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Abstract The new antigen receptor (IgNAR) family has
been detected in all elasmobranch species so far studied
and has several intriguing structural and functional fea-
tures. I[gNAR protein, found in both transmembrane and
secretory forms, is a dimer of heavy chains with no asso-
ciated light chains, with each chain of the dimer having a
single free and flexible V region. Four rearrangement
events (among /V, 3D, and 1J germline genes) generate
an expressed NAR V gene, resulting in long and diverse
CDR3 regions that contain cysteine residues. /|gNAR mu-
tation frequency is very high and “selected” mutations are
found only in genes encoding the secreted form, suggest-
ing that the primary repertoire is entirely CDR3-based.
Here we further analyzed the two IgNAR types, “type 1”
having one cysteine in CDR3 and “type 2” with an even
number (two or four) of CDR3 cysteines, and discovered
that placement of the disulfide bridges in the IgNAR V
domain differentially influences the selection of muta-
tions in CDR1 and CDR2. Ontogenetic analyses showed
that IgNAR sequences from young animals were infre-
quently mutated, consistent with the paradigm that the
shark immune system must become mature before high
levels of mutation accompanied with selection can occur.
Nevertheless, also in agreement with the idea that the Ig-
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NAR repertoire is entirely CDR3-based, but unlike stud-
ies in most other vertebrates, N-region diversity is present
in expressed I[gNAR clones at birth. During the investiga-
tion of this early IgNAR repertoire we serendipitously de-
tected a third type of IgNAR gene that is expressed in all
neonatal tissues; later in life its expression is perpetuated
only in the epigonal organ, a tissue recently shown to be a
(the?) primary lymphoid tissue in elasmobranchs. This
“type 3” IgNAR gene still undergoes three rearrangement
events (two D regions are “germline-joined”), yet CDR3
sequences were exactly of the same length and very simi-
lar sequence, suggesting that “type 3 CDR3s are select-
ed early in ontogeny, perhaps by a self-ligand.

Keywords Evolution - Gene rearrangement -
Antigen receptors - Cartilaginous fish - Somatic mutation

Introduction

The jawed vertebrate adaptive immune system is defined
by its diverse antigen receptors, the immunoglobulins
(Ig) and T-cell receptors (TCR). Animals in different
taxa have developed unique ways of generating diversity
in their primary Ig repertoire, as well as evolving novel
molecules specific for some groups (reviewed by Litman
et al. 1999). The cartilaginous fish (sharks, skates, rays,
and ratfish) are the oldest vertebrates with an adaptive
immune system, and they possess Igs that seem unique
to this taxon (reviewed by Flajnik and Rumfelt 2000a).
In addition to IgM (present in two forms, 19S and 7s, in
approximately equal amounts), two other Igs, IgW and
Ig new antigen receptor (NAR) are present in all elasmo-
branchs so far examined (Nuttall et al. 2001, 2002; Rum-
felt and Flajnik, unpublished).

The IgNAR gene family has been best studied in the
nurse shark and is composed of only 4-5 loci, each with
its own cluster of a single variable (V) region, three diver-
sity (D) elements, and a single joining (J) gene (Green-
berg et al. 1995). NAR lacks diversity found in mammali-
an Ig genes via Ig heavy (H) chain-light (L) chain associ-
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ation, as NARs are covalently linked H chain dimers with
free and flexible V regions (Roux et al. 1998). Further-
more, we showed previously that NAR V genes are exten-
sively modified by somatic hypermutation, not as a reper-
toire-building strategy, but probably after antigenic stim-
ulation (Greenberg et al. 1995; Diaz et al. 1998). Thus,
given the small number of NAR loci, the lack of associat-
ed L chains, no combinatorial diversity, and the finding
that somatic hypermutation does not generate the reper-
toire, NAR primary repertoire diversity might be severely
limited. However, sequence analysis of the NAR third
complementarity determining region (CDR3) has re-
vealed extensive heterogeneity, principally through N-re-
gion addition at the four rearrangement breaks (V-D1-D2-
D3-J). Thus, the NAR primary repertoire is quite hetero-
geneous but entirely CDR3-based, which also may be
true of conventional antibodies (Xu and Davis 2000).

Although NAR repertoire diversity is dependent solely
on CDR3, there are nevertheless restrictions on its CDR3
amino acid composition. NAR type 1 and type 2, the two
loci specifying the adult repertoire, are distinguished by
the number and positioning of various cysteines generally
not found in vertebrate IgV regions (Roux et al. 1998).
These non-canonical cysteines in both NAR types are un-
der strong selection, as they are rarely replaced by somat-
ic mutations (Du Pasquier et al. 1998; Diaz et al. 1999),
and despite the unpredictable outcome of VDJ recombi-
nation, most NAR CDR3 include cysteine (Cys) residues.
An example of evolutionary convergence, some forms of
camel/llama IgG Vy, which also do not associate with L
chains, have non-canonical cysteines in similar positions
as the NAR proteins (including CDR3), suggesting that
such cysteines are required to stabilize single-domain re-
ceptors (reviewed in Nguyen et al. 2001).

