as described in Materials and Methods. (D and E) Crystal structure
of the HA1-HA1 interface at neutral pH (PDB ID 2IBX) (D) and its modeled conformation upon protonation of His184 at a pH below 5 (E). Secondary structures
of chains A (brown) and E (yellow) are displayed in cartoon representation with residues His184, Arg216, Glu231, and Asn210 in stick model. For the modeling,
the side chain of His184 has been rotated by 180 degrees, and the structure has been subsequently energy minimized. We suggest that a strong hydrogen bond is
formed between His184 and Asn210, while the interaction between Asn210 and Arg220 is significantly weakened.
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Lys231), Arg220, His184, and residue 210 (and 231) are also con-
served indicates that these residues are also crucial for the pH-
dependent stability of HA.

Fine-tuning of the pKa of His184 and regulation of fusion. To
obtain the protonation state of His184 at neutral pH, we per-
formed an electrostatic energy calculation using Karlsberg� (34)
based on the crystal structure of H5 HP HA (PDB ID 2IBX, re-
solved at pH 6.5). We obtained a pKa value for His184, which is
below �10. Since the HA structure with charged histidines is not
known, the real pKa of His184 cannot be predicted accurately
using this approach, and the obtained value very likely does not
correspond to the actual pKa of this residue. However, the result
clearly indicates that (i) His184 is deprotonated in the crystal
structure at pH 6.5 as shown in Fig. 4D, (ii) that His184 is there-
fore very likely deprotonated also at neutral pH, and (iii) that its
pKa is below 6.5. Due to the complexity of the structural changes
that are expected to follow the protonation, the accurate predic-
tion of the pKa of His184 is a challenging task that we leave open
for future investigation.

As His184 is partially buried in the protein, its pKa depends on
the residues in its local environment; i.e., it can be strongly af-
fected and, thereby, precisely adjusted by those residues and by
mutations thereof (16, 17). We identified a glutamate-to-arginine
mutation at position 216 in the highly pathogenic H5 HA which
evolved in 2003 to 2004, killing not only a large number of birds

but also humans and other mammals. Residue 216 is located at the
HA1-HA1 interface in the vicinity of His184, suggesting that it
may affect the pKa of His184. Although our experimental data do
not provide direct evidence, they support this hypothesis. We
found that a glutamate instead of arginine at position 216 in-
creases the pH threshold of the conformational change and fu-
sion, whereas replacing glutamate by arginine in the low patho-
genic subtype resulted in a decrease in the pH threshold (Table 1).
The obtained data correlate with the previously described pKa

dependency of histidines on neighboring residues (10, 14–17). An
additional negative charge is known to support protonation of
histidine, resulting in an increased pKa, whereas in the environ-
ment of a positively charged residue, the protonated and thus
positively charged form is less favored, shifting its pKa to lower
values. Thus, we suppose that the exchange of charge at position
216 causes an alteration of the pH of the conformational change
and, consequently, of fusion via its effect on the pKa of His184. In
support of our study, an increase in the pH of fusion when residue
216 was changed from a lysine, which is positively charged like
arginine, to glutamic acid (K216E) was reported previously for a
highly pathogenic H5 subtype (22). However, the authors argued
that the effect of this K216E mutation on the pH of fusion was due
to a change in hydrogen bonding with the adjacent monomer
(from K216-N210 to E216-R212) (22). Analyzing the known crys-

FIG 6 Structural representation of the HA1-HA1 interface of the crystal structure of the H5 HP HA wild type (A) and of modeled mutations at position 184 (B
to E). Secondary structures of chains A (brown) and E (yellow) are shown in cartoon representation, with central residues of the interface represented in stick
model. Interactions of the respective residues at position 184 are displayed (marked by arrows). For modeling, the His184 residues in chains A, C, and E were
replaced by alanine (H184A) (B), asparagine (H184N) (C), arginine (H184R) (D), and aspartate (H184D) (E).
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tal structures (PDB IDs 3S11 and 3S13), we could not identify any
of the mentioned hydrogen bonds.

We propose that His184 and its local environment are impor-
tant determinants for the fine-tuning of the pH of fusion, an es-
sential step of the infection cascade. Several studies have provided
evidence that the pH of fusion is crucial for influenza virus infec-
tion in distinct organisms (23–25). It was further shown that viral
adaptation to different host cells and species often necessitates
mutations in the HA protein, altering the fusion pH to account for
host-specific variations in the endosomal pH and/or for different
transmission modes (36, 54–58). In particular, it has been shown
that a high pH of fusion increases the pathogenicity of the virus in
infected chicken and ducks (22, 24), whereas a high pH is not
favorable for infection of and spread between mammals (23, 25,
36, 54, 55, 58).

Sequence alignment of H5 HAs of isolated H5N1 strains re-
vealed that the glutamate-to-arginine (or lysine) mutation is pres-
ent in all highly pathogenic virus strains isolated from birds and
humans not only in 2003 to 2004 but also in subsequent years,
suggesting that the charge-charge mutation and the altered pH of
fusion involved contributed to a highly pathogenic phenotype.
We propose that this E216(R/K) mutation stabilizes the HA ect-
odomain of H5 HP, shifting the fusion-triggering conformational
change to a more acidic pH. The mutation might also have com-
pensated for other destabilizing mutations, preventing conforma-
tional change of H5 HP HA at elevated pH (22).

In conclusion, we suggest that His184 is a crucial molecular
switch at the HA1-HA1 interface regulating the pH dependence of
the conformational change of HA. We further propose that mu-
tation of residue 216 in proximity to His184 alters the pH thresh-
old of conformational change and of fusion by affecting its pKa.
This fine-tuning of the pKa of His184 may facilitate the adaptation

of the fusion pH to host-specific conditions, which was shown to
be required for efficient infection and spread of the virus.
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