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ABSTRACT

The complete genomic sequences of Xenopus laevis
immunoglobulin heavy chain variable region (V)
genes comprising families IV — XI are reported. Using
Vy family-specific probes, linkage relationships for
Xenopus Vyl-VyXI have been determined. With the
possible exceptions of Vlll and VyVIl, Xenopus Vy
genes appear to be interspersed. When from two to five
V4 segments are identified in individual clones, the
elements are found to be in the same relative
transcriptional orientation. Although the relationships
of promoter sequences, including the regulatory
octamer, resemble those seen in other vertebrate Vy
genes, several Xenopus Vy families are associated
with additional 5’ octamer sequences and octamer-like
motifs. The similarities between the genomic
organization of Vy genes in Xenopus and higher
vertebrates, indicate an early phylogenetic emergence
of the mammalian-type of gene organization and
regulation.

INTRODUCTION

A number of different approaches have been employed to study
the developmental regulation of immunoglobulin gene expression
in mammals (1—9). From these studies, it is apparent that the
linear chromosomal organization of the rearranging segmental
elements that encode the Vi region is an important component
in their utilization during development. Considerable insight into
the mechanisms of B cell development and differentiation also
has been gained from studies of lower vertebrates. In avians,
clonal expansion of B lymphocytes in individual bursal follicles
permits the unequivocal assignment of somatic gene conversion
as an integral mechanism in diversifying the B cell response
(10—12). Recently, this mechanism of somatic diversification
has been established conclusively in a mammalian species (13).

The amphibian represents another potentially valuable
experimental model for studying the ontogenetic diversification
of the B lymphocyte response (14). In Xenopus laevis (African
clawed frog), the development of a larvae into an adult can be
arrested by inhibiting thyroxine production with exposure to
sodium perchlorate. This developmental block is associated with
restricted structural (charge heterogeneity) and immunochemical
(idiotype) differences in larval vs. adult Xenopus antibodies
(15-18).

Immunoglobulin genes in Xenopus have been isolated either
by DNA cross-hybridization employing murine DNA probes (19)
or by immunochemical methods (20), and their structure and
organization have been described. Preliminary analyses have
shown the overall organization of the immunoglobulin Vy; locus
of Xenopus (21) to be more like mammalian Vy loci (22,23)
than like the immunoglobulin genes of avians (12) or the more
phylogenetically distant elasmobranchs (24,25). Recently, by
analyzing immunoglobulin cDNA sequences we demonstrated
that the complexity of Vy genes in Xenopus, in terms of the
number of families, variation in complementarity determining
region (CDR) and diversity (Dy) region segments, and
multiplicity of joining (Jy) regions, approaches the complexity
of murine immunoglobulin genes (26). Relatively little is known
of the organization of the various families of Vy genes in
Xenopus. The three major families, I, I, and I, comprise about
70% of the total Vy elements isolated from a spleen cDNA
library (26). Correspondingly, Vyl, II and III constitute the
majority of components identified by hybridization on a Southern
blot of genomic DNA (26). The genomic sequences and
organization of Vyl, II, and III with respect to each other have
been determined (27). The present study was undertaken to
address the nature of the genomic structure and organization of
Vg genes in Xenopus in light of the eight additional Vy gene
families and to identify features of DNA sequence and
organization that are potentially significant in terms of the
regulation of the individual gene members.
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MATERIALS AND METHODS
Probes

Probes for Vyl, VyII and VyIII families were prepared by PCR
using oligonucleotides complementing FR1 (nucleotides [nt]
1—18) and the family-specific regions of FR3 (excluding the
highly conserved 3 terminus). Templates for the PCR probes were
prototype or representative Vy family member cDNA clones.
All other probes were described previously (26).