In mouse Ig and TCR genes, the neonatal repertoire is
less diverse than the adult primary repertoire, in part be-
cause of the absence of N-region addition during rear-
rangement (Feeney 1990; Bogue et al. 1991). This is
caused primarily by delay in expression of terminal de-
oxynucleotidyl transferase (TdT), the enzyme responsible
for this activity. The mammalian neonatal B-cell reper-
toire is also characterized by predominant usage of partic-
ular V gene families (reviewed in Kearney et al. 1997).
The protective mammalian uterine environment may not
select for great diversity in antibodies and TCR, but rath-
er for evolutionarily selected specificities that might pro-
tect against common pathogens or serve ‘household’func-
tions. In aplacental viviparous sharks, however, pups are
bathed in seawater for at least some period of their intrau-
terine lives and may be exposed to pathogens (Kormanik
1988). Thus, given the dependence of the NAR repertoire
on the generation of highly diverse CDR3s, we hypothe-
sized that, unlike mouse Ig, the nurse shark neonatal
NAR repertoire would display N-region additions. Simi-
larly, we expected that the somatic hypermutation ma-
chinery would be fully operative in newborn sharks. To
examine these issues, we PCR-amplified NAR VDJ se-
quences from various tissues of near-full-term pups and
analyzed the entire V region for somatic hypermutation

and the CDR3 for evidence of N-region addition and for
amino acid composition. During these studies, a third
NAR type, rarely expressed in adults, was discovered and
found to dominate the neonatal repertoire.

Materials and methods

Animals

Three pregnant females were caught off the coast of Key West,
Florida in 1996, 1997 and 1998, in late October/early November.
Shark pups were delivered by Caesarian section as described
(Ohta et al. 2000). Some of the shark pups were transported to the
University of Miami Marine School Hatchery (Key Biscayne,
Florida) and maintained in aerated seawater for the duration of the
study. Three pups were immediately killed, while others were
killed at 2-month intervals for harvesting of various organs.

RNA isolation and RT-PCR

Spleen, kidneys, intestine, and epigonal organs were harvested
from each pup and total RNA was isolated using the Trizol Re-
agent (Invitrogen, Carlsbad, Calif.) following the manufacturer’s
protocol. cDNA from each tissue was made with oligonucleotides
complementing either the transmembrane or the secretory regions
of NAR, as described (Diaz et al. 1998). Oligonucleotides used for
cDNA synthesis and to PCR-amplify NAR V and J regions, as
well as the PCR conditions, were also described previously. PCR
products were run in 1.5% agarose gels, and bands of the expected
size (~320 bp) were excised and purified using the Gene Clean II
Kit (QBiogene, Carlsbad, Calif.). Ligation and transformation of
competent cells were done using the Original TA cloning Kit (In-
vitrogen). Culture of transformed cells, and plasmid isolation was
done as described (Diaz et al. 1998). Plasmid DNA (1 pg) from
each clone was sequenced at the University of Maryland at Balti-
more Biopolymer Facility.

Tertiary structure modeling of IgNAR

Computer modeling was carried out using the Swiss-PDB Viewer
(Guex and Peitsch 1997). The template used for the final NAR
models was the human Vi; domain of the chimeric human/mouse
Fab B72.3 (PDB code 1bbj, Brady et al. 1992). CDR3 loops were
modeled by hand, with bent loops in the NAR type-1 models
based on an H3 loop of similar size in the camel V; domain (PDB
code 1mel, Desmyter et al. 1996). Additional energy minimization
was done with CNS (Brunger et al. 1998) after modification of
CDR3 loops.

Sequence alignment and analysis

Sequence analysis and preparation for alignments were done using
the BCM Search Launcher sequence utilities Internet program
(Smith et al. 1996) and sequences were aligned using the Clustal
W program at EMB, also available through the internet
(Thompson et al. 1994). Statistical analysis was done using the G-
test for goodness of fit as described (Sokal and Rohlf 1981).

Results
Analysis of Cys residues in NAR CDR3

In our previous study of NAR V regions (Roux et al.
1998, Fig. 4a), we described two major forms that differ
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Fig. 1 The number of cysteines encoded within CDR3 in NAR
type-1 and type-2 clones. The great majority of type-1 clones
(n=43) contained two or four Cys residues, while most type-2
clones (n=77) encoded only one Cys in CDR3. The data were ob-
tained from three adult nurse sharks

chiefly in the number of non-canonical Cys residues:
type-2 NAR has a single Cys in CDR3 in addition to a
germline-encoded Cys in CDRI1, and type I has an even
number of Cys residues in CDR3 (two or four) and two
Cys residues in the core V domain (FR2 and FR4). Here
we analyzed sequences from all nurse sharks so far stud-
ied and quantified the number of clones having the rep-
resentative structure. Type-1 NAR CDR3 most often had
an even number of Cys residues and the majority of
type-2 clones contained one Cys in CDR3 in both adults
(Fig. 1) and neonates (Table 1). Type-1 NAR CDR3 se-
quences are longer and somewhat more variable in
length than type-2 NAR CDR3 (Fig. 2a). Figure 2b
shows a representative sample of type-1 and type-2
CDR3 sequences from one adult shark (a display of
CDR3 sizes and number of Cys residues).

