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The immunoglobulin (Ig) heavy chain variable (VH)
gene family of Heterodontus francisci (horned shark), a

phylogeneticafly distant vertebrate, is unique in that VH,
diversity (DH), joining (JH) and constant region (CH)
gene segments are linked closely, in multiple individual
clusters. The V regions of 12 genomic Qiver and gonad)
DNA clones have been sequenced completely and three
organization patterns are evident: (i) VH- DI -D2-
JH-CH with unique 12/22 and 12/12 spacers in the
respective D recombination signal sequences (RSSs);
VH and JH segments have 23 nucleotide (nt) spacers,
(ii) VHDH- JH- CH, an unusual germline configuration
with joined VH and DH segments and (lii) VHDHJH -CH,
with all segmental elements being joined. The latter two
configurations do not appear to be pseudogenes. Another
VH -D1-D2-JH-CH gene possesses a D1 segment that
is flanked by RSSs with 12 nt spacers and a D2 segment
with 22/12 spacers. Based on the comparison of spleen,
VH+ cDNA sequences to a germline consensus, it is
evident that both D)H segments as well as junctional and
N-type diversity account for Ig variability. In this early
vertebrate, the Ig genes share unique properties with
higher vertebrate T-cell receptor as well as with Ig and
may reflect the structure of a common ancestral antigen
binding receptor gene.
Key words: VH gene organization/VDJ joining/N-diversity/
antigen binding receptor gene/evolution of diversity

Introduction
Immune diversity mediated by both immunoglobulins (Igs)
and T-cell receptors (TCRs) involves rearrangement of
different genetic segments that are separated by varying
chromosomal distances (Tonegawa, 1983; Alt et al., 1986).
While the variable (V) regions of these genes are encoded
by related segmental elements, the structure and function
of their constant (CH) regions differ markedly. The
different chromosomal organizations of Ig and TCR gene
families may be associated with their unique functions
as well as developmental and transcriptional regulation
(Yancopoulos et al., 1984; Yancopoulos and Alt, 1986;
Chou et al., 1987; Alt et al., 1986). Significant levels of
nucleotide (nt) sequence identity (Hedrick et al., 1984;
Yanagi et al., 1984), overall organizational homology and
similar mechanisms of gene rearrangement (Chien et al.,
1984; Siu et al., 1984), however, suggest a common
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evolutionary origin for the two systems (Patten et al., 1984;
Hood et al., 1985).
The mechanisms involved with the evolution of immune

receptors have been examined by characterizing these genes

in species that represent critical points in the vertebrate
radiations. To date, efforts have centered on Ig VH genes

that are closely homologous to their higher vertebrate
counterparts (Litman et al., 1985b; Hinds and Litman,
1986). The most phylogenetically distant species that has
been studied in terms of Ig gene structure and organization
is Heterodontus francisci, an elasmobranch, that based on

cladistic considerations is representative of the earliest extant
lineage in the radiation of the jawed vertebrates. Previous
studies showed that the humoral immune response of
Heterodontus does not undergo affinity maturation and that
the hapten-specific antibody response of genetically unrelated
animals lacks fine specificity (Makela and Litman, 1980;
Litman et al., 1982). While the sequences of Ig VH genes
in Heterodontus are related closely to those found in man
and mouse, individual VH, DH, JH and CH segments are

linked closely, - 10 kb; (Hinds and Litman, 1986). In order
to characterize this system further, different primary and
secondary screening strategies have been used to isolate
genomic clones that have been subjected to extensive DNA
sequence analysis. Based on these data, it is apparent that
large numbers of germline genes are organized in an entirely
unique manner not seen in any other vertebrate system.
Furthermore, the Heterodontus Ig loci may reflect the
common ancestral organization of both TCRs and Ig VH
genes.

Table I. Organization of VH + Heterodontus genomic DNA-X clones

V-DI-D2-J VD-J VDJ

1113a 1111 1101
1207b 1320 2809
1315 2806 FIOI
1403 3083
2807 F301

Variable (V), diversity (DI, D2) and joining (J) segments are
indicated. In VD-J and VDJ type genes, D indicates a contribution
from DI and/or D2 segments. Numerical designations are individual
clones recovered from an adult liver genomic DNA library; desig-
nations preceded by F are clones recovered from an adult gonadal DNA
genomic library of a different animal. Liver DNA clones were selected
with the VHHXIA probe (Litman et al., 1985b); gonadal DNA clones
were selected with a VH-specific probe derived from X-2809, using
conditions of moderate hybridization-wash stringency as described
(Litman et al., 1985b). Southern blot hybridization analyses were used
to select clones from the gonadal DNA library that were potentially
homologous, i.e. shared restriction sites with liver DNA clones, e.g.
FIOI and 1101 have identical sequences (see text); F301 and 3083 are

closely related sequences (see text).
all13 sequence is from amino acid position 19 in FRI through the
3' of JH.
"1207 extends only through VH and 3' RSS.
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Results

