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Abstract
Here we unravel the structural features of human IgM and IgA that govern their interaction with
the human Fcα/μ receptor (hFcα/μR). Ligand polymerization status was crucial for the
interaction, because hFcα/μR binding did not occur with monomeric Ab of either class. hFcα/μR
bound IgM with an affinity in the nanomolar range, whereas the affinity for dimeric IgA (dIgA)
was tenfold lower. Panels of mutant IgM and dIgA were used to identify regions critical for hFcα/
μR binding. IgM binding required contributions from both Cμ3 and Cμ4 Fc domains, whereas for
dIgA, an exposed loop in the Cα3 domain was crucial. This loop, comprising residues Pro440–
Phe443, lies at the Fc domain interface and has been implicated in the binding of host receptors
FcαRI and polymeric Ig receptor (pIgR), as well as IgA-binding proteins produced by certain
pathogenic bacteria. Substitutions within the Pro440–Phe443 loop resulted in loss of hFcα/μR
binding. Furthermore, secretory component (SC, the extracellular portion of pIgR) and bacterial
IgA-binding proteins were shown to inhibit the dIgA–hFcα/μR interaction. Therefore, we have
identified a motif in the IgA–Fc inter-domain region critical for hFcα/μR interaction, and
highlighted the multi-functional nature of a key site for protein–protein interaction at the IgA Fc
domain interface.
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Introduction
A receptor for IgM and IgA, termed Fcα/μ receptor (Fcα/μR), was first described in the
mouse where it is constitutively expressed on the majority of B cells and macrophages [1].
Mouse Fcα/μR (mFcα/μR) can mediate endocytosis of IgM-coated targets, and may
contribute to the primary stages of the immune response to microbes. It has been suggested
that mFcα/μR, due to its high affinity for IgM and intermediate affinity for IgA, may assist
also in the maintenance of plasma concentrations of IgM and IgA [2]. Although there is no
significant homology between Fcα/μR and other known proteins, the N-terminal Ig-like
domain of Fcα/μR shares common sequence features with domain 1 (D1) of the polymeric
Ig receptor (pIgR), the receptor responsible for transport of pentameric IgM and dimeric IgA
(dIgA) into mucosal secretions [1]. In particular, the receptors carry a related motif, which in
pIgR appears critical for interaction with IgM and dIgA [3–5].

The human form of Fcα/μR (hFcα/μR) shares 49% amino acid identity with mFcα/μR [1].
However, the human and mouse receptors have very different expression profiles. hFcα/μR
is absent from circulating B cells and macrophages and instead is expressed on a
subpopulation of pre-germinal B cells (IgD+/CD38+) and on follicular DC (FDC) in tonsillar
tissues [2]. Thus in humans, the receptor may play a role in trapping IgM or IgA immune
complexes and in presentation of intact antigens to B cells in germinal centers, a process
known to occur for IgG immune complexes through binding to the IgG-specific receptor
FcγRII (CD32) on FDC. hFcα/μR may be particularly important in the development of
lymphoid follicles in secondary lymphoid tissues during early immune responses, when IgM
is the predominant Ig subclass. In contrast to its murine counterpart, hFcα/μR exhibits
unusual biochemical features, including the formation of stable homodimers in the cell
membrane that are resistant to SDS and 2-mercaptoethanol [1, 2].

Certain mAb raised against mFcα/μR have been found to bind to a peptide encompassing
the region from mFcα/μR’s Ig-like domain that corresponds to the Ig-binding motif in
domain 1 of pIgR [6]. Interestingly, these mAb can block binding of IgA and IgM to mFcα/
μR. The fact that these same mAb cross-react with hFcα/μR, which carries the conserved
motif in its Ig-like domain, suggests that the site for IgM and IgA on hFcα/μR lies in this
same region. In contrast, the site(s) on human IgM and IgA that interacts with hFcα/μR is
unknown. To gain a better understanding of the structural requirements for the interaction of
human IgA and IgM with hFcα/μR, we have produced recombinant dIgA and pentameric
IgM and have adopted a mutational approach to identify individual residues on the Fc
involved in interaction with hFcα/μR. We demonstrate that both the Cμ3 and Cμ4 domains
of IgM are required for binding to the receptor, and that residues at the Fc inter-domain
region of dIgA are critical for hFcα/μR interaction. Our studies reveal that hFcα/μR
interacts with the same Fc regions that form interaction sites for other host receptors as well
as for Ig-binding proteins produced by certain important human pathogens.

