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Influence of the p-chain C-terminal sequence on polymerization of immunoglobulin M
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SUMMARY

Immunoglobulin (IgM) is found in various states of covalent polymerization (uL),, where n is
typically 8, 10, or 12. The usual form of IgM of bony fish is tetrameric (8 pL units) as compared
to the pentameric form (10 pL units) observed in cartilaginous fish and mammals. Two hypotheses
were tested in this study. First, that the length of the p-chain C terminus following Cys575
determines whether an IgM polymerizes as a tetramer or as a pentamer. This was tested by
examining the covalent polymerization state of mouse IgM mutated to contain a series of p-chain
C-termini from bony and cartilaginous fish. The results proved this hypothesis wrong: mouse IgM
bearing the C-terminal sequence of shark, salmon and cod p-chain behaved identically to native
mouse IgM, forming predominantly (uL),, and (nL),, forms. The second hypothesis was that an
additional Cys residue near the C terminus of the p-chain is responsible for the multiple covalent
structures seen in IgM of the channel catfish. The addition of a catfish C terminus to the mouse
p-chain resulted, as predicted, in the production of a series of covalently bonded forms, with the
major species being (uL),. When a Ser-Cys unit was removed from the catfish C terminus added
to the mouse p-chain, this resulted in production of IgM indistinguishable in structure from that

of wild-type mouse IgM.

INTRODUCTION

The assembly of polymeric immunoglobulin M (IgM) is a
complex process that, despite substantial study, remains incom-
pletely understood.!”’® The formation of stable polymeric
mammalian IgM is considered!' to proceed in stages: the
association of heavy and light chains to form pL ‘halfmers’ is
followed by the subsequent assembly of halfmers into mono-
mers (uL), and so-on up to the full-size pentameric (pL);, or
hexameric (pL);, IgM molecule. However, other modes of
assembly are possible, such as formation of an H-chain dimer,
followed by the association of two L-chains to give (uL),.!!
The intramolecular heterogeneity of antigen-binding sites in
IgM (wherein half the antigen-binding sites of certain IgM
molecules are of high affinity and half are of low affinity®)
has been suggested to arise as a result of the utilization of
alternative pathways of IgM assembly.> Whatever the pathway
of assembly of IgM, the formation of disulphide bonds between
polypeptides should be preceded by non-covalent interactions
that bring two cysteines into the correct orientation for disul-
phide-bond formation. The non-covalent interactions in mam-
malian IgM are weak,'? and mutation (to Ser) of the three
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Cys residues involved in p--p disulphide bonding results in the
exclusive production of pL halfmers.® Identical results were
seen when these same Cys residues were reduced and alkyl-
ated.® Of the three Cys residues involved in p--p disulphide
bond formation, the subterminal one (Cys575; position 627 in
the numbering system of Kabat et al.'®) appears to be the
most important, in that it is both necessary and sufficient for
the formation of IgM polymers, although in some experi-
ments significant proportions of hexameric IgM (pL),,, were
found.>” In contrast Cys337 and Cys414 were neither necessary
nor sufficient for the formation of IgM polymers.® J-chain
binds to Cys575 and participates in the polymerization of
mammalian IgM, although evidence suggests that it may
act primarily to direct the assembly of IgM as the (uL),,
pentamer, 3710

The IgM of bony fish (teleosts) is distinctive in several
respects. First, its major polymeric form is the (uL)g tetra-
mer.!#15:16 Second, significant amounts of monomeric (uL),
IgM can be found normally in the blood of some species.!*1718
Third, the polymeric IgM of many bony fishes is held together
to some degree by non-covalent interactions: upon exposure
to denaturation under non-reducing conditions, the poly-
meric IgM dissociates into a variety of smaller forms.'82°
Particularly interesting in this respect is the IgM of the channel
catfish, Ictalurus punctatus. The serum IgM of this species is
a typical (uL)g tetrameric form, but upon exposure to sodium
dodecyl sulphate (SDS) it dissociates into a series of subunits
containing from one to eight halfmers, i.e. of structure
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(uL),_s.**?! The presence of two Cys residues near the
C terminus of the catfish p-chain is unusual, and might explain
this phenomenon if intrasubunit, rather than intersubunit,
disulphide bonds were to be formed by these Cys residues.??
The competition for formation of intra- and inter-p-chain
disulphide bonds between Cys627 and Cys629 results in each
IgM polymer being held together by a mixture of covalent
and non-covalent interactions.??