Estimation of VH gene number

A Heterodontus VH probe, VHHXIA (Litman et al.,

1985b), was used to screen a Heterodontus liver DNA library

(~-6 x lo5 p.fiu.), and 366 clones that hybridized at

varying intensities were detected. Restriction mapping of 23

of these isolates showed 19 to be unique. A second probe

derived from clone 2809, that hybridizes weakly with

VHHXIA, was used to screen a representative sampling of

A :.

a second genomic library. Of 45 VH2809+ clones, 33 also
hybridized with VHHXIA; 12 hybridized specifically with
the VH28O9 probe. Of these, at least ten represent unique
genes based on restriction mapping and Southern blotting.
Presumably, additional genes would be detected by extending
this type of analysis. These findings, previous genomic
Southern blot analyses (Litman et al., 1985b), and estimates
from gene titrations (Kokubu et at., 1987) are consistent with
a family Of VH genes that most likely contains at least 200
individual members, including the possibility of allelic
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Organization of Heterodontus 1g VH gene loci
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Fig. 1. Nucleotide sequences of representative genes: (A) V-DI1-D2-J, 1315; (B) VD-J, 1320; (C) VDJ, FlOI. Predicted coding segments are

shown in upper-case letters; the mature VH coding segment is shown in reversed image lettering to distinguish this sequence from the leader. IVSs
are shown in lower-case letters. Assignment of leader splice site is based on analyses of cDNAs and differs from that predicted in Litman et al.,
1985b. RSS 7mers and 9mers are indicated in upper-case, shaded lettering; the lengths of spacer segments are shown. 5' taaat is underlined and
major sequence regions are designated, except in (B) and (C) where DI and D2 are joined; junctional boundaries are based on reference to consensus

prototypes in Figure 3. Numbers at the right refer to 100 nt strings. (D) Restriction maps of genomic DNA-X clones. The locations of restriction
sites are shown; (B) BamHl, (E) EcoRI, (H) HindIII, (X) Xbal. The peripheral E and X in 1113 and E in all other maps, are contained in the
polylinker site of X DASH. Coding segments VH (°), JH (0), CH1 (O) are indicated in the center of the restriction fragments where they are

localized. Right (R) and left (L) X vector arms are indicated, scale is shown. FIOI and 1101 represent closely related, overlapping clones that
possess identical nt sequences in coding and through extensive IVS regions but differ at several peripheral restriction sites.

variants. All data obtained in the course of this and earlier
studies (Hinds and Litman, 1986; Kokubu et al., 1987), that
now includce 114 clones, are consistent with the invariant
association -of each VH with JH, CH regions and presumably
DH regions, which cannot be probed directly.

Genomic organization of Heterodontus VH genes

The sequences of all segmental elements and their respec-

tive intervening sequences (IVSs) in 12 of the 13 X clones
indicated in Table I have been determined. Clone 1315,
Figure lA, typifies the V -DI -D2-J-type segmented
gene. The VH, DI and JH coding segments are homologous
to the prototype shark gene HXIA (Litman et al., 1985b;
Hinds and Litman, 1986) and to the corresponding structures
of mammalian genes. A second, putative DH element, D2,
flanked by typical RSSs with symmetrical 12 nt spacers (see
below), is located between DI and JH. Clones 1403 and
2807 are organized similarly. The V -DI IVSs of 1315,
1403 and 2807 are 75% identical, including mismatches
that arise from 2-8 nt sequence gaps. The segmental
elements of an additional clone, 1113, also are organized
as VH-DI-D2-JH* In this case, RSSs containing sym-
metrical 12 nt spacers flank the DI segment, whereas the
D2 segment is flanked by RSSs with 22 nt (5') and 12 nt
(3') spacers (see below). With both types of genes, the
V-DI, DI-D2 and D2-J IVS lengths are 306-382 nts.
The VH segment of clone 1207, which has been mapped
to a X arm, is flanked by a RSS with a 7mer-23 bp
spacer-9mer RSS, consistent with a V-D1-D2-J
organization pattern.