Results
hFcα/μR expressed following transfection into COS-7 cells binds human IgM

To determine whether hFcα/μR is indeed a receptor for IgM and IgA like its murine
counterpart, the full-length receptor was cloned into the pSecTag2/hygro expression vector
and expressed in COS-7 cells. Expression of the construct was determined by
immunofluorescent assay (IFA) with mAb 9E10 specific for the myc tag expressed C-
terminally to the receptor. Although much of the hFcα/μR remains intracellular and appears
localized into certain subcompartments, surface expression was evident (Fig. 1). Significant
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IgM binding was detected by IFA using a goat anti-mouse λ L chain conjugated to PE either
with unfixed cells (data not shown) or with fixed and permabilized cells (Fig. 1).

The Cμ3 and Cμ4 domains of IgM contribute to hFcα/μR binding
To determine the region of the IgM molecule critical for interaction with hFcα/μR, we used
a panel of domain-swapped Ab described in a previous study [7], in which homologous
domains are exchanged between IgG and IgM. These 3-nitro-4-hydroxy-5-iodophenylacetyl
(NIP)-specific domain-swapped Ab consist of mouse λ L chain and a heavy chain
comprising a mouse variable domain linked to human heavy chain constant regions. The
domain-swapped Ab are designated as in Fig. 2. They are composed of mixtures of
monomeric and polymeric forms. Ab with the L309C mutation exist predominantly in
higher polymeric forms, including pentamers and hexamers [7–10]. The ability of the
transfected hFcα/μR to bind the domain-swapped Ab was analyzed in IFA experiments
(Figs. 3 and 6). We observed that those Ab that contained both Cμ3 and Cμ4 domains were
able to interact with hFcα/μR. In contrast, no binding was observed with human IgG or
IgM/IgG domain-swaps lacking either the Cμ3 or the Cμ4 domains. As all these domain-
swapped Ab share identical Fab regions, we can also deduce that the Fc region mediates all
of the binding to Fcα/μR, a result confirmed by the observation that human IgM Fab failed
to bind (data not shown).

We next investigated whether the binding of hFcα/μR was dependent on the ability of IgM
to polymerize. We examined the binding of an IgM point mutant (IgM C575S) with
disrupted capability to polymerize and which is secreted from J558L cells principally as
monomers [8–11]. The IgM C575S mutant failed to bind to hFcα/μR-transfected COS-7
cells (Fig. 3). However, polymerization per se was not, the only dictator of whether an Ab
binds to Fcα/μR, because γL309C-μTP, an IgG molecule that carries the IgM tailpiece and
a Cys residue important for inter-monomer disulfide bridges and assembles into pentamers
and hexamers, did not bind to COS-7 cells transfected with hFcα/μR (Fig. 2). Therefore, the
above data show that the interaction of hFcα/μR with human IgM is dependent on amino
acid contributions made from both the Cμ3 and Cμ4 domains, and on the polymeric nature
of IgM.

Preincubation with secretory component (SC) blocks the ability of IgM to bind Fcα/μR
Given the similarity between the sequences of Fcα/μR and domain 1 of pIgR, we wondered
whether the extracellular portion of the pIgR (SC) might be able to block binding of IgM to
hFcα/μR. SC complexed with IgM was found to be no longer able to bind Fcα/μR (Fig. 4,
top panel). This result suggests that the binding site for hFcα/μR on IgM overlaps with that
for human pIgR.