The reason that the IgM of bony fish is tetrameric (uL)g,
rather than pentameric (uL);o, is unknown. One suggestion is
that it is caused by the structure of the C-terminal region
of the p-chains. Specifically, the presence of 2-5 residues
C-terminal to Cys575 has been hypothesized to induce packing
problems in the centre of the molecule that result in the
adoption of a tetrameric structure.'®

The study reported here was undertaken to test two
hypotheses. First, that extending the C terminus of the mouse
p-chain beyond Cys575 using the C termini of teleost p-chains,
would induce mouse IgM to assemble as a (pL)g tetramer.
Second, that the additional Cys residue in the C terminus of
the catfish p-chain is responsible for the unusual covalent
structure of the IgM in this species.

MATERIALS AND METHODS

Constructs

The parent plasmids used for mutagenesis were pR-Sp6 and
pR-Sp6(S414), kindly provided by Dr Marc Shulman
(University of Toronto, Canada). These plasmids’ express
neomycin resistance and contain the mouse p gene from
Sp6/HL which secretes a dinitrophenyl (DNP)/trinitrophenyl
(TNP)-specific p/x IgM. pR-Sp6 contains the wild-type p
sequence, whereas pR-Sp6(S414) is a mutant in which Cys414
has been converted to Ser.” Mutagenesis was carried out by
polymerase chain reaction (PCR; Excite kit, Stratagene, La
Jolla, CA) on the BamHI/Kpnl fragment containing all of
exons 3 and 4 and most of exon 2, cloned in pBluescript (pBS;
Stratagene), as illustrated in Fig. 1. In each PCR reaction,
primer 1175 (Table 1) was paired with one of the species-
specific mutagenic primers (1174, 1197-1199, 1201). Synthetic
oligonucleotides used for mutagenesis (Table 1) were synthe-
sized in the Medical University of South Carolina Nucleic
Acid Synthesis Facility. Each PCR product was gel-purified,
treated with Dpnl, cut with EcoRI, ligated and transformed
into Escherichia coli (XL1-Blue MRF’, Stratagene). The
sequences of the mutant clones were checked for accurate
introduction of the new sequence, and for the absence of
additional unwanted mutations. The BstEIl/Kpnl fragment
containing the mutated segment of exon 4 was then cloned
back into the parental pR-Sp6 and pR-Sp6(S414) plasmids
by the scheme shown in Fig. 1. Table 2 shows the amino acid
sequences introduced into the C terminus of the mouse p-chain
by the mutagenesis procedure. The sequence of p-chains of
cod (Gadus morhua), salmon (Salmo salar), channel catfish
(Ictalurus punctatus) and horned shark (Heterodontus francisci)
were taken from database entries with the following accession
numbers, respectively; X58870, S48652, M27230 and S01853.

Cells and tissue culture
The X-10 cell line,” a derivative of Sp6/HL which secretes
only light chain (a kind gift of Dr Marc Shulman, University
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of Toronto) and the Sp6 parental cell line (a gift of Dr Jan
Andersson, Uppsala University, Sweden) were grown in
Dulbecco’s modified Eagle’s minimal essential medium
(F-DMEM ) supplemented with 15% fetal calf serum (Gibco-
BRL, Grand Island, NY), gentamycin (50 pg/ml) and 50 pum
2-mercaptoethanol (2-ME) at 37°, in 5% CO,-95% air. For
electroporation, X-10 cells were washed once in serum-free
F-DMEM and cells (2x 10° or 4x 10°) were suspended in
0-4 ml of the same medium and electroporated with 10 pg or
20 ug (respectively) of Kpnl-linearized plasmid. Electro-
poration was carried out using the Gene Pulser® (Bio-Rad
Laboratories Richmond CA), using 2-mm gap cuvettes, a
capacitance of 960 uF and 180 V, which gave a time constant
of 6:5 ms. After electroporation the cells were distributed into
two 96-well tissue-culture plates in F-DMEM/15% serum,
and at 24 hr selection was initiated with G418 (Gibco) at
an effective concentration of 0-6 mg/ml. Wells containing
G418-resistant cells were tested for the production of DNP-
specific IgM by antigen-capture enzyme-linked immunosorbent
assay (ELISA). Limiting dilution was used to derive clones
from each transfection. G-418-resistant clones were established
for each construct except the Cys414 p-chain with the horned
shark C terminus.

