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ABSTRACT.

This dissertation examines the molecular origins of the recombining
immune system. Two strategies were adopted involving the examination of
the immune system of the most ancient extant organism possessing the vertebrate type immune response, the Carcharhine shark. First, the structural
components of a primordial immunoglobulin (Ig) were examined on a molecular level. This revealed a new class of Ig termed IgW. Although IgW is
the largest Ig yet described, with 7 bona fide Ig domains, it maintains the
canonical residues typified by heavy chain V and C-regions. Because of
these canonical residues, IgW is thought to both dimerise with light chains
and associate with antigen as a typical heavy chain. IgW also possesses Vregions which are more similar to its own C-regions than any Ig yet described.
In phylogenetic tree analysis, the IgW molecule is continually found to be
the "root" of the Ig V and C-region trees constructed from the known Vand
C-region genes. This, and IgW's V and C-region similarities support the contention that IgW is the most ancient Ig yet cloned, possibly being most closely
related to the primordiallg gene.
The second strategy adopted was the examination of the shark's V(O)J
rearrangement machinery. The recombinase activating gene I (RAG I) is
responsible for creating diversity in all extant gnathastomes, which is the
hallmark of the recombining immune system. The shark RAG I was found to
be extremely homologous to the known vertebrate RAG I genes, both at
the nucleotide and amino acid levels (-64 % identical at both levels). Homology domains identified by the comparison of the vertebrate RAG I's and

10

the shark RAG I prompted sequence comparison analyses which suggested
similarity of the RAG I and" genes to the integrase family and the integration host factor genes, respectively, of the bacterial site specific recombination system. This was used in conjunction with several shark VH "hairpin"
detecting rearrangement intermediate experiments to propose a new and
more complete model of V{D)J recombination.
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OVERVIEW.

The graduate work in this dissertation represents an examination of
the origins of the vertebrate type immune response (herein referred to as
the VTIR). The VTIR is possible because of the fusion of two disparate systems; effector proteins which are exquisitely specific for antigens (antibodies and T-Cell Receptors (TCR)) and the recombination machinery that randomly "rearrange" the specificities of these effector molecules. What is
known about the VTIR, and the lack of knowledge that interferes in the construction of a complete picture of the VTIR is summarized in the Main Introduction (chapter 1), from pages 8 through 20.

The approach used in determining the origins of the effector proteins,
or immunoglobulins (Ig) and the origins and function of the recombinase
activating genes (RAG) is detailed in a brief Materials and Methods section
(chapter 2), spanning pages 20 through 25.
The cloning and characterization of a new class (lgW)of primitive Ig
genes from the sharks is described in the IgW chapter (pages 25 through 48,
chapter 3). This includes a description of the basics of the shark immune
system and its diversity, generation, organization and the potential contribution 'of IgW. This is presented in an IgW Introduction section (pages 25
through 26), and a combined IgW Results and Discussion section (pages 26
through 48).
The work that looks at the enzymatic system responsible for the generation of diversity in the VTIR is presented in the shark recombinase activating gene I chapter (or RAG I chapter) (chapter 4). This is again divided into
an introductory section (RAG I Introduction, pages 48 through 50) and a
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combined RAG I Results and Discussion section (pages 50 through 66).
Chapter 5 presents the experiments that further concentrate on the
generation of diversity in the VTIR. The Hairpins in V(D)J Recombination chapter delves into the mechanistic operation of the VTIR by focusing on the
presence of DNA "hairpins" in both genomic DNA and cDNA. This combined section spans pages 66 through 73.
A summary of the work derived from this dissertation and the present
understanding of the molecular evolution of the recombining immune system is presented in chapter 6, a Summary chapter. The realizations and
potential unsolved issues are compared and contrasted while the shark and
all vertebrate immune systems are summarized.
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CHAPTER 1: MAIN INTRODUCTION.
The vertebrate type immune response.

