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Abstract
A linear epitope on catfish IgM has been identified as the docking site for the catfish soluble FcμR
(IpFcRI). Western blot analyses and latex bead binding assays identified the consensus octapeptide
motif FxCxVxHE located at the second cysteine that forms the intrachain disulfide bond of the catfish
Cμ3 and Cμ4 immunolglobulin (Ig) domains as the IpFcRI binding sites. Furthermore, molecular
modeling of catfish Cμ3 and Cμ4 confirmed that the octapeptide in both of these domains is accessible
for IpFcRI interactions. In addition, since this octapeptide motif is also found in other vertebrate Ig
domains, IpFcRI binding to Ig heavy (H) and light (L) chains from rainbow trout, chicken, mouse,
rabbit, and goat were examined by Western blot analyses and latex bead binding assays. IpFcRI
readily bound reduced rainbow trout (Igμ), chicken (Igν), mouse (Igμ, Igγ1, Igγ2a, Igγ2b, and Igα),
rabbit (Igμ and Igγ) and goat (Igγ) IgH chains, and mouse Igκ and Igλ, and chicken Igλ IgL chains.
IpFcRI also bound mouse IgM, IgA and IgG subclasses when examined under native conditions.
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1. Introduction
Teleost B cell responses share numerous functional similarities with those of mammals (Miller
et al., 1998; Miller et al., 1994), including immunoglobulin (Ig) gene rearrangements, allelic
exclusion and production of both secreted and membrane forms of IgM, and IgD (Bengten et
al., 2006a; Bengten et al., 2006b; Bengten et al., 2002; Bengten et al., 2000; Wilson et al.,
1997; Wilson et al., 1990). However, while much is known about teleost IgM structure and
function, much less is known about the function of teleost IgD, and little is known about the
receptors that bind teleost immunoglobulins (Coosemans and Hadji-Azimi, 1988; Hamuro et
al., 2007; Haynes et al., 1988; O’Dowd et al., 1998; Rombout et al., 2008; Sekizawa et al.,
1984; Shen et al., 2003). In mammals, receptors specific for the Fc portion of Ig, i.e. FcRs,
participate in a multitude of immune functions, and for the most part are found as integral
membrane proteins, expressed on immune effector cells, including B cells, monocytes,
macrophages, neutrophils, NK cells, and mast cells (Daeron, 1997). The FcR mediated
functions include phagocytosis, antibody-dependent cell mediated cytotoxicity (ADCC),
lymphocyte proliferation, mast cell degranulation, release or secretion of cytokines and
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chemokines, antigen presentation, regulation of antibody production and clearance of immune
complexes, as well as Ig transport (Daeron, 1997; Nimmerjahn and Ravetch, 2006; Ravetch
and Kinet, 1991). Typically, Ig (or immune complex) binding to FcRs leads to receptor
aggregation that activates or inhibits effector cell functions depending on the type(s) of FcR
involved. Cellular activation or inhibition occurs through recruitment of kinases or
phosphatases to the signaling motifs present within the FcR cytoplasmic tail (CYT) or the
associated adaptor molecules (Daeron and Lesourne, 2006; Garcia-Garcia and Rosales,
2002). In addition to membrane bound FcRs, soluble forms of FcRs (sFcRs), are produced
either by alternative splicing or proteolytic cleavage of the membrane-bound FcRs (Astier et
al., 1994; Fridman et al., 1993; Sautes et al., 1992; Sautes et al., 1991). sFcRs have been
described for IgG (CD32/FcγRII and CD16/FcγRIII; Fleit et al., 1992; Fridman et al., 1992;
Gachet et al., 1995; Huizinga et al., 1994; Huizinga et al., 1988; Lanier et al., 1989;
Middelhoven et al., 2001; Teillaud et al., 1992; Tosi and Zakem, 1992), IgA (CD89/FcαRI;
van Zandbergen et al., 1999; Yodoi et al., 1987) and IgE (CD23/FcεRII; Letellier et al.,
1989; Sarfati et al., 1996). The sFcγ-receptors are believed to function by competing with their
membrane-bound counterparts for Ig (or immune complex) binding, which in turn down-
regulates B cell proliferation and antibody production (Fernandez-Botran, 1991; Fridman et
al., 1993). In comparison, the function of sFcαRI, which is found covalently linked with IgA
in the serum of normal individuals and patients with IgA nephropathy, is not well understood
(Launay et al., 2000; van der Boog et al., 2002). Finally, FcεRII, the low affinity receptor for
IgE, exhibits significant homology to C-type lectins, and is not an Ig superfamily member
(reviewed in Daeron, 1997). Soluble FcεRII is produced by endogenous proteases and has been
shown to activate monocytes and resting T cells (Armant et al., 1995) and can serve as a positive
as well as a negative regulator of IgE synthesis in human B cells (Delespesse et al., 1992;
Gould et al., 2003; McCloskey et al., 2007).