ELISA

To test IgM production a capture assay was used in which
the first antibody (bound to the 96-well plate) was goat I1gG
anti-mouse p-chain (Sigma BioSciences, St. Louis, MO),
and the second antibody was alkaline phosphatase-conjugated
goat anti-mouse p-chain (Sigma). The substrate was 100 pl/
well of p-nitrophenylphosphate (1 mg/ml in 0-85m
diethanolamine/HCI, pH 9-8, 0-5 M MgCl,) and the assay was
read, at 30 min, at 414 nm on the Multiskan® MCC/340
(Labsystems, Sweden). To determine DNP-specific antibody,
the same antigen capture assay was used, but with bovine
serum albumin-DNP (BSA-DNP)?* bound to the 96-well
plate. For quantitative analysis of IgM, 10° cells were pelleted,
washed once in fresh 2-ME-free F-DMEM with 15% serum,
resuspended in 1 ml of the same medium and incubated for
12 hr at 37° in 5% CO,-95% air. Mouse IgM, (Sigma) was
used as the standard for calibration of this assay.

35S-methionine labelling, immunoselection and gel analysis

Cells were washed once in serum-free, 2-ME-free and methion-
ine-free F-DMEM (SVA, Uppsala, Sweden), and resuspended
in this medium at 10° cells/ml. The cells were incubated in a
24-well plate, at 1 ml/well, with the addition of 50 pCi *S-
labelled methionine (>1000 Ci/mM, Amersham Sweden,
Stockholm) per well, and incubated at 37° in 5% CO,-95%
air, for 12 hr. After incubation the cells were pelleted (13 000 g
for 5min at room temperature) and the supernatant was
collected. IgM was affinity purified by incubating the super-
natant with 50 pl of DNP-BSA-coupled to CNBr-activated
Sepharose (Pharmacia Biotech, Uppsala, Sweden) overnight
at 4° with mixing. The Sepharose was then washed three times
with 0-15M NaCl, 0-05m Tris—HCI, pH 7-5, 0-5% Tween-20,
and bound proteins were eluted with SDS—polyacrylamide gel
elctrophoresis (PAGE) sample buffer for 20 min. SDS-PAGE
was performed in slab gels using the system described by
Laemmli,>* with a 3% stacking gel and a 3-5% resolving gel
for unreduced samples, and a 5% stacking gel, 10% resolving
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Figure 1. Introduction of mutations into the 3’ coding region of the mouse p gene. The BamHI/Kpnl fragment of the p gene was
the target for the introduction of mutations (shaded) into the Cp4 exon. Following the confirmation of sequence the BstEll/Kpnl

fragment was cloned back into the parental Sp6(C414) and Sp6(S414) genes as shown. The asterisk (*) indicates Ser 414.

Table 1. Primers for PCR mutagenesis of the mouse p gene

Number Species Sequence

1174 Cod 5-TGAATTCACTGGGGTAA GCAGGTGCCGCCTGTGTCAGACATG-3'

1197 Salmon TGAATTCACTGGGCCTT GCAGGTGCCGCCTGTGTCAGACATG-3'

1198 Catfish TGAATTCAATACGTAGAGCAAGA GCAGGTGCCGCCTGTGTCAGACATG-3'
1199 Catfish (ASC) TGAATTCAATACGTAGA GCAGGTGCCGCCTGTGTCAGACATG-3'

1201 Horned shark TGAATTCATTGGCAACTATTGACTGTGTCAGACATGATCAGGGAGAC-3'
1175 Mouse TGAATTCGGCCTTGGGTGTCCAGTTGCTCTGTG-3'

The mouse sequence is shown in italics, the introduced (mutant) sequence is shown underlined, and the EcoRI site is shown in bold.

gel for reduced samples. Labelled proteins were visualized and

quantified after drying of the gel by use of a GS-250 Molecular stained.