Five other clones, represented by gene 1320 in Figure iB,
have unusual extended V regions that lack the VH 3' RSS.
The VH segment appears to be joined with a sequence
that resembles the DH coding segments seen in the V-DI
-D2-J-type genes and possesses a typical 3' D2 RSS

(see below). Since clones 1111, 1320, 2806 and 3083
were isolated from a liver genomic DNA library, somatic
rearrangement, perhaps associated with lymphopoiesis, could
account for these structures. A genomic library, constructed
from gonadal tissue of another specimen of Heterodontus
was screened; F301, a VH2809+ clone, recovered from this
library was found to differ only at three positions in 1236 nt
(extending 167 nt 5' of the ATG initiation codon to 130 nt
3' of JH) from 3083. These differences are: (i) 7 nt 5' to
the conserved promoter region (TATA box) sequence

TAAAT, (ii) 16 nt 3' to the start of the leader region IVS
and (iii) two nt 5' to the JH 7mer. The VD junctional
sequence is identical. The complete sequences of these genes

establish a germline VD-J organization and explain the
previous failure of a V-D} IVS-specific probe to hybridize
with a genomic VHJH+ clone (Hinds and Litman, 1986);
i.e. this sequence would be deleted in a VD-joined gene.
A second clone, FIOI recovered from the gonad DNA

library exhibits a third unique form of genomic organization,
Figure IC. In this case, the VH-D1, D1-D2, D2-JH IVSS
are deleted; a VDJ joining appears to have occurred. Clone
1101, isolated from the liver library, is identical (from 5'
of the initiation codon to 3' of JH) to F101. Clone 2809
which was recovered from the liver library and was used
to derive a VH-specific probe (see above), also is VDJ-
joined but differs extensively from F101; see below predicted
amino acid sequences. Restriction maps of 1315, 1320,
F101, 1101 and 1113 are shown in Figure ID.

Two types of V- D1 - D2 - J organization
Two different forms of V-D1-D2-J genes are dis-
tinguished by RSSs associated with DI and D2 segments.
Typical RSSs are located 3' to the VH segments of four
V - DI - D2 -J genes, Figure 2A. While the sequences of
the 7mers differ, the 9mers as well as the 23 bp spacers of
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Organization of Heterodontus 19 VH gene loci

1403 and 2807 are identical and vary only by a single nt
from 1315. The 9mer of gene 1113 differs by two bases and
the 23 nt spacer is less related. The 9mer element located
5' to DI is identical in all four genes. The 12 nt spacers of
1315, 2807 and 1113 differ only at a single position and the
5' Di 7mer of 1113 differs at a single base from the other
7mers. The 3' DI 7mer, which is identical to that of TCR
DO1. 1 (Siu et al., 1984), and 9mer recombination elements
3' of DI in genes 1315, 1403 and 2807 are identical, and
the 22 nt spacers are related closely; however, in 1113 an
A-rich, 9mer-like sequence is located 12 nt 3' to a VH-type
3' DI 7mer. Similarly, although the 5' D2 9mers, 12 nt
spacers and 7mers in 1315, 1403 and 2807 are related
closely, 1113 differs significantly; the 1113 5' 9mer more
closely resembles a JH 9mer (Tonegawa, 1983) and the 5'
D2 7mer initiates with a T and lacks the characteristic T at
position 4, as does a 6 TCR J segment (Chien et al., 1987).
The predicted 22 nt, versus 12 nt, spacer is not related to
the other D2 spacers; the 3' D2 7mers, spacers and 9mers
in all four genes are related closely. The D1 and D2 coding,
3' D2 RSSs, D2-J IVSs (not shown) as well as the J RSSs
and spacers are related closely in all four genes. The
DI-D2 IVSs of 1315, 1403 and 2807 are 68-77% related
but are not related to 1113. The inverse complement of
DI-D2 IVS of 1113, including the RSS is, however,
-77% identical to e.g. gene 1315, suggesting that it may
have originated through chromosomal inversion, Figure 2B.
The different types of V-D1-D2-J organization are
shown in Figure 2C; both patterns preserve the 12/23 spacer
rule (Tonegawa, 1983) that would permit at least three types
of joining involving: (i) both DH elements (all four genes),
(ii) D2 alone, 1315-type, or (iii) DI alone, 1113-type.

Additional characteristics distinguish gene 1113 from the
other V-DI-D2-J as well as VD-J and VDJ genes.
Neither the VH-D1 IVS of 1113 nor its inverse comple-
ment is related to the corresponding IVSs of the other genes.
Furthermore, the predicted nucleotide sequence of the VH
coding region that initiates at residue 19 of framework region
1 (FRI) shares only two positions with 16 highly conserved,
contiguous residues in FR3 of the other nine sequences in
Figure 3A; as of yet, it has not been possible to obtain more
5' sequence information. Finally, the distance between JH
and CH is greater in 1113 than in the other clones, Figure
ID. The VH segment of 1113 possesses, however, the
hyperconserved FR3 sequence Tyr-Tyr-Cys-Ala-Arg as well
as a typical 3' RSS. Studies now in progress seek to
determine whether additional 1113-type genes are present.