Binding of human pIgM to hFcα/μR can be blocked with mAb to the Cμ3 or Cμ4 domains
To address the relative importance of the Cμ3 and Cμ4 domains in hFcα/μR binding, we
investigated whether mAb specific for epitopes in the Cμ3 (mAb 4–3) or Cμ4 (mAb 1G6)
domain could inhibit the interaction of IgM-opsonized red cells with hFcα/μR transfectants
(Fig. 5). Both mAb completely blocked human IgM binding as assessed by IFA when used
at concentrations as low as 10 ng/mL (Fig. 5A), and completely disrupted rosette formation
at 100μg/mL of mAb, providing additional support to the notion that both Cμ3 and Cμ4
domains play a role in binding to hFcα/μR (Fig. 5B).

hFcα/μR binds dimeric human IgA
Next, we turned to human IgA and found in IFA experiments that hFcα/μR can bind human
IgA. As with IgM, the binding of IgA to hFcα/μR was dependent on the polymerization
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status of the Ab. Only dimeric versions of human IgA1 or IgA2 were capable of binding to
hFcα/μR-transfected COS-7 cells, in agreement with previous observations [2] (Fig. 6). The
intensity of staining seen with IgM in IFA was always stronger than that seen with dIgA,
even when dIgA was used at tenfold higher concentrations than IgM. No binding to hFcα/
μR was seen with monomeric versions of either human IgA2 (Fig. 6) or IgA1 (data not
shown) from two different sources.

As direct IFA experiments do not give any quantitative indication of the affinities of IgM
and dIgA for hFcα/μR, we compared the ability of both Ab to interact with hFcα/μR in a
rosetting assay with hFcα/μR-transfected SGHPL-4 cells (Fig. 7). We observed that a
concentration of approximately 3 nM of IgM was required to give half maximal rosette
formation with IgM, whereas a concentration of around 40 nM was required for dIgA2 to
give half maximal rosette formation (Fig. 7A). These findings are consistent with IgM
binding hFcα/μR with an approximately tenfold higher affinity than dIgA2.

Sites in the Cα2/Cα3 inter-domain region contribute to Fcα/μR binding
To investigate the dIgA site(s) involved in hFcα/μR binding, first we made use of domain-
swapped Ab in which homologous domains are exchanged between IgA and IgM [7–11]
(Fig. 2). Whereas the IgG/IgM domain-swapped Ab γ/L309C-Cμ4 and γ/Cμ3 were unable
to bind hFcα/μR, the equivalent domain swaps in an IgA backbone (α/Cμ4 and α/Cμ2,3
respectively) were found to bind to hFcα/μR (Fig. 2). This finding suggests that, in terms of
hFcα/μR interaction, residues in the IgA Cα2 and Cα3 domains can substitute for the
equivalent regions in the IgM Cμ3 and Cμ4 domains respectively.

To identify individual IgA heavy chain residues involved in the interaction with hFcα/μR,
we made use of a panel of mutant dIgA1 Ab which had been previously generated to
investigate the interaction of human IgA with pIgR [12]. The mutants carried single- or
double-point mutations in the Cα3 domain, with the exception of C311S, in which Cys311
on the surface of the Cα2 domain is mutated to Ser. Using IFA, the dIgA1 mutant’s dP440R
and dF443R showed no detectable binding to Fcα/μR whereas dLA441-442MN appeared to
bind less well than WT dIgA (Fig. 6). In the rosetting assay, which appears to be more
sensitive, the dIgA1 mutant dF443R was observed to be unable to rosette to hFcα/μR
transfectants (Fig. 7B). The dLA441-442MN mutant displayed a significantly reduced
ability to interact with the receptor compared with WT dIgA1, whereas mutant dA442R
showed an intermediate binding capacity (Fig. 7B). Mutation of Cys311 to Ser had no
noticeable effect on binding, with the C311S mutant showing rosetting frequencies
equivalent to those seen with WT dIgA1 or dIgA2 (Fig. 7B). These findings suggest that
residues in the Pro440-Leu441-Ala442-Phe443 (PLAF) loop of the Cα3 domain, which lies
at the interface with the Cα2 domain, play a critical role in the Fcα/μR interaction.

Interaction of dIgA with Fcα/μR can be blocked with SC or IgA-binding proteins
As residues in the PLAF loop of the Cα3 domain are known to play a role in binding pIgR
[12], we investigated whether SC could inhibit binding of dIgA to hFcα/μR. High
backgrounds precluded the use of rosetting in this analysis, but using IFA, we found that SC
could indeed inhibit the interaction (Fig. 4, lower panel). Residues in the PLAF loop are
known to be involved also in binding to the streptococcal IgA-binding proteins Sir22 and
Arp4 [14]. Hence we tested the ability of purified forms of these bacterial proteins to perturb
binding of dIgA to hFcα/μR, as they are known to do for binding of IgA to FcαRI (CD89)
[14]. Preincubation with Sir22 was found to completely inhibit binding of dIgA2-coated
erythrocytes to hFcα/μR (Fig. 7B). Equivalent concentrations of Arp4 resulted in around
50% inhibition of dIgA binding to hFcα/μR. Taken together, these analyses indicate that
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residues lying at the Cα2/Cα3 domain interface of IgA Fc are critical for interaction with
hFcα/μR. Residues in the PLAF loop of the Cα3 domain are particularly implicated.