Selection on type-1/type-2 NAR

To examine whether these features of NAR type 1/type 2
have an impact on antigen binding, we analyzed the re-
placement to synonymous (R/S) hypermutation ratios in
CDR codons in a large library of clones obtained from
adult PBL in a previous study (Diaz et al. 1998). A high
R/S ratio in CDRs is indicative of positive selection
(Wagner and Neuberger 1996). Surprisingly, a significant
number of replacements in CDRI1, but not CDR2, were
found for type-2 NAR clones, while the opposite was
true of type-1 NAR clones (Fig. 3, Fig. 4a displays the

Fig. 2a, b Type-1 NAR CDR3 tends to be longer and more vari-
able in length than type-2 NAR. a Type-1 NAR CDR3s averaged
19 residues in length (SD 3.5), while type-2 NAR CDR3 averaged
16 residues (SD 3.4). Sample sizes/number of sharks are the same
as in Fig. 1. b Type-1 and type-2 NAR CDR3 sequences from one
adult shark. The CDR3 sequences encompass the canonical cyste-
ines in the F strand of the V domain and the residue adjacent to
the invariant Gly-X-Gly in Fr 4 (J region). CDR3 length and num-
ber of cysteines are shown on the right. Type 1: mean 20.9 (SD
3.04); type 2: mean 15.3 (SD 2.9)
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NAR Type 1 CDR3

CGASGWCVAY SCDYVSHSPVLSHLNYAAC
CGVTIEAGVAGSCDYGPVCDLGT NYAAC
CGVCRIGWCPGCETARSVCSRS SAC

CAVGGIVGV SCDYGL CAVEGA YAAC
CGVYMLVWDY SCDYDL CSSPN AAC
CGVRCDIRNSCEDGHTLVMFG AAC
CAASWIAAR  CDYPELCSSRDF  AAC
CGVCMWDGGCCITKSS CALDY AAC
CGVPSRLLPGLGCDAL CSWDYT AC
CGAAVS  GLGCDPRV CSWSVGYH AC
CGTAQGNSW SCDYPL CALGGVL  AC
CGVWCGTRSVRDDKL ~ CSN NYAAC
CGVCKRVCYP CDLYLGCALL AAC
CGRRAG CDYG CALGGHDDAIAC
CGVSRLLWCQTKL CSFPST AC
CGACFGVC  SCDYGV CSRG AAC
CGVYRWRGAQLCSCSH AAC
CGAPVSLLSA SCDCR YAAC
CGVASC CDYGLSLDED AAC
CGYGH CDYSI CSAR YAAC
NAR Type 2 CDR3
CKWSAGMDPEGYDCGVELK ~ DVY
CSGLTSDV ~ YDCQSWNSYEVD Y
CKGGL VWTD YDCSPDWPG VY
CKVLPLVWIGVCTPSVG DVY
CSDRRTYT VCDSRTGS DVY
CKTSPSVYCRDGDFGPS Y
CKVPCGYHLDWR PRH VY
CHAVTYG DCAGQTD  DVY
CQVESWLGLEPCPYE Y
CKRRSLSWCKSEP DVY
CNSYWSS YDCPLYEL Y
CNPNTCIWGPYP VY

CKGL VCRGRNWD VY
CKVAD DCWRH VY
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Fig. 3 Differential selection on CDR1 and CDR2 in NARs type 1
and type 2. CDRI in type 2 and CDR2 in type 1 have high ratios
of replacement/synonymous (R/S) substitutions. Sequences in this
analysis were derived from secretory cDNA clones with less than
15 mutations from three adult sharks (n=72). See Fig. 4a for the
definition of NAR CDR1 and CDR2

CDR). These data suggest that the positioning of disul-
fide bridges in NAR type 1 and type 2 profoundly influ-
ences the V-domain structure, differentially exposing
CDRI1 and CDR2. This result prompted us to re-examine
models of NAR structures.

Cysteines in NAR CDR3 are predicted to facilitate

the formation of a large antigen-binding surface
encompassing CDR3/CDRI in type 2 and CDR3/CDR2
in type 1

The importance of the germline (CDR1/2) and the somat-
ically encoded (CDR3) cysteines in NAR proteins was
examined by modeling NAR types 1 and 2. Ig-like do-
mains are classified into topological subtypes depending
on the number of (3-strands in each sheet, and the position
of the edge strands in each sheet (reviewed by Bork et al.
1994). While NAR type-1 and -2 sequences are members
of the Ig fold family, a deletion in FR2/CDR2 makes it
difficult to assign the sequence to a topology subtype.
Proteins within an Ig family subtype usually have the
same number of residues separating the first invariant
Cys and the invariant Trp, and the separation between
that Trp and the second invariant Cys (see Fig. 4a). In
NAR type-1 and -2 sequences these distances are 13 resi-
dues (Cys1-Trp) and 46 residues (Trp-Cys2). While the
Cysl-Trp value is common among other domain types
such as IgVy, the second Trp-Cys2 value is unusual,
found mainly in TCR, IgL and MHC Cl-type domains
(Williams and Barclay 1988). However, NAR/C1 domain
sequence identity is lower than that between NAR and
IgV domains. Unsure of the correct topology subtype, we
modeled the NAR type-1 and -2 structures using IgV/,
IgVy, TCR CB, IgCy, and camel Vy domains as tem-
plates. Models based on the IgVy, TCR Cg, 1gCy, and
camel Vy; templates all resulted in CDR2 residues at the
“bottom” of the molecule, not contiguous with CDR1 or
3. However, a model based on the IgV; domain, which
like NAR has a very short CDR2 region (Fig. 4a), result-
ed in a structure where the three CDR clustered at the
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“top” of the V domain. From these results, we feel that
the NAR models based on IgV; domains are most rea-
sonable. NAR type-1 and -2 CDR3 loops are both long
(particularly for type 1), and, with no canonical structure
to guide us, this loop cannot be modeled with certainty.
However, models that we have generated show that it is
possible for several arrangements of potential disulfide
bonds to be made. In addition to the two characteristic
Cys residues in type-1 CDR3, there are two other non-ca-
nonical cysteines: one in FR2 (C-35), adjacent to the in-
variant Trp, and one in FR4 (C-107), flanking the invari-
ant Gly-X-Gly (Fig. 4a). In our previous model we sug-
gested that, like other CDR3 regions encoding an even
number of cysteines, NAR CDR3 cysteines covalently
bonded with each other (Roux et al. 1998). We also sug-
gested that the FR2 and FR4 cysteines, which point out-
ward in the area normally occupied by L-chain V do-
mains, would form a disulfide bond. However, we could
never persuade this FR2-FR4 disulfide bridge to form
when modeling onto existing Ig superfamily structures,
and thus now we propose an alternative model in which
the two somatically generated CDR3 cysteines form di-
sulfide bonds with the two FR cysteines (Fig. 4b). In this
model the CDR3 loop is bent over and “rests upon”
CDR2, closely resembling the camel Vy; domain structure
that also has a long CDR3 loop disulfide-bonded to a Cys
encoded in the main body of the protein (Desmyter et al.
1996, but note there is only one disulfide bridge formed
in camel Ig). Type-2 NAR is predicted to form a disulfide
bond between the germline-encoded cysteine in CDRI1
and the somatically generated cysteine in CDR3, as sug-
gested previously (Roux et al. 1998, Fig. 4b).