VH, DH, JH diversity
The predicted amino acid sequences of nine different
Heterodontus VHS corresponding to three different types of
organization are shown in Figure 3A. Heterodontus genes
are related closely in FR and, like VH genes of higher
vertebrates, vary extensively in the complementarity deter-
mining regions (CDR). At the nucleotide level, the four

genes in the V -D- D2 -J configuration are related most
closely, overall sequence identity = 88-92 %, whereas the
lowest degree of relatedness, 81 %, is observed for the VD-J
genes 2806 and 3083. Pairwise comparisons of the nine VH
genes indicate - 86% overall nucleotide sequence identity.
The leader segments of nine VH genes are closely related

(Figure 3B). Only two positions vary by more than two
different amino acids at a single position. Evidence exists
for strong selective pressure at certain positions, e.g. Leu10,
which is encoded by nucleotide triplets that differ at the first
and third positions.
DI coding segments are related closely to each other as

are D2s; D1 and D2 are related partially to each other
(Figure 2A). The DI segments of 1315 and 2807 have
identical 14 nt sequences and vary from gene 1403 by 1 nt;
the putative coding segment of gene 1113 is related and is
2 nt longer. The three different DI segments could encode
eight different sequences and the four D2 segments could
encode eleven different sequences in all three reading frames.
The sequences of mammalian Ig DH segments belonging to
the same family are related (Kurosawa and Tonegawa, 1982;
Tonegawa, 1983) as are TCR D8 segments (Toyonaga et
al., 1985), however, the two TCR D6 segments differ
appreciably (Chien et al., 1987).
The nucleotide and predicted amino acid sequences of the

JH segments of eight different V -DI -D2 -J genes are
shown in Figure 3C. The first two nucleotide positions are
shared by all genes and nucleotide sequence variation largely
is limited to positions 3-11 that encode the first three amino
acids; only 3083 varies outside of this region. The predicted
amino acid sequences of the JH segment of 1111 (VD -J)
and 1403 (V-D1-D2-J) are identical. Since 5' JH
nucleotides are deleted frequently during Ig joining (see
below), the contributions of germline JH amino acid
sequences to Ig diversity may be relatively low.

Segmental joining
The sequences at the VDJ junctions of six VHHXIA+
(Litman et al., 1985b) clones recovered from a Heterodontus
spleen cDNA library are compared with a consensus
sequence derived from four V -D -D2-J genes, Figure
4A. The sequences of cDNAs 12171, 12021 and 12061
exhibit appreciable contiguous homology with a consensus
DH element; less identity is evident with 12022, HC3 and
12423. Varying numbers of nucleotides occur between the
assigned D1 and D2 segments of certain cDNAs, e.g. 12022
versus HC-3. Like TCRs, some of the genes exhibit short
sequence stretches in N regions that are found in coding
segments (Huck et al., 1988), e.g. ACTACT in HC3 and
GGGG in 12423, are invariant in JH. While the data
suggest contributions from both DI and D2, it must be noted
that consensus sequences tend to maximize sequence ident-
ity in individual rearrangment products, since alternatives
that may not exist in a single parental segment are included.
Internal homology between DI and D2 also may complicate

Fig. 2. (A) Comparisons of the nt sequences of VH, D1, D2 and JH RSSs and DH coding segments of four V -DI -D2 -J genes. RSS 7mers and
9mers are shaded; putative coding segments of DI and D2 are bold. Spacer segments are shown in lower-case letters and are extended 4 nt in the
case of DI 1113. The assignments of RSSs in 1113 is based on the relationship of 1113 to other V-DI-D2-J genes (B). (B). Comparison of the
nucleotide sequence from the 5' 9mer of DI through the 3' 9mer of D2 of prototypic gene 1315 to the corresponding segment of gene 1113 or its
inverse complement, 11131C. Recombination elements are enclosed in boxes and the putative coding segments (Figure 2A) are bold (direct sequences
only). [] indicates the boundaries of the segment between the DI and D2 coding segments in 1315 that is 77% homologous to 11131C. The absence
of significant sequence identity between 1315 and 1113 extends beyond the region indicated by ---> <---. (C). Schematic representation of two
types of V -DI-D2 -J genes; (a) 1315-type (b) 1113-type. Individual segments are indicated, RSSs are enclosed in boxes and the lengths of the
spacers are indicated between 7mers Z1 and 9mers [i1.
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Fig. 3. (A) Comparison of the predicted coding regions of nine different Heterodontus VH genes. Sequences are arrayed by the Bionet GENALIGN

program that ranks sequences relative to the most related prototype; identity with prototypes in (A), (B), and (C) is indicated by (-). The boundaries
of FRI, CDRl, FR2, CDR2 and FR3 are assigned as in Litman et al. (1985b), however, the 3' boundary of FR3 includes sequences up to the
3' RSS 7mer, where applicable. CDR and FR are not intended to imply a relationship between structural diversity and combining site variation.