The strongest evidence for FcR homologs in ectothermic vertebrates came from studies in the
channel catfish, Ictalurus punctatus (Shen et al., 2004; Shen et al., 2003), which showed that
catfish NK-like cells were armed with IgM and were positive for two Ig light (L) chain isotypes.
Since these cells did not express message for either Ig heavy (H) or IgL chains, it was
hypothesized that serum IgM is bound on their surface via a putative FcμR. Moreover, when
the surface bound IgM was replaced by catfish anti-trinitrol-phenol (TNP) IgM antibodies,
these specifically armed NK cells were able to kill TNP-labeled target cells by ADCC (Shen
et al., 2003). More recently, we identified a catfish FcR homolog, termed IpFcRI, which
represents the first FcR cloned from an ectothermic vertebrate (Stafford et al., 2006). The single
copy IpFcRI gene encodes a protein of three constant (C)-2-like Ig domains and lacks a
transmembrane (TM) and CYT. Notably, the encoded Ig domains are phylogenetically and
structurally related to mammalian FcRs and the putative Fc-binding region appears to be
conserved. In addition, IpFcRI-related genomic sequences were found in pufferfish and
rainbow trout, indicating the likely presence of a soluble FcR in other fish species. However,
while IpFcRI message was highly expressed in catfish lymphoid tissues and peripheral blood
leukocytes (PBL) clonal leukocyte cell lines, including NK cells, expressed little (if any)
message, which suggested that IpFcRI is not the putative FcμR observed in catfish NK cells.
Nevertheless, IpFcRI was shown to bind catfish IgM as demonstrated by co-
immunoprecipations and cell transfection studies, and native IpFcRI was detected in catfish
plasma using a mouse polyclonal antiserum to IpFcRI (Stafford et al., 2006). Together, these
observations suggest that the IpFcRI functions as a soluble IgM-binding FcR that may have
immunoregulatory functions in vivo. Here, we further analyze the Ig binding properties of
IpFcRI and determine that the IpFcRI docking site on catfish IgM is a conserved eight amino
acid linear epitope involving the second cysteine that forms the intra-chain disulfide bond in
Cμ3 and Cμ4 domains. Furthermore comparative mapping studies show that the epitope is
conserved in several other vertebrate Ig C domains, including mouse, goat, rabbit, chicken and
rainbow trout.
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2. Material and Methods
2.1 Monoclonal antibodies, recombinant protein production, and catfish IgM affinity
purification

Hybridoma culture supernatant was used directly as the monoclonal antibody (mAb) source
for the anti-catfish reagents and all supernatants contained equivalent Ig concentrations as
determined by ELISA (Southern Biotechnology, Birmingham, AL) and Western blot analysis.
Anti-catfish IgM antibodies 9E1 (IgG1, κ) and 1H12 (IgG1, κ) react with catfish Igμ H chains
(Lobb and Olson, 1988; Sizemore et al., 1984), and anti-trout IgM antibody 1.14 (IgG1, κ), an
isotype control, reacts with trout Igμ H chains (DeLuca et al., 1983). The anti-epitope tag mAbs,
anti-FLAG M2 (IgG1; Sigma-Aldrich) and anti-Xpress (IgG1; Invitrogen Life Technologies)
were used at concentrations according to the manufacturer’s recommended protocol. All mAbs
are of mouse origin, unless otherwise stated in the text.

Recombinant (r) IpFcRI proteins were produced using a eukaryotic expression system. Briefly,
IpFcRI D1-D2-D3 domains and partial IpFcRI (two domain combinations of D1-D2 and D2-
D3, as well as single domains D1, D2, and D3) were cloned into the p3×FLAG-CMV-9 (Sigma-
Aldrich) using EcoRV and BamHI restriction sites. This vector introduces three adjacent FLAG
epitopes at the N-terminus of the cloned sequence allowing for identification and purification
of the FLAG tagged fusion proteins by anti-FLAG M2 mAb. The constructs were transfected
into human embryonic kidney (HEK) 293T.17 cells using GeneJuice transfection reagent
(Novagen EMD Biosciences) according to the manufacturer’s protocol. Briefly, 293T.17 cells
were grown to 70–80% confluency in 6-well plates, and transfected with a mixture of 1 μg
plasmid DNA in 4 μl GeneJuice (added per well). At 48 h post transfection, cells were harvested
following trypsinization (Trypsin–Versene Mixture, Lonza Inc), washed twice with phosphate
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH
7.4) and solublized with 1% IGEPAL CA-630 (Sigma-Aldrich) in lysis buffer (50 mM Tris-
HCl, 150 mM NaCl, pH 7.8) containing a set of protease inhibitors (Complete, Mini; Roche
Applied Science). The 293T.17 lysates were cleared of cellular debris by centrifugation at 1500
× g for 10 min and the supernatant was passed though an anti-FLAG M2 affinity gel column
(Sigma-Aldrich). The FLAG-fusion proteins were eluted by 100 μg/ml of FLAG peptides
(Sigma-Aldrich) according to manufacturer’s protocol and residual peptides were removed by
passing the eluents through D-Salt Dextran desalting columns (Pierce). Purity of the FLAG-
fusion proteins was verified by Western blotting with anti-FLAG M2-HRP mAb (Sigma-
Aldrich).

Catfish rIgμ proteins spanning two Cμ domains (Cμ2-Cμ3 and Cμ3-Cμ4), single Cμ domains
(Cμ1, Cμ2, Cμ3 and Cμ4) and partial (or split) Cμ3 and Cμ4 domain proteins were cloned into
the Champion pET 100/D-TOPO vector (Invitrogen) and expressed in Escherichia coli BL21
star cells as previously described (Silva et al., 2007). This vector introduces a 6×His and an
Xpress N-terminal epitope tag to the rCμ proteins for purification and detection. The
polyhistidine tagged rCμ proteins were purified using MagneHis Ni-particles (Promega)
following the manufacturer’s guidelines and their purity was verified by Western blotting using
peroxidase conjugated anti-Xpress mAb (Invitrogen).

Catfish anti-TNP IgM was prepared from immunized catfish as previously described (Lobb,
1985; van Ginkel et al., 1992) and the affinity purified IgM served as the source of free
(unbound) IgM used in latex bead and Western blot immunoassays.

