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The human IgM pentamer is a mushroom-shaped
molecule with a flexural bias
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The textbook planar model of pentameric IgM, a potent activator
of complement C1q, is based upon the crystallographic structure of
IgG. Although widely accepted, key predictions of this model have
not yet been directly confirmed, which is particularly important
since IgG lacks a major Ig fold domain in its Fc region that is present
in IgM. Here, we construct a homology-based structural model of
the IgM pentamer using the recently obtained crystallographic
structure of IgE Fc, which has this additional Ig domain, under the
constraint that all of the cysteine residues known to form disulfide
bridges both within each monomer and between monomers are
bonded together. In contrast to the planar model, this model
predicts a non-planar, mushroom-shaped complex, with the central
portion formed by the C-terminal domains protruding out of the
plane formed by the Fab domains. This unexpected conformation
of IgM is, however, directly confirmed by cryo-atomic force mi-
croscopy of individual human IgM molecules. Further analysis of
this model with free energy calculations of out-of-plane Fab
domain rotations reveals a pronounced asymmetry favoring flex-
ions toward the central protrusion. This bias, together with poly-
valent attachment to cell surface antigen, would ensure that the
IgM pentamer is oriented on the cell membrane with its Clq
binding sites fully exposed to the solution, and thus provides a
mechanistic explanation for the first steps of C1q activation by IgM.
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entameric IgM is an important component of the first line of

defense against foreign pathogens (1, 2) and possibly mod-
ified self-components (3), and is increasingly being developed in
the diagnosis and therapy of malignancies (4-7). It is also
implicated in the damage to organs and tissues following isch-
emia/reperfusion (8) and in multiple autoimmune diseases (9—
11). Its best understood mechanism of action in the immune
response is as the initiating component in the classical comple-
ment pathway mediated by Clq (12). In this, the binding of IgM
to cell surface antigen enables Clq to bind to IgM, which thereby
activates Clq for interactions with downstream components. The
expected structural changes consequent to antigen-binding and
associated with Cl1q activation, and how these might be modified
in disease-conditions, have spurred a longstanding interest in the
structure of this large multicomponent molecule (13-17).

Like other antibodies, [gM monomers consist of two light and two
heavy chains. However, whereas the heavy chains of most antibodies
(such as IgG) contain three constant Ig domains, the w heavy chains of
IgM have a fourth one, as do the & heavy chains in IgE. These extra
(Cu2) domains are located in place of the proline-rich hinge region that
is responsible for the rotational flexibility of the antigen-binding Fab
domains (relative to the Fc domain).

Five IgM monomers complex with an additional small polypeptide
(the J chain) to form the predominant oligomeric species in the human
plasma (3). Obtaining crystals of such large flexible complexes is
notoriously challenging, and to date, there have been no crystallizations
reported for the pentamers (or the monomers). Our present under-
standing of the structure of pentameric IgM is largely derived from
negative-stain electron microscopy (EM) images (13) which showed the
pentamer, in the absence of antigen, to be a planar, star-shaped
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complex, with the Fab domains located at the extremity of each radial
arm. When bound to bacterial flagella, the pentamer was found to
adopt a table-like conformation, with each of the Fab domains bent
away from the plane defined by the Fc domains. Similar structural
features (of the antigen-free form) were also concluded from small
angle x-ray scattering (SAXS) data (17), interpreted in terms of
molecular models that took advantage of the high structural homology
among antibodies. At the time of these scattering studies however, the
only crystallographic structures available of antibody molecules were of
IgG, and so the p chains were modeled based on the principles observed
in IgG, resulting in the commonly portrayed structure of the pentamer
in which all of the Cu domains lie within the same plane. However,
subsequent fluorescence data of the homologous IgE molecule in
solution seemed to indicate that the IgE Fc was actually sharply bent
(18). These initial observations were then clearly detailed when the
crystallographic structure of the IgE Fc was solved (19), showing that
the Ce2 domains are bent back toward the Ce4 domains by ~60°. These
findings raise the possibility that the homologous IgM Fc region may
also be bent, although it is not immediately obvious whether such a bent
structure could possibly be assembled into a pentameric complex that
is planar and in which all of the known disulfide bridges both within and
between monomers are satisfied (20).

