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ABSTRACT IgD is considered to be a recently evolved Ig,
being previously found only in primates and rodents. Here we
describe, from a teleost fish (the channel catfish, Ictalurus
punctatus), a novel complex chimeric Ig heavy chain, homol-
ogous, in part, to the heavy chain (8) of IgD. In addition to
alternative secretory or membrane-associated C termini, this
chimeric molecule contains a rearranged variable domain, the
first constant domain of u, and seven constant domains
encoded by a 6 gene homolog. Identification of the catfish gene
as o is based on the following properties: sequence relatedness
to mammalian &; a location within the IgH locus that is
immediately downstream of the p gene; separate terminal
exons for the secretory and membrane forms; coexpression
with the complete p chain in some but not all B cells. These
results (i) suggest that IgD is an ancient immunoglobulin that
was present in vertebrates ancestral to both the mammals and
the ray-finned fishes, and (ii) raise the possibility that this Ig
isotype may have served an as yet unidentified important
function early in the evolution of the immune system.

Antibodies are characteristic of vertebrates above the level of
the agnathan fish (1), but the early evolutionary history of
these molecules is unclear. IgM is the only class of antibody
universally found in all species that possess Igs, but its com-
plexity and large size has led to some doubts that it was the
primordial Ig. Interest in the origins of Igs has recently been
stimulated by the observations (2—-4) that elasmobranchs pos-
sess, in addition to IgM, novel classes of Ig. These large
multidomain Igs, designated NAR, NARC, and IgW (and
which are related to the previously described IgX of rajiformes,
refs. 5 and 6), have been proposed as candidates for the
primordial antibody (3, 4). In contrast, IgD is a class of
antibody that is considered to have evolved relatively recently,
having been described only in primates and rodents (7-10).
Although the function, biochemistry and genetics of IgD have
been the subject of intense interest (11-17) gene targeting
(knockout) experiments revealed that IgD had a relatively
minor functional role in immune responses in the mouse (18,
19). We report here the results of studies that identify a
complex homolog of the IgD heavy (H) (8) chain in the channel
catfish (Ictalurus punctatus). This observation in a teleost fish
suggests that this Ig isotype existed early in vertebrate evolu-
tion, and opens the possibility that it may have had an
alternative function to that observed in the modern mammals.
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MATERIALS AND METHODS

Library Screening. A partial & chain sequence was gener-
ated in 3'-rapid amplification of cDNA ends PCR protocols
(20) of total RNA from catfish peripheral blood lymphocytes
(PBLs). The forward primer, 5'-CAAAGCTTGCIACXC-
TIGTITGXCTIGT-3’ (Iis inosine, X is T or C) corresponded
to spacer nucleotides, a HindIII site and the conserved amino
acid ATLVCLYV sequence found in T cell receptor (TCR) 8
and Ig light chains. The 840-bp PCR fragment (containing &
exon 7, the membrane segment, and 3’ untranslated region)
was cloned into the pCRII vector (Invitrogen) and sequenced
on both strands by the chain termination method using Se-
quenase 2.0 (United States Biochemical). An unamplified
catfish PBL cDNA library (5.1 X 10° recombinants in lambda
ZAPII, Stratagene) was then screened with this PCR fragment
of 6, and the filter lifts were washed three times for 20 min at
high stringency (0.1 X standard saline citrate, 0.1% SDS, 68°C).
All ¢cDNAs were sequenced on both strands using primers
synthesized by the Medical University of South Carolina
Nucleic Acid Synthesis Facility.

