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Structural insights into immunoglobulin M
Yaxin Li1,2*, Guopeng Wang3*, Ningning Li2,3, Yuxin Wang1,2, Qinyu Zhu1,2, Huarui Chu1,2, Wenjun Wu4,5,
Ying Tan4,5, Feng Yu4,5,6, Xiao-Dong Su1, Ning Gao2,3, Junyu Xiao1,2†

Immunoglobulin M (IgM) plays a pivotal role in both humoral and mucosal immunity. Its assembly and
transport depend on the joining chain (J-chain) and the polymeric immunoglobulin receptor (pIgR), but
the underlying molecular mechanisms of these processes are unclear. We report a cryo–electron
microscopy structure of the Fc region of human IgM in complex with the J-chain and pIgR ectodomain.
The IgM-Fc pentamer is formed asymmetrically, resembling a hexagon with a missing triangle. The
tailpieces of IgM-Fc pack into an amyloid-like structure to stabilize the pentamer. The J-chain caps the
tailpiece assembly and bridges the interaction between IgM-Fc and the polymeric immunoglobulin
receptor, which undergoes a large conformational change to engage the IgM-J complex. These results
provide a structural basis for the function of IgM.

I
mmunoglobulinM (IgM) is the first class of
antibody produced after B cell activation.
Secretory IgM, together with IgA, plays a
critical role in themucosal immune system.
IgM forms oligomers, and the presence of

multivalent antigen-binding sites in IgM oligo-
mers is a key factor in their ability to aggluti-
nate pathogens. Theheavy chain of IgMcontains
a C-terminal extension known as the tailpiece
that is essential for oligomerization. In the pre-
sence of the joining chain (J-chain), a 15-kDa
protein that has no homology to other pro-
teins, IgM forms a pentamer, in which five
IgM monomers are linked by disulfide bonds
between each other and with the J-chain
(1–3). The J-chain also facilitates the dimer-
ization of IgA, which contains a similar tail-
piece. The overall structural organization of
the IgM pentamer is not completely under-
stood, nor is the function of the J-chain in
regulating the assembly processes of these
polymeric immunoglobulins.
Furthermore, to function at the mucosal sur-

face, IgM secreted by the plasma cells must be
transcytosed through the mucosal epithelial
cells. This process critically depends on the poly-
meric immunoglobulin receptor (pIgR) (4, 5).
pIgR is a type I transmembrane protein that
contains five extracellular immunoglobulin-like
domains (D1 to D5). It specifically binds to
J-chain–containing secretory IgM and IgA at the

basolateral surface of epithelial cells and escorts
them to the apical side. There, the ectodomain
is released by proteolysis and secreted together
with IgM and IgA. The free ectodomain is often
referred to as the secretory component (SC).
The molecular mechanism of how pIgR/SC
facilitates the secretion of IgM and IgA also
remains elusive.
To gain insight into the assembly and secre-

tion of IgM, we reconstituted a tripartite com-
plex containing the Fc region of human IgM
(Fcm), J-chain, and SC (fig. S1), which was then
analyzed using cryo–electronmicroscopy (cryo-
EM) (fig. S2). The final constructed model
reveals that an IgM Cm3-Cm4-tailpiece pentamer
and a J-chain molecule form a near-planar
structure, and a triangular SC docks perpen-
dicularly to the Fcm-J plane (Fig. 1). The center
region of the structure, including the IgM-
Cm4 domains and tailpieces, the J-chain,
and the D1 domain of pIgR/SC, displayed
better than 3 Å resolution, with most of
the side chains clearly visualizable (figs. S2
and S3).
Although the structures of individualmouse