Here, we report the results of our homology modeling of the IgM
pentamer based upon the structure of the IgE Fc domain and the
known disulfide pairings. According to this analysis, we show that
an exclusively planar structure is not tenable. Instead, for the Fc
domain to remain bent and the pertinent cysteine residues to be in
sufficiently close proximity to each other, the pentamer must form
a non-planar, mushroom-shaped structure, with the C-terminal
regions protruding out from the plane defined by the Fab and Cu2
domains. We confirm this model with direct images of individual
molecules using cryo-atomic force microscopy (cryo-AFM) (21).
Furthermore, we show that free energy calculations of out-of-plane
Fab domain rotations reveal a bias to flexions toward the central
protrusion. This bias, together with the polyvalent attachment to
the cell surface, would result in the table-like appearance, with the
protrusion directed toward the cell surface. As this also leads to the
presentation and exposure of the C1g-binding sites to the solution,
the work presented here may provide a structural mechanism
underlying the first steps of IgM-Clq association.

Results

Homology-Based Modeling of the IgM Pentamer. A BLAST search
(22) for homologous proteins to the human IgM u-chain identifies
the human IgE e-chain as an exceedingly similar match (E = 2 X
10~%). The alignment based on this BLAST result is shown in Fig.
14. Excluding the unique C-terminal tail in IgM, the human IgM
Fc domain exhibits an overall 29% identity and 86% similarity with
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Fig. 1. Homology model of the human IgM Fc based on the structure of the
human IgE Fc. (A) The sequence alignment used to generate the model is based
on a BLAST search (22) for sequences homologous to IgM that identified IgE as
being a highly similar match (E = 2 X 107%%). An asterisk *" below the alignment
denotes identical amino acids while “’.” and ":"" denote similar and highly similar
residues, respectively, as determined by DeepView. (B) Initial model of Fcu before
energy minimization. Shown as yellow van der Waals spheres are the cysteine
residues that are known to be involved in intra-monomer (Cys-214) and inter-
monomer (Cys-291, arrows) disulfide bridges. Even at this initial stage of model-
ing, the Cys-214 residues are close to each other (see Inset), while both Cys-291
residues are on the outermost surface of the complex and so could possibly
interact with similar residues in neighboring molecules. None of these residues
are conserved in IgE, and so their disposition in this structure at locations consis-
tent with expectations lends strong support to the proposed model.

the human IgE Fc domain, with a similar extent of homology across
the entire protein. As a result, the IgE Fc crystal structure should
serve as a useful model for the structure of the IgM Fc domain.
Notably however, none of the cysteine residues in the IgM Fc that
are known to be involved in inter- or intra-monomeric disulfide
bridges (20) are conserved in the IgE Fc sequence. The disposition
of these cysteine residues in the modeled IgM Fc structure is thus
dependent upon the homology of the rest of the sequence, and so
their locations serve as a useful test in evaluating the plausibility of
any generated structure.

The model of the IgM Fc domain based only on this alignment,
before any energy minimization, is shown in Fig. 1B. As shown in
the Inset to Fig. 1B, the cysteine residues involved in intra-
monomeric disulfide bridges (Cys-214) are in close proximity to
each other even at this early stage of the modeling. In addition, the
locations of the cysteines within the Cu3 domains that are involved
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in inter-monomeric bridges (Cys-291) are on the exterior of the
structure and are not buried, and are thus in a position to possibly
interact with similar residues in the other monomers. This is
particularly important since the C3 domains in this structure are not
related by a two-fold dyad axis, and so the same residues in the two
different chains are not in symmetrically equivalent positions.