Genomic library construction

Genomic libraries were constructed in Lambda DASH™
(Stratagene) using standard procedures described previously by
this laboratory (25). Two libraries were employed in these
studies. The first was constructed using Sau3A digested DNA
directly and yielded 5% 10° recombinants, with an average insert
size of ~15—17 kb, equivalent to ~ 1 haploid genome. The
second library was constructed using DNA that first was subjected
to digestion with Sau3A and then fractioned by sucrose density
centrifugation. Fractions corresponding to DNA in the 15—-20
kb range were ligated to the A DNA arms. Approximately
5% 10° recombinant phage, corresponding to ~ 1 genome, were
screened directly at moderate stringency, as described (28).

Mapping, subcloning and DNA sequencing

All clones initially identified with a Vy-specific probe were
digested with restriction enzymes, Southern blotted and
subsequently hybridized with each of the ten other Vy family-
specific probes to identify additional Vi genes. Right and left
arm-specific probes and analysis of partial digests facilitated
mapping of restriction fragments. Subcloning in M13 mp18/19
used convenient restriction enzyme sites flanking the Vy genes.
M13 (—40), 18 mer extension primers (as required with large
subcloned fragments) and Vy family-specific FR1 (coding) and
FR3 (reverse complement) primers were employed. DNA
sequences were determined in both directions by the dideoxy
method (29) using 35S-dATP and T7 DNA polymerase,
Sequenase™ (United States Biochemical Corporation).
Sequences were compared with our database containing ~ 100
Xenopus cDNA sequences using GENALIGN™ (Intelligenetics).

Transcriptional orientation

Transcriptional orientation was determined following mapping
using either a strand denaturation oligonucleotide hybridization
method (30) or a novel method based on PCR. Intact phage clone
templates were primed with combination FR1 and FR3 primers
of differing polarity that complement adjacent genes of different
Vy families. Lambda arm-specific primers were substituted for
one of the FR primers in some cases in which Vi genes were
located near the ends of inserts. PCR products were analyzed
on agarose gels, Southern blotted and hybridized with the full
length family-specific probes. Orientation is deduced from the
expected hybridization of the PCR fragments with two probes
as well as from the predicted lengths of fragments based on the
restriction map analysis. This PCR method was suitable for Vy
segments separated by up to 7 kb. In a few cases, orientation
was confirmed by DNA sequencing of fragments with asymmetric
ends. Depending on the number of Vy families and their relative
proximity, transcriptional polarity in certain clones cannot be
determined using either this method or the previously described
technique (30).

RESULTS

Multiple lifts of a genomic DNA library were screened with nine
probes specific for Xenopus laevis Vy-families Vyll and
VyulV —XI (26). The initial objective in this study was to isolate
and sequence one genomic Vy gene representing families IV
through XI. Positive-hybridizing plaques were selected solely on
the basis of hybridization with a single Vy family-specific
probe, without consideration of hybridization intensity, which
is influenced by the number of segments from an individual Vy
family present in a single clone. Partial restriction map analyses
of each of these isolates with all eleven Vy family probes
indicate that all clones contain components that hybridize with
probes specific for at least one gene family in addition to the
Vy family represented by the selection probe, with a single
exception (see below). The sole criterion applied in selecting the
gene segments that were subjected to DNA sequencing was the
relative convenience of subcloning the component restriction
fragment(s). The complete genomic sequences from a minimum
of 300 and typically from 500—700 nt 5 of the initiation codon
through at least the 3 recombination signal sequence (RSS) of
a single, representative member of Vy families IV through XI
have been submitted to the EMBL data base. EMBL Accession
Numbers: X56858 (VyIV), X56859 (V4V), X56860 (V4VI),
X56861 (VyVII), X56862 (V4VIID), X56863 (VyIX), X56864
(VyX) and X56865 (VyXI).