All extant jawed vertebrates possess the ability to respond to nonself via the vertebrate-type immune response[1-2]. This response is mediated essentially by lymphocytes that express effector proteins that are the
products of somatic cell site-specific gene rearrangements [3]. Because
of this, it is reasonable to assume that before the process of clonal expansion is initiated, no two mature lymphocytes share the same genomic
sequence. This process of rearrangement utilizes two components. (A)
Small, single domain-encoding immunoglobulin (Ig) gene segments
flanked by a series of recombination signal sequences (RSS) provide a
recombination substrate that is recognised by (B) the recombinase activating genes 1 and 2 (RAG I and II) [4-7]. These two components, the
recombination substrate and the recombination machinery, (Le. RAG I
and RAG II), are the specific elements that allow for the formation of
antibodies and T cell receptors (TCR). The gene segments that eventually
make up a complete Variable, Joining and Diversity (V(D)J) containing
segment are apparently selected randomly by the protein product of
these RAG genes. This process then generally deletes the intervening DNA
sequence precisely at the RSS's and fuses the V(D)J joint, which can then
be expressed as a functional protein. This mechanism for the generation
of diversity may ultimately be responsible for the success of vertebrates
[8] .
It is important to note that only the gnathastome vertebrates possess both the structural and enzymatic components essential to form a
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functional immune system; neither the agnathan vertebrates or any other
extant non vertebrate organism contains this rearranging immune system.
This prompted Marchalonis and Schluter to postulate their "big bang"
theory of the origins of the recombining immune system (Fig.1) [1-2,8-9].
This theory states that there was some event that caused an explosion of
duplication of the primordial Ig gene at the time in Which, or briefly before, the common ancestor shared by all vertebrates was extant, e.g. BB 1,
BB2, or BB3 (Fig. 1). The typical expressed Ig gene invariably contains two
or more domains. Each domain contains two cysteines which are separated by approximately sixty amino acids. It is these cysteines which give
the compact Ig domain its characteristic structure, the intra domain disulfide bond. These domains also contain a sentinel tryptophan, which
packs around and protects the three dimentional structure of the disulfide bond (Fig. 2.) [9]. It is conceivable that the event that drove this explosive duplication was a lateral transfer of either machinery or structurally
encoding DNA to the prototypical vertebrate ancestor. To test this theory,
many investigators have examined ancient organisms, e.g. tunicates,
echinoderms, insects and jawless-vertebrates, for the presence of Ig or
TCR-Iike genes in order to confirm the presence of at least the substrate of
the rearranging immune response [10-15]. In searching for these molecules, investigators have adopted two approaches. The first has utilized
protein chemistry methods to purify and then raise antibodies to these
putative Ig molecules. Most often, researchers have found molecules that
have the properties that are expected of immunoglobulins, i.e. they are
disulfide bonded, but protein sequencing efforts fail to show homology to
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Ig gene protein sequences [10-15]. The second approach has applied
molecular biology techniques to clone, sequence, and then analyze the
genes directly. The only published report that has attempted to clone Ig
genes from a primitive jawless-vertebrate, the lamprey, has resulted in the
cloning of a subset of the complement system, which is apparently ubiquitous to all deuterostomes [16]. Searches in more primitive organisms, such
as insects or other protostomes have only yielded molecules that belong
to the so-called immunoglobulin superfamily [17-18]. These are non-polymorphic molecules that usually contain domains of other molecule types;
e.g., grasshopper fasciculin II, which contains 5 Ig-like domains and 2
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o V-Region

COOH- Terminus
Fig.2. A simplified 3-D model of a C-region Ig domain. p-pleated sheets are drawn as flat bands with
arrows, while a-helices are thinner lines. p-pleated sheets with the disulfide bond characteristic of Ig
domains are hatched. A line transverses the disulfide bond. The p-pleated sheet with the sentinel
tryptophan is coloured black. Note the compact structure and protection afforded the disulfide bond by
the tryptophan containing sheet.

fibronectin-type domains [17-18]. Without the crystallization of the protein
structure, it is difficult to say if these Ig-like domains can properly fold to
exhibit Ig domain folding [73-74]. This is further complicated by the realization that the non rearranging Ig domain could be pruduced as a result of
convergent evolution [19-20].
The Lamprey TeR.