Following energy minimization of the full-length IgM monomer
(including the Fabs), the locations of these cysteine residues remain
largely unchanged and each domain retains the expected B-sheet
structure of typical Ig domains, providing validation for the model.
Further inspection of this minimized structure reveals several
somewhat unexpected similarities in the (non-covalent) inter-
domain interactions with those of other Ig domain associations. In
particular, the Cu2-Cu2 interaction is predominantly non-polar,
and in fact the contact surface between this domain pair forms a
pronounced hydrophobic patch on the surface of the Cu2 domains
(Fig. S1A4). Such a predominantly non-polar interaction is common
among many interacting Ig domains (19) (as shown for the Ce4-Ce4
domain pair in Fig. S14). However, it is unexpected here since the
Ce2-Ce2 interaction is actually predominantly polar (19), and so the
non-polar character in the Cu2-Cu2 association is not a trivial
consequence of the equivalence of the corresponding residues in
the contact region. In addition, there were three salt bridges
identified within the Ce2-Ce3,4 interface (19) and there are four in
the Cu2-Cu3,4 interface [Asp'?!(B)-Lys’’3(A), Arg!?8(B)-
Glu?(A), Lys"(B)-Glu3%(A), Lys'$(B)-Asp>®(A)], none of
which involve residues that are conserved with IgE. Still, two of the
four salt bridges in Fcu [Lys’(B)-Glu**3(A) and Lys!8(B)-
Asp*®(A)] involve residues that either coincide with or neighbor
the residues at the corresponding locations of those involved in the
salt bridges in Fce (Fig. S1B). Further, a third salt bridge in Fcu
[Asp'?!(B)-Lys*’>(A)] may also have a correlate in the IgE Fc
structure (Fig. S1B). These results suggest that there may actually
be a higher degree of structural homology between IgM and IgE
than sequence homology, particularly in those regions responsible
for holding the Fc domain in a bent configuration, and further
supports the plausibility of this structural model.

IgM monomers in the pentamer are known to interact via both
their C-terminal tail region and residues within the Cu3 domain,
including Cys-291 (23, 24). The small J chain interacts with the
C-terminal tail (23, 24) and could play a role in the assembly of the
pentamer (24). This chain, however, is not expected to have a
significant impact on the local structure of the monomers around
the Cys-291 residues, and so it was not included in this modeling. As
will be explained below, it is the disposition of the Cys-291 residues
that most significantly determines the arrangement of the mono-
mers in this pentameric structure.

For the Cys-291 residues to form disulfide bonds between
neighboring monomers in a circularized complex, they all must lie
within a common plane. However, as demonstrated in the Left in
Fig. 2, this is not possible for monomer orientations that produce
an overall planar pentameric complex. In the monomer orientation
depicted in this figure, these cysteines are located at the top and
bottom of the complex. For these residues to interact with their
corresponding residues in the neighboring monomers, each mono-
mer must be rotated about its long axis by ~90 °. Yet as a result of
this rotation, the C-terminal Cu4 and tail domains are rotated out
of the plane defined by the Fab and Cu2 domains, and the resulting
pentamer complex adopts a non-planar, mushroom shaped struc-
ture as shown in the Right of Fig. 2 (see also Fig. S2).

The location of the two Cys-291 residues in neighboring mono-
mers in this non-planar structure is appropriate to permit the
formation of disulfide bridges (Fig. S34), yet there are other
features of this interface that also appear advantageous for this
interaction between monomers. In particular, the surfaces of the
monomers in this region are highly complementary (Fig. S34).
There are also four salt bridges that span across the interface, above
and below the disulfide bridge (Fig. S3B). Hence, while the disulfide
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Fig. 2. Evaluation of the possible pentamer structures formed by the energy-
minimized monomer, as judged by the relative disposition of the Cys-291 resi-
dues. The Left depicts a planar model, but the Cys-291 residues (circled) are notin
a position to interact with a neighboring monomer. For this to occur, each must
be rotated by 90 ° about its long axis. However, with this, as shown in the Right,
the complex is not planar, but now exhibits a central protrusion, largely formed
by the Cu4 domains. In each of the Lower, the blue monomer was removed to
facilitate visualization of the complex.

bridge between Cys-291 residues undoubtedly plays a predominant
role in linking together the monomers, these other features likely
contribute to the relative angle of contact between the monomers,
and thus to the observed pentameric stoichiometry.

Opverall, then, there are a number of attributes of this modeled
structure that favor a bent conformation for the IgM Fc domain and
the assembly of the monomers into a complex that is mushroom-
shaped, and not planar. Such a structure indeed differs significantly
from the present planar model (17), however, it is not clear whether
the previous methods used to establish this planar model could have
readily discerned such a mushroom-shaped architecture. In the case
of SAXS, it is well known that ab initio restoration of such large flat
molecules by this technique is challenging (25, 26). Likewise, it
would have been difficult for EM to clearly identify a central
protrusion in the pentamer when absorbed flat on the grid (13). We
therefore sought a different experimental technique to re-
investigate the structure of the human IgM pentamer, and in
particular to directly determine its surface topography.

