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Molecular basis of influenza hemagglutinin
inhibition with an entry-blocker peptide
by computational docking and mass
spectrometry

Robert Lu, Patrick Müller and Kevin M Downard

Abstract

Background: The increased resistance of circulating strains to current antiviral inhibitors of the influenza virus neces-

sitates that new antivirals and their mode of action are identified. Influenza hemagglutinin is an ideal target given inhibitors

of its function can block the entry of the virus into host cells during the early stages of replication. This article describes

the molecular basis for the inhibition of H1 and H5 hemagglutinin by an entry-blocker peptide using companion molecu-

lar docking and mass spectrometry-based experiments.

Methods: A combination of hemagglutination inhibition assays, computational molecular docking and a novel mass

spectrometry-based approach are employed to explore the mode of action of the entry-blocker peptide at a molecular

level.

Results: The entry-blocker peptide is shown to be able to maximally inhibit blood cell hemagglutination at a concentra-

tion of between 6.4 and 9.2mM. The molecular basis for this inhibition is derived from the binding of the peptide to

hemagglutinin in the vicinity of the reported sialic acid binding site surrounded by an a-helix (190-helix) and two loop

(130-loop and 220-loop) regions in the case of a H1 hemagglutinin and the second loop region in the case of a H5

hemagglutinin.

Conclusions: The results support the recognized potential of the entry-blocker peptide as an effective antiviral agent

that can inhibit the early stages of viral replication and further illustrate the power of a combination of docking and a

mass spectrometry approach to screen the molecular basis of new antiviral inhibitors to the influenza virus.
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Introduction

Hemagglutinin (HA) is a glycoprotein located on the
surface of influenza virus particles.1 The encoded pre-
cursor protein, HA0, is synthesized as a single protein
and cleaved by a cellular protease into the HA1 and
HA2 subunits. The HA1 subunit contains the sialic acid
receptor-binding pocket and antigenic epitopes, while
the first 23N-terminal residues of the HA2 subunit
comprise the fusion peptide (FP). The HA1 and HA2
subunits are linked together by means of a disulphide
bond. Three of these bridged HA molecules associate to
form a homotrimer on the surface of a virus particle
that represents the functional HA.2

Influenza virus infection of host cells begins with the
binding of HA to sialic acid receptors on the surface of
host cells. Once bound, the protein facilitates entry of

the viral RNA into the host cells by causing the fusion
of the endosomal membrane. To release virus genomes
into the cytoplasm, fusion between the viral envelope
and endosome membrane occurs in an acidic environ-
ment. This triggers an irreversibly conformational
change in HA. Under these acidic pH conditions, the
hydrophobic FP at the N-terminus of HA2 is released
from its buried position.3 It interacts with the endoso-
mal membrane and initiates a series of conformational
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rearrangements of HA2 that leads to membrane fusion
and release of viral RNA into the host cells.

The blocking of HA-mediated fusion is one strategy
used for the design of antiviral inhibitors against the
virus that target influenza HA.4 Another involves
blocking the entry of the virus into host cells by target-
ing the surface of the influenza HA.5 There are benefits
in preventing viral replication early in the infection
cycle,6,7 particularly in light of an increasing number
of circulating strains of influenza that are resistant to
the current neuraminidase inhibitors oseltamivir and
zanamivir.8 A range of inhibitors to influenza HA,9

including peptide-based inhibitors,10 have been
reported and some, such as arbidol,11 have been
approved for administration in humans.

A previous study has identified an entry-blocker
(EB) peptide, derived from a fibroblast growth factor
signal sequence, which displayed broad anti-influenza
virus activity both in vitro and in vivo.12 The full length,
20 amino acid residue peptide inhibits influenza virus
infection by preventing virus attachment to host cells,
though the molecular basis for its mode of action is
unknown. A subsequent study, by the same authors,13

reported on the minimal, truncated EB sequence
required to retain the antiviral activity and inhibitory
concentration (IC50) of the full length peptide so as
to simplify its synthesis and reduce potential produc-
tion costs.