Discussion
We attempted to express a functional soluble form of hFcα/μR in E. coli but despite
producing pure hFcα/μR protein and testing a variety of refolding conditions, we were
unable to generate soluble receptor capable of binding IgM (data not shown). Expression of
full-length hFcα/μR in COS and SGHPL-4 cells proved successful and we were able to
gather information on ligand binding using IFA and rosetting techniques. With both IgM
and IgA, we observed that polymerization (predominantly as pentamers for IgM and dimers
for IgA) was required for binding to hFcα/μR. This finding is in agreement with
observations by others using IgM monomers produced by chemical reduction of pentameric
IgM [2]. We note that J chain was present in all the polymeric Ig that were observed to bind
hFcα/μR. At this stage, it is not clear whether the requirement for polymerization reflects (i)
a need for the presence in the appropriate proximity and relative orientation of at least two
Fc regions to enable receptor engagement of sufficient avidity for detection, or (ii) a direct
role for J chain in receptor binding, or (iii) both of these as is the case for pIgR. Further
experimentation, possibly inhibition studies using anti-J chain Ab, will be required to tease
out precisely why ligand polymerization is necessary for receptor binding. In any case, it is
striking that the hFcα/μR-ligand interaction requires polymerization of ligand and possible
dimerization of hFcα/μR, suggesting that receptor signalling may proceed, at least in part,
via coordination of the oligomerization states of both ligand and receptor.

IgM was observed to bind hFcα/μR with high affinity. The finding that half maximal rosette
formation was seen with 3 nM IgM suggests a KD in the nanomolar range. The receptor
showed an intermediate affinity for dIgA, around tenfold lower than that for IgM, in
agreement with observations made for murine Fcα/μR and the human pIgR [1, 5]. The
higher affinity seen with IgM may reflect an avidity effect due to engagement of more than
one receptor by the IgM pentamer. Additional experiments using chemical cross-linking of
IgM C575S and of monomeric IgA to generate J-chain-free dimers, trimers, and tetramers of
IgM and IgA might be informative in terms of distinguishing between an avidity effect or an
intrinsically greater affinity of individual receptors for IgM than IgA [15].

The domain-swap experiments indicate that interaction of hFcα/μR with IgM requires the
presence of both the Cμ3 and Cμ4 domains. One interpretation is that regions in both
domains are directly involved in interaction with hFcα/μR. Our demonstration that mAb
specific for epitopes within both domains can block interaction with hFcα/μR tends to
support this possibility. One might envisage a docking site comprising regions from the two
domains that lie close together in three-dimensional space. The Cμ3/Cμ4 domain interface
would be one obvious surface to fulfil such a requirement. However, we cannot rule out the
alternative interpretation that the interaction site might lie on only one of the Fc domains,
with the other domain serving to stabilize the overall Fc conformation. Further information
on the Fcα/μR interaction site on IgM was provided by the observation that SC (the
extracellular portion of pIgR) is capable of blocking the Fcα/μR–IgM interaction. Although
the interaction site for pIgR on IgM has not been definitively defined, the available evidence
is consistent with a role for the Cμ4 domain [11]. Taken together, our findings suggest that
hFcα/μR binding requires distinct contributions from both the Cμ3 and Cμ4 domains of
IgM. Intriguingly, the Cμ4 domain of pentameric IgM has recently been shown to be
involved in binding Plasmodium falciparum erythrocyte membrane protein 1 [7]. It remains
to be determined if non-specific binding of IgM by infected erythrocytes can block IgM
binding to hFcα/μR. This may be crucial for the parasite, if the hFcα/μR does turn out to
play a role in the presentation of immune complexes to B cells in germinal centers.
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Turning to the interaction of hFcα/μR with dIgA, we probed the role of a surface-exposed
loop (PLAF) in Cα3, which lies at the domain interface. We found that mutation of residues
Pro440, Ala442, and Phe443 to Arg, and joint mutation of Leu441 and Ala442 to Met and
Asn, respectively, resulted in loss or reduction of binding to hFcα/μR. Interestingly, we
found also in IFA that SC was capable of inhibiting the hFcα/μR-dIgA interaction. The
PLAF loop has previously been shown to play a role in the binding of SC (pIgR) to dIgA
[12], so this finding adds weight to the idea that the PLAF loop is critical for hFcα/μR
interaction. Further, two streptococcal IgA-binding proteins, Sir22 and Arp4, which also
interact with the PLAF loop [14] were found to inhibit binding of dIgA to hFcα/μR. Thus,
several lines of evidence point toward the PLAF loop in the inter-domain region making an
important contribution to the hFcα/μR-binding site.