IgM-Cm2, IgM-Cm3, and IgM-Cm4 domains have
been previously characterized (6), the structure
of an entire Fcm has yet to be elucidated. In our
structure, IgM-Cm4 forms a dimer within each
Fcm monomer (fig. S4A). The IgM-Cm4 dimer
here highly resembles the dimers formed by
IgA-Ca3, IgG-Cg3, and IgE-Ce4, but is remark-
ably distinct from the “parallel” dimer observed
in the mouse IgM-Cm4 crystal structure (fig.
S4). The IgM-Cm4 dimer here buries 2540 Å2 of
surface area, larger than the 1900-Å2 surface
concealed by the mouse IgM-Cm4 dimer. The
physiological importance of these different
IgM-Cm4 dimers remains unclear. The IgM-Cm3
domains are not involved in direct contacts
within each Fcm monomer (fig. S4A). In some
determined structures of IgE, the IgE-Ce2 dimer
bends acutely and packs against IgE-Ce3 and

IgE-Ce4 (fig. S4E). On the basis of homology
modeling, the IgM-Cm2 dimer was thought to
bend similarly (7). However, the densities cor-
responding to the IgM-Cm2 dimers, albeit weak,
suggest that they do not adopt a stably bent
conformation (fig. S4F).
IgM forms a pentamer in the presence of the

J-chain. Earlier EM studies depicted a stellate
appearance of the IgM pentamer with a five-
fold symmetry (8). Although thismodel iswidely
documented in textbooks, a recent negative-
stain EM study shows that the IgM pentamer
is an asymmetric pentagon with a 50° gap (9).
A similar gap is present in our structure and is
occupied by the J-chain (Fig. 2A). Nonetheless,
the gap in our structure has a 61° angle, and
the five Fcm units are arranged in an almost
perfect hexagonal symmetry. We speculate that
if the J-chain was not present, a sixth Fcm unit
could be readily accommodated to form a
hexamer. This is consistent with a recent elec-
tron tomography study showing that the IgM
pentamer is equivalent to the hexamer except
for the J-chain (10). IgM-Cm3 and IgM-Cm4 as
well as the tailpieces all contribute to pentamer
formation (Fig. 2A). Cys414 residues from two
neighboring IgM-Cm3 domains are adjacent to
one another and likely form interchain disul-
fide bonds, consistent with earlier analyses (11).
The FG loops mediate the interaction between
two neighboring IgM-Cm4 domains. The seven
residues Tyr562 to Met568 in each tailpiece form
a b strand, and the 10 strands are arranged into
two five-stranded parallel b sheets that pack
onto one another in an antiparallel fashion.
This is reminiscent of the cross-b fibers seen
in amyloid proteins and peptides (12) and pro-
vides the most prominent interactions to stabi-
lize the IgMpentamer. TheTyr562, Val564, Leu566,
andMet568 side chains face inward andmediate
hydrophobic interactions between the two sheets
(Fig. 2B and fig. S3A). Mutation of each of
these residues either abolished or significantly
reduced the oligomerization ofmouse IgM (13).
Val567 residues also stack onto one another to
mediate packing interactions between adjacent
strands, and mutation of the corresponding
Ile567 in mouse IgM disrupted its oligomeriza-
tion (13). Notably, Val567 residues are exposed
to the solvent and form extended hydrophobic
surface patches (Fig. 2B). The highly conserved
Asn563 and Ser565 residues conform to the N-
linked glycosylation consensus motif and facili-
tate the attachment of glycans on Asn563 (Fig.
2B and fig. S3A), which is likely necessary to
prevent IgM from forming aggregations. Cys575,
the penultimate Cys, mediates the formation
of disulfide bonds between adjacent Fcm mono-
mers, which is a prerequisite for IgM oligomer-
ization (13, 14). Indeed, the Cys575 residues of
Fcm5A and Fcm4B are adjacent to one another
and likely form a disulfide bond (Fig. 3A and
fig. S3C). By contrast, Cys575 of Fcm5B andCys575