This study examines the molecular basis of the
inhibitory properties of EB peptide against both
H1 and H5 HA. Parallel computational molecular
docking and mass spectrometry-based experiments, in
conjunction with inhibition assays, have been employed
in approaches akin to those of a recent report from this
laboratory that investigated the molecular basis14

of another HA inhibitor, arbidol.11 The mass spectrom-
etry approach15 has been successfully applied to study
the binding of a range of antiviral inhibitors to influ-
enza neuramindase,16–19 thus providing a solid founda-
tion for this study.

Materials and methods

Recombinant HA, vaccines and EB peptide

Recombinant H1 and H5 HA based on the sequences
derived for the A/California/04/2009 (H1N1) and
A/Vietnam/1194/2004 (H5N1) strains were purchased
from Sino Biologicals (Beijing, China). Lyophilised
protein was reconstituted in 200–400 mL of purified
water to achieve a stock concentration of 0.25 mg/mL.

The PanVax split virion vaccine formulated
against the H1N1 2009 pandemic strains was provided
by CSL Biotherapies, CSL Limited (Parkville, Victoria,
Australia), while the H5N1 whole virion vaccine

(A/Vietnam/1203/2004) was obtained from BEI
Resources (Manassas, VA, USA).

The EB peptide (of sequence RRKKAAVALLP-
AVLLALLAP and average molecular mass 2084.65)
was synthesized and purchased from Auspep
(Melbourne, Australia).

Hemagglutination inhibition assays

Hemagglutination inhibition (HI) assays were per-
formed in 96-well V-bottom microtitre plates using
heparinised chicken red blood cells (RBCs) obtained
from Westmead Hospital, Sydney. Starting vaccine con-
centrations equivalent to 2.67mg/mL of HA were serially
diluted to ascertain the amount of virus required to
achieve four times the minimal agglutination concentra-
tion or hemagglutination units (HAU). EB peptide was
dissolved in PBS with a starting concentration of between
13 and 20mg/mL. Inhibitor titrations were performed in
the presence and absence of four HAU of vaccine, to
ensure agglutination was virus dependent, by serially
diluting the inhibitor from the highest dose concentra-
tion, representing a concentration 10-fold higher than
the reported IC50 value (in-vitro), to the concentration
at which agglutination inhibition was complete or near
complete. Dilutions of inhibitor were pre-incubated with
four HAU of vaccine for 15min followed by the addition
of a RBC solution (0.67% w/v, total volume 150mL) for
1h at 37�C.

Computational molecular docking of truncated EB
peptide (EBB12-NBR) to H1 and H5 HA

Molecular docking experiments were performed using
the AutoDock v4.2.6 program on a Dell Optiplex perso-
nal computer fitted with an Intel i5, 2.5GHz core proces-
sor running the Windows 7 operating system. The X-ray
structures for H1 and H5 HA (3LZG and 3ZNM,
respectively) were obtained from the protein data bank
(PDB). Due to computational constraints, the protein
was docked with the truncated version of the EB peptide,
EBB12-NBR (of sequence ALLVALLAP) representing the
minimal active peptide, without the terminal RRKK
residues to aid solubility and any internal deletions.13

A 3D structure for the full length EB peptide was
constructed using the MarvinSketch chemical editor
(Chemaxon, Budapest, Hungary) from its input
sequence. The structure was optimized using the 3D
geometry and optimization utilities, using default par-
ameters, and exported as a PDB file. This file was edited
to remove the terminal residues. The remaining trun-
cated peptide displayed a partial helical structure.

The truncated EB peptide and HA protein structures
were docked in two stages using AutoDock. First, blind
rigid molecule dockings were performed across the
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HA1 head region a cubic grid of 126 points per side in
size at a resolution of 0.375 Å. In the second refined
docking experiment, grids centred on putative binding
sites determined from the first docking were used with a
grid size of 70 points per side at the same resolution.
The following docking parameters were employed:
ga_num_evals 25 million, pop_size 300, quaternion
step size 50� and torsion step size 50�. In all dockings,
200 conformations were generated per run with a total
of three replicate runs performed for each putative
docking site.