Given the structural similarities between the N-terminal domains of Fcα/μR and pIgR, and
in particular the motifs implicated in ligand binding [1, 6], there might be some expectation
of similar modes of interaction of the receptors with their shared ligands. However, the fact
that there are important differences between the interaction of pIgR with IgM and dIgA [16]
calls for caution in any presumptions. In any case, it is well recognized that even subtle
differences in the contact surfaces involved in FcR-Ig interactions may have profound
effects on binding events [17, 18]. Nevertheless, we can see some common features between
the binding of dIgA to hFcα/μR and pIgR. The pIgR-binding site on dIgA has been
localized to the upper surface of the Cα3 domain [11, 12, 19, 20] with contributions from
the Cα3 domain PLAF loop [12]. It would be of interest to probe the potential role of the
Gln402–Thr414 region of the IgA Cα3 domain in hFcα/μR binding, because this region has
been implicated in pIgR binding [12, 19]. A further similarity between the receptors is the
requirement for polymerization of IgA for binding. J chain is required for pIgR interaction,
and evidence points toward a direct interaction between J chain and pIgR [21–23]. Despite
having shown that IgA polymerization is required for hFcα/μR binding, we have not
investigated whether there is a strict requirement for J chain to be present. Thus, although
some questions remain, we have shown a degree of overlap between the interaction sites for
dIgA on hFcα/μR and pIgR.

The PLAF loop is exposed at the IgA Fc domain interface (Fig. 8). In a solution structure
model of dIgA1 [24], where the two monomers are predicted to lie in a near-planar
arrangement, the PLAF loops on the same sides of the two IgA monomers can be seen to lie
relatively close to each other. The J chain, which is not included in the model, is thought to
occupy a position near the C-termini of the Fc regions, and thus would be ideally positioned
for possible involvement in the interaction with hFcα/μR. One might speculate that a
receptor molecule could readily form contacts with a surface comprising the PLAF loop and
the neighboring J chain (Fig. 8B). If receptor dimerization does facilitate interaction with
dIgA, one could envisage two receptors interacting with regions encompassing the two
PLAF loops, and possibly also J chain elements, lying on the same side of the dimer.
Alternatively, two receptors might dock on opposites sides of the dimer. Whatever the
precise arrangement, the four potential interaction sites within the Fc region in close
proximity to J chain appear to provide suitable possibilities for high avidity interaction.

Remarkably, the proposed hFcα/μR site on dIgA, involving the Cα3 domain PLAF loop,
overlaps with the interaction sites for not only pIgR, as mentioned earlier, but also for the
well-characterized Fc receptor of IgA, FcαRI (CD89) [13, 25, 26]. Further, the interaction
sites for a number of unrelated bacterial IgA-binding proteins produced by important human
pathogens have been localized to the same inter-domain region [14, 27, 28]. In addition, the
PLAF loop influences the sensitivity of IgA1 to cleavage by a type of IgA1 protease
secreted by Neisseria meningitidis, presumably through forming a point of contact between
the IgA1 substrate and the protease [29]. Interestingly, the equivalent inter-domain region on
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IgG Fc is also involved in interaction with a variety of molecules [7, 30, 31], and has been
recognized to be one of only a limited number of surface-exposed regions on IgG that are
especially suited to protein–protein interaction [32, 33]. Presumably, such regions are
conserved because they mediate essential interactions with key host receptors, but they
obviously represent points of vulnerability that may be exploited by co-evolving pathogens
[34].

