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ABSTRACT Nucleotide sequences for two immunoglobu-
lin heavy chain variable region (VH) genes and one pseudogene
in the goldfish (Carassius auratus) and the family relationships
and distribution of these genes in individual fish are presented.
Comparison of the nucleotide and inferred amino acid se-
quences of goldfish and other vertebrate VH genes indicates
that goldrish VH genes show the major VH gene regulatory and
structural features (5'-putative promoter region, split hydro-
phobic leader, three framework and two complementarity-
determining regions, and 3'-recombination signals for VH to
diversity region joining) and that goldfish VH genes are not
more closely related to one another than they are to VH genes
of evolutionarily distant vertebrates such as the mammals.
Goldfish VH genes appear to exist in distinct families, and
individual goldfish can carry from none to apparently >15
genes of a given family. These results suggest that whereas the
basic structure of VH genes has been conserved in evolution,
there may be substantial variation in the nature and popula-
tion distribution of VH gene families in the vertebrates.

The great diversity of antibody specificities is derived from
multiple germ-line copies of the gene segments encoding the
antigen-binding site, the variety of possible recombinations
of these elements, and somatic events that introduce muta-
tions and junctional imprecision during recombination (1-3).
Of the three elements [heavy chain variable region (VH),
diversity, and heavy chain joining region] encoding the
binding-site-containing domain of the immunoglobulin heavy
chain in mammals, the VH genes are present in the greatest
number in the germ line and have also been suggested to
encode the region that is the primary determinant of binding-
site specificity (4). In the course of vertebrate evolution, the
immune system appears to have increased in complexity, for
example, in terms of the appearance of multiple structurally
diverse classes of antibody (5), and in its efficiency, e.g., the
appearance of antibodies with higher-affinity binding sites,
and in the phenomenon of rapid increase of antibody affinity
during an antibody response. A complete understanding of
the evolution of the immunoglobulin molecule will be depen-
dent on our knowing the structure, diversity, organization,
and expression of the immunoglobulin gene elements in
diverse vertebrate groups. Whereas the observation of the
unusual organization of VH, diversity, heavy chain constant,
and joining region genes in an elasmobranch (6) in multiple
repeating clusters of -10 kilobases is clearly consistent with
the restricted antibody response seen in this species (7), it is
not known if this pattern of gene organization is restricted to
the elasmobranchs or is representative of the ectothermic
vertebrates in general. The teleost fish are one of the major
vertebrate classes for which large gaps exist in our knowl-
edge. No information on the primary structure of their

immunoglobulin molecules or the genes encoding them is
available. Here we describe the structure of VH genes in a
teleost fish,t the goldfish (Carassius auratus), and present
evidence that the organization and expression of VH gene
families in this species is different from what has been
observed in the mammals.

MATERIALS AND METHODS

Cloned Genomic DNA of the Goldfish. The construction of
a genomic DNA library in phage A EMBL4, its screening
under Pl/EK1 containment, and the initial characterization
of seven recombinant phage showing cross-hybridization
with the S107 murine VH probe (8) have been described
elsewhere (9). DNA fragments of interest were subcloned
and sequenced by the dideoxynucleoside triphosphate chain-
termination method (10).
DNA Blotting. Genomic DNA (10 jug) or phage DNA (1.0

,ug) was digested to completion with restriction enzymes,
electrophoresed in one dimension on agarose gels, and
blotted onto nitrocellulose sheets by standard techniques
(11), as described (9). DNA probes were nick-translated to a
specific activity of 2-5 x 10' cpm/jug, and hybridization was
carried out exactly as described (9). Filters were washed
four times for 30 min under low-stringency conditions (520C;
0.15 M NaCI/0.015 M sodium citrate/0.1% NaDodSO4) or
high-stringency conditions (650C; 0.015 M NaCI/0.0015 M
sodium citrate/0.1% NaDodSO4) before drying and exposing
to x-ray film at - 70°.