Cryo-AFM of the Human IgM Pentamer. Cryo-AFM is a particularly
sensitive method to obtain surface contours of large, individ-
ual macromolecules (27, 28). Whereas the flexibility or soft-
ness of such complexes at room temperature could influence
an accurate detection of height differences with conventional
AFM (21, 29), the structural rigidity of proteins increases
considerably at cryogenic temperatures, enabling the acquisi-
tion of perhaps otherwise unobtainable topographical profiles
of macromolecular assemblies (30-33).

Typical cryo-AFM images of human IgM complexes depos-
ited on a mica substrate are shown in Fig. 3. Each complex is
star-shaped, with a central circular region (with a diameter of
19 = 2 nm) from which a number of arms project out radially,
each 11 = 1 nm in length and 13 * 3 nm wide. These
dimensions are similar to those previously obtained by EM of
similar complexes (13, 16), and the dimensions of the arms are
consistent with those of Fab domains in previous cryo-AFM
images of IgG (21). Hence, these images are in general
agreement with the prevailing depiction of the IgM pentamer
with the Fc domains located centrally and the Fab domains, all
lying within a common plane, projecting out from the central
region. The slightly variable number of arms visible between
the different complexes is likely owing to variable distances
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Fig. 3. Cryo-AFM images of individual IgM complexes deposited on mica. (A)
Individual, well-separated pentamers are well resolved as star-shaped complexes,
with a central =20 nm circular region, from which approximately 11 nm radial
arms emerge. Most of the complexes have five radial arms that emanate from the
central protrusion (see Inset), which are likely the closely apposed pairs of Fab
domains of each monomer. Some of the oligomers exhibit more than five radial
arms, which is likely a result of a slight separation of Fab domains within some of
the monomers. These images are the so-called top-view representations, as if
looking down onto the sample along the axis perpendicular to the substrate. (B)
The surface view of the complexes clearly shows that the central region in most
of the complexes protrudes out from the plane defined by the Fab domains. This
is a demonstration of the non-planar topography of these IgM pentamers, and is
in agreement with the predictions of the modeling presented here. A few
(2%-3%) of the complexes appear to have a lower central region (arrow), which
might be a result of mushroom-shaped complexes adsorbed in the opposite
orientation on the mica surface. In this surface view representation, the data are
presented as if viewed from the side, at an angle, thereby enabling an easier
appreciation of the relative differences in heightin the sample. [Scale bars (A) 100
nm; (B) x,y: 50 nm, z: 10 nm.]

and orientations between the pairs of Fab domains within each
monomer.

However, rather than a completely planar pentamer, these
images clearly show that, in most complexes, the height of the
central region is larger than the height of the projecting arms (Fig.
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3B). There are a few (2%-3%) complexes in which the central
region appears to be lower than the radially projecting arms
(arrowed in the figure), which could be complexes with the same
shape as those with a central protrusion but that are oppositely
oriented on the mica substrate. However, there are no complexes
in which the central region is the same height as the arms. That is,
none of the complexes are planar (in the manner presently be-
lieved). These direct images of the human IgM pentamer thus
reveal that the complex is actually mushroom-shaped, in confirma-
tion of the predictions from the modeling.

Comparison of the IgM Model with Previous Mutational Data. In
addition to these direct images, there are at least three other
independent lines of evidence in support of our model. First,
previous studies of the effect of various single point mutations on
the structure and stoichiometry of the IgM pentamer identified a
number of residues (in addition to the aforementioned cysteines)
that were likely to be directly involved in the inter-monomer
interactions (34). As shown in Fig. 44, in the mushroom-shaped
complex described here, these residues indeed directly face the
adjacent monomers. It should be emphasized that in none of the
modeling was this information taken into consideration a priori. It
should also be noted that two of these residues, Asp-293 and
Lys-238, form a salt bridge between the monomers in this structure
(Fig. S3B) as previously suggested (17).

