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Crystal Structure of the Conserved Amino Terminus of the
Extracellular Domain of Matrix Protein 2 of Influenza A Virus

Gripped by an Antibody
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We report the crystal structure of the M2 ectodomain (M2e) in complex with a monoclonal antibody that binds the amino termi-
nus of M2. M2e extends into the antibody binding site to form an N-terminal 3-turn near the bottom of the paratope. This M2e
folding differs significantly from that of M2e in complex with an antibody that binds another part of M2e. This suggests that M2e
can adopt at least two conformations that can elicit protective antibodies.

H uman influenza viruses can escape antibody-mediated im-
munity by varying the antigenic sites in their surface anti-
gens that are most prone to virus neutralization. Vaccines that
elicit antibody responses against conserved surface-exposed
antigens, such as the stem region of influenza hemagglutinin or
M2e, can protect against multiple influenza virus subtypes (1).
A potential clinical benefit of M2e-based vaccines can be in-
ferred from a challenge study in human volunteers, which
showed that injection of human monoclonal antibody (MADb)
TCN-032 directed against M2e 1 day after inoculation of an
H3N2 influenza virus resulted in reduced clinical signs and
virus shedding compared to placebo treatment (2).

M2e corresponds to the surface exposed amino-terminal
part of M2 and is 23 amino acid residues long (3). The first nine
amino acid residues of M2 are extremely conserved across all
reported influenza A viruses. Human and murine M2e-specific
MAbs that recognize different parts of M2e have been de-
scribed, but how these interact with M2e is largely unknown
(4-6). Here, we report the crystal structure of M2e in complex
with a Fab fragment from a MAb that binds to the highly con-
served N-terminal part of M2.

The ethical committee of Ghent University approved this
mouse protection study. We isolated MAb148 from a BALB/c
mouse that had been immunized with a recombinant tetra-
meric protein of M2e using conventional hybridoma technol-
ogy (7). Intraperitoneal injection of 200 g of this IgG1 MAb
protected mice against a potentially lethal challenge with an
HINI virus (Fig. 1A). To identify the epitope of MAb148, we
transfected a series of alanine mutants of M2 into HEK293T
cells. Transfected cells were subsequently fixed and used in an
enzyme-linked immunosorbent assay (ELISA). This analysis
revealed that M2 residues Ser2, Leu3, Leu4, and Thr5 are crit-
ical for MAb148 binding (Fig. 1B). A similar N-proximal
epitope in M2e was reported for human MAb TCN-031 and
-032 (8). ELISA analysis using wells coated with M2e peptide
variants showed MADb148 binding was indifferent to most of
the sequence variation in the M2e segment spanning residues 9
to 20 (Fig. 1C). However, we noted reduced binding to the M2e
peptide derived from A/Hong Kong/485/97 (Fig. 1C). Also a
shorter M2e peptide (SLLTEVETPIRN) proved less accessible
for MADb148 binding (Fig. 1C), though in solution this peptide
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competed with MAb148 for binding the coating full-length
M2e peptide as efficiently as full-length M2e (Fig. 1D), suggest-
ing that reduced response in ELISA resulted from a coating
effect.

To characterize the interactions between MAb148 and M2e in
more detail, we determined the crystal structure of the M2e pep-
tide SLLTEVETPIRNEGGCRCNDSSD (M2eW15G) in complex
with Fab148 (obtained by papain digestion of MAb148). Pep-
tide and Fab148 were mixed at a 10:1 molar ratio in 20 mM
Tris-HCI (pH 8.0) and 50 mM NaCl buffer, and M2e-Fab148
complexes were purified on a Superdex 200 HR column. Nee-
dle-like crystals of M2eW15G-Fab148 complex were obtained
by vapor diffusion, using 10 mg/ml of M2eW15G-Fab148 in 20
mM Tris-HCI (pH 8.0), 50 mM NacCl, and 5 mM dithiothreitol
(DTT) and a crystallization solution containing 100 mM so-
dium acetate (pH 5.0) and 2 M ammonium sulfate. Diffraction
data to a 2.2-A resolution were collected from a cryocooled
(100 K) M2eW15G-Fab148 crystal at beamline 124 of the Dia-
mond Light Source (Oxfordshire, United Kingdom). Diffrac-
tion data were processed and scaled using the XDS package (9),
and the M2eW15G-Fab148 structure was solved by molecular
replacement using Phaser (10) and refined by using Refmac5
(11) (Table 1).