2.2 Latex bead microsphere solid phase immunoassays
Five micron carboxyl (-COOH) modified latex bead microspheres (Bangs Laboratories) were
covalently coupled with rIpFcRI (D1-D2-D3), affinity purified catfish IgM, different mouse
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Igs (IgM, IgG1, IgG2a, IgG2b, IgG3 or IgA; Southern Biotech), or with BSA as a negative
control using a PolyLink protein coupling kit (Bangs Laboratories). This protocol conjugates
proteins via their amino-terminus (NH2-) onto carboxylated microspheres using 1-Ethyl-3(3-
dimethylaminopropyl) carbodiimide hydrochloride as a linker. Briefly, 10 mg of latex beads
were coupled with 500 μg of protein for 2 h at room temperature following the supplier’s
guidelines and the protein-coupled beads were maintained at a concentration of 10 μg/μl in
PolyLink Wash/Storage buffer (Bangs Laboratories).

Flow cytometry analyses of IpFcRI-IgM binding was performed using rIpFcRI coupled latex
beads (L-IpFcRI) incubated with catfish serum or catfish IgM coupled latex beads (L-IgM)
incubated with rIpFcRI. Briefly, for assaying L-rIpFcRI, 10 μg of beads were mixed with either
2 μg of catfish affinity purified IgM or 0.5 μl of catfish serum and mixed end-over-end for 1
h at 24°C in PBS-blocking buffer (with 0.1% Tween-20 and 1% BSA; pH 7.4). The latex beads
were then washed 3× in PBS-blocking buffer, centrifuged at 1200 × g for 10 min and stained
with 20 μl of anti-catfish IgM (9E1) mAb that had been fluorescently labeled with Alexa
Fluor-488 (AF-488) using a Zenon Mouse IgG1 labeling kit (Molecular Probes). After a final
wash in PBS-blocking buffer, the beads were analyzed using a BD BioSciences FACScan. Ten
thousand events per sample were analyzed at a rate of ≥ 1000 events per second. Conditions
for assaying L-IgM were identical, except that the L-IgM coupled beads were mixed with 2
μg of rIpFcRI and stained with anti-FLAG M2 mAb fluorescently labeled with AF-488. This
protocol was also used to assess IpFcRI binding to different mouse immunoglobulins and for
these experiments, the latex beads were covalently coupled with mouse IgM, IgG1, IgG2a,
IgG2b, IgG3 or IgA (Southern Biotech); mixed with rIpFcRI and stained with fluorescently
labeled anti-FLAG M2 mAb as described above.

2.3 SDS-PAGE and Western blot analyses
IpFcRI binding to reduced Ig was examined by Western blot analyses using normal sera from
catfish, rainbow trout, mouse and rabbit and various affinity purified Igs, including catfish
IgM, chicken IgY (Aves Labs), rabbit IgG (Southern Biotech) and goat IgG (Southern Biotech).
Briefly, 0.2 μl of sera or 1 μg of Ig were analyzed under reducing conditions in 10% SDS-
PAGE using standard protocols (Sambrook and Russell, 2001). Proteins were transferred to
Hybond-ECL nitrocellulose membranes (Amersham Biosciences) and incubated in Tris-
buffered saline (TBS; 20 mM Tris, 150 mM NaCl, pH 7.4) containing 1.0% BSA and 0.1%
Tween 20 (TTBS-BSA) overnight at 4°C. The membranes were incubated with rIpFcRI (1
μM in TTBS-BSA) for 1h at 24°C, followed by incubation with anti-FLAG M2-HRP (0.25
μg/ml in TTBS-BSA) for 1 h at 24°C. Blots were then washed 3× in TTBS and immunoreactive
bands were visualized using Supersignal West Pico Chemiluminescent Substrate (Pierce
Biotechnology, Rockford, IL). To insure complete reduction of catfish IgM, 2 μg of affinity
purified IgM was incubated at 37°C overnight in the presence of 100 mM 2-β-mercaptoethanol,
500 mM Tris and 6 M guanidine-HCl. The reduced IgM was subsequently alkylated with a 3-
fold molar excess of iodoacetamide (Sigma-Aldrich) at 4°C for 6 h, and dialyzed overnight in
2× in TBS, pH 7.4 before using (Clem and Small, 1967).

2.4 Mapping of IpFcRI binding
IpFcRI binding to catfish IgM was initially mapped using rCμ domain proteins. One μg of
catfish recombinant proteins or 1 μg of affinity purified IgM were analyzed by SDS-PAGE
and Western blot analyses as described above. Synthetic biotinylated peptides corresponding
to the flanking sequence surrounding the second cysteine that forms the interchain disulfide
bond of the different catfish Cμ domains array were synthesized (Mimotopes) and used in
Western blot and flow cytometry analyses in order to map the IpFcRI binding site(s). Briefly,
peptides (Pep) 1 and 2 were from Cμ1 and Cμ2, respectively, and served as negative binding
controls. In contrast, a series of truncated peptides from Cμ3 (Pep3.1-Pep3.4) and Cμ4
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(Pep4.1-4.5) were designed to determine the required length of the IpFcRI docking site. Peptide
5 (Pep5) was designed to be a mismatch of peptide 4.2 (Pep4.2), i.e. four amino acids (389,
390, 392, and 394) surrounding the cysteine391 residue were substituted based on residues
found at corresponding positions in mouse and rabbit Igs, but not in catfish Ig (FSCLVYHE
→ YTCSVGHE). For the Western immunoblot analyses 2–2.5 μg of each peptide was spotted
onto Hybond-ECL nitrocellulose membranes (Amersham Biosciences) and allowed to air dry.
Blots were incubated and developed using rIpFcRI and anti-FLAG M2-HRP as described
above. For flow cytometry analysis the ability of each peptide to bind rIpFcRI was examined.
Briefly, 10 μg of L-IpFcRI beads was mixed with 2.5 μg of peptide in 50 μl of TBS-Tween
(0.5%) and incubated at 24°C for 1 h. The beads were washed once with TBS-Tween before
adding 10 μl of phycoerythrin (PE)-conjugated streptavidin (BD Biosciences). Following a 30
min incubation at 24°C, the beads were washed in TBS-Tween and analyzed as described
above.