In order to determine possible linkage relationships between
Vy family members and between members of different Vy
families, ten clones (average size, 17 kilobases [kb]) were
subjected to partial restriction mapping (Fig. 1). Thirty-three Vi
gene segments were identified in the ~ 170 kb mapped, giving
an average distance of 5 kb between known elements. No
evidence for overlap between individual clones is apparent. Two
clones (XL 7; XL 4.6) contain two Vy genes, five clones (XL
1.9; XL 1.2.10; XL 1.2.5; XL 1.8; XL 1.11b) contain three
Vy genes, one clone (XL 2.3) contains four Vy genes and two
clones (XL 1.8.11; XL 1.11a) contain five Vi genes. Only one
clone, XL 7, contains components belonging to a single family,
VyVII, and the two VyVII genes differ by only four nt in their
coding regions and by six nt and the length of the AT repeat
in the 5 non-coding region. The three VXI genes appear to be
identical over their amino acid coding regions. Two of these,
the VyXI genes from clones 1.11a and 1.11b, also are probably
identical over their entire sequenced S portions (300 nt) and may
represent allelic forms of the same DNA segment. These differ
from the third gene, in clone 1.8.11, by only two nt in the 5
non-coding region. Three clones, XL 1.2.10; XL 1.2.5; XL
1.8.11, contain three different Vy families.

Based on the sequence data and polymerase chain reaction
(PCR) priming of Vy families using family-specific
oligonucleotide probes (see Materials and Methods), it is likely
that each hybridizing segment represents an actual gene or closely
related pseudogene. The 12 genes sequenced in the course of
this study (see Fig. 1), however, do not appear to represent overt
pseudogenes, based on analyses of coding regions, splice
donor/acceptor and known functionally significant 5 and 3
sequence motifs. Fourteen of the 33 individual hybridizing gene
segments found in these ten different A clones hybridize with the
Vyl probe. Since Vyl was not employed in the selection
process, it is likely that this gene family is particularly abundant.
The VyII family, considered one of the largest (26,27), is
represented here by five elements, but is detected in only two



non-VyIl selected clones. Similarly, VylII, another of the
abundant families, appears only in the Vy4II selected clone XL
2.3. Recently, we have isolated 13 apparently different VIII
clones and find only four of these contain members of another
family, in all cases, VylI (work in progress).

While the number of genomic sequences that have been
determined in this study is relatively small, comparison of these
to the Xenopus Vy cDNA sequences identified by hybridization
with Jy- and Cy-specific probes (26) is informative. The
conditions and selection criteria employed for specific
hybridization require as little as ~60% nt identity, yet the
identities between cDNA (probe) and genomic sequences range
from 87% for VyXI to 100% for one of the Vy{VII genes (data

He f
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not shown). The complete identity between the predicted Vy
coding segment of genomic VyVII (XL 7 1.1 kb) and the
previously reported sequence of a VEVII cDNA (26) derived
from an unrelated Xenopus specimen is remarkable and suggests
that the corresponding Vy segment of this particular cDNA has
not been altered somatically.

Although it is recognized that with the exception of V4VII,
the cDNA sequences previously reported (26) do not necessarily
derive from these genomic sequences, comparisons reveal that
most substitutions observed occur in CDRs. Of 122 total nt
differences in the framework (FR) and CDR segments (boundary
assignments correspond to those in [26]), ~45% are in CDRs
which constitute only ~25% of the total sequence. The relative
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Figure 1. Partial restriction maps of Lambda DASH™ clones. Vy genes are in boxes and the family designation is indicated, underlined family designations refer
to genes sequenced and provided to EMBL. Genes sequenced but not presented in EMBL are the second Vi VIl in XL7, both Vi XI genes from ?(Ll.lla and XL1.8.11
and two Vi VIII genes from clones not mapped in detail. All other Vy; family designations were determined by hybridization. EcoRI (E), HindIIl (H), BamHI (B),
Sstl (S), Dral (D), and Xbal (X) sites are indicated by vertical lines. Dral and Xbal sites are shown only for XL 4.6, where they were used for subcloning. Average
clone size is 17 kb. Arrows above the Vi genes indicate the relative transcriptional orientation (5—3). Clone number (underlined at left) is shown under each map