Since other investigators have failed in characterizing the Ig genes
from the non-vertebrates, the most ancient vertebrates appeared to be
the most likely prospect for a primordiallg gene. To this end fragments of
cDNA from an agnathan cyclostome were cloned using RNA-RNA hybridization techniques (see materials and methods) that closely resemble the
TCR-y chains of sheep (Fig.3). These, in the lamprey, are multiple copy
genes that are likely to be that of a prototypical Ig domain, as they contain the key elements of the Ig domain, the disulfide bond forming cys-
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teines and the sentinel tryptophan. Three-quarters of these genes contain
an upstream prototypical splice site that may allow them to accept a
rearranged V-region or a leader peptide. These genes also possess intermediate variability and are expressed in a variety of tissues (FigA). Interestingly, Southern blotting reveals the lamprey TCR-y homologue to be
present as single copy genes in both the shark and axolotl (FigA). As the
RAG I and II genes are undetectable in the cyclostomes by PCR and
Southern blotting (data not shown), the status of the lamprey TCR-y is
uncertain. As a putative ancestor to the higher vertebrate Ig gene, it may
be expected that these genes would cross-hybridize as a single copy, as
one of the copies of the lamprey TCR-y homologue may have incorporated the RSS elements and been propagated by duplication in the ancestral intermediate of the shark and lamprey. The lamprey also lives a
biphasic life span, where the adult life is spent as a parasite and an adaptive immune system may be unnecessary [1,15,21]. The origins of the
lamprey are not that of a parasite, as a parasitic existence is often derived [22], so just as the larval lamprey reorganizes its internal organs upon
metamorphosis [23-24), perhaps its immune system has degenerated to
the point where it is no longer detectable or expressed. It is because of
this lack of easily characterizable immunity in the lamprey that the examination of the molecular origins of the immune system must be characterized in an ancient organisms that actually display the hallmarks of the
vertebrate type immune response. This is the impetus for the detailed
examination of the shark immune system.
Immunity of the Carcharhine sharks.
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Fig.4. lanes 2-5 are examples of a PCA used with lamprey-TCA specific primers to detect the
expression patterns in several tissues. lane 1 MW marker, lane 2 no DNA control, lane 3 lamprey
kidney cDNA, lane 4 lamprey PBls, lane 5 lamprey PBls. The product of the correct size indicated
by the highest triangle. The other bands are primer dimers and primer monomers. lanes 6-8 are
Southern blot results of lane 6; 10 Jlg of axolotl genomic DNA, lane 7; 10119 of lamprey genomic
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single major band, indicative of low or single copy number genes. The lamprey shows either low or
disperse hybridisation which may be indicative of a polydisperse gene family. The areas of
hybridisation are indicated with filled triangles.
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Already known as "living fossils", the Carcharhine sharks are excellent models for the study of the evolution of the immune system [2].
Shown to possess both dimeric and pentameric IgM [25-27], TCR homologues [28], multiple light chain families [1, and R.M.B., unpublished data]
and interesting genomic V and C-region organisation [29-30], the shark
also has an appreciably slow rate of evolution [19-20]. It is this slow rate of
evolution that left two species of shark that are separated by over 200
million years of evolution very high levels of conservation of not only Ig
gene exon structure, but also the intervening genomic DNA that is deleted upon rearrangement (Fig. 5) [33]. Many have speculated upon the
function of intervening genomic sequences since the finding that the
entire 100 KB human and mouse TCR-C8/Ca locus shares 71% identity [34].
This not only includes the coding regions of the TCR-C8/Ca locus, but the
intervening genomic sequence as well. This finding becomes more impressive as the consideration of the ratio of coding sequence to intervening sequence becomes apparent. The exon portion of the C8/Ca-locus is
only 5.7% of the total genomic sequence [34]. For these regions to have
been conserved, and for their organisation of have been maintained for
over 80 million years, the intragenic sequences must serve an important
role.
Since all observed shark heavy chain genomic loci also seem to
have been maintained between several shark species, and the
chondrichthes have all of the components of the higher vertebrate immune system, the implication for the origins and selection of the immune
system seems two fold. The recombining immune system must have arisen
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in an ancestor of the sharks as the duplicated and conseNed regions are
present in two distantly related sharks. Also, there must have been a literal
"big bang" of Ig gene duplication, as the earliest organism with a detectable rearranging immune system not only possesses the rudiments of
immunity, but the entire array of Ig molecules, from TCRs and light chains
to IgM heavy chains and MHC [8,35-36]. The first working hypothesis is that
the sharks must possess the most primitive immunoglobulin molecules, as
they are the first and most ancient extant organisms to exhibit a functional
recombining immune system. To examine this in more detail, highly conseNed Ig gene segments were used to construct evolutionary PCR primers
to determine if distantly related Ig genes were present in sharks. The second hypothesis is that there must have been an event which precipitated
this explosive duplication. To test this hypothesis we must examine the
origins of Ig gene genomic organisation.
Genomic organisation and recombination.