Imager (BioRad). Each non-reduced gel contained a lane in

which, as a standard, the 3°S-labelled IgM antibody secreted

by Sp6 cells (a mixture of pentameric (uL);, and hexameric RESULTS
; . .

(uL);, molecules’) was run. Unlabelled Sp6 antibody, purified Secretion of IgM

by affinity chromatography on DNP-BSA Sepharose, was also

the 3S-labelled samples, but on a parallel gel, and silver

used as a standard. Mouse Sp6 IgM and mouse TEPC 183
IgM [Sigma, which yields predominantly (uL),, with a minor
(uL),, component], and catfish IgM, which yields a ladder of
eight bands, of structure (nL);_g, were run simultaneously with

Stably transfected cloned lines were established for each of
the constructs (except Cys414, horned shark C terminus), and
the concentration of IgM in the medium following a 12-hr
incubation was determined by ELISA (Table 3). The IgM
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Table 2. Sequences of the C-terminal region of the mutated p-chains

Species Sequence
Mouse -Ser-Asp-Thr-Gly-Gly-Thr-Cys-Tyr*
Salmon -Ser-Asp-Thr-Gly-Gly-Thr-Cys-Lys-Ala-Gln*

Cod -Ser-Asp-Thr-Gly-Gly-Thr-Cys-Leu-Pro-Gln*
Catfish -Ser-Asp-Thr-Gly-Gly-Thr-Cys-
Ser-Cys-Ser-Thr-Tyr*
-Ser-Asp-Thr-Gly-Gly-Thr-Cys-Ser-Thr-Tyr *
-Ser-Asp-Thr-Gly-Gly-Thr-Cys-Gln*

Catfish (ASC)
Horned shark

The mouse sequences are shown in italics, the introduced residues
are underlined.

Table 3. Secretion of IgM by stably transfected cell lines

IgM concentration

Cell line Tail mutation Residue 414 (ng/ml)
96-14 None Ser 4-4
9615 None Cys 22
97-19 Salmon Ser 0-5
97-20 Salmon Cys 0-7
97-21 Cod Ser 1-8
97-22 Cod Cys 61
97-23 Catfish Ser 7-5
97-24 Catfish Cys 42
97-25 Horned shark Ser 4-0
97-45 Catfish (ASC) Ser ND
97-46 Catfish (ASC) Cys ND

106 cells/ml were incubated in F-DMEM with 15% serum for 12 hr;
ND, not determined.

produced by these cell lines and bound to DNP-Sepharose
contained, as anticipated, L and L chains when analysed under
reducing conditions (Fig.2). Some minor variations were
observed in the mobilities of the p-chains secreted by the
stably transfected cells, and were attributed to effects of the
introduced terminal residues.

Covalent structure of the secreted IgM

The nature of the covalent bonding in the IgM secreted by
each of the cell lines was determined by SDS-PAGE analysis
(under non-reducing conditions) of the 3°S-labelled DNP-
binding antibodies (Fig. 3). The negative control cell line X-10
(which secretes only x light chain) did not yield any bands
that were resolvable as IgM, although radioactivity remained
at the top of the gel. Such material was seen in other samples
(Fig. 3), but did not appear in every case. Although the nature
of this material is unknown, it did not react with antibody to
mouse IgM in Western blot (data not shown). The control cell
line Sp6 secreted antibody which was resolved into two major
bands. The antibody secreted by Sp6 consists of a slower-
migrating hexameric (uL),, IgM and a faster-migrating,
broader band of pentameric (uL);, IgM.”?% The heterogeneity
in the IgM as revealed in this electrophoretic analysis (see also
refs 7,9) may reflect different patterns of intramolecular disul-
phide bonding, but other explanations, such as heterogeneity
of glycosylation, cannot be ruled out. The X-10 -cells
transfected with the wild-type mouse p gene produced IgM
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Figure 2. Analysis, by SDS—polyacrylamide slab gel electrophoresis
under reducing conditions, of 3°S-labelled DNP-binding antibody
produced by transfected and untransfected cell lines. X-10 is the
parental cell line producing « chains only, and Sp6 is the parental cell
line producing both x-and wild-type mouse p-chains. Other lanes show
the analysis of mutant mouse antibody produced by transfection of
X-10 cells with a mouse p gene in which the C-terminal sequence has
been altered. The name of the species from which the introduced
p-chain C-terminal sequence was taken (Table 2) is indicated above
the lanes. The presence of Cys or Ser at position 414 of the p-chain
is also indicated above each lane. The positions of standards (phos-
phorylase b, serum albumin, ovalbumin, carbonic anhydrase and
trypsin inhibitor) are shown by arrows.