RESULTS AND DISCUSSION
Structure of VH Genes in the Goldfish. The functional

regions of and sequencing strategy for two VH genes and one
pseudogene cross-hybridizing with the murine S107 probe
are shown in Fig. 1A. Gene SA and pseudogene SB were
derived from the same recombinant A phage, a partial
restriction map of which is shown in Fig. 1B. Segments SA
and SB were separated by --5.7 kilobases and were in the
same transcriptional orientation. The nucleotide sequences
(Fig. 2) indicated that the hybridizing regions of 3 and SA
represented apparently functional VH genes. They possessed
5'-flanking sequences typical of VH promoters, including the
highly conserved (12) octameric sequence (ATGCAAAT,
position - 145, Fig. 2) and possible "TATA boxes"
(TTAAT, position -117 in gene 3, and ATGAAAA, position

Abbreviation:VH, immunoglobulin heavy chain variable region
gene.
*To whom reprint requests should be addressed at: Department of
Biochemistry and Molecular Biology, Medical University of South
Carolina, 171 Ashley Avenue, Charleston, SC 29425.
tThe sequences reported in this paper are being deposited in the
EMBL/GenBank data base (Bolt, Beranek, and Newman Labora-
tories, Cambridge, MA, and Eur. Mol. Biol. Lab., Heidelberg)
(accession nos. J03616, goldfish VH gene 3; J03617, goldfish VH
gene SA; and J03618, goldfish pseudogene SB).
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FIG. 1. Partial restriction maps of goldfish VH-positive DNA showing the sequencing strategy for genes 3 and SA and pseudogene 5B (A)
and the localization of gene 5A and pseudogene 5B on recombinant A phage 5 (B). (A) -, regions encoding mature polypeptide;u, regions
encoding leader; hatched box, regulatory regions (putative promoter octamer sequence and TATA box and 3'-recombination signals). The
arrows inLocate sequences determined from cloning sites or by extension priming. Sequence upstream of the 5' Pvu II site on gene 5 was

determined on a Pvu II-Pvu I! partial digest fragment. Sequence upstream of the 5' Pst I site on pseudogene 5B was determined Qn an Sst I-Sst
I fragment (B). Restriction sites: A, Alu I; B, BamHI; D, Dra I; H, Hae III; S, Sma I; T, Taq I; Pv, Pvu II. (B) Complete and partial digestion
products of end-labeled DNA were used to derive the map. The regions containing the S107 cross-hybridizing DNA, which defined the majority
of gene SA and pseudogene SB and which were bounded by Pst I sites, are indicated by the solid boxes. Gene orientation (noncoding strand)
is indicated by the arrows underneath these boxes. L and R, left and right arms, respectively, of the EMBL4 vector.

- 119 in gene 5A). Genes 3 and SA, encoded (Fig. 3) in open
reading frame, complete VH genes comprising three frame-
work regions, two complementarity-determining regions,
and a hydrophobic 19-amino acid NH2-terminal signal pep-
tide, the coding region for which was split by a single intron.
The DNA on the 3' side of the coding region contained
sequences typical of recombination signals [conserved hep-
tamer-23-base-pair (bp) spacer-conserved nonamer] for VH
to diversity region joining. The S107 cross-hybridizing re-
gion SB was an apparent pseudogene (Fig. 2). It contained a

stop codon in the first framework-encoding region and

lacked the putative promoter region (conserved octamer and
TATA boxes), although in all other aspects it resembled a

typical VH gene. Thus, goldfish VH genes resemble, in their
major structural features, the apparently universal pattern of
VH gene structure seen not only in mammals but also in
reptiles and elasmobranchs (13, 14).