It may not be apparent why one would examine Ig gene structure.
A gene is usually transcribed as message, and if necessary, introns are
removed prior to translation. In the case of Ig genes, a first processing
step is necessary. As mentioned briefly above, Ig gene V or Variablesegments rearrange. In the genome, a V-segment is immediately flanked
on what will eventually be its carboxyl terminal end by a heptamer signature. This heptamer is almost universally conseNed through phylogeny
[37-38]. The heptamer is followed by a relatively conseNed 12 or 23 mer
spacer, which in turn is followed by another highly conseNed sequence,
this time a nonamer (Fig.5) [37-38]. In the mammalian or translocon sys-
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tem, hundreds of V-segments are found clustered together (Fig. 6). These
V-segment clusters can span hundreds of kilo bases. At a remote distance
"down stream" from the V-segments, individual J-segments are flanked
both up and downstream by these same heptamer-spacer-nonamer
motifs. The J or Joining-segment is a relatively small gene sequence,
about 30 base pairs, that is often referred to as a mini-gene [39-43]. During rearrangement which is responsible for a large part of the diversity that
is inherent in the recombining immune system, a pair of gene products
have been shown to recognize, localize, and then cut at the junction of
the heptamer and V or heptamer and J. These two gene segments are
then brought together and ligated to form a functional V-J coding joint.
The intervening genomic DNA, which can contain hundreds of V and
several J segments, is spliced together as a signal joint and lost to the inter
nuclear space. The VJ joint, if inframe, can then be expressed and produce a functional antibody when followed by expression of a single C or
constant-region gene. The gene products that perform this rearrangement are the recombinase activating genes I and II. It has been demonstrated that the RAG genes, when expressed and purified as individual
proteins, can recognize and cleave a V-RSS joint and form a covalent
hairpin precisely at the end of the V [44-45]. This demonstrates that the
RAG gene proteins are responsible for recognizing, localizing and cleaving the V-RSS joints. This process of site specific recombination is then
directly responsible for the formation of diversity in Ig V-regions, as the
recombining joint is precisely the most variable region of an Ig V-region:
the complimentary determining region 3 or CDR 3. When the rearranging
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Fig.5. An alignment of the V-J genomic region of the horn shark (top) and the sandbar shark
(bottom) VH genes. Coding regions and 12-23 spacers are boxed, heptamers and nonamers
are boxed and shaded. Horn shark EMBL: X13447, sandbar shark: S. Shen, unpublished
results.

translocon system in mammals was described, many were relieved, as the
question of the generation of variability in the immune system was apparently solved.
The controversy revolved around a brace of theories that de-
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scribed the generation of immunological diversity. The first theory, after
Hood and Dreyer, proposed that there were many copies of Ig genes in
the genome, and that these could somehow encode sufficient diversity
[46]. The alternate theory described a system in which one or few genes
were encoded in the germline, but were subject to intensive somatic
mutation in order to provide the necessary diversity [47-49]. The
translocon system in the higher vertebrates was an interesting solution.
This was seen as meeting neither criteria, as somatic recombination of
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Fig.S. A representation of the genomic organisation of Ig light chain genes comparing the known human and
shark loci. The translocon system is typified by the human kappa and lambda loci. In the kappa locus V
and J segments are seperated by intervening genomic space, while a single C segment is separated by
sequence which is transcribed and spliced out as message. In the cluster model, as in the shark lambda
light chain, the V and J segments are in cluster repeats with a single C region gene. Alternately, the V and J
segments are fused in the germline. From Schluter, S.F. 1995.
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relatively numerous germ line segments was the mode of diversification. It
was not until the discovery of somatic mutation and the advent of large
scale genomic sequencing that it was seen that the recombining mammalian immune system was actually a fusion of the few copy number
theory and a substrate that utilyzed recombination to increase diversity