The three lowest binding free energy conformers
were filtered by clustering using a rmstol (RMSD tol-
erance) of 10.0 Å. The models were analysed further
with the Pymol molecular viewer (DeLano Scientific,
San Francisco, USA).

Incubation of EB peptide with H1 and H5 HA
followed by proteolytic digestion

Deglycosylation of recombinant HA with 1.2 units of
recombinant peptide-N-glycosidase F (PNGaseF)
(Roche Diagnostics, Sydney, Australia) was verified
by SDS-PAGE. A solution of deglycosylated protein,
equivalent to 5 lg HA, in 25mM ammonium bicarbon-
ate was left untreated or treated with a 10 molar excess
of EB peptide inhibitor for each subtype (H1 and H5)
and incubated for 2 h at 37�C.

Limited proteolysis of untreated and full length EB
peptide-treated HA was performed by the stepwise
addition of �1:30 mole ratio (60ng enzyme per lg HA)
of sequencing-grade endoproteinase Glu-C from
Staphylococcus aureus V8 (Sigma-Aldrich, Sydney,
Australia) and modified porcine trypsin endoproteinase
(Promega Corporation, Sydney, Australia). Digests were
carried out sequentially to minimise enzyme autolysis and
cross-digestion products. Overnight Glu-C digestion in
25mM ammonium bicarbonate buffered solution was
performed first as it is particularly sensitive to proteolysis
(against itself and other endoproteinases). The following
day, samples were incubated overnight with trypsin also
in 25mM ammonium bicarbonate solution. The released
peptides were reduced and alkylated in a solution contain-
ing 5mM dithiothreitol and 10mM iodoacetamide and
desalted using C18 ZipTipTM (EMD Millipore, Billerica,
MA, USA) 10lL tips. The extracted peptides were com-
pletely dried in a Labconco Centrivap (Labconco, Kansas
City, MO, USA) prior to matrix-assisted laser desorption/
ionization (MALDI-MS) analysis.

High-resolution MALDI-MS of HA peptides

Reconstituted peptides (�1.6 lg/lL in 3 lL water) were
diluted in a 5mg/mL solution of a-cyano-4-hydroxycin-
namic acid (8 lL containing 50% by volume

acetonitrile and 0.1% trifluoroacetic acid); 1 lL of com-
bined sample and matrix solution was spotted twice
onto a Bruker MTP Anchorchip 400/384 TF plate
(Bruker Daltonics, Billerica, MA, USA).

High-resolution FT-ICR mass spectra were obtained
on a 7T Bruker APEX-Qe instrument (Bruker
Daltonics, Billerica, MA, USA) in the positive ion-
mode as previously described.20 Spectra were acquired
from an average of six scans using a broadband excita-
tion and plotted herein in the m/z range of 500–3000.

Analysis of MALDI-MS data to identify binding
segments

Peak lists derived from the acquired mass spectra were
deisotoped, and the monoisotopic masses associated
with HA-derived peptides were identified by matching
the peak masses, using an error tolerance of 10 ppm, to
those theoretically generated using the MS-FIT algo-
rithm (UCSF Protein Prospector webserver).
Sequence coverages of 40.9% (17 matched peptides)
and 29% (12 matched) were obtained for H1 and H5
HA, respectively. The average relative peak intensities
of the matched HA peptides, across replicate data for
untreated and treated HA samples, were compared.
Those whose relative intensities decreased by greater
than 10% (absolute) were deemed to be bound to EB
peptide based on established errors from past experi-
ments.15–19 The PRISM algorithm21 was employed to
assist with this analysis. Minor products associated
with the partial digestion of EB peptide are denoted
(*) in the EB-treated mass spectra.

Results

HA inhibition assays

Viruses adhere to or agglutinate RBCs by means of the
HA glycoprotein. Compounds that bind to HA can
inhibit this agglutination. This leads to the pooling or
buttoning of blood cells in the base of the wells of a
titre plate.