2.5 Sequence analyses and homology modeling
The putative binding motif in Cμ3 and Cμ4 was found by dot plot alignment using MegAlign
software (DNASTAR Lasergene, Madison, WI) and the default settings 20% match and a
window size of 30. The catfish IpFcRI binding site 3-D structure was predicted by amino acid
homology modeling using the SWISS_MODEL alignment interface mode
(http://swissmodel.expasyporg/) and the PHYRE protein fold recognition server (Kelley and
Sternberg, 2009); version 0.2, http://www.sbg.bio.ic.ac.uk/phyre/). The catfish Cμ3-Cμ4
sequence was used to query the RCSB Protein Data Bank (PDB,
http://www.rcsb.org/pdb/home/home.do) and the best match was IgG1 C region (entry 1L6X
with a 29% amino acid identity, an E-value of 2.5e-28 and prediction confidence 100%), which
was used to build a structural model of the catfish Cμ3-Cμ4 region. Molecular decorations and
visualization was done through PyMOL version 1.1 (DeLano Scientific:
http://www.pymol.org/).

3. Results
3.1 IpFcRI binds a conserved epitope found on catfish constant Cμ3 and Cμ4 domains

As an alternative to using surface expression on transfected cells as a means to assay the binding
of soluble IpFcRI to catfish IgM, a solid phase latex bead assay was developed. Using flow
cytometry, latex beads coated with rIpFcRI protein were shown to readily bind catfish serum
IgM (Fig. 1) or purified catfish IgM (data not shown). Conversely, beads coated with affinity
purified catfish IgM were shown to bind rIpFcRI protein, which confirms our previous studies
demonstrating that IpFcRI binds catfish IgM as assessed by co-immunmunoprecipation and
cell transfection studies (Stafford et al., 2006). Using this assay it was demonstrated that IpFcRI
bound catfish IgM at room temperature but not at 4°C. Subsequently, it was also found that
IpFcRI binds IgM in reduced form (Fig. 2A). Briefly, catfish serum and purified IgM were
separated by 10% SDS-PAGE under reducing conditions (Sambrook and Russell, 2001) and
subjected to Western blot analysis using either rIpFcRI or anti-catfish IgM 1H12 mAb (Lobb
and Olson, 1988) as the primary binding reagent. Both reacted with the ~70 kD catfish Igμ
chain, demonstrating that IpFcRI and 1H12 mAb react with denatured IgM, which implies that
rIpFcRI binds to an exposed linear Igμ epitope. Here it should be noted that the anti-FLAG
mAb by itself does not react with catfish IgM or any other catfish serum proteins (Fig. 2B).
Therefore in order to map the IpFcRI binding site(s) on the catfish Igμ H chain, recombinant
proteins of individual constant domains (Cμ) and pairs Cμ2-3 and Cμ3-4 were produced in E.
coli and subjected to 10% SDS-PAGE under reducing conditions and analyzed by Western
blot (Fig. 3A and 3B). Both rCμ2-Cμ3 and rCμ3-Cμ4 proteins were detected by rIpFcRI and
of the four individual rCμ domain proteins only rCμ3 and rCμ4 were IpFcRI reactive.
Subsequently, truncated amino- and carboxyl-terminal rCμ3 and rCμ4 proteins were produced
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and analyzed as described above, and were found to bind rIpFcRI (Figs. 3C and 3D). This
finding that IpFcRI bound to noncontiguous linear epitopes present on Cμ3B, Cμ4B and
Cμ4C suggested either the presence of 1) an independent binding site in each of the Cμ3 and
Cμ4 domains or 2) a conserved epitope common to both Cμ3 and Cμ4, but not to Cμ1 and
Cμ2. By comparing the four catfish Cμ domain sequences using pair-wise dot plot analysis a
consensus sequence of eight amino acid residues (FxCxVxHE) including the second cysteine
that forms the intrachain disulfide bond was identified and hypothesized to be a part of the
putative IpFcRI binding site. These residues located on the F strand of the Ig domain are
conserved in many different vertebrate Ig C domains and are structurally important for forming
the Ig domain fold, e.g. the amino acids F, C, and V are located in domain core positions and
participate in the interaction between the two β-sheets of the domain (Potapov et al., 2004).
Moreover, the FxCxVxHE consensus was present in all three of the catfish recombinant
proteins, Cμ3B, Cμ4B, and Cμ4C. To prove that the FxCxVxHE amino acid sequence was the
site for IpFcRI binding and to further define the core binding region, custom peptides flanking
the second cysteine residue in the different catfish Cμ domains were synthesized. The peptides
ranged from four to 14 amino acids in length and each had a short amino-terminal linker
sequence added to improve solubility (Fig. 4A). IpFcRI binding to these peptides was analyzed
by dot-blot analyses and solid phase latex bead assay. By dot-blot, peptides Pep4.1, Pep4.2,
and Pep3.2 containing the core epitope FxCxVxHE were positive for rIpFcRI binding, however
in the latex bead assay only peptides Pep4.1 and Pep3.2 bound rIpFcRI strongly (Figs. 4B and
4C). In both assays IpFcRI failed to bind the Cμ3 and Cμ4 peptides that did not contain the
full-length core consensus motif, and the Cμ1 and Cμ2 control peptides. However, an exception
did occur with the Cμ3 peptide Pep3.1, which despite containing the core epitope was IpFcRI
negative. This was likely due to Pep3.1’s insolubility since it formed aggregates in both H2O
(polar) and 50% dimethyl sulfoxide (organic) solutions. In addition, the peptide Pep5 that
contained a mismatched motif YtCsVgHE, based on amino acid residues occurring in rabbit
and mouse IgH, was also negative for IpFcRI binding. Since F → Y is a conserved amino acid
substitution this result was unexpected. Also, because the FxCxVxHE motif is conserved in
vertebrate Ig domains and the F → Y substitution is a common occurrence in some of these
domains (Fig. 5A), it seemed reasonable to determine if rIpFcRI could bind immunoglobulins
from other species and to correlate binding with the presence or absence of the FxCxVxHE
consensus motif. Here it should be stated that while we did not examine any human Ig isotypes
for IpFcRI binding, the consensus octapeptide F/Y xCxVxHE motif is present in human Cμ4,
Cδ3, and Cλ domains and in each of the IgG γ3 and IgA α3 domains (see sTable 1).