[50].
When evolutionary biologists began examining the genomic organization of other organisms, including those considered IIprimitive ll , revisionist data were observed. The genomic organisation of the shark heavy
chain was found to be IIfused" in the germline, actually consisting of
clusters of V-fused-DJ regions followed closely by a C-region (Fig. 6). This
was a system that was initially postulated to be a mechanism of generating immune diversity [46]. This was followed closely by the discovery that
shark light chains were found both VJ fused and in clusters [29-30]. Then
the confounding discovery that teleosts contain one of each system, a
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rearranging translocon heavy chain and a fused V J cluster light chain
system was made [51-54]. Many speculated as to the role of and presence of the RAG genes in these organisms [50]. It has also been suggested that there is an unavoidable limitation of diversity due to the physical limit of non-rearranging receptors.
It can be hypothesized that the role of rearrangement and subsequently the RAG genes was to incorporate N-region diversity, which is
added to the CDR 3 joint to increase variability. And that this rearrangement must be related to the "big bang", as the presence of RSS elements
coincides with the ability to rearrange the genomic subunits, as lampreys
seem to lack RSS elements, but contain Ig genes (Fig. 3). So if both Ig
domains and rearrangement mechanism are needed for the N-region
diversity, it can only be asked when did these two systems cnpear? To
examine both the limits and the presence of recombinational diversity, this
study closely examined the most ancient organism that exhibits the fundamentals of an immune system, the carcharhine shark.
CHAPTER 2: METHODS AND MATERIALS.
mRNA Isolation and Reverse Transcription.

1g of either sandbar shark (Carcharhinus p/umbeus) spleen or bull
shark (Carcharhinus /eucas) thymus was homogenized in standard
chaotropic mRNA isolation buffer [55]. The sandbar and bullshark are
closely related members of the same genus of carcharhine sharks. The
poly-A mRNA was isolated using magnetic beads (PolyATract kit,
Promega, Madison, WI) and 250 ng was cOJlverted into first strand cDNA
using oligo-dT with the sequence for Meganuclease 1 endonuclease
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(Boehringer Mannheim, Germany) attached (AIT ACC CTg ITA TCC CTA(dT18)) with a commercial reverse transcription kit (Invitrogen, San Diego
CA). The mRNA was allowed 2, one hour cycles of reverse transcription.
Alternatively, 1 Jig of spleen or thymus mRNA were used with the Marathon 3 and 5' RACE kit (ClonTech, Palo Alto CAl to construct a Marathon
cDNA library, as per the manufacturer's instructions.
DNA isolation. One gram of spleen was homogenized in a liquid

nitrogen bath with a mortar and pestle that had been previously cooled
with dry ice. The homogenized spleen tissue was resuspended in approximately 25-30 mls DNA isolation buffer at 65·C [55]. The mixture was gently
inverted to disperse the pellet, and incubated at 65·C in a slowly shaking
waterbath (80-100 rpm) for 1 hour. 15 Jil of proteinase K (15.7 g/ml)
(Boehinger Maneheim, Gumbhold, GH) was added and allowed to incubate overnight. The resulting mixture was briefly centrifuged to remove
large debris. The supernatant was gently mixed with an equal volume
phenol (ICN) and spun at 2000x g for 10 minutes. The supernatant was
removed with a 10ml glass pipette that had had the diameter of the
opening increased by cutting the tip with a diamond knife and then heat
polishing the broken end. The viscous supernatant was gently mixed with
a mixture of a 1: 1:24 ratio of phenol:chloroform: iso amyl alcohol. The spin
and phenol:chloroform and isoamyl alcohol step was repeated. The
supernatant was precipitated with a one half volume of 7.5 M ammonium
acetate and 2.5 volumes of -20·C absolute ethanol. A glass pipette was
heat bent and used to "spool" out the DNA, which was then dipped
gently into 70% ethanol and resuspended in 1-10 mls of TE buffer[55].
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Primer construction and peR amplification.
IgW.