The apparently restricted expression profile of hFcα/μR (on a subpopulation of pre-
germinal B cells and FDC in tonsillar tissues) [2] suggests that it is unlikely to be co-
expressed on the same cells as either FcαRI, which is found on neutrophils, monocytes,
some macrophages, eosinophils, interstitial DC and Kupffer cells, or pIgR, which is
expressed on mucosal epithelial cells. Thus, the overlapping nature of the binding sites on
dIgA for these different receptors appears unlikely to have a major physiological impact.
The potential effects of site overlap with bacterial IgA-binding or malaria IgM-binding
proteins are more difficult to predict. However, if sufficient concentrations of the bacterial
IgA-binding proteins were able to penetrate into secondary lymphoid organs during certain
phases of infection, it is conceivable that some inhibition of hFcα/μR function might ensue
because, for example, Arp4 has been shown to inhibit the ability of IgA to trigger immune
cell responses via FcαRI [14]. As it has been postulated that hFcα/μR may play a role in
trapping IgM or IgA immune complexes and in presenting intact antigens to B cells in
germinal centers, any perturbation of this role by bacterial IgA-binding proteins might have
the capacity to impact on the subsequent immune response.

In summary, through analysis of the effects of different directed alterations to the Fc, we
have shown that binding of hFcα/μR to IgM is governed by the Cμ3 and Cμ4 domains, and
we have identified residues at the IgA Fc domain interface that are critical for binding of
dIgA to hFcα/μR. This interaction site on dIgA overlaps with the regions bound by other
host Fc receptors, and is known to be a region targeted by pathogens as a means to
circumvent the immune response. The study not only provides new insights into the
molecular basis of hFcα/μR function, but also serves to highlight the key role that the IgA
Fc domain interface plays in the function of this important Ig isotype.

Materials and methods
Cloning and expression of a membrane anchored version of hFcα/μR

To characterize hFcα/μR, and to establish its ability to bind human IgM or IgA, a full-
length construct of hFcα/μR was amplified from an Incyte EST clone (Open Biosystems,
accession number: AY063125) by PCR using forward (5′-
tcttggcgcgcccttccacaaaaaagaccc-3′) and reverse (5′-ctgtccctcgaggtcctggatttctctctg-3′)
primers containing AscI and XhoI restriction enzyme sites (underlined) respectively. The
PCR product was cloned into the pCR2.1 TOPO vector. An AscI/XhoI fragment was then
subcloned into the mammalian expression vector pSecTag2/Hygro (Invitrogen) upstream of
a myc tag, and sequenced in both directions to confirm that no errors had been introduced.
The resultant plasmid was transiently expressed following transfection into either COS-7
cells or the human extravillous trophoblast cell line SGHPL-4 (formerly known as MC4;
[35]) using Fugene 6 (Roche) as described by the manufacturer. Transfection efficiency was
assessed by IFA detecting with mAb 9E10 (anti-myc). Ability to bind IgM was assessed by
incubation with IgM followed by detection with goat anti-mouse λ L chain-PE, as described
previously [7].
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Ab and other proteins
IgM/IgG and IgM/IgA1 domain-swap, point-mutants, and IgG1 or IgA1 Ab specific for the
hapten NIP were purified from tissue culture supernatants as previously described [8–13].
For certain IgA1 mutants (dP440R, dF443R, and dLA441-442MA) dimers were separated
from contaminating monomers by size exclusion chromatography. Other Ab used for
investigating binding to hFcα/μR were obtained from commercial sources as follows:
human dIgA2 anti-NIP and human IgM anti-NIP (Serotec); mouse IgMλ (Pharmingen); and
human IgM Fabμ fragment (Rockland). Detecting Ab used in immunoblotting and IFA
include anti-polyhistidine-HRP mAb (HIS-1, Sigma), goat anti-mouse λ L chain-RPE
(Southern Biotech), mouse mAb 9E10 anti-myc (Sigma), goat anti-mouse IgG Fab-FITC
(Sigma), goat F(ab’)2 anti-human IgM Fcμ-RPE (Caltag laboratories), and mouse anti-
human IgM κ-chain specific (Sigma). A panel of anti-IgM μ-chain-specific mAb used in
blocking studies (1F11, 4-3, 1G6, 5D7, 196.6b, HB57, 1X11) have been described
previously [7, 36, 37]. SC was prepared as previously described [11]. The streptococcal IgA-
binding M proteins Arp4 (M4) and Sir22 (M22) were purified as described [38, 39].
Purification of the malaria parasite IgM-binding protein DBL4β has been described recently
[7].