Complete DNA sequence of these genes will be available in GENBANK. (B) Nucleotide and predicted amiino acid sequences (shaded) of the leader

segments of nine different VH genes. Sequences are arrayed by the Bionet GENALIGN program; order differs from both VH and JH (see below)
segments. (C) Nucleotide and predicted amino acid sequences (shaded) of the JH segments of eight different genes arrayed as in (A) and (B). The
first 2 nt located immediately 3' to the RSS 7mer, with some exceptions, are deleted in joining (see text). JH regions of VDJ-type genes are not

shown; the sequence of FIOI is identical with the consensus, whereas 2809 varies at the otherwise invariant Metl0.
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Organization of Heterodontus Ig VH gene loci

these assignments. Distinguishing minor variations from the
DI and D2 consensus sequences is complicated by the
predicted extensive nature of this gene family and the
possibility of somatic variation.

Since the eight JHS are related closely, a consensus for
interpreting potential JH junctional diversity can be derived.
At least five cDNAs possess sequences 3' to D2 that do not
correspond to JH or DH sequences in the present database.
Only cDNA 12171, which appears to contain a significant
D2 segment, lacks additional nts at the D2 -JH junction.
Appreciable variation also occurs at the VH-DI junction.
cDNAs 12022 and HC-3 exhibit the most significant deletion
of germline VH sequence, and both contain nucleotides
not found in the VH or DI consensus sequences. Based

on comparisons to these prototypes, four of the six cDNAs
exhibit junctional diversity at the VH-DI, DI-D2 and
D2 JH boundaries. One cDNA, 12021, exhibits only
VH-D1 and D2 JH junctional diversity and another,
12171, exhibits only VH-D1 junctional diversity, with a
limited JH deletion. In all cases, the predicted coding
sequences retain a reading frame that is homologous with
higher vertebrate Ig prototypes and is consistent with splice
donor-acceptor relationships found in genomic sequences
(Kokubu et al., 1988).

Joined germline genes
The sequences at the VDJ junction of the germline joined
genes FlOl and 2809 are shown in Figure 4B. FlOl exhibits

A

CTGGC; G GE
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*- :- ilwls S .iTtTt'-
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C

-.:; 111G :.
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Fig. 4. Analysis of segmental joining in spleen VHHXIA+ cDNAs (A), germline VDJ (B) and germline VD-J (C) genes. Except for HC3 (Hinds
and Litman, 1986), the cDNAs are derived from the same animal that was used for constructing a genomic DNA library. A consensus was derived
from the sequence of four V -DI-D2 -J genes, the boundaries of DI (black) and D2 (shaded) are defined by the 5' and 3' RSS 7mers as are the
boundaries of germline VH and JH. The order of alternative nts reflects the frequency of their occurrence. The 3' sequence of consensus D1 includes
the AT that is unique to 1113, Figure 2A. The gap in D2 indicates the absence of an A at position 5 of some D2s. Nucleotide identities, of at least
three contiguous positions, with the consensus DI and D2 sequences are shown in upper-case letters using appropriate shading; lower-case letters
indicate a lack of identity with VH, DI, D2 or JH segments. A sequence dissimilarity is included in the homology zone (and noted in lower-case
letters) if it extends the homology by at least two additional contiguous bases, either 5' or 3'. In (C) the same consensus, including the D2 3' RSS is
employed. The 7 and 9mer RSS elements are in upper-case letters and are enclosed. Nucleotide sequence differences from the consensus are
indicated in lower-case letters. The 12 nt (noncoding) spacers are shown in lower-case letters with dissimilarities shown in upper-case letters. The
CDR2 sequences of all of the genes shown in A, B and C differ from each other as well as from the four consensus genes and other VD-J and
VDJ-type genes that are not presented.

3419

F.t@fetmeys

' ,-. - 7

citt
m 2

I , r--- fII1; lr f. Ilr. ..., j.