One J.lg of a fully degenerate primer (20 mer) based on the highly
conserved AA sequence KATLVCL in shark CJ.l, Tcr CB and CA domains
[56] were used in a 100 J.l1 PCR containing 1xTAQ buffer (Boehringer
Mannheim, Germany), 200 J.lm DNTPs (Pharmacia, Sweden) 1 J.l1 of shark
thymus cDNA and 250 ng of the 3' RACE primer complementary to the
mega base primer sequence. The reaction was overlaid with mineral oil
and amplified with 2 units of TAQ polymerase (Boehringer Mannheim,
Germany) at 95 0 5 seconds denaturing, 50 0 30 seconds annealing, and
75 0 one minute extension for 35 cycles in a MJ Research Mini-cycler (MJ
Research, Watertown Mass). Specific primer 5'Cro6 (ggT TIg ATg TgA CTg
ACT CAT gTC C) for 5' RACE was constructed from the Cro6 sequence.
250 ng of 5'Cro6 was used in a 50 J.l1 PCR with 1J.l1 of Marathon primer 1, 5 J.l1
of a 1:25 dilution of the Marathon shark spleen cDNA library, 5J.l1 of both
10xLA PCR buffer and 10xLA DNTPs (Takara Shuzo Co Ltd., Japan) and 1J.l1
Takara LA PCR enzyme. The reaction was overlaid with mineral oil and
amplified at 95° 10 seconds, 60° one minute and 72° 30 minutes for 30
cycles. Specific primer 5'Cro1 (TgA TIC CAg TCg TAA TgA CCC T) was
constructed from the Cro1 sequence. 250 ng of 5'Cro1 was used in identical PCR conditions, except that the cycling extension time was shortened
to 1.5 minutes. Primers specific to FR1 (gAT ATC gTg CTg ACC CAg CCC
gAg T) and FR4 (TIC CAC gAA ggT TCC (A/g) (T/C}T CCC CCA) were also
used in essentially the same reaction conditions.
The shark recombinase activating gene 1(RAG I).
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Primers for the amplification of shark RAG I were based on conserved sequences from the 3 ' end of the RAG I gene derived from alignments of the human, chicken, rabbit, mouse and Xenopus RAG I genes.
The primers (5 ' CA(C/T) Tg(C/T) gAC/T AT(A/C/T) gg(g/A/T/C) AA(C/T) gC
and 3 ' TI(A/g) Tg(g/A/T/C) gC(A/g)T TCA T(A/g) AA(C/T) TI(C/T) Tg)) were
used in a 100 111 PCR with 250 ng of shark thymus cDNA as above, except
annealing was at 55 degrees. The reaction yielded a single band that
contained several genes, one of three was the shark RAG I. These primers
were also used with 1119 of axolotl, paddlefish and goldfish genomic DNA
to clone the same highly conserved fragment. The primers (5' TA(T/C)
gAlA/g) gg(g/A/T/C) AA(g/A) AT(A/T/C) AC(g/A/T/C) AA(C/T) TA and 3'
gT(A/g) TA(g/A/T/C) A(A/g)C CA(g/A) Tg(g/A) Tg(T/C) T) were used with
pig cDNA to amplify an internal 300 base pair fragment. The shark fragment sequence was used to construct a 5' (AgA CTg Tgg AAg CCT gTg
AAC TgA) RACE primer which was used with the Marathon cDNA library
and the sense primer from above to amplify the 5 and 3 ' end of the shark
RAG I. The primers (5' ggA TCC ATg gAA ATg gAg Agg CCT CTg CAA and
3' TCT AgA

m CAA gTA TIg TAT CAT CTC CAA) were constructed to deter-

mine the existance of introns and to amplify the full length shark RAG I.

Lamprey gamma chain amplification.