This model proposes that the germline-encoded CDR
loop adjoining CDR3 (CDRI1 in type-2 NAR and CDR2
for type-1 NAR) contributes most significantly to anti-
gen binding; the finding of a high R/S ratio in the CDR
adjacent to CDR3 is also consistent with the idea that
CDR3 is responsible for the primary NAR repertoire
(Diaz et al. 1998). In the stereoimages (Fig. 4b), note
that two residues in CDR2 (purple) under strong selec-
tion in type-1 but not type-2 structures, N45 and N48,
are in close proximity to CDR3 only in NAR type I.
Conversely, CDRI1 (red) residues D26 and S28 are under
strong selection in NAR type 2 and are near CDR3 only
in that structure. Obviously, the next mission is to gener-
ate true structures of NAR type 1/2 and test our models.

CDR3 are diversified by N-region addition in neonates

Because the primary NAR repertoire is entirely CDR3-
based, and shark pups are exposed to seawater for at
least some phase of intrauterine life, we predicted that
CDR3 would be well diversified in neonates. Indeed
both NAR type 1 and type 2 had P-nucleotide and N-re-
gion addition (examples in Table 1 for spleen-derived
clones). The bias for G and C nucleotides in the identi-
fied N-regions suggests that TdT, recently identified in
sharks (Rumfelt et al. 2001; Bartl et al. unpublished) and
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Fig. 4a, b Modeling of NAR type-1 and type-2 structures. a Se-
quence alignments of NAR type 1 and 2 (and type 3) with other Ig
superfamily domains (based upon structural alignments). Non-ca-
nonical cysteines in NAR are highlighted in yellow. CDRs are
highlighted in green, and residues with sequence identity to NAR
type 1 are highlighted in cyan. The number of residues identical to
the NAR type-1 sequence is shown at the end of each sequence.
Asterisks denote residues displayed on the structures in b. Se-
quences and coordinates used are the chimeric antibody B72.3
(1bbj), camel VH domain (1mel), mouse oy TCR 2C (2ckb), and
human A chain NEW (7fab). b Space-filling (top) and steroimages
of NAR type 1 and type 2. CDRs are colored blue (CDRI1),
magenta (CDR2), and red (CDR3). Residues marked with an as-
terisk in a are displayed on the structures. The two somatically
generated cysteines in type-1 CDR3 were modeled to make disul-
fide bonds with C-35 (FR2) and C-99 (FR4); the one CDR3 cys-
teine in type 2 was modeled to make a bond with C-25 in CDRI.
Figures were generated with MolScript (Kraulis 1991) and ren-
dered with Raster3D (Merritt and Bacon 1997)

skates (Miracle et al. 2001) to be expressed early in de-
velopment, is responsible for the diversity. Thus, in con-
trast to studies of the neonatal Ig/TCR repertoire in most
other vertebrates (reviewed by Flajnik and Rumfelt
2001b), shark type-1 and type-2 NAR genes undergo ex-
tensive N-region addition in neonates. Indeed, the skate
study mentioned above showed that IgM H-chain V
genes also have N-region addition from the earliest stag-
es analyzed (Miracle et al. 2001); also true of nurse
shark IgM genes, Rumfelt and Flajnik, unpublished

Shark pup NAR hypermutation: low frequency
and no CDR targeting

As mentioned above, our previous studies reported that
mutations do not generate the primary NAR repertoire,

but arise only after cells have become stimulated to be-
come secretory cells (Diaz et al. 1998, 1999). The NAR
loci expressed in adults, types 1 and 2, and a third type
rarely seen in adults (type 3, see below) were found in
cDNA derived from neonatal spleen, epigonal, kidney
and intestine. A total of 180 mutations were observed in
228 clones from neonates and two-,four-, and six-month-
old pups (84/138 secretory). Neonatal clones had fewest
mutations (39 mutations/99 clones, 27/56 secretory),
while the overall frequency for all four age groups was
0.85 (SD 0.33) mutations per clone. This low level of
mutation in secretory clones from young animals con-
trasts with that detected in adult secretory clones, where
the overall frequency was 5.14 (SD 0.49) muta-
tions/clone, but rather resembles adult transmembrane
(Tm) clones that had an overall frequency of 1.65 (SD
1.13) mutations/clone (Diaz et al. 1998).