The electron density maps allowed unambiguous modeling
of MAb148, as well as M2eW15G residues Ser2 to Pro10. The
complement-determining regions (CDRs) form a deep and
narrow binding pocket that accommodates the N-terminal
part of M2e (Fig. 2A and B). M2ePro10 and Ile11 (the latter was
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FIG 1 MADb148 binds to the N terminus of M2e. (A) MAb148 protects mice against challenge with influenza A virus. Groups of 5 female BALB/c mice were
injected intraperitoneally with 200 pg of MAb148 (black squares) or phosphate-buffered saline (PBS) (white squares). Twenty-four hours later, the mice were
challenged with two 50% lethal doses (LDs,) of A/Swine Belgium/1/98 (HIN1) and monitored for survival. (B) HEK293T cells were transfected with pCAGGS
vector (—) or with pCAGGS-M2 wt or Ala-scan mutants of the M2e domain. Twenty-four hours after transfection, the cells were fixed with 4% paraformalde-
hyde and used to probe binding with a dilution series of MAb148 by cellular ELISA. (C) M2e peptide ELISA using a diverse set of high-performance liquid
chromatography (HPLC)-purified M2e peptides for coating to assess binding of MAb148. Residues that differ from the consensus human H3N2 virus M2e
sequence (SLLTEVETPIRNEWGCRCNDSSD) are in red. (D) ELISA plates were coated with a peptide that represents the M2e sequence of most human H3N2
viruses (SLLTEVETPIRNEWGCRCNDSSD). MAb148 was preincubated with a dilution series of M2e peptide variants (the sequence of the competing peptide
in solution is shown above each graph; residues in red differ from the corresponding residues in the coating peptide), and residual MAb148 binding to the coated
wells was determined using a secondary horseradish peroxidase (HRP)-conjugated anti-mouse antibody.
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TABLE 1 Crystallographic X-ray diffraction and refinement statistics

Statistic

Value for M2e peptide + Fab148

Data statistics
Wavelength (&)

No. of reflections (unique reflections)

Resolution range (A)
Completeness (%)
Riperge (%0)°

llo

Space group

Unit cell parameters (A)

Refinement statistics

1.000

326,286 (95,371)

50.0~2.20 (2.26~2.20)

97.1 (84.1)

6.9 (33.6)

11.8 (3.5)

C222,
a=092.6,b=1014,c=2125
a=p=vy=090°

Resolution range (A) 49.2~2.2
No. of reflections 47,639
R/Rpree (%)° 18.7/24.0
RMS deviation®
Bonds (A) 0.024
Angles (°) 2.26
No. of water molecules 309
Average B (A%) 29.4
Ramachandran statistics (%)"
Favored 97.6
Allowed 2.4
Outlier 0.0
“R = 3|l — <I>|/2<I>, where ] and <I> are the measured and averaged

merge

intensities of multiple measurements of the same reflection, respectively. The

summation is over all the observed reflections.

bR = 3|F, — F|/2|F,), calculated for all observed data. R, = 3|F, — F.|/Z|F,|,
calculated for a specified number of randomly chosen reflections that were excluded

from the refinement.
¢ RMS, root mean square.

4 Calculated using RAMPAGE (23).
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Structure of the N Terminus of M2e

not modeled due to weak electron density) emerge from the
MAb148 binding pocket, where Pro10 kinks the M2e peptide
such that its C-terminal segment is projected away from the
MAD (Fig. 2B). The antigen’s binding epitope resembles a fish-
ing hook, with residues Ser2-Leu3-Leu4-Thr5-Glu6 forming a
B-turn that is complementary in shape to the MAb148
paratope (Fig. 2B and C). Five H-bonds are directed toward the
main chain atoms of M2e’s N-terminal B-turn (Fig. 2D). In-
volvement of a B-turn in several peptide-antibody complexes
has been reported in other X-ray structures (12-18) and in
different antigenic peptides (19-22). Such a structure enhances
the number of interactions that can be made by an antibody to
an antigen with a limited number of residues. Our solution
binding studies also show that the presence of an N-terminal
Met on M2e, which is naturally removed posttranslationally
(3), precludes binding of MAb148 (Fig. 1D). This is consistent
with the structural data, which show that Met1 would be steri-
cally hindered by Tyr37 in the light chain CDR3 of MADb148
(Fig. 2B, inset).