and 1 kb scale is at the lower right.
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rates of amino acid replacement in FR vs. CDR, normalized for
different segment lengths (arbitrarily expressed here as amino
acid changes/ten nt length), indicate that most amino acid changes
are located in CDRs. Comparisons of the predicted amino acid
sequences of the cDNA vs. the genomic clone isolated for each
of the eight Vy families, reveal a range of 1—1.9 amino acid
changes/ten nt for FR1, FR2 and FR3 with FR2 being the highest.
The corresponding changes in CDR1 and CDR2 average 4.4 and
5.8 amino acid changes/ten nt, respectively.

The relative transcriptional polarity of Vy elements was
examined in nine of the ten clones shown in Fig. 1. Because of
the proximity of some Vy elements to the A arms, extended
linkage distances between certain Vi elements and the presence
of more than one member of the same Vy gene family in some
clones, it was not possible to determine transcriptional polarity
of all of the elements; however, for those Vy genes in each
clone that could be analyzed, the relative orientation is the same.

The distributions of immunoglobulin regulatory octamers
(ATGCAAAT) (31,32) and octamer-motifs (defined as any
sequences varying from the octamer consensus by no more than
one nt) in the 5 upstream regions of the various genomic
prototypes are illustrated in Fig. 2. At least one octamer is found

~75—130 nt 5 of the initiation codon in representatives of each
of the Vy families IV—XI. Previously it has been shown that
Xenopus VylI genes possess a single octamer ~20 nt 3 to the
TATA sequence (27) and a VyII gene with three perfect
octamers within 600 bp of the initiation codon has been isolated
(data not shown). Dual octamer sequences have been described
in Vyl-type genes (27) and are present in the VyV gene
illustrated in Fig. 2. Only the VyllI-type genes appear to lack
perfect octamer sequences (27). Additional octamer-motifs are
located various distances 5 of the ATG initiation codon in
Xenopus VyV, VI, VII, VI, IX and X gene families; however,
the functional significance of these structures is not understood.
With VgV, VI, IX and X, the octamer-motifs are located S of
the ATGCAAAT; the octamer-motif present in the VL VII gene
is located 3 to the typical octamer.

In these studies, the potential immunoglobulin TATA box is
defined operationally as any T/A-only sequence stretch of at least
five nt that: 1) initiates with TA..., 2) consists of at least two
Ts and three As or two As and three Ts or is the sequence
TAAAA and 3) is located downstream of an octamer or octamer-

motif. By these definitions, each of the sequences reported here
possesses at least one TATA box. Leader sequences typically
consist of 18 amino acids, with the exception of the 19 amino
acids in the leader segment of VLVIII genes. The leader
intervening sequences (IVS) found in different families of Vi
genes exhibit little or no sequence identity. Overall nucleotide
sequence relatedness within the extended 5 noncoding region of
particular Vy genes selected in this study is also very low, with
the exception of the octamer, octamer-motif and TATA boxes.
Some extended regions of sequence identity, however, are shared
by pairs of gene families. A nonamer sequence, CAATGCC-
TT, is located 5 of the octamer in the V{IV and V4V genes.
An extended region of sequence identity, TAATATATG, N6
or N9, TAAATACATT is located ~200 nt upstream of the
most 5 octamer-motif in the otherwise unrelated Vi VII and
VhIX genes. A few additional eight-nt sequences also are
shared. VyxX and XI share ATTCTCAT at 131 and 41 nt,
respectively, upstream of the octamers. ATTTGCAT, the
octamer inverse complement that functions in the regulation of
immunoglobulin light chain gene expression, was not detected
in the 5 untranslated region of these genes, although a perfect
inverse octamer and an inverse octamer-motif are located 3 of
the VuXI and V4 VII genes, respectively. Potential regulatory
roles, if any, of the other shared elements are unknown.