Translation of the nucleotide sequences for genes 3 and 54
into inferred amino acids (Fig. 3) showed, in an alignment
with S107, a clustering of sequence identities in the frame-
work regions (especially near the cysteines) and the much
greater divergence of sequence in the complementarity-
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-243 -230 -220 -210 -200 -190 -180 -170
GGATCCCATCATGCAGTGCGGGGCGCTGTACAAACATTACTGCCTCTCTCTGTCTGACTCCCAGGGCAAGAGTTTGTGA
GGAATTAATACCAATCTCCCCCAGGACACACTTCATCTGCACGGAGCCCGGCCTCTCCTCAGATGTCCCACCCCAGAGC

GATATTATACTCACTATAGACCAGCTTACACTTATGCTCGCTCTTGTTTGAATGTGAGCGA

-160 -150 -140 -130 -120 -110 -100 -90
CACTTATAAGGAAGGGGATATGCAAATAGGGGTAACAGTTTCCTGTTTTAATGAGTCTCTCTCTCTCCCCATGCTGCACACG
TTGGTATATAGTCGGGGACATGCAAATAGGGCCCTCCCTCTGCTGATGAAAA--- -CCAGCCCAGCTGACC
AACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCA

-80 -70 -60 -50 -40 -30 -20 -10 -1
GAGAGAGAATCCGCAGTCCCCCCTGTGTCTGTGCAGTTACCAGCCAGTCCCCTGAAAACTTCCCCCTCCAACATCAGGGACA
CTGCAGCTCTGGAGAGGAGCCCAGACACTGGATTCCGAGTGTTTCCATTCGGTGATCAAGCACTGAACACAGAGGACTCACC
GCAGCTCTGGGAGAGGAGCCCCAGCTCCAGGATTCCCAGGTCTTTCCATTTAGTCTTCAGGGCTGAGCACAGAGGACTCACC

Leader
1 10 20 30 40 50 60 70
ATGAGACTTTGGCTCCATTTAGTTCTCCTTGTAGCAACTCTGGAAG GTATTTTCTAGCCTAAATG--CACTGGAAAGGC
ATGGAGTTTTGGCTGAGCTGGGTTTTCCTTGTTGCTATTTTAAAAG GTGATTCAATGGAGAACTAGAGATATTGAGTGT
ATGGAGTCTGGGCTGAGCTGGGTTTTCCTTGTTGCTATTTTGAAAG GTGATTC-ATGGGGAA-TG---- AGTTGAATGT
ATGAAGTTGTGGTTAAACTGGGTTTTTCTTTTAACACTTTTACATG

Leader
80 90 100 110 120 130 140
CGACAAATAGTGTATGTTTGATATGTTGATACTAATGTTTCTATCGTCTCTTTATTCCC---------- AGGTGTCCGG
GAGTGAACA--GGTGAGAGAAACAGTGGATATGTGTGGCATGTTTT-TCTAACCAATGTCTCTGTGTTTGCAGGTGTCCAG
AAGTGAATATGAGTGAGAGAA-CAGTGG--ATGTGTGCGGCAGTTTCTGACCAGGGTGTCTCTGTGTTTGCAGGTGTCCAG

AGGTATCCAG

FRI
150 160 170 180 190 200 210 220

TCC CAGGTGCAGCTGGTGGAGTCCGGAGGGGATGTGAAGAAGCCCGGAGACTCTCTGCGCCTCTCCTGCAAAGCCTCCG
TGT GAGGTGCAGCTGGTGGAGTCTGGAGGAGGCTTGATCCAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCCTCTG
T6T GAGGTGCAGCTGGTGGAGTCTGGGfj|GGCTTGGTACAGCCTGGAGGGTCCCTGAGACTCTCCTGTGCAGCCTCTG
TGT GAGGTGAAGCTGGTGGAATCTGGAGGAGGCTTGGTACAGCCTGGGGGTTCTCTGAGACTCTCCTGTGCAACTTCTG