F.Kokubu et al.

a correct reading frame with a high degree of sequence
identity to the VH, DI and JH consensus sequences. FIOl
also contains additional sequences 5' and 3' of DH that are
not homologous to VH, D2 and JH consensus sequences.
Fl01 may have arisen without a D2 contribution, as is
possible with a 1113-type gene; the 3' A in the DI
homology segment of F1Ol is consistent with this possibility
(Figure 2A). Alternatively, a D2 segment that differs
markedly from the consensus may have been integrated.
Gene 2809 also exhibits homology to DI and has a 5 nt
sequence identity with D2; additional nucleotides are located
at the three predicted junctional boundaries.
The nucleotide sequences of four different VD-J genes are

compared to the same consensus sequences as in Figure 4A
and B including a consensus D2 3' RSS, Figure 4C. The
3' segments of all four genes correspond to the 3' D2 RSSs.
Furthermore, these genes possess a high degree of sequence
identity with V -DI -D2-J-type genes in the IVS
separating VD- and -J, e.g. the D-J IVS of 1111 (VD-J)
is 88% related to that of 1403 (V-DI-D2-J). All four
genes contain sequences between VH and the RSS that are
homologous to the potential coding segments of DI and D2.
In gene 1320, which possesses the least characteristic 7mer,
the homology may correspond only to DI as both identity
regions are short and the segment that is homologous to D2
also is homologous to D1. The 3' nt sequence identities in
D2 of 1111 and 2086 are contiguous with the RSS, whereas
in 1320 and 3083 additional 3' nts, not present in the D2
consensus are present. These sequences may derive from
D2 segments that differ from the consensus or may
represent 'somatic' insertions. In 1111 and 2806 the 7mer
sequences CACTGTG and CACAGCA are found in VH
and D1 respectively. Both 2086 and 3083 possess the same,
unique CAGC sequence at the VH-D boundary. The
functional relationship of the 2806 DI 7mer to the 3' D2
7mer is not understood. These relationships as well as those
between a hyperconserved VH coding sequence and the
RSS 7mer noted previously (Litman et al., 1985b) may be
significant. Relative to the consensus, all four VD -J genes
exhibit VH-D junctional diversity.

Absence of hyperconserved VH regulatory octamer
Heterodontus VH genes possess TAAAT, a conserved
TATA-box-like sequence, at -95 (relative to the initiation
codon) (Figure 1). Additional highly conserved sequence
regions are: (i) - '9TTCTGCCgGGTAtTTAAAT. Nucleo-
tides in upper-case letters occur in 8/8 sequences; nucleotides
in lower-case letters occur in 7/8 sequences. (ii) -206
ATGAgTCcATtCTgTTagTGATGtGgAA and -235TTTAa-
TaATAaC. Nucleotides in upper-case letters occur in 6/6
sequences; lower-case letters indicate nts that occur in 5/6
sequences. The invariant VH regulatory octamer,
ATGCAAAT,* located 26-27 nt 5' to TAAAT in higher
vertebrate Ig genes (Parslow et al., 1984; Falkner and
Zachau, 1984) is not found at this position in the different
Heterodontus sequences examined thus far. Furthermore,
neither this octamer nor its functionally equivalent inverse
complement (Falkner and Zachau, 1984; Eaton and Calame,
1987) was detected in additional analyses of five different
genes that extend 400-600 nt 5' of TAAAT.

Discussion
Three unique patterns of germline Ig gene organization have
been characterized in Heterodontus. Complete nucleotide
sequences of four different genes from 5' of VH through the
3' of JH confirm the close linkage of the VH, DH and JH
segments described previously (Hinds and Litman, 1986) and
define an additional DH segment. The RSSs associated with
DI and D2 differ but maintain the 12/23 spacing rule in
both types of V - D1-D2 -J organization. Variation in the
structures of RSSs associated with these genes may influence
recombination efficiency (Akira et al., 1987) and in this way
could be of regulatory significance. Productive recombina-
tion without chromosomal inversion (Malissen et al., 1986)
is possible in both types of genes which can recombine one
or both but not either DH element(s). Direct VJ joining that
bypasses the D segment(s), is possible with the f TCR
(Kavaler et al., 1984) and in at least one reptilian VH gene
(Litman et al., 1985a), but cannot occur in Heterodontus,
since both VH and JH RSSs have 23 nt spacers.
The VD- and VDJ-joined genes are not processed

(mRNA) pseudogenes as they possess intact leader and
JH-CH IVSs. These genes have homologous reading
frames, typical splice sites, upstream 'regulatory' and
additional 5' and 3' sequences that are shared by other
genes. The sequences of the coding segments of these
genes are related closely to corresponding portions of the
V - DI -D2 -J genes. While lymphopoiesis in a somatic
tissue could account for VD- and VDJ-joining, this is
unlikely since the same gene has been recovered from both
liver and gonad DNA (-90% sperm) of two unrelated
animals. Even if such joinings occurred by expression of
recombinase activity in the germ cells of the individual
Heterodontus, absolute joining fidelity would have been
required in order to account for the sequence identities
through the VD(J) junctional boundaries. In mammals,
recombinase activity appears to be expressed in lymphoid
cells during early development as well as in the progenitors
of myeloid cells but not in several other tissues, including
embryonic liver (Lieber et al., 1987). In the relatively few
genomes that were screened, detection of large numbers of
joined Ig genes and identity of joined genes in different
tissues from different animals support the contention that
these do not derive from typical somatic rearrangement. It
is more reasonable to conclude that a significant portion of
Heterodontus VH genes are arranged in the germline in this
entirely unique manner. Their functional status, however,
remains unclear (see below).