Second, previous studies also identified a number of residues that
were suggested to be directly involved in the binding to C1q (34-36).
These residues thus must lie on the surface of the pentamer, at least
when the pentamer is bound to antigen. In the model presented
here, these residues form two localized regions on each monomer,
on the same side of I[gM complex, and indeed exposed to solution
(Fig. 4B).

Finally, another just published study identified two additional
sets of residues in IgM that were shown to directly interact with a
protein (PfEMP1) present in erythrocyte membranes infected with
the bacteria causing malaria, Plasmodium falcipaum (37). The study
moreover showed that PEEMP1 only interacted with polymeric
IgM, but not monomers, and that this interaction was not inhibited
by the binding of Clq to IgM. As shown in Fig. 4C, these two sets
of residues face each other at the junction between two monomers
on the outer wall of the central protrusion in this model. It is clear
that residues in adjacent monomers could form the binding pocket
for PEEMP1, which would explain the requirement for pentameric
IgM. Also, binding to this region should not be prohibited by the
binding of Clq to IgM, as these residues are on the opposite side
of the IgM complex from those involved in binding to C1q (Fig. 4B).

Energies Associated with Out-of-Plane Fab Rotations. In the muta-
tional data mentioned above, the Clq binding sites were not just
located on the surface of the structure, but surprisingly, they were
all localized to a single side (the flat side) of the complex (Fig. 4B).
As mentioned in the introduction, when bound to bacterial flagella
(and likely to cell surface antigens), the pentamer adopts a table-
like structure (13), with each of the Fab domains bent out of the
plane defined by the central portion of the complex, all in the same
direction. Thus, the location of the C1qg-binding sites in this model
implies that when the IgM pentamer is bound to the cell surface
antigens, it must be oriented in such a way that this flat side faces
the solution (to interact with C1q). To address this issue, we sought
to examine the energy associated with out-of-plane Fab domain
rotations to determine whether there are any intrinsic properties
that might favor or enhance such a bias. To do so, we rotated the
two Fab domains within each monomer simultaneously, either
toward or away from the central protrusion in increments of 10 °,
and calculated the energy associated with the minimized structure
at each angle of rotation (see Methods). While there is no formal
hinge region in IgM, the previously observed branching of the
antigen-free IgM monomers (13), which we have also observed, at
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Fig.4. Locationsof critical residues previously identified in mutational analyses.
(A) Encircled are the residues (pink) that were concluded to be involved in
monomer-monomer interactions (34). Their location at the monomer-monomer
interface in this structure lends further support to the proposed model. (B)
Colored in white are the residues that are believed to directly interact with C1q
(34-36). All of the residues are located on the surface of the complex, as they must
be to interact with C1q, providing additional support for the proposed model.
Also note that these residues are all located on the same side of the complex,
which, asdescribed in the text, places constraints on proposed mechanisms of C1q
binding to cell-associated IgM. (c) The residues (light pink) in the white box were
recently identified as likely directly interacting with a protein, PfEMP1 that is
present in the membranes of erythrocytes infected with the bacteria that causes
malaria, Plasmodium falcipaum (37). The location of these residues in this struc-
ture is consistent with the observed properties of the interaction with PfEMP1
(requiring oligomerization of IgM, not inhibited by binding by C1q) (37), further
supporting the proposed structure.

the region that corresponds to the Fab-Fc junction in our model is
consistent with some degree of flexibility at this location, as noted
earlier (13). As shown in Fig. 5, there is, in fact, a strong steric
hindrance preventing rotations of the Fab domains beyond 30 ° in
the direction opposite to that of the central projection, but rotations
up to 110° are possible (and roughly equivalent in energy) in the
direction toward the central projection. In both cases, the steric
hindrance is a clash between the Cul and Cu2 domains. The
difference between the two directions is a result of the short,
connecting loops between these two domains being closer to the
side with the central projection than to the flat side. There is a slight
minimum in the energy near 0 °, which could be responsible for the
co-planar disposition of these arms in solution (13). Yet the most
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Fig. 5. Energies associated with out-of-plane Fab domain rotations. The poly-
valentattachment of the Fab domains to cell surface antigen can be accomplished
if, after a first Fab-antigen interaction, the complex rotates in one of two
directions, which results in one of two sides of the structure facing the solution (as
portrayed in the Inset). The energies associated with the out-of-plane rotations of
the Fab domains in the proposed model were calculated by manually rotating the
Fab domains in increments of 10 °, followed by energy minimization. These
results identify a pronounced steric hindrance to Fab flexions away from the
central protrusion, and an absence of any similar prohibition to flexions toward
the protrusion by up to 110 °. This result suggests that the complex would likely
be oriented with the flat side facing the solution, when the Fab domains from
more than a single monomer are associated with cell-surface antigen. This is also
the side in which the C1g-binding sites are located (see Fig. 4B).