3.2 IpFcRI binds immunoglobulins from different species
IpFcRI-reactive bands were readily detected in rainbow trout, mouse, and goat serum and with
purified rabbit and goat IgG and chicken IgY (Fig. 5B). Briefly, serum, and purified total IgG
and IgY were separated by 10% SDS-PAGE under reducing conditions and analyzed by
Western blot using rIpFcRI as the primary binding reagent and anti-FLAG mAb as the
secondary. Consistent with the presence of F/YxCxVxHE, IpFcRI binding was observed in
rainbow trout, mouse, and rabbit Igμ chains, the three mouse Igγ chains, the single rabbit and
goat Igγ chains, and chicken Igυ. Specifically, rIpFcRI recognized the ~70 kDa Igμ chains
found in rainbow trout (verified by anti-trout 1.14 mAb, data not shown), as well as protein
bands of the appropriate size, for mouse and rabbit Igμ and Igγ, chicken Igυ and goat Igγ. As
expected catfish Igμ was also readily detected in serum and in affinity purified Ig. Here it
should be noted that IpFcRI does not bind to catfish Igδ. In addition to IgH chains, IpFcRI also
bound IgL chains present in mouse serum and the IgL chain associated with chicken Igυ and
goat Igγ. The mouse Ig Cλ domain contains a consensus FtCqVtHE and the goat and chicken
Ig Cλ domains have a F → Y substitution in their consensus motif (ysCeVtHE and ytCrVtHd),
demonstrating that IpFcRI is also able to bind to the octapeptide motif if a Y is in that first
position. While it seemed likely that rIpFcRI binds only to mouse Cλ, using this assay, it was
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not possible to exclude binding to mouse Cκ, which contains a different motif of ytCeatHk.
Also, our assay could not determine if only one of the mouse, rabbit, and goat IgG subclasses
or if all of their IgG classes could be bound by IpFcRI. However, by examining affinity purified
mouse IgG mAbs of different subclasses individually the issue of IpFcRI binding specific
Igγ, Igκ and/or Igλ chains, as well as mouse Igα chains, was addressed. As assessed by Western
blot analysis and the latex bead immunoassay, rIpFcRI bound to IgG1, IgG2a, IgG2b H chains
and to a lesser degree to IgA (Fig. 6A). Also both Igκ and Igλ light chains were detected by
rIpFcRI, albeit Igκ chains appeared to be bound more readily. However, since the mouse IgG3
H chain contained a partial FLAG epitope (DYK), and was shown to react with the anti-FLAG
M2 mAb in the absence of IpFcRI, it could not be determined whether the reduced form of
IgG3 was recognized by rIpFcRI. When IpFcRI binding to native mouse Ig isotypes was
examined in the flow cytometric solid phase latex bead assay, rIpFcRI was shown to bind all
of the mouse Ig isotypes (Fig. 6B). However, the mean fluorescence intensities were
approximately 5-fold lower than when the beads were coated with an equal amount of affinity
purified catfish IgM (see Fig. 1B). Here it should be emphasized that our assay was designed
to demonstrate IpFcRI binding and not meant to comprehensively map the Ig binding epitope,
but as might be expected, sequence comparisons of the different Ig motifs combined with the
binding data suggest that the overall amino acid composition of the eight amino acid F/
YxCxVxHE motif is important for binding.

In addition, since anti-catfish IgM mAb 1H12, reacts with both native and denatured Igμ chains,
it was of interest to examine its reactivity with the different rCμ proteins and synthetic peptides.
Similar to IpFcRI, mAb 1H12 was found to recognize rCμ3 and rCμ4 domains in Western blot
(sFigs. 2A and 2B) and to react with the longest Cμ4 peptide Pep4.1
(385GSVFSCLVYHESIK399). Moreover, it was demonstrated that mAb 1H12 binding to
rCμ3 and rCμ4 could be blocked by IpFcRI (sFig. 2C). Taken together, these findings suggest
that anti-catfish IgM mAb 1H12 and IpFcRI bind to an overlapping epitope found at the second
cysteine of Cμ4. However, because blocking by mAb 1H12 did not inhibit rIpFcRI binding, it
appears that the binding sites either do not completely overlap or IpFcRI has a higher affinity
for the binding site than mAb 1H12 (sFig. 2D).

3.3 IpFcRI structural modeling
To determine the location of the IpFcRI binding linear epitope on catfish IgM, the Cμ3-Cμ4
region was subjected to homology modeling based on the crystal structure of human IgG1, the
best match in the PDB database. A three dimensional model was built at an estimated precision
of 100% and an E-value of 2.5e-28 (Fig. 7). The epitope FxCxVxHE, found on the F-strand of
the beta-sheet sandwich in both the Cμ3 and Cμ4 domains, has the side chains of amino acids
F, C, V, and H buried in the hydrophobic center of the domain. This finding, as expected,
matches the previous accepted models of other Ig C domains (Edmundson et al., 1975;Potapov
et al., 2004). Thus, it is likely that IpFcRI binding to the native protein is dependent on
interactions with the side chains of the alternating exposed residues I283, E285, E287 and E289

of Cμ3 and S390, L392, Y394 and E396 of Cμ4 as illustrated by topology modeling. Also, it
appears that the interactions between IpFcRI and Cμ3 involve ionic and hydrophobic bonds;
in contrast the binding of Cμ4 depends on non-ionic interactions.