Apart from main chain interactions, MAb148 forms H
bonds with side chain hydroxyls of Ser2, Thr5, Thr9, and the
Glu8 carboxyl. Additionally, the nonpolar atoms in the M2e
B-turn contribute hydrophobic interactions with the bottom
of the MADb148 paratope. This suggests that hydrophobic inter-
actions are necessary for the binding with MAb148, consistent
with the loss of MAb148 binding with M2 Ala mutants at po-
sitions Leu3, Leu4, and Thr5 (Fig. 1A).

In the MAb65 complex that we resolved previously, the ob-

B Heavy chain Light chajn

yr37

FIG 2 Structure of the Fab148-M2eW15G complex. (A) Cartoon representation of the modeled part of M2e (surface presentation; purple) surrounded by the
heavy (brown) and light (blue) chain complementarity-determining regions of MAb 148. (B) Cross section of M2e (sticks; purple) bound to MAb148. Amino
acid residues of M2e are labeled. The inset is a theoretical modeling of Met1 (green) of M2eW15G. The red oval highlights the predicted steric hindrance of Met1
by Tyr37 of HCDRI. (C) Residues Ser2 to Thr5 of M2eW15G form a -turn that is followed by a turn in M2e. Dotted lines represent hydrogen bonds, and
distances between atoms are in angstroms. (D) Hydrophilic interactions between M2e (stick presentation) and the antibody are with main chain atoms of M2e
except for the oxygen of the Ser2 side chain. Heavy and light chain residues are in brown and blue, respectively, and dotted lines represent hydrogen bonds.
Oxygen and nitrogen atoms in this figure are in red and blue, respectively.
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M2e(3-16) bound to mAb65

M2e (2-10) bound to mAb148

FIG 3 Comparison of M2e bound to MAb65 and MAb148. (A) The conformation of M2e peptide bound by mAb65 (left) is entirely different from M2e
bound by MAb148 (right). M2e peptide backbones are shown as purple lines. The 3, helix in M2e from Ile11 to Trpl5 in the M2e-mAb65 complex is
shown as a short ribbon, and the terminal residues of M2e are labeled. Antibody variable heavy and light chains are in brown and blue, respectively. (B)
M2e has a B-turn from Thr5 to Glu8 and is folded in a U-shaped conformation with central Trp15 positioning when bound to MAb 65 (left) (PDB ID
4N8C [6]). M2e has an N-terminal B-turn involving Ser2 to Thr5 when M2e interacts with MAb 148 (right). The surfaces of heavy and light chains are

in brown and blue, respectively.

served M2e conformation is quite different from that seen in
the MAb148 complex (Fig. 3) (6). The N-terminal B-turn from
Ser2 to Glu6 that determines M2e binding to MAb148 is absent
in the MAb65 complex (Fig. 3), suggesting this segment of M2e
can adopt multiple conformations on the virus coats. For prac-
tical reasons, we solved the cocomplex structure of MAb148
with the M2e peptide that has a Trp15-to-Glyl5 mutation
(M2eW15G) (in the presence of Trpl5, no crystals were ob-
tained, possibly due to incompatibility of the increased bulk of
Trp with crystal packing). Although Trp15 is highly conserved
in M2e, we assume that the structure of Fab148 complexed with
M2eW15G is biologically significant, since the structural data
show that the antigenic epitope comprises residues 2 to 11 only
and we found MAD148 to interact equally well with both
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M2eWT and M2eW15G, as well as with the shorter M2e pep-
tide SLLTEVETPIRN (Fig. 1C and D).

In conclusion, MAb148 targets the conserved N-terminal
residues of M2e and proves largely indifferent to known se-
quence variation immediately downstream of this segment.

Protein structure accession number. The complex structure
has been deposited in the Protein Data Bank under the PDB code
5DLM.
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