A heptamer-nonamer RSS is located 3 of the coding segment
of each gene. Representative members of eight of the eleven Vi
families possess the prototypic sequence CACAGTG (27). A
single nt difference at the fifth position of the heptamer is found
in VxVII, IX and XI. The nonamer sequences exhibit
considerably more variation. The 23 nt Vy RSS spacers exhibit
~40—-50% identity. The identity in the spacer sequences between
gene families suggests functional significance beyond that of
simple physical separation (33). Conserved identities in RSS
spacers have been noted in species representing more distant
levels of phylogenetic development (28), as well as in more
phylogenetically recent species (34).

DISCUSSION

Unique aspects of the ontogeny of the antibody response in
Xenopus laevis make this a potentially valuable model for
understanding the developmental regulation of immunoglobulin
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Figure 2. Position of 5 elements relative to the Vy; gene leader sequences. The split leader sequences are at the right occupying about 150 nt (open rectangles)
and ending at the 5 end of the mature immunoglobulin (position 0). TATA-like sequences are solid ovals, perfect octamers are filled boxes and imperfect octamers
are open boxes. Certain sequences for which we have additional 5 DNA sequence information are shown without a vertical line at the left.



gene expression. Recent efforts have resulted in the cloning and
sequencing of a Xenopus Vyl gene (19), an IgM-type gene (20)
as well as genes encoding two other immunoglobulin heavy chain
classes IgX (35) and IgY (36). An additional family of Vy genes
has been identified and linkage relationships of Vi, II and II
genes have been examined (27). One report concluded that the
Vy repertoire in Xenopus is restricted in terms of both the
number of Vy families and the extent to which these are
modified somatically (27). Another report indicates that this
species contains at least five Vy families (37). More recently,
using an iterative screening procedure, we isolated and classified
200 cDNA clones in 11 distinct Vi families that vary as much,
if not more, from one another than comparable Vy; families in
higher vertebrates (26). Furthermore, high degrees of variation
in CDR and Dy sequence segments as well as heterogeneity in
Jy segments are apparent. In order to better understand the
origins of gene diversity in this species, a study of the genomic
organization of immunoglobulin Vi genes was undertaken.

Previously, we reported that differences in complex patterns
observed on genomic Southern blotting with Vy family-specific
probes are consistent with the presence of distinct, individual Vg
families (26). Comparisons of these previously reported cDNA
sequences to the genomic sequence data presented here indicate
a maximum DNA sequence difference of only 13%, confirming
that the putative Vy families do not arise by intergenic
recombination. Variation within a Vi family can be as high as
12 nt in VIV FR1, representing a 10% difference, and seven
nt in ViXI FR2, representing a 16% difference. These
appreciable differences suggest that subsets of Vy; families may
exist because high levels of somatic modification of FR segments
during B cell development are not likely. The DNA (coding)
sequence of one of the genomic V4VII elements is identical to
a previously reported V5 VII cDNA. Both genomic Vi VII genes
from clone XL 7 code for Tyr instead of the nearly universal
Trp located at the first residue of FR2 in the Vy genes of all
other species. Only two mouse and one human gene out of almost
500 summarized differ at this position (38).

The lack of appreciable identity in 5 regions, with the
exceptions noted, is further indicative of the presence of distinct
Vg gene families in Xenopus. The unique configuration of
octamer elements in some of the Vy families may be of
functional significance and could be of particular developmental
consequence in this species. Also of note are the octamer-motif
sequences that are associated with certain Vy families. Although
evidence has been presented that a perfect octamer sequence is
required for full promoter function, certain substitutions can
diminish and perhaps alter the specificity of this promoter element
(39—41). Such sequence features could be significant in terms
of the developmental regulation of Vy gene expression in this
species. Recently, octamer-motifs have been implicated in the
replicative transposition of another Xenopus gene (42). The
presence of additional 5 extended sequence identities between
some of the gene families may be important in terms of
understanding coordinate utilization and the phylogenetic
diversification of distinct gene families.