Phylogenetic Analysis of the Catfish 6 Sequences. The
constant (C) region sequences were aligned using CLUSTAL V,
with identity or PAM 250 weight tables, gap penalty of 10 and
gap length penalty of 10. Alignments are available on request.
Unrooted phylogenetic trees were generated from the se-
quence alignments employing the PAUP program (21). The
most parsimonious trees were derived by heuristic search using
bootstrapping and branch swapping (tree bisection-reconnec-
tion). The sequences used were from the following database
entries: for w, U27213 (duck); X68700 (axolotl); M20484,
JO3631 (frog); K0O0389 (chicken); X14940 (human); J00443,
V00822, V00823 (mouse); JO0666 (rabbit); X13920 (shrew);
M92050 (pig); X59994, S40921 (sheep); U12456 (bowfin);
U12455 (gar); X79482, M27230 (catfish); X58870 (cod);
$63348, X65261 (trout); S48652 (salmon); M26182 (ladyfish);
X07782, Y00840 (shark); M29679, M35185 (skate): for «a,
540610 (chicken); U27222 (duck); X15045 (gorilla); U12594
(pig); V00785 (mouse); X82116 (rabbit): for y, U03781 (pig);
X69797 (sheep); J00453 (mouse); X03604, M12958 (human):
for v, X65219 (duck); X07174 (chicken); X69492 (axolotl);
X15114 (frog): for e, U15150 (horse); J00476 (mouse);
M84356 (sheep): for NAR, U18701: for NARC, U551450: for
w, U40560: for skate IgX H chains, M29672, M35185: for frog
IgX H chain, X13779: for catfish 6, U67437. The sequence of
dog p was from McCumber and Capra (22), the sequence of
human o2 from Flanagan et al. (23), the sequence of mouse &

Abbreviations: H, heavy; PBL, peripheral blood leukocyte; V, variable
region; H, heavy chain; C, constant; D, diversity; J, joining; RT, reverse
transcription.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. U67437-U67446).
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from Tucker et al. (11), and the sequence of human & from
White et al. (12).

Reverse Transcription (RT)-PCR Analysis. Total RNA was
isolated from catfish PBLs or cell lines by the guanidinium
chloride method (24). To detect the expression of members of
different VH families in 6 transcripts, ~1 ug of total RNA was
converted into first strand cDNA using 50 ng of a reverse catfish
6TM primer (5'-TCATCAAAGTATATCGTCTC-3', corre-
sponding to nucleotides 28762896 in cDNA M5) with 200 units
of SuperScript II (GIBCO/BRL) according to the manufactur-
er’s recommended protocol. One percent of the first strand
reaction was used in RT-PCR. The final reaction volume was 100
wl of 10 mM TrissHCI (pH 8.3), 50 mM KCl, 3 mM MgCl,, 200
mM dNTPs, and 40 mM tetramethylammonium chloride, con-
taining 0.5 pg of specific forward and reverse primers. Four units
of Tag DNA polymerase (Perkin-Elmer) was added, and 30
cycles of amplification (94°C for 1 min, 65°C for 2 min, 72°C for
3 min) were performed. Primers for the catfish variable region
(V)H families 1-6 have been described previously (25). The VH7
primer was kindly provided by C. Lobb (Department of Micro-
biology, University of Mississippi Medical Center) and was a
19-mer spanning the leader/FR1 boundary of a VH7 sequence
(26). The reverse 8 primer, 5'-CACTTGCTCCATGTTTGACT-
3’, corresponded to nucleotides 1006-1025 in cDNA MS5. Fifty
microliters of the PCR were electrophoresed on a 1% agarose
gel and then analyzed by blot hybridization as described (25). The
291-bp Cul probe spanned nucleotides 21342325 of the catfish
H chain locus (accession no. X79482). The probe was labeled to
a specific activity of 2 X 10° cpm/ug with a random-primed
labeling kit (Boehringer Mannheim). Hybridization and washing
were as described above for the library screen, and exposure to
Kodak BIOMAX MR film was for 25 min at 25°C. For the
detection of u and TCRa transcripts, first strand cDNA syn-
thesis was carried out with an oligo T-adapter primer, 5’'-
TCTGAATTCTCGAGTCGACATC(dT;7)-3'. The primers
used to detect p message have been described previously (27).
Catfish TCRa primers were: forward, 5'-AGCCGTCAATTTA-
CAAACTTC-3" and reverse, 5'-TTGTGTCACCAAT-
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TCAAATGC-3' (from catfish TCRa ¢cDNA T8, accession no.
U62043). 6 primers were: forward, 5'-AGCACACCATCTCTA-
AAACCA-3" and reverse, 5'-TCATCAAAGTATATCG-
TCTC-3' (encompassing nucleotides 2225-2885 of cDNA MS5).
All RT-PCR products were cloned and sequenced to verify their
authenticity.