Several features of these mutations indicate that they
result from the previously reported NAR hypermutation
mechanism (Diaz et al. 1998, 1999): (1) the mutation
frequency, albeit low, is significantly higher than the em-
pirically determined PCR error rate (0.0009/base); (2)
previously identified hotspots of NAR hypermutation,
such as AGC/T, AAC, and AAA, were highly targeted in
pup clones (33%); (3) there was a transition bias (56%),
a characteristic of somatic hypermutation in all species.
However, in contrast to adult secretory clones (59%), but
like adult Tm clones (35%), only 28% of mutations in
shark pup secretory clones fell within CDR1/2. Particu-
larly unlike adult NAR cDNA clones, there was a pauci-
ty of tandem mutations, a unique feature of NAR hyper-
mutation (and perhaps of shark hypermutation in gener-
al, Lee et al. 2002), among neonatal- and young shark-
derived clones (Diaz et al. 1999). Like adult Tm clones,
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Fig. 5 Low frequency of mutations in both NAR secretory (sec)
and transmembrane (7m) (top) and total (bottom) clones derived
from shark pups. Clones are displayed having 0, 1-2, 3—4 or >5
mutations. Note that the mutation frequency for pup secretory
clones is similar to adult Tm clones

the low levels of mutation in shark pups were due to a
prevalence of clones with 0-2 mutations in both secreto-
ry and Tm NAR (Fig. 5). In the previous analysis of
adult Tm vs secretory clones, we attributed this low mu-
tation frequency and poor CDR clustering to “leaky hy-
permutation machinery,” possibly operating during de-
velopment. Interestingly, while 27% of neonatal-derived
clones were out-of-frame, only 8.6% of the mutations
were found in these clones, suggesting that 'leaky' muta-
tion occurs only after selection of NAR* cells with pro-
ductive V(D)J rearrangements (see Discussion).

The low frequency and poor CDR targeting of muta-
tions, as well as the relative lack of tandem mutations in
shark pup NAR clones, is consistent with the lack of de-
veloped lymphoid structures in neonates (Rumfelt,
McKinney, Taylor, and Flajnik, submitted), and suggests
that somatic hypermutation does not contribute to NAR
diversity or specificity early in shark development.

The majority of neonatal-derived NAR clones originated
from a third locus

All adult cDNA clones obtained from peripheral blood
lymphocytes (PBL) (Diaz et al. 1998) and spleen
(Greenberg et al. 1995) were either type-1 or type-2

Spleen NAR repertoire
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Fig. 6 NAR repertoire shift during ontogeny. Two hundred and
fifty-seven NAR RT-PCR-derived clones from shark pups ranging
from newborn to six months of age, and 184 adult-derived clones
were examined for NAR type-1, -2, and -3 frequencies. Note that
expression of NAR type 3 is perpetuated only in the adult epigonal
organ. 'Other tissues' included kidney, intestine, and in one case
(six months) thymus

NAR. Surprisingly, a third form, uninspiringly named
type 3, constituted 61% of the neonatal-derived clones,
particularly in the spleen, but it was prevalent in all tis-
sues tested. To examine whether this finding was reflec-
tive of a repertoire shift during development, we ob-
tained clones from progressively older shark pups, and
found a gradual decline in the frequency of type-3 clones
in all tissues except the epigonal organ, where the dimi-
nution was much less dramatic (Fig. 6).

A type-3 genomic clone was isolated by PCR amplifi-
cation of genomic DNA and sequenced (Fig. 7). The DI
and D2 segments of a type-2-like clone were fused in what
appears to be a germline-joining event (Kokubu et al.
1988); otherwise, this gene is much like the previously re-
ported NAR type-1 and type-2 genes (Greenberg et al.
1995). Note that it is possible that the two-D type-3 gene is



Fig. 7 NAR type-3 gene
cluster. The gene was isolated
by PCR from genomic DNA as
described (Greenberg et al.
1995). Recombination signal
sequences are underlined, with
bolded nonamers and heptam-
ers. Splice junctions are bolded
and italicized. Translations for
the three D segment reading
frames are shown and the only
reading frame found in cDNA
clones is bolded for each seg-
ment. Primers in the leader and
J region used for PCR amplifi-
cation are italicized
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Leader

ATG AAT ATT TTC TTG CTG TCA GTC CTT TTA GCC TTA TTA CCA TGTAAGTGGTGTTTCATATAGATATTTA 70
Met Asn Ile Phe Leu Leu Ser Val Leu Leu Ala Leu Leu Pro
TTTGTTTAAACTGTGCATCTGTGTTTACGTTATTGTCATGCTCCTTTCTGAAARACTCTTCTATTGACAGATTAATGTCATGTAT 154