4. Discussion
In this study we used a latex bead assay to confirm our previous findings that the catfish soluble
FcμR binds catfish IgM (Stafford et al., 2006), regardless of whether IgM or rIpFcRI was
immobilized on the beads (Fig. 1). Since it had been demonstrated that the interaction between
certain mammalian IgGs and their corresponding FcRs involves linear epitopes (Goldsmith et
al., 1997; Kristoffersen et al., 1994; Radaev and Sun, 2001b; Zhang et al., 2006) it was of
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interest to examine whether IpFcRI would demonstrate any binding to reduced catfish IgM.
Not only did rIpFcRI react with reduced purified catfish IgM, but it also bound reduced serum
IgM and did not cross-react with any other serum proteins (Fig. 2). Consequently, based on
the ability to bind reduced IgM, the IpFcRI docking site on IgM was mapped using recombinant
Cμ proteins and a consensus octapeptide FxCxVxHE sequence present in Cμ3 and Cμ4 was
hypothesized to be a part of the putative IpFcRI binding site (Fig. 3). The putative IpFcRI
docking site was then mapped using custom made oligopeptides of varying lengths with N-
and C-terminal deletions to define the minimum core epitope. Peptides 3.2, 4.1, and 4.2 each
containing the FxCxVxHE motif were IpFcRI reactive (Fig. 4) and because none of the
truncated peptides shorter than the octapeptide core were found to be recognized by IpFcRI,
the octapeptide FxCxVxHE was designated to be the minimally required IpFcRI docking site.
However, the binding to Pep4.2, which consists of only the core sequence, appeared to be
weaker than the binding to Pep4.1 and Pep3.2. While both Pep4.1 and Pep3.2 contain the core
octapeptide sequence, Pep4.1 is longer with three additional residues at both the N- and C-
terminal ends and Pep3.2 has three glutamic acids at the variant positions. Such sequence
differences suggest that residues additional to the octapeptide core also influence the binding
of IpFcRI to catfish IgM. For example, the six extra amino acid residues present in the longer
Cμ4 epitope represented by Pep4.1 may further stabilize IpFcRI binding, while the three
negatively charged residues (E 285, E287 and E289) of Cμ3 represented by Pep3.2 likely
influences IpFcRI binding by forming a negatively charged patch similar to that observed with
the high affinity FcγRII binding site found on the mouse IgG2b (Kato et al., 2000). Conversely,
the Cμ4 binding site motif represented by Pep4.1 and Pep4.2, includes only one negatively
charged residue (E396) and may represent a hydrophobic patch. Nevertheless, the IpFcRI
peptide binding studies show the octapetide core containing the second Ig intradomain-forming
cysteine of Cμ3 and Cμ4 to be the IpFcRI binding site on reduced catfish Igμ. Also, here it is
important to note that while the binding studies do not address whether IpFcRI uses one or
both of these sites to bind native Igμ, the IgM binding studies performed using the anti-catfish
Igμ mAb 1H12 strongly support that the FxCxVxHE motif is accessible for IpFcRI interaction
in catfish native IgM. For example, mAb 1H12 binds native and reduced catfish Igμ (Lobb and
Olson, 1988), and rCμ3 and rCμ4 proteins (sFig. 2A), and together such results strongly imply
that mAb 1H12 recognizes a linear epitope accessible under native conformation. This notion
is further supported by our peptide binding studies that show mAb 1H12 binds Pep 4.1 (sFig.
2B), which confirms there must be an overlap between mAb 1H12 and IpFcRI binding sites.
However, because mAb 1H12 did not bind to the core octapeptide motif represented by Pep3.2
and Pep4.2, it may be that binding of Igμ by mAb 1H12 requires a few additional amino acids
for interaction (sFig. 2B). In agreement with this, pre-incubating the reduced rCμ blots with
rIpFcRI inhibited mAb 1H12 binding to rCμ3 and rCμ4 proteins (sFig. 2C). In contrast,
blocking of replica rCμ blots with mAb 1H12 did not inhibit IpFcRI binding (sFig. 2D) and
while implications for this observation are not clear-cut, it may be that the IpFcRI and mAb
1H12 binding sites do not completely overlap, or that IpFcRI has a higher affinity for the
binding site than that of mAb 1H12. Alternatively, it may be possible that IpFcRI binds to the
Igγ1 chain of mAb 1H12, which has bound catfish IgM. However, together the IpFcRI and
mAb 1H12 binding studies support the hypothesis that the FxCxVxHE octapeptide motifs
found on catfish IgM are accessible epitopes for catfish soluble FcR interaction.

The IpFcRI binding sites were also predicted to be accessible since structural modeling of the
Cμ3 and Cμ4 domains show them to be localized on the F-strands of their respective Ig domains
(Fig. 7). Also, the catfish IgM Cμ3-Cμ4 topography revealed the residues F, C, and V from
the consensus octapeptide motif to be buried in the Ig domain beta sandwich fold. This result
was expected, since these “domain core residues” are conserved in many Ig C domains and are
known to provide structural support for the Ig domain (Edmundson et al., 1975;Potapov et al.,
2004). In contrast, the side chains of the alternate variable amino acids that fill the positions
between the “domain core residues” in catfish Cμ3 and Cμ4 (I283, E285, E287 and E289 of
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Cμ3 and S390, L392, Y394 and E396 of Cμ4) appear to be exposed. Hence, they are accessible
to serve as contact points for IpFcRI interaction (see Fig. 7). Moreover, the E289 and E396at
the 8th position of the core peptide of Cμ3 and Cμ4, respectively, are the most accessible and
exposed residues of the motifs and may therefore have a greater role in IpFcRI recognition/
binding as compared to other residues in the motif.