HIA assays were performed with increasing concen-
trations of EB peptide up to 26.5 or 20 mg/mL.
Inhibition of agglutination was apparent from an
increase in density of RBCs in the bottom of the well
with increasing concentrations of EB peptide (Figure 1)
using four HAU equivalents of H1N1 virus. Although
incomplete even at high concentrations, a concentra-
tion of 13.3mg/mL or 6.4 mM was established as the
endpoint of the effect. At and above this concentration,
some peptide-induced hemagglutination was observed
based on results for RBCs treated only with the pep-
tide, which masks complete inhibition in the presence of
virus. Drug-induced, dose-dependent hemagglutination
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has previously been reported for both peptides and
pharmaceutical compounds.22,23

In the case of the H5N1 virus (Figure 1), partial
agglutination was apparent at between 2.5 mg/mL with
near complete inhibition detected at approximately
20 mg/mL or 9.2mM. At and above this concentration,
peptide-induced hemagglutination was observed for
RBCs treated only with the peptide and no virus.

Computational molecular docking

The ability of EB peptide to inhibit hemagglutination
suggested that it binds to the accessible HA1 domain
atop the HA protein. Molecular docking to H1 and H5
HA was performed in two stages. The first involved
blind docking across large overlapping sections of the
entire HA1 head region of the PDB structures for H1
and H5 HA (3LZG and 3ZNM). This established puta-
tive binding sites at which more refined docking was
performed to obtain the lowest free energy model.

Due to the computational complexity associated with
docking large ligands to proteins, the truncated version
designated EBB12-NBR (of sequence AVLLALLAP) was
used. This compromise is reasonable given that it has
been reported that the N-terminal residues are only con-
sidered necessary for peptide solubility,13 not binding,
and thus can be ignored during in-silico-based docking
procedures. The truncated peptide EBB12-NBR has been
previously established in structure-activity relation stu-
dies as being the minimal segment that retained near
complete activity in-vitro.13

The lowest energy (�8.66 kcal/mol) conformer of
EBB12-NBR bound to H1 HA has the peptide located

within a cavity of the HA1 head region where it inter-
acts with neighbouring HA1 subunits within the trimer
(Figure 2(a)). In this top-ranked conformer, the peptide
is in closest contact with HA residues 96-99, 208-213,
and Tyr-230. Note that the residues are numbered
according to the sequence for the recombinant H1 pro-
tein and may differ from those within the PDB struc-
ture file. Much the same is true of the second-ranked
conformer, though here, the peptide is less elongated
and orientated at approximately 180� about both its
vertical and horizontal axis from the top-ranked orien-
tation (Figure 2(b)).

The third-ranked conformer was with only a mar-
ginally higher binding energy (�6.76 kcal/mol), but has
the peptide located inside a pocket surrounded by resi-
dues of a single HA1 unit. In this case, the peptide is
in the vicinity of HA residues 130–132, 146, 183–186
and 222–227. This model has the EB peptide located
within the reported sialic acid binding site surrounded
by an a-helix (190-helix) and two loop (130-loop and
220-loop) regions (Figure 3). This binding site contains
residues that are conserved across both H1 and H5
serotypes.24

Docking of the EB peptide to H5 HA yields two top-
ranked conformers in which the peptide also resides in
this region of the protein. Both have similar binding
free energies of �6.04 and �5.28 kcal/mol. The first
exhibits the peptide in a more elongated orientation
with its C-terminal residues in closest contact with resi-
dues 86-95, and Ser133 and Asn220 of two loop regions
within a single HA1 subunit. In the second-ranked con-
former, the peptide is more twisted and is in close prox-
imity to H5 residues 71-73, 205-212 and 229-230.

Figure 1. Hemagglutinin inhibition assays (HIA) using serial dilutions of full length EB peptide against standardized solutions (con-

taining four HAU equivalents) of H1N1 (Panvax containing a A/California/07/09-like strain) and H5N1 (containing a A/Vietnam/1203/

2004 strain) vaccines.