of Fcm1A are linked to the J-chain.
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The J-chain was identified almost 50 years
ago as an integral subunit of secretory IgA and
IgM (15, 16). Guided by the disulfide bond as-
signments from earlier biochemical studies (17),
we were able to build an atomic model for the
majority of this protein (Fig. 3A and fig. S3B). It
interactswith bothFcm1 andFcm5 to seal theFcm
pentamer. The N-terminal wing comprises four
b strands (b1 to b4) and a short helix. The b3 and
b4 strands pack on the tailpieces of Fcm5B and
Fcm1A, respectively, to cap the fiber-like as-
sembly of the IgM tailpieces. J-chain residue
Cys14 at the beginning of b2 forms a disulfide
bondwith Cys575 of Fcm5B, and J-chain residue

Cys68 in the short helix forms a bond with
Cys575 of Fcm1A (Fig. 3A and fig. S3, D and E).
The b2-b3 loop interacts with the base of
Fcm5B. The C-terminal wing contains a long
hairpin-like structure, which reaches up to the
Cm3-Cm4 junction of Fcm1A and makes exten-
sive hydrophobic contacts (Fig. 3B and fig. S3,
F to H). J-chain residues Val113 and Pro114 in-
teract withMet489, Pro494, and Val537 of Fcm1A,
whereas J-chain residues Leu115, Val124, and
Thr126 interact with Phe358, Leu359, Phe485, and
Val547 of Fcm1A. J-chain residues Ala127, Pro130,
andTyr134 formapocket to accommodatePro544

of Fcm1A. Furthermore, this C-terminal hairpin

also interacts with pIgR/SC to connect IgM
with the receptor.
pIgR/SC binds selectively to IgA or IgM that

contains the J-chain (18). TheD1 domain is the
major binding site, and the three loops that are
analogous to the complementarity-determining
regions (CDRs) of immunoglobulin variable
domains are all involved (Fig. 4A) (19–22). In
the ligand-free state of pIgR/SC, D1 to D5 are
arranged in the form of an isosceles triangle
(22), with the D2-D3 and D4-D5 sides having
similar lengths (Fig. 4B). In the Fcm-J-SC com-
plex, theD2-D3 side remains unaltered,whereas
D1 and D4-D5 undergo drastic conformational
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Fig. 2. The Fcm pentamer. (A) The Fcm pentamer is shown as a space-filling model except for the tailpieces, which are shown as ribbon diagrams. Five Fcm
chains are shown in blue and five are shown in cyan. The Cys414 disulfide bonds and the FG loops are highlighted. (B) Detailed view of the tailpiece assembly.
The N-acetylglucosamine (GlcNAc) molecules attached to Asn563 are shown as orange sticks. Amino acid abbreviations in this or later figures: A, Ala; C, Cys;
E, Glu; F, Phe; H, His; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; Y, Tyr.
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Fig. 1. The cryo-EM structure of the Fcm pentamer in complex with the J-chain and SC. The five Fcm monomers are shown in blue and labeled Fcm1 to Fcm5. The
J-chain and SC are shown in red and gold, respectively.
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changes, leading to the formation of a very
different triangular shape (Fig. 4C). D4-D5 ro-
tates 120° en bloc to become co-linear with D2-
D3, and the newly formedD3-D4 interface buries
a large surface area (1486 Å2). D1 is rotated 84°
and packs onto D2-D3. This large conforma-
tional change is consistent with a previous
double electron-electron resonance (DEER)
spectroscopy study (22). In particular, the dis-
tance between the Ca atoms of D1-Thr67 and
D5-Gln491 is 78 Å in this new conformation,
in good agreement with DEERmeasurements
showing that ligand binding induces a sepa-
ration of these two residues beyond 70 Å. The
three CDRs function as a central hub to me-
diate a network of interactions with Fcm1, Fcm5,
and the J-chain (Fig. 4, A, D, and E, and fig.
S3, I to N). In CDR1, pIgR/SC residue Val29 in-
teracts with J-chain residue Ala132 in the
J-chain C-terminal hairpin (Fig. 4D). pIgR/SC
residue Asn30 forms a hydrogen bond with
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interact with Fcm1 (blue), Fcm5 (cyan), and the J-chain (red). pIgR/SC is
shown as a surface representation. Its D2 to D5 domains are shown in
white. (B) The structure of apo pIgR/SC (PDB ID 5D4K). D1 is shown in gold,
with the three CDR loops highlighted in magenta. The Ca atoms of D1-Thr67