V region

TAAATATGCCTTTCTCTGTCCAGAT GTC TTT CCT GCT CGA GTG GAC CAA ACA CCG AAA ACA ATA ACA AAG 224

Tyr Val Phe Pro Val Arg Val Asp Gln The Pro Lys Thr Ile Thr Lys

GAG ACG GGC GAA TCA CTG ACC ATC AAC TGT GTC CTA AGT GAT ACG AGC TGT GCA TGG GAC AGT 287
Glu Thr Gly Glu Ser Leu Thr Ile Asn Cys Val Leu Ser Asp Thr Ser Cys Ala Trp Asp Ser
ACG TAC TGG TAT CGA AAA AAA TTG GAC TCA ACG AAC GAG GAG AGC ACA TCG AAA GGT GGA CGA 350
Thr Tyr Trp Tyr Arg Lys Lys Leu Asp Ser Thr Asn Glu Glu Ser Thr Ser Lys Gly Gly Arg
TAT GTT GAA ACA GTT AAC AGC GAA TCA ACG TCC TTT TCT TTG AGA ATT AAT GAT CTA ACA GTT 413
Tyr Val Glu Thr Val Asn Ser Glu Ser Thr Ser Phe Ser Leu Arg Ile Asn Asp Leu Thr Val
22
GAA GAC AGT GGC ACG TAT CGA TGC AGA GCA TA CACAGTAATGAGCTTGATCCTTCGTCATTACAGAATAC 483
Glu Asp Ser Gly Thr Tyr Arg Cys Arg Ala
CGTCAAATCTCCCATGAAATAATTCGGACTTACTTTTCCTCTCAACGCTGAACATTGACTTTGATTACGTCAATTCTGATCTCT 567
AACAGCAGGAGGCAGGTTATAAATGATTGCTACCAACATTCAGAAGGAARATCCGGACAAGAGGCAATTGGATGTTCAGCGCTG 651
12 D1/D2
CTGTTCAATTTACCGTCATGTACGACCATT TATTTTTGCACTGGGATGGTAACACTGTG ATAACTTTACTGTGGATAG 729
IleThrLeuLeuTrpIle
. LeuTyrCysGly .
AsnPheThrValAsp
22
CACAGCAATGAATCTTTGATTCCCATAATACTGAAACC TCCCAACACCTTGGAGTCCACTATTGATGCAAATTATTATTTCCA 812
TGCCAAAACATATCATGCTTAAATGCTCCTTGCAACTGTTARAGACTGGCTGCTGCTGCGGAACGATATTCATACTCCTTCAGT 896
TGATTATTGTGTGAATGCCAAAATCATATTCACACTGCAATGTTGACAATTATCCAGCATTTGCTGAGACCCAGAAAGTATARA 980
CGTTGACTGGGAACACGATATAAAGGGAATAATTTGCATCATATATTGTGCATCACTAATCAATATCCTGGAACATCTGGATGA 1064
12 D3 12
TTTTTGGCGATATTTGCAACAATGG ATTTCTTGTGCTGGAGTGAAATAGTGTG CTGAGCTGGAGA CACAGTGACACAAGCC 1145
LeuSerTrpArg
. AlaGly
GluLeuGlu
GCAGCATAAATC TTTCCCGCCGTTGTCTGTTTTACTTCTTGAACGTGATTTCAATAATGAACTTTCTTGCTGATGGTTGCTGC 1228
TTCATCAAATTTAACATCAATTCTAGTTTGCCATTTTCTGGAATTCTCTACACGTCCTCAGATGTAAACTCAGCATTGCTGTCT 1312
TTTCCAATGTTACTCACAGTCGCATTGGAGATGGGGGAAATGTGAATGAATTTATAACTGTCCATARATGAGGATTAGTTCATG 1396
CTTTGAATGTATATGGGAGACATGAGAGAAGACGTGTCTTTARATGTTTATAACATGACGGTTGCTACACTGAC CCTTTTTAG 1479
23 J region

GCAGCACTGATTGAGATCTGATTGACTGTG AC AGC TTT GAT GAA TAC GGA GGT GGC ACT GTC GTG ACT GT 1549

ancestral to the three-D conventional NAR genes, but the
high frequency of germline-joined genes in sharks and the
early expression of the type-3 gene (see Discussion) sug-
gest that the type-3 configuration is derived from type 1/2.

All type-3 cDNA clones employed the same reading
frame in DI/D2 (Leu-Tyr-Cys-Gly) and D3 [Glu-Leu-
Glu(Asp)] (Fig. 7 and Table 2); thus, like type-2 clones
there was always a single Cys in CDR3 (and one Cys in
CDRI1). However, unlike type-1 and -2 CDR3s, type-3
CDR3s had three unique characteristics: (1) less N-region
addition; (2) high amino acid similarity among clones; (3)
remarkable conservation of CDR3 length, all clones but
one being 15-amino-acids long (Table 2). A model of the
type-3 gene suggests a rather rigid CDR3, with a CDR1
Trp specific to type-3 NAR (residue 31, adjacent to the
C29-C89 disulfide bridge connecting CDR1 and CDR3)
apparently packing with CDR3 (Fig. 8). The two amino
acids encoded by the rearrangement breaks (A91 between
D1/D2 and D3, and D94 between D3 and J) are shown to
complement the alignment in Table 2.

There are several features of type-3 NAR junctions
and D elements that can partially account for the conser-
vation of CDR3 length: (1) type-3 NAR undergoes only
three rearrangement events (V-D1/D2-D3-J), because of
the D1/D2 fused element [types 1 and 2 generally under-

Ser Phe Asp Glu Tyr Gly Gly Gly Thr Val Vval Thr Val

go four rearrangement events (V-DI1-D2-D3-J)]; (2) there
is a paucity of N-region addition at the rearrangement
breaks; (3) the D3-J junction may sometimes undergo
homology-based joining (Table 2). However, these char-
acteristics do not fully account for the remarkable con-
servation of type-3 CDR3 length. Even when few (or no)
nucleotides were added at one junction, there was com-
pensation either by increasing the number of nucleotides
used in the other D element or in the N-regions. Further-
more, the few clones with significant N-region addition
were always accompanied by fewer nucleotides (proba-
bly by nibbling into the D) used in one of the D elements
or in the end of the V gene (see clones 171, 286, 283,
294, and 291; but note also that there was not much nib-
bling into the Ds). The type-3 NAR CDR3 most closely
resembles rearrangement junctions in neonatal mice,
where homology-based joining and lack of N-regions
yields Ig V gene CDR3s with similar amino acid compo-
sition (Asarnow et al. 1988; reviewed in Kearney et al.
1997). Nevertheless, type-3 NAR neonatal clones pro-
vide the first example of perfect conservation of CDR3
length and high similarity in amino acid composition fol-
lowing (three!) VDJ rearrangements that incorporate N-
region additions. This result suggests that a very strin-
gent selection mechanism for length and perhaps amino
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Table 2 Type-3 NAR is the predominant form in neonates: little-N region addition and high similarity in amino acid composition of