Analysis of Ig-binding to hFcα/μR expressed in COS-7 cells by IFA
COS-7 cells transfected with hFcα/μR were grown on 12 mm circular coverslips (Raymond
A Lamb). Cells were washed in PBS and fixed in ice-cold 50:50 methanol:acetone for 20
min. After washing in PBS, cells were blocked in PBS/5% FBS for 1 h. After washing, 7.5
ng of mAb 9E10 to detect the myc tag as a marker of transfection efficiency, or test Ab (10
ng of IgM, 100 ng of dIgA2, or up to 15 μg for domain-swapped or point-mutated Ab) in a
final volume of 50 μL PBS/1% FBS were spotted onto parafilm and laid over a coverslip for
1 h in a humid chamber. For blocking experiments, IgM or dIgA2 were pre-incubated with
10.5 μg SC for 1 h at room temperature prior to the assay. After incubation cells were
washed three times in PBS/1% FBS prior to incubation for 1 h in the dark with a 1:100
dilution of goat anti-mouse IgG-FITC for the 9E10 coverslips or a similar dilution of goat
anti-mouse λ L chain-RPE for the test coverslips. Cells were washed as above with a final
wash in PBS and mounted with Prolong Gold antifade reagent containing DAPI (Invitrogen)
before fluorescence microscopic analysis.

Rosetting assay
Human erythrocytes were derivatized with NIP and sensitized with varying concentrations
of anti-NIP IgM, dIgA1, dIgA2, or dIgA1 mutants as described [7]. After 24 h in culture,
SGHPL-4 cells transfected with hFcα/μR were resuspended in RPMI 1640 culture medium
(Gibco) containing 10% Ig-stripped FBS (PAA Laboratories, GmbH). In the inhibition
assay, which was essentially a modification of a previously described method [14], 100 μL
diluted sensitized erythrocytes and inhibitor (bacterial Ig-binding proteins Sir22 and Arp4
[38, 39]) at 100 μg/mL or anti-IgM mAb at 1:1000] in RPMI/FBS, were incubated at room
temperature for 1 h in wells of a round-bottomed microtiter plate. 50 μL of SGHPL-4 cells
expressing the hFcα/μR (~50 000 cells) in RPMI/FBS were added and mixed carefully; the
plates were incubated for 10 min, centrifuged at 50g for 5 min, and further incubated for 50
min. Following the addition of acridine orange solution (6 μg/mL final concentration) to
stain nucleated cells, the suspensions were examined by fluorescence microscopy, defining a
rosette as a fluorescent SGHPL-4 cell with three or more erythrocytes attached.
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Abbreviations