with an essentially identical polymerization pattern to that
seen with Sp6; i.e. predominantly (uL),, pentamer, but with
some hexameric (uL);, IgM. The cells transfected with the
Ser414 mouse p gene secreted IgM that resolved into two
major bands (Fig. 3). The mobility of these bands, in compari-
son to the standards, was interpreted as indicating the secretion
of pentameric (uL);, and tetrameric (uL)g IgM. This interpret-
ation is consistent with prior analyses of the IgM expressed
from this Ser414 mouse p construct, which (by ultracentrifugal
and electron microscopic analysis’) showed it to consist of
pentamers and tetramers. The structure of the IgM produced
by cells transfected with the genes encoding mouse p-chains
with C-terminal sequences of salmon and cod p-chains was
indistinguishable from that produced in the case of the wild-
type mouse p sequence (Fig. 3). Similarly, the IgM produced
by cells transfected with the Ser414 mouse p genes with
salmon, horned shark and cod C-terminal sequences was also
indistinguishable from the IgM expressed from the parental
mouse Serd14 p gene (Fig. 3). The cells transfected with the
Ser414 construct bearing the salmon C-terminal sequence
expressed IgM only weakly (Fig. 3) for reasons that are not
understood. In contrast to the results seen with the mouse p
genes with C-terminal sequences of cod, salmon and shark
p-chains, the IgM expressed by cells transfected with a Cys414
mouse | gene bearing the C-terminal sequence of catfish
p-chains showed an unusual covalent structure (Fig. 4). The
predominant form was the dimer (uL), although other poly-
merized forms were visible. The mobilities suggest that they
contained two, four, six, seven and eight covalently bonded
pL pairs. When the Ser414 p gene with the catfish p-chain
C terminus was expressed in X-10 cells, the predominant
covalent form was the monomer (uL),. Small amounts of
dimer (uL), were also visible, but there were no detectable
polymers larger than dimers (Fig. 4). The deletion of Ser-Cys
from the constructs with the catfish C-terminal sequence (the
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Figure 3. Analysis, by SDS-PAGE under non-reducing conditions, of **S-labelled DNP-binding antibody produced by transfected
and untransfected cell lines. X-10 is the parental cell line producing k-chains only, and Sp6 is the parental cell line producing both
k- and wild-type mouse p-chains. Other lanes show the analysis of mutant mouse antibody, produced by transfection of X-10 cells
with a mouse p gene in which the C-terminal sequence has been altered. The name of the species from which the introduced
p-chain C-terminal sequence was taken (Table 2) is indicated above each lanes. The presence of Cys or Ser at position 414 of the
p-chain is also indicated above each lane. The mobility of the IgM standards [mouse IgM (TEPC 183 and Sp6) and catfish IgM]

with eight, 10, or 12 ‘halfmer’ (uL) units is indicated by arrows.
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Figure 4. Analysis, by SDS-PAGE under non-reducing conditions, of
33S-labelled DNP-binding antibody produced by transfected and
untransfected cell lines. X-10 is the parental cell line producing
p-chains only, and Sp6 is the parental cell line producing both x- and
wild-type mouse p-chains. Other lanes show the analysis of mutant
mouse antibody, produced by transfection of X-10 cells with a mouse
p gene in which the C-terminal sequence has been altered. The name
of the species from which the introduced p-chain C-terminal sequence
was taken (Table 2) is indicated above the lanes. The mobilities of the
IgM proteins used as standards are indicated by arrows and labelled
according to the number of (puL) units they contain. The standards
were mouse IgM [TEPC 183 and Sp6 with 10 and 12 (puL) subunits]
and catfish IgM with two to eight (uL) subunits.