CDR3
F-strand N DI1/D2 N D3 N J Translation
AGAGCATA ATAACTTTA CTGAG ACAGCTTT
CTGTGGATAG CTGGAGA GATGAATAC
a. Tm
182 agagc ca aactttactgtgga g ctgagctgg acagctttgatgaatat RAKLYCGAELDSFDEY
176 agagc ttt actttactgtgga g ctgagetgg acagctttgatgaatat RALLYCGAELDSFDEY
174 agagcata t ctttactgtgga g ctgagctgg acagctttgatgaatat RAYLYCGAELDSFDEY
180 agagcat c actttactgtgga g ctgagetgg acagctttgatgaatat RASLYCGAELDSFDEY
171 agagca gcc ctttactgtgga g ctgagcetgg acagctttgatgaatat RAALYCGAELDSFDEY
175 agagca cg actttactgtgg cg ctgagctgg acagctttgatgaatat RARLYCGAELDSFDEY
177 agagc tc aactttactgtgga g ctgagetgg acagctttgatgaatat RAQLYCGAELDSFDEY
170 agagc gg aactttactgtggat ctgagct ct acagctttgatgaatat ~RAELYCGSELYSFDEY
1648 agagc gg aactttactgtggat ctgaget ct acagctttgatgaatat RAELYCGSELYSFDEY
1652 agagcata t ctttactgtgga g ctgagctgga g agctttgatgaatat RAYLYCGAELESFDEY
b. Secretory
290 agagca c aactttactgtggat ctgagctgga cagctttgatgaatat RAQLYCGSELDSFDEY
282 agagcata t ctttactgtggat ctgagetgga cagctttgatgaatat RAYLYCGSELDSFDEY
280 agagca c aactttactgtgga g ctgagctgga cagctttgatgaatat RAQLYCGAELDSFDEY
281 agagc cc aactttactgtgga g ctgagctgga cagctttgatgaatat RAQLYCGAELDSFDEY
294 agagc cctc  ctttactgtgga g ctgagetgga cagctttgatgaatat RALLYCGAELDSFDEY
296 agag tee aactttactgtggat ctgagctgga cagctttgatgaatat RVQLYCGSELDSFDEY
286 agagc cc aactttactgtgga cggat gctgga cagctttgatgaatat RAQLYCGRMLDSFDEY
279 agagc ttt actttactgtgg gt ctgagetgga cagctttgatgaatat RALLYCGSELDSFDEY
291 agagc teet ctttactgtgga g ctgagctgga cagctttgatgaatat RAFLYCGAELDSFDEY
289 agagcata t ctttactgtggat c gacgetgga cagctttgatgaatat RAYLYCGSTLDSFDEY
293 agagc ctcc  ctttactgtggat ctgagctgga cagctttgatgaatat RASLYCGSELDSFDEY
283 agagc cg aactttactgtgg cceee agct cca cagctttgatgaatat RAELYCGPQLHSFDEY
287 agagca cg actttactgtgg cg ctgagetgga cagctttgatgaatat RARLYCGAELDSFDEY
292 agagcata t ctttactgtgga g ctgagctgga cagctttgatgaatat RAYLYCGAELDSFDEY
1639 agagc cc aactttactgtgga g ctgagetgg acagctttgatgaatat RAQLYCGAELDSFDEY
1640 agagcat gg ctttactgtgga g ctgagctgga g agctttgatgaatat RAWLYCGAELESFDEY
1642 agagc gtt actttactgtgga g ctgagctgg acagctttgatgaatat RALLYCGAELESFDEY
1726 agagcatat ctttactgtgga g ctgagetgg acagctttgatgaatat RAYLYCGAELDSFDEY
1728 agagcatat ctttactgtgga g ctgagct tg acagctttgatgaatat RAYLYCGAELDSFDEY
1644 agagc cg aactttactgtgga g ctgagetgga t agctttgatgaatat RAELYCGAELDSFDEY
1643 agagc cc aactttactgtgga g ctgagctgga g agctttgatgaatat RAQLYCGAELESFDEY
182 agagc ca aactttactgtgga g ctgagcetgg acagctttgatgaatat RAKLYCGAELDSFDEY

Fig. 8 Model of type-3 NAR.

The sequence used was no. 182
from Table 2; alignment of the
deduced amino acid sequence
with types 1 and 2 and other V
domains is shown in Fig. 4a




acid composition is operative in neonatal shark type-3
NAR. Its restricted expression in development and its
limited diversity suggest that type-3 NAR may yield an
evolutionarily selected specificity, and/or may play a role
in the development of the adult NAR repertoire.