RESULTS AND DISCUSSION

In the course of an anchored PCR-based search for members
of the Ig superfamily, primers based on the conserved se-
quence (ATLVCLA/V) around the first cysteine of IgA and
TCR B Cregions, amplified a sequence from catfish PBLs that
proved to be part of a novel H chain cDNA. This sequence
contained an Ig-like transmembrane hydrophobic region and
a short positively charged five-amino acid cytoplasmic tail. Use
of this PCR product to probe a cDNA library from catfish
PBLs yielded 29 positive cDNAs, which upon analysis were
found to encode either the secreted or membrane-receptor
forms of a previously undescribed fish Ig H chain. This novel
full-length chimeric H chain contains a typical VH domain, the
first C region domain of the catfish IgM H () chain, seven
additional C region domains, and alternative C-terminal seg-
ments for either the secreted or membrane forms of the
molecule. We have termed this novel Ig H chain 8, since (as
discussed below) it shares many features in common with
mammalian Igé.

The inferred exon structures encoding the secreted and
membrane forms of the catfish 6 chain homolog are presented
in Fig. 14. Analysis of one complete and 28 partial cDNAs
revealed that a splice donor site (29) was absent from the 3’
region of the secreted form of §, and that the secreted and
membrane forms are generated by utilization of alternative
exons encoding the C termini of each. Fig. 1B shows the
complete amino acid sequence of the catfish membrane form
of 8, inferred from the full-length cDNA M5, compared with
mouse and human & C regions. This sequence shows a typical
Ig-like membrane region containing the conserved antigen

A VD] pl 81 82 8 & 35 86 87 sec VDI pl 381 82 33 84 5 86 87 mem
0 sec 6 mem
VH 1 MMLGHCILFLLISYSYGQSLTSSASVVKRPGESVTLSCTVSGFSMGSNYMHWIRQKPGKGLEWIGRIDRGTGTTFAQSLOGOFSITKDTNKNMLYLEVKSKAQETAVYYCAG 113
DJ ENIVMTGGGDWAFDYWGKGTAVTVTSA 140
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32 KPLIRLEKPGLMSVLTDSEVTASCVVETVHNTKVSWFV - - - - DGKEKTDRVTLKTLDGRTVSNLTISTNDWKNWQT IKCTAAHLCFGTVEKTINIL, 440
33 EPVQKTPTVVIRRNLADILKGDSAVLECAARDLPSGELSVILOANGIRVFEPQYVDLPKGVDTLTARFTVSTTQRNKNQRFTCQIQQSRSKQWTSNSIENLF 542
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F1G. 1. Structure and evolutionary relationships of the catfish IgD heavy chain. (4) Inferred exon structure encoding the secreted and membrane
forms of the catfish 6 chain. The exons are based on the deduced protein sequence of the Ig domain and on the identification of 61 and 62 exons
in the germ line. (B) Complete amino acid sequence of the membrane form of catfish 8, inferred from the full-length cDNA M5 (accession no.
U67437). The sequence is shown by domain, and alignments with the homologous sequences of human and mouse & C regions are boxed. The antigen
receptor CART motif is marked with asterisks. The sequences of mouse & are from ref. 11, and those of human & are from ref. 12. The aligned
regions (numbering of Kabat et al., ref. 28) are, for human 81, 114-224; human 82, 243-363; human 683, 364—478; mouse 61, 116—222; mouse 83,
364-478. The sequence of the catfish & secreted segment (8 sec) is taken from cDNA S1 (accession no. U67438).
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receptor transmembrane motif described by Campbell et al.
(30). This motif is speculated to play a role in Ig receptor
assembly.