and D5-Gln491 are shown as spheres, and the distance between them is
indicated. (C) The structure of pIgR/SC in the Fcm-J-SC complex.
(D) Detailed view of the interactions at the D1-CDR1 region. Polar
interactions are indicated by dashed lines. (E) Detailed view of the
interactions at the CDR2 and CDR3 region. (F) SC mutants display
reduced interactions with Fcm-J.
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J-chain residueArg105, which in turn packs onto
Tyr576 of Fcm5B. pIgR/SC residue His32 packs
against J-chain residue Tyr134, which interacts
with Pro544 of Fcm1A as described above. pIgR/
SC residue Arg34 forms a salt bridge with
Glu468 of Fcm1B. In CDR2 and CDR3, pIgR/
SC residue Glu53 interacts with both Arg451 and
Arg514 of Fcm1A (Fig. 4E). It has been reported
that rabbit and rodent pIgR can transport IgA
but not IgM (23, 24). Rabbit pIgR lacks a res-
idue entirely at this position, whereas rodents
feature an Asn (4, 21). Arg451 and Arg514 are
also not conserved in mouse IgM (fig. S5A).
pIgR/SC residue Tyr55 packs against Glu468 of
Fcm1B. pIgR/SC residue Asn97 interacts with
the main-chain carbonyl group of Leu466 of
Fcm1B. pIgR/SC residue Arg99 is sandwiched
between Tyr576 of Fcm5B and Thr574 of Fcm5A.
pIgR/SC residue Leu101 interacts with Tyr576

of Fcm5A and Tyr576 of Fcm5B. Two SCmutants,
V29N/R31S and R99N/L101T, which are de-
signed to introduce bulky N-linked glycans in
the CDR1 and CDR3 regions, respectively, dis-
play greatly reduced interactions with the Fcm-
J complex (Fig. 4F), confirming the functional
relevance of the molecular interactions de-
scribed above.
Two other IgM receptors exist in mammals

in addition to pIgR: FcamR and FcmR/Toso/
Faim3 (25). They each contain a domain that is
homologous to the D1 domain of pIgR. Like
pIgR, FcamR binds both IgA and IgM. Its D1-
like domain also shows high sequence similarity
to pIgR-D1 (fig. S5B), and residues correspond-
ing to pIgR/SC residues Val29, Asn30, His32,
Arg34, Tyr55, and Leu101 that are involved in
binding to the Fcm-J complex in pIgR are all
present. Thus, FcamRmay interact with IgM in
amanner similar to pIgR. FcmR/Toso/Faim3,
on the other hand, binds only to IgM. Further-
more, it can interact with both pentameric
and hexameric IgMwith similar affinities (26).

This is in contrast to pIgR, which selectively
binds to the IgM pentamer that contains the
J-chain. Indeed, the D1-like domain of FcmR/
Toso/Faim3 is more divergent than pIgR-D1
and lacksmost of the critical Fcm-J–interacting
residues (fig. S5C). Thus, FcmR likely binds IgM
in a different fashion.
Our high-resolution cryo-EM structure of

the Fcm-J-SC complex provides a framework
for further understanding the functions of
IgM, and also sheds light on the interac-
tion between IgM and other receptors. As
a result of the stronger binding of IgM to
its targets and its more potent activity to
induce complement-dependent cytotoxicity,
IgM can be potentially exploited for ther-
apeutic applications. Our results pave the
way for structure-based engineering of these
molecules.
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