Discussion

To examine the source of diversity of the primary NAR
repertoire in neonatal and young sharks, we analyzed
over 200 NAR cDNA clones for evidence of somatic hy-
permutation of the entire V region and N-region addi-
tions in rearrangement junctions. We detected very low
levels of mutation in shark pups that were characterized
by insignificant CDR clustering, but that had most char-
acteristics of NAR hypermutation, such as a preponder-
ance of base substitutions, identical hotspots and a tran-
sition bias (Diaz et al. 1999). We previously detected a
low mutation frequency in adult Tm clones (Diaz et al.
1988), and this result, combined with analysis of the
neonatal clones, is in sharp contrast with the highly-mu-
tated and CDR-targeted adult secretory NAR clones. A
low mutation frequency, with no hint of positive selec-
tion, suggests that NAR hypermutation is “leaky,” likely
occurring during lymphocyte development. Most muta-
tions in neonates were nonetheless obtained from pro-
ductively rearranged clones, and since such clones prob-
ably originated from a pool of cells having functional
surface receptors, the “leaky mutation” likely occurs af-
ter selection for cells with productive NAR rearrange-
ments. We propose that this leaky mutation occurs dur-
ing a period of division following the emergence of
NAR* cells, perhaps akin to the period of 5-6 cell divi-
sions that precedes L chain rearrangement in mouse B-
cell development (Hardy and Hayakawa 2001). Perhaps
transcription factors, important both early in lymphocyte
development and following antigen activation, target
mutational machinery that is fully functional in mature
antigen-activated cells, but only partially active during
early development of NAR* cells.

The low mutation frequency in shark pup NAR secre-
tory clones may result from a poorly developed lym-
phoid microstructure in the spleen of young sharks
(Rumfelt et al., submitted). T-cell zones are not found in
the only shark secondary lymphoid tissue, the spleen,
until five months after birth, concomitant with the ap-
pearance of many NAR transmembrane-positive cells in
B-cell zones. The low number of NAR secretory cells in
young sharks may have been stimulated in a T-indepen-
dent manner, which failed to engage the full-blown hy-
permutation mechanism operative in adults. The low fre-
quency of mutations in young animals is not limited to
the NAR loci; few mutations also were detected recently
in a study of expressed nurse shark germline-joined Ig
light chains (Lee et al. 2002).

We detected significant N-region additions in neona-
tal type-1 and -2 NAR clones, the predominantly ex-
pressed NAR forms in adult sharks. This is in contrast to
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murine and Xenopus neonatal (larval) B cells, where the
lack of expression of TdT early in development results in
an absence of N regions and limited diversity (Flajnik
and Rumfelt 2000b). These N regions, combined with
the use of all three D elements in most rearrangement
events, yield long and highly diverse CDR3s, consistent
with the proposal that an NAR primary repertoire is ut-
terly dependent upon CDR3 (Diaz et al. 1998). As men-
tioned, studies of skate Ig also showed N-region diversi-
ty from the earliest stages in which rearrangements occur
(Miracle et al. 2001).

While the NAR primary repertoire in shark neonates
and adults is entirely CDR3-based, there are structural
constraints limiting CDR3 amino acid composition.
CDR3-encoded Cys residues were found to be under
strong selection in both adult and young sharks, and ter-
tiary structure modeling predicts that these CDR3-encod-
ed cysteines form disulfide bridges with the germline-en-
coded non-canonical cysteines in CDR1 for type-2 and
FR2 for type-1 NAR. Like camelid species that also have
antibodies with single-chain V domains, these atypical
disulfide bridges must be critical for the stabilization of
NAR proteins. Our models also predict that the non-ca-
nonical disulfide bridges formed in type-1 NAR place
CDR2 in close proximity to CDR3, while for type-2
NAR, CDR1 and CDR3 are predicted to form a contigu-
ous surface. The striking result of having many replace-
ment substitutions generated by the somatic hypermuta-
tion mechanism in the CDR predicted to border CDR3,
suggests that NAR non-canonical Cys residues pro-
foundly influence the structure of the antigen binding
surface. When four cysteines are present in a type-1
CDR3, it is likely that two of the cysteines form a disul-
fide bridge within the CDR3 loop.

While our data suggest that N-region addition, but not
somatic hypermutation, plays a critical role in the NAR
repertoire of shark pups, we were surprised to find ex-
pression of a third NAR locus (type 3). The expression
and selection of this form is different than NAR types 1
and 2, as there is little N-region addition, usage of two
rather than three D elements, and the resulting CDR3s are
nearly identical in length and amino acid composition. It
is likely that the cluster organization of the NAR loci, as
for all of the shark /g loci, allows for a “‘chimeric” neona-
tal repertoire of NARs, with highly diverse CDR3 in
some loci, but low CDR3 diversity characteristic of type-
3 clones. The significance of the highly conserved type-3
NAR in the neonatal repertoire is not known, but it is
possible that it may reflect an evolutionary-selected spec-
ificity or it could regulate the development of NAR*
cells. It is unquestionable, however, that whatever the sig-
nificance, a stringent selection mechanism (self ligand?)
has evolved to ensure that type-3 NAR molecules are of
certain CDR3 length and amino acid composition.

We have recently uncovered a form of IgM, called
IgM, g which is entirely germline-joined and expressed in
a similar fashion as type-3 NAR (Rumfelt et al. 2001).
Both NAR type 3 and IgM,,; are found as the predomi-
nant forms of the specific antigen receptor in all tissues
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early in development, but high expression is perpetuated
only in the epigonal organ, a primary lymphoid tissue,
during adult life. It is not known whether some cells pro-
ducing these receptors are continually generated in the
epigonal organ throughout life or rather the epigonal or-
gan also serves as a repertoire for cells producing all types
of secreted antigen receptors. There is evidence from the
skate that partially/totally germline-joined receptors have
a transcriptional advantage early in development, but are
extinguished later in life (Miracle et al. 2001; also in nurse
shark, Ellen Hsu, personal communication). We believe
that such a transcriptional advantage permits selection of
some IgM/NAR clusters with expression of 'advantageous'
receptors before the adaptive immune system kicks in.
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