The phylogenetic relationship of catfish 6 to other vertebrate
Ig H chains was examined by analysis of H chain C region
sequences using maximum-parsimony methods (PAUP, ref. 21).
Alignments with variations in the number of sequences in-
cluded, and of the alignment parameters (e.g., identity vs.
PAM 250 matrix) were made, and trees were then generated
using bootstrap methods in PAUP. The results were highly
consistent with respect to 6: a typical tree is shown in Fig. 2,
which illustrates clearly the clustering of the catfish & with
mouse and human &. The delta branch is strongly supported by
a bootstrap resampling confidence value of 100. Five different
trees generated from different representative sequences of
vertebrate H chain isotypes all showed a discrete & branch,
supported by bootstrap resampling values between 97-100,
with a mean of 99 (data not shown, available on request). The
tree shown in Fig. 2 contains three major branches: (i) the
elasmobranch NAR/NARC/IgX/w branch, (if) the & branch,
and (iif) a large branch containing all u, v, v, & and «
sequences. Within this last branch can be seen the shorter
branches reflecting the expected clustering of related se-
quences (a branch with all « sequences, a branch incorporating
all y, &, and vsequences and 3 m branches: bony fish, tetrapod,
and elasmobranch). However, the relationship of the u, «, and
v/e/vbranches to one another was not resolved in this analysis.
It has been observed (e.g., Mansikka, ref. 31) that Igs that are
generally accepted as homologous often do not, after long
evolutionary separation, share striking sequence similarities to
one another, even when considered at the level of individual
domains. Thus, although the relationship of catfish & to
mammalian 8 is clearly indicated by parsimony-based (PAUP)
analyses, the degree of amino acid sequence identity, in
domain-by-domain comparisons, is relatively modest (Fig. 1B,
Fig. 3). The highest values between human and catfish 6 are
28% for the comparison of the 81 domains, 29% for compar-
ison of 82 (human) and 66 (catfish) domains, and 27% for
comparison of human 83 with catfish 65 and 66 domains. In the
case of the mouse, the highest values were 21% for the
comparison of the 81 domains, and 27% for the comparison of
mouse 83 with catfish 86. Interestingly, the sequence similarity
between mouse and human 81 domains is also low (22%),
although the similarity between mouse 63 and human &3 is
higher, at 53% identity. As shown in Fig. 1B, these results
support the homology of catfish 1 with the 61 domains of both
mouse (11) and human (12), the homology of the catfish &5
domain with the human 62 domain (the mouse lacks 62) and
the homology of catfish 66 with the 63 domains of both mouse
and human.

The cDNA clones showed that the catfish & chain was
expressed as a unique chimeric molecule containing the Cul
domain between the V and C81 domains. This was unexpected,
and analysis of the 6 transcripts expressed in the pool of catfish
B cells was undertaken to determine if § mRNA could be
expressed without the inclusion of Cul. Analysis by RT-PCR,
using forward primers specific for each of the seven known
catfish VH families, coupled with a reverse primer at the 3’ end
of the Cé1 exon (Fig. 44), showed that (i) 6 was expressed in
combination with VH genes of each of the known families, and
(ii) 6 was expressed in mRNAs yielding products of the
predicted sizes (=980 bp) for messages containing Cul. The
presence of Cul in the PCR products was confirmed by blot
transfer/hybridization using a Cul-specific probe (Fig. 4B),
and by cloning and sequencing of the products from the
RT-PCR reactions. At least three different PCR products were
sequenced for each VH family and all contained typical catfish
CDR3 regions (32). There appears to be no bias in diversity
(D) or JH usage, i.e., cDNAs containing JH1, -2, -7, -8, and -9
segments (33) have been sequenced and short putative D
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Fic. 2. Phylogram of relationships between vertebrate Ig C re-
gions. Sequences were aligned using CLUSTAL, with identity residue
weight table, gap penalty 10, and gap-length penalty 10. The tree was
generated from this alignment using PAUP (bootstrapping, with branch
swapping/tree bisection-reconnection), and the values supporting
each node are derived from 100 resamplings.
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PERCENT IDENTITY BETWEEN & DOMAINS