In the absence of lymphoid tumors, cell lines and/or
compartmentalized expansion of lymphoid cell progeny (as
in the avian bursa, Reynaud et al., 1987), relating a
rearrangement product to a specific gene cluster is difficult,
particularly given the size and complexity of the Hetero-
dontus VH family. The close relationship (86% nt identity)
between all Heterodontus VH mature coding segments
further confounds selection of the parental cluster(s). While
CDR2-specific oligodeoxynucleotide probes can identify
individual genes, their use in direct screenings is complicated
by hybridization to interspersed repetitive DNA (unpublished
observation), thus necessitating the isolation and characteriz-
ation (including analyses of allelic polymorphisms, since
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Heterodontus may be tetraploid) (Schwartz and Maddock,
1986) of each germline cluster. Although the roles, if any,
of somatic mutation and combinatorial diversity cannot be
assessed, the cDNA analyses suggest that both junctional
and N-type diversity (Tonegawa, 1983) effect somatic change
in these genes. The data suggest a role for the DH element
in joining; however, interpreting the nature of these
contributions is even more complex than in studies of
mammalian Ig joining (Tonegawa, 1983; Kurosawa and
Tonegawa, 1982) due to the extent (and close relatedness)
of this gene family as well as to the potential for two DH
segments contributing to a single rearrangment event.
Limited variation in DH and JH segments, evidenced by the
detection of identical DI segments and near absence of
variation in JH, may be of little significance when weighed
against the effects of junctional and N diversity that
accompany somatic rearrangement. Comparisons of VD-J
and VDJ (rearranged) genes with cDNA (spleen mRNA)
sequences suggest that they arose by the same mechanism(s),
although there is greater conservation of consensus VH, JH
and in one case DH sequences in the germline joined genes
than in the cDNAs. At this level of analysis, segmental
joining in Heterodontus cannot be distinguished from that
diversifying mammalian Ig and TCR genes (Alt et al., 1986).
While the organization of Heterodontus Ig VH gene

clusters is relatively basic, their large numbers (Hinds
and Litman, 1986), alternative germline arrangements,
multiplicity of CH isotypes (Kokubu et al., 1987, 1988)
and possibility for utilizing one or both DH segments
qualifies them as the most complexly organized family
of antigen binding receptor genes characterized thus far.
The gene system may have originated from a 1315-type
V-DI-D2-J gene. VD-J or VDJ-type genes may have
arisen from expression of recombinase activity in germ cells.
Duplication and a chromosomal inversion, perhaps during
an abortive rearrangement (germline), could account for a
1113-type gene; perhaps the relative close proximity of
segmental elements would facilitate such an event. During
evolution, it is possible that similar processes may have
accounted for changes in the orientation of RSSs associated
with other antigen binding receptor genes. Alternatively, the
VDJ genes may reflect the evolutionary predecessors of the
segmented genes (Sakano et al., 1979; Hood et al., 1985).
Transposon-like behavior of a segment containing a RSS(s)
and/or inter/intrachromosomal recombination would first
give rise to the VD-J and then to the V-DI-D2-J genes.
Regardless of their relative position in the evolution of this
gene system, it is of considerable significance that these genes
are potentially functional; i.e. they are not overt pseudo-
genes. They may represent a means whereby a portion of
the multigene family selectively preserves favorable 'joins',
thus eliminating a need for chance somatic recombination
in certain antibody responses. Alternatively, they may serve
highly specialized needs such as developmental stage-specific
expression. Even if they are not expressed, joined genes may
be substrates for gene conversion, as has been demonstrated
at the avian Vx locus (Reynaud et al., 1987), or may
participate in replacement (secondary) recombination
(Kleinfield et al., 1986; Reth et al., 1986). The germline-
joined genes may lack direct or indirect functional activity
but retain coding potential through intense gene correction

that is acting on the segmented members of this extensive
multigene family. Such a mechanism, however, would have
to retain individuality in CDR segments.