striking finding in these calculations is the restricted orientational
space of the Fab domain flexions, biased in favor of rotations
toward the central protrusion.

Discussion

The present work describes a model for the structure of the
much-studied IgM pentamer. The most prominent feature of this
model is the central region projecting out from the plane defined
by the Fab domains, as shown directly in the cryo-AFM images
(Fig. 3) and predicted by homology modeling using the structure
of the highly similar IgE Fc domain. While the central protrusion
in particular may prove to be a common target of Fc-like
receptors for IgM (38) (as described above for the malarial
protein), the structure as a whole, when taken with the previous
studies and the free energy calculations preformed here, pro-
vides a structural explanation for the key first steps of Clq
activation by pentameric IgM.

This structure exhibits a striking structural bias that results in a
large orientational bias for the out-of-plane Fab domain rotations:
rotations are limited to only 30 ° in the direction away from the
central protrusion but those up to 110 ° are possible in the direction
toward the protrusion. As the flexions within this range have
roughly the same free energy, these angles thus delimit a broad
(biased) orientational space that can be readily sampled through
thermal fluctuations, without energetic penalty. When a single Fab
domain binds to a cell surface antigen, these thermal fluctuations
would tend to both bring the entire molecule closer to the cell with
the central protrusion facing the cell surface and rotate each
individual unbound Fab domain in the direction toward this pro-
trusion. It is clear that the table-like conformation would then
become “trapped” when the unbound Fab domains bind to the cell
surface antigens. It should be noted that this large scale confor-
mational change, derived from a transiently distorted antigen-free
structure, differs from the conventional view in where the propa-
gation of structural changes from the antigen-binding site to the Fc
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domain results in a significantly different conformation that is
unique to the antigen-bound complex (39).

The orientation of the pentamer on the cell surface proposed
here was found to agree with the location of the putative Clq
binding sites in the complex (34-36). That these residues form such
surface exposed, distinct regions in this structure is somewhat
surprising, since it had been suggested that these binding sites might
either be buried or might not yet be properly formed in the
antigen-free complex, with antigen-binding leading to the forma-
tion of well-defined Clq binding sites on the surface of the complex
(14, 15). Such conformational changes were suggested to underlie
the requirement for antigen binding to IgM for subsequent Clq
association with IgM (14, 15). While it is possible that much smaller
scale structural changes occur at these sites with antigen binding, it
may be that antigen binding to the Fab domain is more responsible
for an increased accessibility of C1q for its binding sites. This could
be achieved not just from the equilibrium position of the Fab
domain, but also as a result of the larger region they effectively
occupy through fluctuations. This reduced accessibility might play
a role in any one of the many features of the highly complicated
association between Clq and IgM (40, 41). Binding to surface
antigen could then serve both to reduce the fluctuations of the Fab
domains, and, as described above, sequester these domains in the
direction away from the Clq binding sites. These possible effects
of antigen-binding, that is, subtle changes in the conformation of
Clg-binding sites, or accessibility because of the average location of
the Fabs, are not mutually exclusive, and a structural understanding
of which is dominant should now be possible with further interro-
gation of the model structure presented here.