CDRI FR2
230 240 250 260 270 280 290 300

GCTACACCTTCAGC GGCTACACTATGTAC TGGGTCCGCCAGGCCCCCGGGAAGGGGCTGGAGTGGGTCTCA CGTA
GGTTCACCGTCAGT AGCAACTACATGAGC TGGGTCCGCCAGCCTCCAGGGAAGGGGCTGGAGTGGGTCTCA GTTA
SATTCACCTTCAGT AGCTCCTGGATGCAC TGGGTCTGCCAGGCTCCGGAGAAGGGGCTGGAGTGGGTGGCC GACA
GGTTCACCTTCAGT GATTTCTACATGGAG TGGGTCCGCCAGCCTCCAGGGAAGAGACTGGAGTGGATTGCT GCAA

CDR2 FR3
310 320 330 340 350 360 370

TTTACGATGACGGGAGTGATGTGTCC------TACGCCGACACAGTGAAAGGT CGATTCACCATCTC-CAGGGATAATGC
TTTATAGCGGTGGTAGC--- ACATAC------TACGCAGACTCTGTGAAGGGC CGATTCACCATCTCCAGAGACAATTC
TAAAGTGTGACGGAAGTGAGAAATAC------TATGTAGACTCTGTGAAGGGC CGATTGACCATCTCCAGAGACAATGC
GTA6AAACAAAGCTAATGATTATACAACAGAGTACAGTGCATCTGTGAAGGGT CGGTTCATCGTCTCCAGAGACACTTC

380 390 400 410 420 430 440
CAAGAACCTGCTTTATCTGCAAATGAGCAATTTGAAGCCTGAGGACACCGGCCGCTATTACTGTGCGAGAGA-
CAAGAACACGCTGTATCTTCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTGTATTACTGTGCTAGGGA-
CAAGAACTCCCTCTATCTGCAAGTGAACAGCCTGAGAGCTGAGGACATGACCGTGTATTACTGTGTGAGAGG-
CCAAAGCATCCTCTACCTTCAGATGAATGCCCTGAGAGCTGAGGACACTGCCATTTATTACTGTGCAAGAGAT

450 460 470 480 490
--- CACAGTGAAGAGAAACTGCGAGTGGCCAATACAAAAACCCAACCTGCAG
--- CACAGTGAGGGGAGGTCAGTGTGAGCCCAGACACAAACCTCCTGCAG
---CACAGTGAGGGGAGGTCAGTGTGAGCCCAGACACAAACCTCCTGCAG
GCACACAGTGAGAGGACGTCATTGTGAGCCCAGACACAAACC

heptamer 23 bp spacer nonamer

FIG. 2. Nucleotide sequences of goldfish VH genes 3 and SA and pseudogene SB are aligned with that of mouse VH gene S107 (8). Within
the coding regions, gaps were introduced only within complementarity-determining region 2 (CDR2). Gaps outside the coding region were
introduced to allow alignment of the conserved octameric sequence ATGCAAAT (position -145), the start codon, and the conserved
variablp-4iversity recombination signals on the 3' side of the coding region. In addition, some gaps were introduced to allow alignment of
obviously similar regions of sequence in the intron splitting the leader region. The numbering refers to gene 3. The stop codon of gene SB in
framework region 1 (FRI) is boxed.

determining regions. Alignment of the sequences could be
accomplished without the introduction of gaps in any part of
the coding region'except'for the second complementarity-
determining region. Variations in the length of the second
complementarity-determining region are characteristic of
distinct V. gene families (15) and suggest that genes 3 and
SA could be'repgarded as representatives of distinct families.

They are 73% identical in their nucleotide sequences in the
coding regions and 67% identical in their inferred amino acid
sequence which is below the level (80% identity) suggested
by Brodeur and Riblet (16) as characteristic of members of
VH families in the mammals. The close similarity in structure
of gene SA and pseudogene SB (86% nucleotide identity-in
the' coding region) and their close association in the DNA
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Goldfish 3 protein
Goldfish 5A protein
Goldfish 5B protein
S107 protein