CATFISH HUMAN MOUSE
llllllEll
<Z(.288 9 15 15 17 100 13 18 22 17
Z 1513 916 29 18 16 13 100 18 13 17
Iz1 9 1119 27 27 22 18 18 100 13 53
l<J/>:"’214a1091417 22 13 13 100 15
%16 10 1016 18 27 20 17 17 53 15 100

Fi6. 3. Comparison of the amino acid sequences of & chains.
Percent identity values from alignments of the individual domains
(boxed) of catfish, mouse and human 8 chains are shown.

sequences could be inferred by comparing the different cD-
NAs. No evidence was found for any catfish 6 message that did
not include Cul. Although these data showed the expression
of 8 mRNA in a pool of normal catfish B cells, they did not
indicate if & was coexpressed in the same cells as u. To address
this issue we utilized clonally derived long-term in vitro grown
catfish B cell lines (25, 34). RT-PCR analysis clearly showed
differential expression of w and & in these B cell lines. As shown
in Fig. 5, B cell line 3B11 expressed mRNA for both w and &
whereas the B cell line 1G8 expressed mRNA only for w;
similarly two other B cell lines (1B10 and 1D12) expressed u
only. The T cell line, 28S.1, did not express message for either
p or §, but expressed message for TCRa as expected. As
predicted, pooled freshly isolated PBLs expressed message for
w, 8, and TCRa. The 6 and u messages expressed by 3B11 cells
were sequenced as cDNAs and found to share the identical
VDJH rearrangements.

Although not directly shown, the coexpression of catfish &
and p with the same VDJH, along with the inclusion of Cul
in all 8 messages, suggests that & is expressed by alternative
pathways of pre-mRNA processing of a long primary transcript
including both w and & exons. For such a transcript to be
produced and processed, the 8 gene must be situated adjacent
to, and downstream of, the u gene. Evidence that the é gene
is in such a position in the catfish IgH locus came from the
genomic sequence downstream of the u gene; exons 61 and 62
are 1580 and 1968 bp, respectively, 3’ of the TM2 exon of u,
as indicated in Fig. 6.

The novel catfish gene identified here can thus be consid-
ered a homolog of mammalian Ig 6 in terms of the following

VH1 VH2 VH3 VH4 VH5 VHE VH7

+—1078

+— 872

VH1 VH2 VH3 VH4 VH5 VH6 VH7

B |e==

F1G. 4. Identification of catfish VH family usage in & transcripts by
RT-PCR. (a) RNA from freshly isolated PBLs was subjected to
RT-PCR using forward primers specific for each of the seven described
catfish VH families with a reverse primer at the 3’ end of the 61 exon.
The amplified products were electrophoresed on a 1% agarose gel and
stained with ethidium bromide. The sizes of two Haelll ¢$X/174 DNA
markers, 1078 and 872 (bp) are indicated by arrows. (b) Cul sequences
in the VH-81 PCR products were detected by blot hybridization
analysis with a Cul probe.
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Fi1G. 5. Expression of u, §, and TCRa mRNA in freshly-isolated
PBLs, B cell lines 3B11 and 1GS8, and a T cell line 28S.1. The RT-PCR
products were electrophoresed on a 1% agarose gel. The markers
(Haelll ¢$X/174 DNA) shown from top to bottom at left are: 1353,
1078, 872, 601, 281/271, and 234 bp. The VDJH rearrangements for
both w and & have been sequenced for the B cell line 3B11 (accession
nos. U67440 and U67439).

shared properties: (i) sequence relatedness, (if) location im-
mediately 3’ of w in the IgH locus, (iii) separate C-terminal
exons inferred for the secretory and membrane forms, and (iv)
coexpression with p in some, but not all B cells. However,
catfish & differs from its mammalian homologs in some sig-
nificant ways. Structurally, it is unusual in that it includes the
Cpul exon, and possesses a large number of Cé domains i.e.,
seven (not including the secretory or membrane tail regions).
We suggest that the presence of the Cul domain in catfish 8
permits normal assembly of catfish IgD with light chains.
Although it has not been demonstrated directly that the catfish
6 chain can associate with light chains to form an IgD molecule,
it seems clear that C61 would itself be incapable of covalently
interacting with light chain. The cysteine expected to form the
disulfide bond with light chain, which is found in the N-
terminal region of Cul domains, is missing in the catfish 61
domain, being replaced with a serine at position 253 (Fig. 1B).