‘catfish ASC’ constructs) had a marked effect: it resulted in
the expression of IgM essentially indistinguishable from that
seen with the wild-type mouse p gene (cf. Figs 3 and 4). This
was the case with both the Cys414 and Ser414 constructs,
although small amounts of monomer (uL), and dimer (uL),
were seen with the S414 gene, in addition to the substantial
(uL),o pentamer and (puL)g tetramer bands.

DISCUSSION

This study examined the contribution of the C-terminal
sequence of the p-chain to the covalent structure of IgM in
two contexts. The first was the hypothesis!® that the C-terminal
extension seen with p-chains of teleost fish is responsible (by
interfering with packing in the centre of the IgM molecule)
for the tetrameric structure of their IgM. The second was the
hypothesis?? that the additional Cys residue in the C terminus
of the catfish p-chain is responsible for the unusual covalent
structure of this species’ IgM. The present results clearly show
that the first hypothesis is wrong. Adding the C-terminal
sequence of cod, salmon or catfish p-chains to the mouse
p-chain did not induce a teleost-like (1L )g, tetrameric structure
in the resulting IgM. In fact, mouse IgM with the C-terminal
p sequence from salmon and cod was indistinguishable in
structure from that obtained with the wild-type sequence.
Thus, alternative explanations for the tetrameric structure of
teleost IgM, involving perhaps the Pro residues near the
C terminus,'®?° must now be considered. Previous studies
utilizing the tailpieces of mammalian p- and o chains have
also shown that the final polymerized structures of multimeric
immunoglobulins depend on factors other than the tailpiece
alone.?”?® Interestingly, it was only with the C-terminal
sequence from catfish that the covalent structure of the
resulting IgM differed from that seen with the mouse p-chain.
In this case, a variety of structures were seen and interpreted
as containing from two to eight pL units. It is not clear if
single pL units were also present, as these would not have
been resolved on the SDS-PAGE gels that were used. However,
these results showed that introduction of five C-terminal amino
acids of the catfish p-chain into the mouse sequence resulted
in the production of an IgM whose covalent structure was
very similar to that of the native catfish IgM.?* This result
permitted the testing of the hypothesis that the additional Cys
residue in the C terminus of the catfish p-chain is responsible
for this unusual covalent structure.??> The wild-type sequence
of the catfish p-chain C terminus is Cys-Ser-Cys-Ser-Thr-Tyr.
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From this, Ser-Cys was deleted, to give the sequence Cys-Ser-
Thr-Tyr. The structure of the IgM bearing this C-terminal
sequence was indistinguishable from that formed with the
wild-type mouse . It seems most reasonable that the effects,
on IgM polymerization, of removing a Ser-Cys unit from the
catfish p-chain C terminus can be attributed to the Cys, rather
than to the Ser residue. Thus, the results presented here
strongly support the suggestion®? that the second Cys residue
in the C terminus of the p-chain is responsible for the unusual
covalent structure of catfish IgM.

The results of the present study also shed some light on
the role of Cys414 in the polymerization of IgM. The following
conclusions can be drawn in comparing the covalent IgM
structures obtained with the full catfish C-terminal sequence
in either the Cys414 or Ser414 constructs (Fig. 4). First, the
major covalent form seen with catfish wild-type/Cys414 is
dimer, 4 pL units, whereas with catfish wild-type/Ser414 the
major form is monomer (2 pL units). Second, with catfish
wild-type/Cys414, larger covalent forms containing six, seven
and eight pL units are observed, whereas with the catfish wild-
type/Serd14 construct, significant amounts of polymers larger
than dimers (pnL),, are not seen. Thus, the role of Cys414 in
the polymerization of IgM varies,® depending upon the context
in which it is assessed.
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