Leader
-1 9
MRLWLHLVLLVATLEGVRS
MEFWLSWVFLVAI LKGVQC
MESGLSWVFLVAI LKGVQC
MKLWLNWVFLLTLLHGI QC

1 30
QVQLVESGGDVKKPGDSLRLSCAASGYTFS GYTMY
EVQLVESGGGLIQPGGSLRLSCAASGFTVS SNYMS
EVQLVESG*GLVQPGGSLRLSCAASGFTFS SSWMH
EVKLVESGGGLVQPGGSLRLSCATSGFTFS DFYMD

CDR1 FR2 -

WVRQAPGKKGLEW VS
WVRQPPGKGLEWVS
WVCQAPGKGLEWVA
WVRQPPGKRLEWIA

Goldfish 3 protein
Goldfish 5A protein
Goldfish 5B protein
S107 protein

C DR2 FR3
60 90

RIYDDGSDVS--YADTVKG RFTISRDNAKNLLYLQMSNLKPEDTGRYYCAR
VI YSGGS-TY--YADSVKG RFTISRDNSKNTLYLQMNSLRAEDTAVYYCAR
DIKCDGSEKY--YVDSVKG RLTISRDNAKNSLYLQVNSLRAEDMTVYYCVR
ASRNKANDYTTEYSASVKG RFIVSRDTSQSI LYLQMNALRAEDTAI YYCARD

FiG. 3. Inferred amino acid sequences of goldfish VH genes 3 and 5A and pseudogene 5B. The alignment of the sequence with that for the
mouse VH S107 (8) is identical to that shown in Fig. 2. The one-letter amino acid code is used.

(which was not a result of rearrangement during cloning or
propagation of the library, Fig. 4) strongly suggests that they
are the products of a gene-duplication event. The identity
values in the protein-coding regions, in terms of nucleotides
(and in parentheses in terms of inferred amino acids) for the
alignments shown in Figs. 2 and 3 are as follows: for gene 3
vs. gene 5A, 73% (67%); for gene 3 vs. S107, 60%6 (53%); and
for gene SA vs. S107, 76% (68%). A search of the sequence
data base of the Protein Identification Resourcet indicated
that the closest relationships for mature protein sequences of
the two goldfish genes were to be found among human VH III
regions. In the case of gene 3, there was a 76% identity with
KOL (17), and in the case of gene SB there was an 86%
identity with BUT (18). However, there was an even closer
similarity observed in a comparison of leader regions, in-
volving gene SA and human gene HIJ (19) in which there was
96.5% identity at the nucleotide level and 89.5% identity at
the inferred amino acid level. While the strong conservation
of an 18- or 19-amirio acid leader peptide in heavy chains is
notable since apparently approximately one in five of ran-
domly generated peptides can function as signal peptides for
protein secretion (20), it is perhaps more surprising that
there is conservation, in the VH genes, of the intron that
always splits the leader-encoding region after the first base
of the codon for amino acid -4. This intron has no known
function, and its presence suggests that, in the course of VH
gene evolution, mechanisms other than those acting to
maintain on the one hand functionally essential structures
and on the other hand a sufficient diversity of binding sites to
meet antigenic challenge may have operated. One possible
mechanism is molecular drive (21) that could have acted by
processes of nonreciprocal exchange to maintain VH gene
structures independently of their selective value.
VH Families Related to Genes 3 and 5A in the Goldfish. To

determine the number and distribution of VH genes closely
related to genes 3 and 5A, Southern blot hybridization
analysis under high-stringency conditions was undertaken.
Of 35 independently derived, unique, S107 cross-hybridizing
recombinant phage clones recovered from the library,
probes for genes 3, SA, and 5B hybridized only with the
phage in which they were cloned (data not shown). Hybrid-
ization of probe 5A back onto restriction digest fragments of
the original DNA from which the library was constructed
(Fig. 4) showed only two hybridizing components of identi-
cal size to those present in the digest of the phage, suggesting
that no rearrangement of the DNA in this region had
occurred during construction or propagation of the library
and that phage clone 5 contained all the members of the VH
gene family present in the original genomic library.
When the hybridization of probes for genes 3 and SA on