Consistent with the presence of the FxCxVxHE core sequence in IgH chains of trout (Igμ),
chicken (Igν), mouse (Igμ, Igγ1, Igγ2a, Igγ2b, and Igα), rabbit (Igμ and Igγ) and goat (Igγ)
these IgH chains were also readily bound by IpFcRI under reducing conditions (Fig. 5). In
addition, IpFcRI bound mouse IgM, IgG and IgA when examined under native conditions.
This broad-spectrum Ig binding across mammalian, avian, and teleost Ig isotypes is in contrast
to the previously described mammalian FcR-Ig cross-reactivities that are frequently observed
with only certain Ig isotype subclasses from closely related species (Canfield and Morrison,
1991;Lubeck et al., 1985;Nimmerjahn and Ravetch, 2005). Due to the presence of the core
IpFcRI binding motif in both Cμ3 and Cμ4 domains from the different species, as well as in
the mouse Cα2 and Cα3 domains, the contributions from the individual binding sites and also
from the individual amino acids are difficult to discern. Even so, based on sequence
comparisons of the octapeptide core motif present in the different mammalian Igγ and IgL
chains and in chicken Igυ and Igλ chains that were positive for IpFcRI binding in Western blot
analyses, a substitution of F (a less hydrophobic residue) for Y did not appear to significantly
impact IpFcRI binding (see Figures 5 and 6). However, again because variable IpFcRI
reactivity was readily apparent with the different IgL chains emphasizes that the contribution
made by the amino acids (either individually or perhaps in combination) found in the variable
positions of the octapeptide are important. Also, it seems likely that IpFcRI binding to various
IgL chains merely reflects the conservation of the Ig domain fold and is not physiologically
significant. Consistent with this notion, IpFcRI did not bind to catfish IgL chains and here it
should be noted that four IgL isotypes have been identified in catfish (Edholm et al., 2009).
Together the Igκ F and G isotypes represent nearly 90% of total serum IgL (Lobb et al.,
1984) and along with Igσ, they are readily detectable in catfish serum by Western blot (Wilson
unpublished). Currently, there are no available antibodies to catfish Igλ and its presence in
serum cannot yet be measured. The lack of IpFcRI binding to proteins in the 20–27kD range
in Western blot strongly argues against IpFcRI interaction with catfish IgL chains F, G and σ
and although not formally proven we consider it highly unlikely that the IpFcRI would interact
with catfish Cλ. All four of the catfish IgL chains contain one or more non-favorable residue
(s) on the predicted F strand and three of them (IgL G, λ, and σ) have only the cysteine of the
three conserved “domain core residues” found in the FxCxVxHE motif. IpFcRI also did not
bind to rabbit or trout IgL chains or to Pep5 (YTCSVGHE), which was synthesized based on
amino acid residues present in the IpFcRI binding motif of IgM and IgG in mouse and rabbit.
This nonbinding may be due to the absence of charged or bulky side chain amino acids
occupying the 2nd, 4th, and 6th positions of the octapeptide motif (Fig. 4 and sFig 3). The G at
the position 6 may be a particularly unfavorable residue for binding because of its small size
and non-chiral properties. Similarly, the absence of IpFcRI binding to catfish IgD domain 6,
the only domain Igδ domain that contains a core binding motif, is likely due to the lack of
charged or bulky residues at the same 2nd, 4th, and 6th positions (sTable 2 and sFig. 3).

In summary, since IpFcRI is the first FcR homolog identified in an ectothermic vertebrate and
phylogenetic analyses shows it is more closely related to the classical FcRs and the FCR-like
homologs than to the leukocyte receptor complex (LRC) encoded receptors (Stafford et al.,
2006), it was of interest to determine whether IpFcRI bound to any of the two distinct locations
targeted by other vertebrate FcRs. Briefly, mammalian classical FcRs, that are homologs of
the human FcRs encoded on chromosome 1, i.e. IgG and IgE binding receptors FcγRs I, II, III
and FcεRIα bind to similar sites in the lower hinge region located in homologous domains
Cγ2 and Cε3, respectively (Canfield and Morrison, 1991; Garman et al., 2000; Radaev and
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Sun, 2001a; Sondermann et al., 2000; Wines et al., 2000). In contrast, the mammalian FcαRI
(CD89) and the chicken IgY binding receptor, CHIR-AB1, are both encoded within their
respective LRC and interact with homologous sites found at the Cα2-Cα3 and Cυ3-Cυ4
interface, respectively (Herr et al., 2003; Pleass et al., 1999; Purzel et al., 2009; Taylor et al.,
2009). The data presented here demonstrates that the catfish soluble FcμR, IpFcRI, while more
related to the classical FcRs does not bind to the N-terminal side of Cμ3, but interacts with a
novel and conserved epitope present on the F-strand of catfish Cμ3 and Cμ4 domains.
Interestingly, the Ig binding sites recognized by human FcαRI and chicken CHIR-AB1 both
overlap with the IpFcRI binding site and a mutation of the conserved histidine of IgY that is
homologous to the histidine at position 7 in the catfish octapeptide motif abolishes the CHIR-
AB1 binding. At the very least, this overlap in binding sites support the conserved histidine
residue to be highly accessible and phylogenetically important in Fc binding.