EB: entry-blocker.
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Interaction of H1 and H5 HA with full length EB
peptide by MALDI-MS

The interaction of full length EB peptide with H1 and
H5 HA was investigated experimentally in parallel by
mass spectrometry. The MS-based approach has been
previously employed in this laboratory to study the
binding of antiviral inhibitors to their target pro-
teins14,16–19 and is based on a molecular-based
method originally deployed to study the antigenicity
of virus strains.15

In brief, recombinant H1 and H5 HA were each
digested sequentially with endoproteinase GluC and
trypsin before and after their incubation with full
length EB peptide. Cleavage residues in close proximity
or bound to the peptide will be partially or fully
shielded from the proteases resulting in a reduction in
their relative levels or absence in the spectra of the EB
peptide-treated HA samples compared those for the
untreated control samples.

Representative mass spectra of untreated and EB
peptide-treated H1 HA after proteolysis are shown in
Figure 5. The most apparent differences in peak inten-
sity in these spectra appear in the HA peptide ions at
m/z 885, 1615, 1785 and 2105. Table 1 lists the average
peak intensities and standard deviations across spectra
from replicate experiments. Beyond the established
error for these experiments (of� 10%),14–19 only four
peptides have relative peak intensities which decrease
by greater than 10% (absolute). Of these, two peptides
at m/z 1615 and 2105 contain residues from the same
segment of the protein (227–239/243), the latter asso-
ciated with an additional miscleaved site. These results
favour the third ranked conformer (Figure 3) where
residues 222–227 containing the N-terminal cleavage
site (226–227) are in close proximity to the N-terminal
residues AVL of the truncated EBB12-NBR peptide. This
results in a reduction in the relative intensity of the
peptides comprising residues 227–239 and 227–243 of
11.81% and 13.80% (absolute), respectively.

In this conformer, lysine at position 146 is also prox-
imal to the peptide (Figure 3) that shields the cleavage

Figure 2. Top-ranked (ranks 1 and 2) conformers of EBB12-NBR bound to H1 hemagglutinin. Note that the numbering is based on

recombinant hemagglutinin sequence.

Figure 3. Third-ranked (rank 3) conformer of EBB12-NBR bound

to H1 hemagglutinin. Note that the numbering is based on

recombinant hemagglutinin sequence.
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site at HA residues 146 and 147 from proteolysis with
trypsin resulting in a reduction (13.14% absolute) in the
relative intensity of the released peptide comprising
residues 147–153.

Representative mass spectra for untreated and EB
peptide-treated H5 HA after proteolysis are shown in
Figure 6. In this case, only a single peak associated with

a segment of H5 HA undergoes a reduction in its rela-
tive peak intensity exceeding 10% (absolute). Based on
the results of replicate data (Table 2), this peptide cor-
responding to HA residues 228–242 decreases in rela-
tive peak intensity by 54.29%.

These results favour the second-ranked conformer
(Figure 4, rank 2) where the glutamic acid residue at

Figure 5. Representative MALDI mass spectra of GluC/tryptic peptides released from untreated and full length EB peptide-treated

H1 hemagglutinin.

Cm: a carbamidomethylated peptide; ox : oxidised form.

Figure 4. Top-ranked (ranks 1 and 2) conformers of EBB12-NBR bound to H5 hemagglutinin. Note that the numbering is based on

recombinant hemagglutinin sequence.
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Table 1. MALDI-MS peak intensity data for the GluC/tryptic peptides released from untreated and EB peptide-treated H1

hemagglutinin.