Materials and Methods

Sample Preparation and Cryo-AFM Imaging. Human IgM was obtained from
Sigma. The purity of the protein was determined to be better than 95% using
HPLC by the supplier. This quality was confirmed with SDS/PAGE, where degra-
dation products were <10% (Fig. S4), and is consistent with the uniformity of the
molecules in the cryo-AFM images. The stock solution (1 mg/mL) was diluted into
a small droplet of low salt buffer (diluted PBS, 1:100) on a freshly cleaved mica
surface to a final concentration of approximately 1 ug/mL. The low salt buffer is
required to prevent the formation of salt crystals. To avoid aggregation, an
incubation period of less than a minute was found sufficient, and no large
aggregates were seen in the cryo-AFM images. After washing the specimen
extensively, the excess solution was removed before it was transferred into the
cryo-AFM, already adjusted to the imaging, cryogenic temperature. These pro-
cedures were all performed under dry nitrogen to avoid contamination. Our
cryo-AFM is a homemade instrument, specifically designed forimaging biological
molecules (21). The AFM operates in a liquid nitrogen vapor with an imaging
temperature normally in the range of 80-85 °K. All AFM images were obtained
with cantilevers purchased from Park Scientific. These were uncoated cantilevers
with oxide-sharpened tips. The nominal spring constant was 0.03 N/m at room
temperature, and measurements of the shift of the resonant frequencies indi-
cated that the actual spring constant was only ~15% greater at ~100 K. The
typical scanning speed was 1-2 Hz, and the adhesion force was typically between
1 and 2 nN. The instrument was calibrated from images of mica and gold ruling.
Itshould be noted that the J-chain is expected to be located precisely in the center
of the molecule, but as it is expected to be the size of a single Ig domain, it was
not expected to change the measured height of the central protrusion signifi-
cantly from expectations in cryo-AFM images. We did not observe any distin-
guishing topographic feature (an extra “bump”, for example) in the central
protrusion inthe AFM images, consistent with these expectations. We should also
note that similar images as those described herein were obtained with several
stocks of human IgM (all from Sigma).

Molecular Modeling. The homology model was constructed with the automated
homology modeling tools in DeepView v.3.7 (42), using the human IgM heavy
chain (accession no. P01871.3) and the crystal structure of the IgE Fc (PDB acces-
sion codes: 100vA and 100vB), based on the alignment produced by the BLAST
search (22). The IgM Fab domain (43) (PDB accession code 1DEE) and the C-
terminal tail (generated as a random coil) were affixed to the Fc region using
DeepView. The structure of each tail is different for the different monomers, and
after an initial round of minimization, the closest pairs of cysteine residues on
separate chains were linked together for subsequent minimization (20, 44). All
energy calculations were performed using VMD/NAMD (45, 46). NAMD was
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developed by the Theoretical Biophysics Group in the Beckman Institute for
Advanced Science and Technology at the University of Illinois at Urbana-
Champaign. The structure was minimized in stages: first just the Fc domain, then
the entire monomer, then a trimer, and finally the pentamer. With each case, the
structure was minimized with all possible disulfide bridges formed. Each stage
required between 15,000 and 30,000 rounds of minimization. An evaluation of
the appropriateness of the amino acid dihedral angles was monitored with the
Ramachandran plot during the course of energy minimization and (as is typical
forsuch modeling procedures) found to be similar to the template structures used
for the model. In initial trial calculations of the energies at different Fab domain
rotations, it was observed that the presence of either the C-terminal tail regions
or the V-V, domains did not contribute significantly to the differences in ener-
gies at different angles, although the absence of the Cu3 and Cu4 domains did
result in significantly different structures of the Cu2 domains. Hence, for these
calculations, we investigated a trimer consisting of the Fc domains of two mono-
mers on either side of a nearly complete monomer (missing only the tail and V-V,
domains). The two Fc domains were included to ensure a proper structure of the
Cu.3 and Cpd domain in the central monomer. An axis running between the two
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Leu-109 residues (see Fig. 1A4) in the two different Cu1-Cu2 linker regions was
identified as oriented perpendicular to the long axis of the monomer and within
the middle of the plane of the pentamer, and so was chosen as the pivot. The
region of both Fabs up to these residues was rotated about this axis in increments
of 10 °. The energy of the structure was then minimized, generally requiring
1,000-2,000 rounds of calculations. Figs. 2, 4, and 5 were generated using
Chimera (47), while the remaining structural models were generated with VMD.
It should be noted that the early EM observations of IgM associated with antigen
also observed some IgM complexes with the entire IgM monomer bent away from
a central link (13). At present, we are not sure how this might be accommodated
in this model but believe that further studies might be required to determine if
some aspect of sample preparation in the previous studies might have contrib-
uted to this observation. Coordinates are available from the authors upon
request.
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