Overall, this study represents the first characterization of an FcR binding site on any teleost Ig
and is an important step in understanding the evolution not only of FcμR receptors (Ghumra
et al., 2009; Kinet and Launay, 2000), but of FcRs in general.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
IpFcRI binds catfish IgM. A. Latex beads coated with rIpFcRI (black) and beads coated with
BSA (gray) were incubated in catfish serum, stained with anti-catfish IgM 9E1 mAb, and
analyzed by flow cytometry. rIpFcRI coated beads not incubated in catfish serum (dotted), but
stained with anti-catfish IgM 9E1 mAb served as background control. B. Latex beads coated
with catfish IgM (black line) and beads coated with BSA (gray) were incubated with rIpFcRI,
stained with anti-FLAG M2 mAb, and analyzed by flow cytometry. IgM coated beads not
incubated with rIpFcRI (dotted), but stained with anti-FLAG mAb served as background
control.
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Figure 2.
IpFcRI binds reduced catfish IgM. A. Catfish serum and affinity purified catfish IgM were
electrophoresed under reducing conditions by 10% SDS-PAGE and visualized by Western blot
using rIpFcRI as the primary binding reagent followed by anti-FLAG M2-HRP (left panel) or
anti-catfish IgM 1H12 mAb as the primary antibody followed by goat anti-mouse IgG-HRP
(right panel). The observed ~120 kD molecular weight protein bands detected by IpFcRI and
anti-catfish IgM are partially reduced catfish Igμ chains as verified by MS/MS sequencing.
B. Catfish serum and affinity purified catfish IgM were analyzed as above using anti-FLAG
M2-HRP. Recombinant IpFcRI-FLAG served as a positive control. Molecular weight size
markers are at left.
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Figure 3.
IpFcRI binds linear epitopes found on catfish Cμ3 and Cμ4 domains. A. Catfish Xpress-tagged-
Cμ proteins were electrophoresed under reducing conditions by 10% SDS-PAGE and
examined by Western blot. Recombinant IpFcRI was used as the primary binding reagent
followed by anti-FLAG M2-HRP. Affinity purified catfish IgM served as positive control. B.
Catfish rCμ proteins were analyzed as above using anti-Xpress mAb followed by goat anti-
mouse Ig (H + L)-HRP. C. Schematic illustrates where Cμ3 and Cμ4 domains were split into
segments, which were cloned and expressed as truncated proteins. D. Catfish rCμ proteins were
analyzed using rIpFcRI as the primary binding reagent followed by anti-FLAG M2-HRP.
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Catfish rCμ3-4 served as the positive control for IpFcRI binding. Molecular weight size
markers are at left.
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Figure 4.
IpFcRI binds to catfish Cμ3 and Cμ4 linear epitopes. A. Synthetic peptides derived from amino
acid sequences flanking the second cysteine of catfish Cμ domains are shown with their
reactivity for rIpFcRI listed at right. An amino acid-linker consisting of SGSG or SGSGK was
added at the N-terminus to improve peptide solubility, amino acid location numbers are shown
for catfish IgM (GenBank accession number: P23735), “unk” indicates unknown reactivity
due to peptide insolubility. B. Each peptide was spotted onto nitrocellulose and incubated with
rIpFcRI as the primary binding reagent. The rIpFcRI reactive spots were developed using anti-
FLAG M2-HRP. 2 μg of unreduced and reduced and alkylated affinity purified catfish IgM
(IgM and IgM R&A, respectively) served as positive controls, BSA served as negative control.
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C. Biotinylated peptides were incubated with IpFcRI beads stained with streptavidin-PE and
analyzed by flow cytometry. The dashed line indicates cutoff value for a positive reaction.
Peptide names are shown on Y-axis and median fluorescence intensity on X-axis.
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Figure 5.
IpFcRI binds Ig from different species. A. Potential core IpFcRI-binding motifs and their
flanking sequences of different vertebrate Ig domains were compared to the catfish core motifs.
Consensus amino acids are in upper case and the different core motifs are shown in bold. B.
Serum from catfish (CFS), trout, mouse and rabbit; affinity purified catfish IgM, rabbit IgG,
chicken IgY and goat IgG were electrophoresed under reducing conditions by 10% SDS-PAGE
and examined by Western blot using rIpFcRI as described in Fig. 2. Labeled arrows mark the
IgH and IgL chains, and non-specific protein bands that react with the anti-FLAG M2 mAb
are marked (*; see sFig. 1). Molecular weight size markers are at left.
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Figure 6.
IpFcRI binds to different murine Ig isotypes. A. Mouse IgG1, IgG2a, IgG2b, IgG3, and IgA
were electrophoresed under reducing conditions by 10% SDS-PAGE and examined by Western
blot using rIpFcRI as described in Fig. 2. Molecular weight size markers are at left, IgL chain
isotypes are listed below each lane. That the anti-FLAG mAb directly reacts with mouse IgG3
is marked (*) and shown in the bottom panel. B. Latex beads coated with the different mouse
Ig proteins (black) and beads coated with BSA (grey) were incubated with rIpFcRI, stained
with anti-FLAG M2 mAb and analyzed by flow cytometry. Coated latex beads not incubated
with rIpFcRI (dotted), but stained with anti-FLAG M2 mAb served as background staining
controls.

Nayak et al. Page 22

Mol Immunol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Predicted 3-D structure of catfish Cμ3 and Cμ4 domains based on comparative homology
modeling. The amino acid sequence of catfish Cμ3 and Cμ4 (aa 204A-434Y, Entrez Protein
ID# P23735) was used to query the PDB database using the PHYRE server (Kelley and
Sternberg, 2009). The human IgG1 C region PDB accession code 1L6X was used to build the
3D model. The ribbon diagram and space fill model were made in Pymol. The side chain of
the amino acids in the FxCxVxHE motif are shown with the domain core residues in grey and
putative IpFcRI interacting residues in black. The modeled core motifs in Cμ3 and Cμ4 are
shown for comparison. For the web version of this article the side chain of the amino acids in
the FxCxVxHE motif are shown with the domain core residues in blue, interchain disulfide
bonds in yellow and putative IpFcRI interacting residues in red.
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