dIgA dimeric IgA

FDC follicular DC

IFA immunofluorescent assay

hFcα/μR human Fcα/μ receptor

mFcα/μR mouse Fcα/μ receptor

NIP 3-nitro-4-hydroxy-5-iodophenylacetyl

pIgR polymeric Ig receptor

PLAF Pro440-Leu441-Ala442-Phe443

SC secretory component
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Figure 1.
(A) Binding of anti-NIP IgM to hFcα/μR-transfected COS-7 cells assessed by IFA. IgM
binding was detected using an anti-λ L chain-PE conjugate. No binding of IgM was seen to
untransfected COS-7 cells, and no binding of the anti-λ L chain detecting Ab to Fcα/μR-
positive transfectants was seen in the absence of IgM. (B) Bound IgM co-localizes with
hFcα/μR on COS-7 transfectants. hFcα/μR was detected by mouse anti-myc Ab followed
by an anti-mouse IgG-FITC conjugate (green), and DAPI staining (blue) revealed cell
nuclei. Transfected cells were fixed and permeabilized prior to staining with Ab.
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Figure 2.
The nomenclature, heavy chain composition, polymerization state, and hFcα/μR-binding
ability of the anti-NIP Ab used in this study. The domain arrangements are shown
diagrammatically with heavy chain regions derived from human IgM shown in white, those
from human IgG in pale gray, and those from human IgA in dark gray. Hinge regions and
tailpieces are shown as bars between domains and C-terminals, respectively. The positions
of mutations are indicated by black ovals. Specific details of each mutation have been
published elsewhere [8–13]. hFcα/μR-binding data were derived from IFA and/or rosetting
experiments. *Predominant polymerization state present: P, polymeric; D, dimeric; M,
monomeric.
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Figure 3.
Binding of IgG/IgM domain-swap and monomeric point mutants to hFcα/μR transfectants
assessed by IFA on fixed and permeabilized cells. Fcα/μR expression (green) was detected
as in Fig. 1. Binding of test Ab was detected with an anti-mouse λ L chain-PE conjugate
(red) that bound to the common L chain shared by all the test Ab. hFcα/μR bound only WT
IgM and the γ/Cμ3,4 domain-swap Ab.

Ghumra et al. Page 14

Eur J Immunol. Author manuscript; available in PMC 2011 June 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 4.
Inhibition of IgM and dIgA2 binding by SC. The binding of IgM (upper panel, ×10
magnification) and dIgA2 (lower panel, ×40 magnification) to hFcα/μR transiently
expressed on COS-7 cells could be blocked with saturating levels of free SC. Fcα/μR
expression and IgM or dIgA2 binding were detected as in Fig. 1.
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Figure 5.
Inhibition of IgM binding to hFcα/μR by anti-IgM-Fc-specific Ab. (A) IgM binding to fixed
and permeabilized COS-7 cells transfected with human FcαμR can be inhibited by a 1:1000
dilution of mAb 4–3 (anti-Cμ3). Similar results were obtained with mAb 1G6 (anti-Cμ4).
(B) Erythrocytes opsonized with IgM (~133 μg/mL) and pre-incubated with 100 μg/mL of
either anti-IgM Fc mAb 4–3 or 1G6 fail to rosette with hFcαμR transfectants. Figure shows
the mean±SD of two independent experiments. Differences between the untreated control
group and erythrocytes pre-incubated with mAb 4-3 or 1G6 were analyzed using Dunnett’s
multiple comparison test. Statistically significant differences between the groups are
indicated.
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Figure 6.
Binding of WT and mutant dIgA2 to fixed and permeabilized hFcα/μR transfectants
assessed by IFA. dIgA2 binding was detected using anti-λL chain-PE conjugate. Fcα/μR
expression was detected as in Fig. 2. Only WT dIgA2 and the dLA441-442MN mutant
bound hFcα/μR. Note the lack of binding by the monomeric IgA2 (mIgA2).
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Figure 7.
Binding of IgM and dIgA to hFcα/μR-transfected SGHPL-4 cells assessed by rosette
formation. (A) IgM-opsonized erythrocytes bind hFcαμR with greater affinity than
erythrocytes opsonized with equimolar concentrations of dIgA2. (B) Rosette formation was
assessed with erythrocytes opsonized with dIgA or various dIgA1 point mutants (all at ~333
μg/mL) purified by size exclusion chromatography. Rosette formation by dIgA2-opsonized
erythrocytes could be completely ablated by Sir22 and partially by Arp4 when the bacterial
IgA-binding proteins were pre-incubated with dIgA2-opsonized erythrocytes at 100 μg/mL.
Figures show the mean±SD of two independent experiments. Differences between %rosettes
obtained with dIgA1 and the various test groups were analyzed using Dunnett’s multiple
comparison test. Statistically significant differences between the groups are indicated.
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Figure 8.
Molecular model of dIgA1 showing residues predicted to be critical for interaction with
hFcα/μR. The figure shows two views of the solution structure of human dIgA1 [24] (PDB
accession: 2qtj) in which the heavy chains are shown in yellow, and the L chains in blue.
The tailpieces are omitted for clarity. The heavy chain residues Pro440–Phe443 implicated
in hFcα/μR interaction are shown as red spheres. J chain is not included in the model, but
we have added a white dotted line to indicate a possible position. (A) side view; (B) view
from above.
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