DNA from other individual goldfish was tested, it was

observed that 14 out of 15 fish lacked sequences cross-
hybridizing under high stringency conditions with these
probes. The DNA from the 15th fish, however, showed
multiple restriction firagments hybridizing with probes for
gene 3 and gene SA (Fig. 5). The patterns of hybridizing
fragments for the two probes appeared to overlap signifi-
cantly but not completely (Fig. 5). The Southern blot hybrid-
ization patterns for this DNA were essentially identical
under low- and high-stringency conditions (data not shown)
and always rather blurred (in six repeated experiments),
indicating the possibility of multiple hybridizing fragments
with mobilities close enough to. form.broad overlapping
bands. There appeared, by conservative estimate, to be a
minimum of 15 bands hybridizing with the gene 5A probe and
9 bands hybridizing with the gene 3 probe;
Thus it appears that the goldfish VH genes differ signifi-

cantly from those of the mammals in terms of their family
relationships, both within and among individuals.. In the
mouse, for example, there appears to exist a much larger
number of VH genes than we were able to detect with
heterologoug or homologous probes in the goldfish. The
number, of mouse VH genes, originally estimated in the
hundreds (16), now appears likely to.be >1000 (22). These
VH genes have been divided into nine families on the basis of

A B
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FIG. 4. Southern blot hybridization analysis of genomic DNA
with goldfish VH gene 5A. DNA (10 jig) from which the library was
constructed and DNA (1 ,ug) from A phage clone 5 was digested to
completion with Kpn I and Sst I, electrophoresed on 1%6 agarose
gels, and transferred to nitrocellulose for hybridization with the
32P-labeled nick-translated 584-bp Pst I-Pst I DNA fragment con-
taining the coding sequence for gene 5A. Lanes: A, A phage 5 DNA
(autoradiograph exposed for 2 hr); B, genomic DNA (autoradio-
graph exposed for 24 hr). Size markers are in kilobases.

*Protein Identification Resource (1987) Protein Sequence Database
(Natl. Biomed. Res. Found., Washington, DC), searched on-line
April/May of 1987.
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FIG. 5. Southern blot hybridization analysis of genomic DNA
from four goldfish with VH genes 3 and SA. DNA (10 jig) from four
individual fish (lanes 1-4) was digested to completion with Sst I and
analyzed on 1% agarose gels priot to transfer to nitrocellulose and
hybridization with 32P-labeled nick-translated purified DNA bearing
either gene 3 (B) or gene 5A (A). The nick-translated fragments
were, for gene 3, the 737-bp BamHI-Pst I fragment and, for gene
SA, the 584-bp Pst I-Pst I fragment. Size markers are shown in
kilobases. Autoradiographs were exposed for 16 hr. Wash condi-
tions were low-stringency.

sequence similarities (16, 23, 24), and these families can also
be defined, operationally, by Southern blot hybridization
analysis under high-stringency conditions, which detects
degrees of nucleotide sequence similarity corresponding to
that used to define a VH family (16). Our studies clearly
suggest that distinct families of VH genes exist in the
goldfish. However, in view of the relatively close similarity
between gene 3 and gene SA, it may be premature to
conclude that they are not members of the same family. In
the mouse, all individuals appear to possess genes of all VH
families (24), and, although the size of the VH gene families
varies substantially, variations in the number of genes of any
one family possessed by different mice is usually small,
leading to the conclusion that in the mammals VH gene
families have evolved by the gradual gain and loss of small
numbers of VH genes (24). The situation in the goldfish
appears quite different. Genes 3 and SA seem to belong to a
VH gene family (or families) with numbers that vary greatly
within the population of goldfish, even being apparently
absent in significant numbers of individuals.
Thus, while we can conclude that the goldfish possesses

apparently typical vertebrate VH genes, our initial observa-
tions on their organization into VH families would lead us to
suggest that the mode of evolution of these families, on a
population basis, seems likely to have been quite different,
in a teleost fish, from what has been seen for the mammals.
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