The reason for the large number of 8 domains in the catfish
is unknown: until we have some insight into the possible
function of IgD in this species, it is difficult to speculate.
Observations on IgD knockout mice have suggested that, in
this species, its functional role is likely limited to features of
immune regulation, such as accelerating and enhancing the
maturation of a response (18). If IgD is relatively unimportant
functionally, then the variation in the numbers of Cé domains
seen when comparing mouse, human, and catfish IgDs could
result as a product of genetic drift. Certainly, IgD appears to
have changed structurally more than any other Ig during
vertebrate evolution. In the three groups known to express IgD
(primates, rodents, and teleost fish) the & chain has quite
different structures, not only in terms of the number of C
region domains, but in the absence of a hinge in the catfish
molecule. This diversity of structures seen in IgD would be
expected to affect its function as a receptor for antigen: while
catfish IgD is predicted to have an elongated, stalk-like
structure with relatively inflexible Fab regions, mammalian
IgDs are much shorter with Fab arms that are predicted to be
highly mobile.

s E EE E SE E s
L1 [ 11 | IS
¥ T—
| || H Bl 1 I ¢ HA
JHY cpl Cu2 Cu3 Ccpd ™1 M2 c§1cs2
1Kb

F1G. 6. Physical map of the catfish IgH locus showing the u gene
and exons 1 and 2 of the 8 gene. A partial restriction endonuclease map
of recombinant phage 12C (35) is shown, with the exons encoding the
first four catfish u C region domains (Cpnl-4), the alternative mem-
brane-anchoring C terminus of w (TM1 and -2), and the first two &
exons (C81 and -2) marked by boxes below the line. S and E are Sall
and EcoRI sites, respectively. The L and S outside of the map indicate
long and short phage arms of the EMBL 3 vector. The cleavage/
polyadenylylation signal sequences are indicated by arrows, and the
brackets mark the region of the enhancer, e (36). Accession number
for the sequence of phage 12C is X79482.
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If IgD has survived as an expressed Ig in certain mammals
and fish, one question that remains is what has happened to the
6 gene in other species that are intermediate in vertebrate
evolution. Reports of antigenically or structurally novel Igs on
the surface of B cells in species such as chicken and rabbit (37,
38) may indicate that & genes exist but remain to be identified
in other species. Further investigations are needed to deter-
mine if this is so, or if there have been deletions or inactivation
of & genes in those species from which IgD is believed to be
absent. In this regard it should be noted that cross-
hybridization has been observed using the channel catfish 62
exon as a probe in Southern blot analyses with two closely
related catfish species, the Brown Bullhead, I. nebulosus and
the Blue Catfish, I furcatus. In contrast no cross hybridizing
bands were observed using DNA from mouse, turtle, Xenopus
or non-Ictalurid fish species even under low stringency con-
ditions (data not shown). The fish species assayed were the
paddlefish (Polyodon spathula), bowfin (Amia calva), gar
(Lepisosteus osseus), carp (Cyprinus carpio), Atlantic cod (Ga-
dus morhua), Atlantic salmon (Salmo salar), chinook salmon
(Oncorhynchus tshawytscha), coho salmon (O. kisutch), rain-
bow trout (O. mykiss), and the African lungfish (Protopterus
sp.). The failure to detect d-related sequences in Southern blot
analyses of DNA from distant species of fish may reflect either
the evolutionary divergence of & sequences, or the absence of
the 6 gene, in these species. Our identification of a § homolog
in a teleost fish is unlikely to shed light on the earliest origins
of Igs. The presence of the 8 gene immediately downstream of
W suggests that it arose as a duplication product of the u gene.
An additional question remains concerning IgD; if it was
present early in vertebrate evolution, might its original func-
tion have been different from the one that remains in the
mouse? Studies of IgD function in other species that express
IgD, may provide answers to the question.
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