In the mouse, immunoglobulin Vy genes belonging to a
family tend to be arranged in closely linked clusters; however,
a few families are dispersed within the locus (43,44). Ordered
expression of murine immunoglobulin genes correlates with
chromosomal position (3,45,46), although evidence has been
presented that the expression may be regulated at a different locus
(3,47,48). In contrast, individual human immunoglobulin Vy
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genes belonging to different families are interspersed (22,23).
Interspersion of Vy families also has been observed in
phylogenetically primitive teleost fish (49) (Amemiya and Litman,
unpublished observations). Assuming that the different
observations regarding linkage are not due to differences in
methodology, i.e., the human and Xenopus data are based on
analyses of cloned genomic fragments, whereas the mouse data
are based largely on deletion mapping during DNA
rearrangements, it appears that major differences in Vy gene
organization have arisen in vertebrate evolution.

Originally, a genomic clone with four hybridizing components,
presumably representing Vyl-type genes, was detected in a
Xenopus genomic DNA library by cross-hybridization (19). In
the absence of other Vy family-specific probes, it was not
possible to ascertain whether this clone contained members of
additional Vy families. More recently, the chromosomal order
VyI-V4II-V4III was proposed (27). The results reported here
for 11 Xenopus Vy families, including VyI-V4II-V4III, indicate
that Vyl genes are interspersed with the members of six other
Vy families. Given the very large numbers of Vy genes
described thus far and the mapping data reported here, it is
possible to refine the known organization of the gene locus. Most
likely, Vgl and to a lesser extent Vy4II elements are highly
interspersed with members of the other Vy families. Members
of one of the most abundant Vy gene families, V4III, are
apparently not found in close linkage with members of other gene
families except for limited interspersion with V4II members. It
is more difficult to conclude whether the V4VII genes are
interspersed, since this gene family is less complex and only a
single (V4 VII) clone has been identified and characterized.

Although transcriptional polarity is an integral component in
the regulation of eukaryotic gene expression, relatively little is
known regarding the relative orientation of immunoglobulin
heavy chain genes. A recently described, denaturation-based
technique (30) and a method employing PCR (see Materials and
Methods) provide unequivocal information about relative
orientation of genes within the Xenopus genomic Vy clones. In
the physical maps of nine of the individual clones presented in
Fig. 1, the transcriptional orientation of immunoglobulin genes
is the same,-While it is not possible to conclude that all Vi
genes in Xenopus are oriented in the same manner, individual
Vy segments representing all eleven families share the same
transcriptional polarity relative to closely linked members of
different families. It remains possible that other genes, perhaps
those exhibiting different patterns of developmental expression,
may possess different transcriptional orientations.

The Vy gene system of Xenopus is remarkably similar to that
of mammals in terms of genomic complexity. The studies
reported here provide evidence that the separate Vi elements
constituting the Vy locus are interspersed, similar to findings
reported for human and some murine Vi families. Interspersion
of Vy genes probably represents the most effective form of
organization in terms of non-preferential utilization of genes. The
principal exception involves the VyIII-type (and VyVII-type, see
above) genes, that were not detected in association with
VulV—XI. In Xenopus, VylII appears to be utilized
preferentially in early development (R. Haire unpublished
observations); non-interspersion may represent an effective means
for preferred utilization of this gene family through cis- and/or
trans-mechanisms. It should be noted that the Xenopus VylIll
family is not closely related in nucleotide sequence to mammalian
VylII genes which are preferentially expressed in fetal mice (45)
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and humans (5). The analyses of both gene organization and 5
flanking sequence structure reported here are essential in the next
phase of studies which seek to identify the mechanisms of
selective utilization of Vy genes in early development.
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