m/z Residuesa Sequenceb

Untreated H1

average peak

intensityc

Peptide-treated H1

average peak

intensityc

Difference in

average peak

intensity

885.5566 147–153 (K)NLIWLVK(K) 14.56 (8.45) 1.42 (1.88) 13.14

887.4089 253–259 (R)YAFAMER(N) 4.62 (2.00) 0.13 (0.30) 4.49

1094.5889 328–338 (R)GLFGAIAGFIE(G) 7.83 (3.71) 0.72 (0.86) 7.11

1343.6430 55–66 (K)CmNIAGWILGNPE(C) 10.18 (3.72) 1.76 (0.18) 8.42

1429.6853 69–81 (E)SLSTASSWSYIVE(T) 2.33 (0.76) 0.88 (1.00) 1.45

1615.7483 227–239 (R)MNYYWTLVEPGDK(I) 30.21 (5.31) 18.40 (2.24) 11.81

1631.7445 227–239d (R)MNYYWTLVEPGDK(I) 3.21 (1.09) 2.33 (1.67) 0.88

1632.7168 55–68 (K)CNIAGWILGNPECE(S) 5.54 (2.29) 1.03 (0.80) 4.51

1657.7382 411–424 (K)VDDGFLDIWTYNAE(L) 6.01 (1.05) 0.64 (0.18) 5.37

1785.8344 410–424 (K)KVDDGFLDIWTYNAE(L) 16.15 (3.25) 4.03 (0.57) 12.12

1894.0086 396–410 (K)EFNHLEKRIENLNKK(V) 5.60 (1.47) 5.08 (0.46) 0.52

2062.9848 188–205 (D)QQSLYQNADTYVFVGSSR(Y) 1.60 (0.38) 1.22 (1.44) 0.42

2093.8578 339–356 (E)GGWTGMVDGWYGYHHQNE(Q) 100.00 (0.00) 100.00 (0.00) 0.00

2105.9929 227–243 (R)MNYYWTLVEPGDKITFE(A) 21.34 (4.14) 7.54 (1.65) 13.80

2109.8559 339–356d (E)GGWTGMVDGWYGYHHQNE(Q) 9.14 (1.63) 13.97 (2.78) �4.83

2121.987 227–243 (R)MNYYWTLVEPGDKITFE(A) 3.03 (0.68) 0.88 (0.42) 2.15

2167.8323 460–477 (E)IGNGCFEFYHKCDNTCME(S) 3.92 (1.44) 2.52 (0.54) 1.40

2268.1605 486–504 (D)YPKYSEEAKLNREEIDGVK(L) 4.37 (0.77) 9.95 (1.89) �5.58

2679.3173 173–196 (E)VLVLWGIHHPSTSADQQSLYQNAD(T) 1.45 (0.41) 1.71 (0.23) �0.26

aNumbering is based on the HA0 hemagglutinin sequence.
bResidues aside the cleavage site are shown in brackets where Cm indicates a carbamidomethylated cysteine residue.
cValues represent an average of duplicate data with standard deviations shown in brackets.
dA monooxidized (likely at the methionine residue) form of the peptide

Figure 6. Representative MALDI mass spectra of GluC/tryptic peptides released from untreated and full length EB peptide-treated

H5 hemagglutinin.

ox : an oxidised peptide.
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position 228 is in close proximity to the most C-term-
inal alanine residue of the truncated EBB12-NBR peptide.
This reduces the accessibility of endoprotease GluC to
the cleavage site between residues 227 and 228.

No such restriction is observed at the GluC between
residues 395 and 396. The phenylalanine residue at pos-
ition 396 is located directly below the asparagine resi-
due at position 397 in second-ranked conformer
(Figure 4, rank 2), away from the location of the EB
peptide. Consequently, the latter has no impact on the
cleavage of this site by the endoproteinase and the rela-
tive levels of the HA peptide comprising residues 396–
412 (Table 2).

Discussion

The molecular basis of an EB peptide, previously
reported to inhibit the attachment of the influenza
virus to host cells, has been explored, theoretically
and experimentally, by a combination of computational
molecular docking and mass spectrometry. The results
of these disparate approaches are largely in accord, and
demonstrate that the peptide binds to H1 and H5 HA
in the vicinity of the reported sialic acid receptor bind-
ing site, particularly impacting on the accessibility of
residues in the 220-loop region.

The combined results support the recognized potential
of the EB peptide as an effective antiviral agent that can
inhibit the early stages of viral replication. This study,
together with other published work from this

laboratory,14,16–19 further demonstrates the power of a
combination of docking and a MALDI-MS approach,
with high-throughput capability, to explore the potential
of new antiviral inhibitors through analysis of their inter-
action with viral protein targets.
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