This report provides new information concerning the
origin and diversification of the antigen-binding receptor
genes encoding both B and T cell immunity. The collective
sequence data for coding regions presented here and
previously (Hinds and Litman, 1986) emphasizes that the
VH and JH regions, including the CDR segments, are
unequivocally of the higher vertebrate Ig-type. Further-
more, the genomic organization and secretory versus
transmembrane processing of the Heterodontus CH region
is related closely to mammalian At-type Ig (Kokubu et al.,
1988). While the presence or absence of somatic mutation
in Heterodontus Ig would be important in comparisons to
different antigen binding receptor genes, it is not possible
as of yet to make such assignments; neither junctional nor
N-type diversity distinguish antibody and TCR genes
(Hayday et al., 1985; Quertermous et al., 1986; Traunecker
et al., 1986; Klein et al., 1987; Huck et al., 1988).

In several regards, Heterodontus Ig shares many proper-
ties with certain TCR genes including; (i) the DH, JH and
CH segments are in close proximity as seen both in the (3
(Toyonaga et al., 1985; Lai et al., 1987; Lindsten et al.,
1987; Chou et al., 1987; Wilson et al., 1988a) and 6 (Chien
et al., 1987) TCR gene families, (ii) VH, JH and CH are
linked closely as with the murine 'y TCR genes (Traunecker
et al., 1986); and perhaps, like certain TCR "y genes,
Heterodontus genes may not be isotypically excluded (Heilig
and Tonegawa, 1987), (iii) two D segments that are closely
linked to JH also are found with the murine TCR D6 gene
(Chien et al., 1987); nucleotide additions between joined
DH segments occurs in Heterodontus Ig as well as in adult
but not fetal mammalian T cells (Elliott et al., 1988), and
(iv) the hyperconserved regulatory octamer, an invariant
feature of all higher vertebrate, teleost (Litman et al., 1985a;
Wilson et al., 1988b) and above, Ig VH (and light chain V
region) genes, is absent both in Heterodontus VH and TCR
genes (Luria et al., 1987; Lee and Davis, 1988). The
apparent absence of affinity maturation, predicted restric-
tion of rearrangement to a single cluster (Traunecker et al.,
1986) and limited structural variation deriving from JHS
(Quertermous et al., 1986; Hayday et al., 1985), represent
additional similarities to some TCRs. Thus, the secreted Ig-
like molecules found in Heterodontus are encoded within
a gene complex that more closely resembles the TCRs, both
in terms of gene organization and possibly regulation. The
Heterodontus Ig VH system may resemble the common
ancestral form of both the Ig and TCR genes of higher
vertebrates. The presence of large numbers of rearranged
VH gene segments has no counterpart in any other
vertebrate system and also may be an essential feature of
antigen binding receptor diversity in more primitive species.

Materials and methods
Animals
Adult specimens of H. francisci (horned shark) were obtained from Pacific
Biomarine Supply Co., Venice, CA. After the animals were killed, all tissues
were processed immediately.

3421



F.Kokubu et al.

DNA libraries
Genomic DNA libraries were constructed in X DASH (Stratagene) from
Sau3A-digested high-mol. wt DNA isolated from the liver and gonads (testes)
of individual specimens of H.francisci essentially as described (Litman et
al., 1985b). Both libraries were amplified selectively on P2392 which is
a P2 lysogen of LE392. Approximately 6 x 105 recombinant phage,
corresponding to - 1.5 haploid genomes and 4.8 x 105recombinant phage
corresponding to - 1.2 haploid genomes (assuming proportional repre-
sentation) were recovered from the liver and gonad libraries respectively.
The cDNA library was constructed from spleen mRNA of the same animal
that was used for the genomic DNA (liver) library as described (Kokubu
et al., 1988).

Probes and library screening
A VH probe corresponding to the coding region of gene HXIA (VHHXIA)
has been described previously (Litman et al., 1985b). X genomic clone 2809,
that hybridizes weakly with VHHXIA, was digested with EcoRV and Scal
and a 293 nt fragment, corresponding exclusively to VH coding sequence
(85% identical to HXIA), was subcloned in pUC12. Probes were labeled
by the hexanucleotide random priming method (Feinberg and Vogelstein,
1983) and nitrocellulose lifts were hybridized and washed using the moderate
stringency-wash conditions described previously (Litman et al., 1985b).

DNA sequencing and sequence analysis
All subcloning was done in commercially available M13 RFs and the DNA
sequences were determined in both directions by the dideoxy method (Sanger
et al., 1977) using 35S-label and T7 DNA polymerase, Sequenase (United
States Biochemical Corporation). The primary strategy used to extend
sequences of specific clones or verify sequences on the opposite strand utilized
sequence-specific 18mer extension primers. Routine analyses of DNA
sequences primarily used programs available through the Bionet Resource.
Alignments were made using IFIND and GENALIGN programs which are
copyrighted software products of Intelligenetics, Inc., Palo Alto, CA;
GENALIGN was developed by Dr Hugo Martinez of the University of
California at San Francisco.
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