Primers (5' TgT (C/T)(T/C)(g/A) ACT (C/T)TI (T/A)gC (g/T/A)AC (C/
T)CC and 3' gAg gAg (C/T)CT g(g/A)(C/T)A(g/T) gCT (g/A)C(g/A) g) were
constructed from the lamprey gamma chain homologues to semi-quantitatively amplify the gamma chain from several lamprey tissues.
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Hairpin peR.

The genomic sequence of sandbar shark IgM V-J clone-14 (S. Shen,
unpublished data) was used to construct two sense primers (ggC CAT CTA
ITA CTg TgC AAg and CAA CAT CIT CTC

m ggA CAT).

See Fig. 34 for

PCR scheme. PCR products were cloned and sequenced as above. All
PCRs were followed by a 10 minute extension at 75

0
•

Oligonucleotides were constructed by the University of Arizona's
Macromolecular Structure Facility or by Integrated DNA Technologies, USA

Subcloning and Sequencing of eDNA.

PCR products were electrophoresed on 1% agarose (ICN, Aurora
OH), gel purified using the glass bead method (Quiagen, Chatsworth CAl
and cloned into a TA-vector cloning system (Promega, Madison WI). The
resulting ligations were transformed into DH5a (Gibco-BRL, Gathersburg
MD) or Nova-Blue (Novagen, CAl competent cells, selected by bluewhite color screening, grown overnight in TB, and miniprepped using the
alkaline lysis procedure essentially as described by Maniatis [58]. Resulting
plasmids were restriction enzyme screened for inserts, sequenced using
essentially the Sequenase method (USB, Cleveland OH) and
autoradiographed 8 hours to overnight on BioMax film (Kodak, Rochester,
NY). Nested double stranded deletions were constructed using the
Promega Erase a base kit (Promega, Madison, WI) Alternatively, PCR
products were directly sequenced using the Thermo-sequenase cycle
sequencing kit (USB, Cleveland, OH). The sequence data was collected
using MacVector and AssemblyLign (Kodak/IBI, Rochester NY) and ana-
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Iyzed using GCG (Genetic Computer Group, Madison, WI), BLAST [59] and
CLUSTALW [60]. Phylogenetic trees were created using CLUSTALW which
uses the neighbor joining method of Saitou and Nei [61]. The alignments
were bootstrapped with CLUSTALW 10,000 times and displayed using
NJPLOT (Manolo Gouy, Lab de Biometrie, Univ. Lyon 1, URA, CNRS 243.
Villeurbanne 69622, Fr) or the DRAWTREE and/or DRAWGRAM portions of
the PHYLIP package.
Southern bloHing.
Probes were digested from their respective vectors with appropriate
restriction enzymes. The inserts were run on an agarose gel and the bands
extracted with a glass bead kit. The resulting probe was labeled with 32p_
dCTP (NEN, ) using a random prime labeling kit (Boehinger Manheim,
Germany) according to the manufacturers instructions. 20 Ilg of genomic
DNA was digested overnight with 20-50 units of the appropriate restriction
enzyme. The cut DNA was ethanol precipitated and run on an 0.8 %
agarose gel. The gel was transferred by positive pressure, alkaline transfer
(Stratagene, La Jolla, CAl and hybridized 18-20 hours according to the
protocols of Lobe, et al [63-67]. Alternatively, the blots were hybridized
according to the instructions included with the Genius non-radioactive
hybridization kit (Boehinger Manheim, Germany). Blots were washed
under medium stringency (0.5 % SSC at 65 degrees C) and
autoradiographed for 18-36 hours at -70 degrees C.
RNA-RNA Hybridizations.
A probe gene e.g., goldfish light chain C-region (R.M.B., unpub-
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lished data), was cloned into a vector that contained an RNA polymerase
site. The gene was in reverse or "anti-sense" orientation to the polymerase
start site in order to transcribe anti-sense RNA. The vector was linearized
distal to the start site and incubated over night at 55 degrees C with
protinase-K to remove RNAses and the linearizing restriction enzyme. The
resulting template was transcribed using the Mega-Script high volume
transcript kit (Ambion) with biotinylated UTP as per the manufacturers
instructions. The biotinylated-RNA-probe and 1Ilg of target mRNA was
heated to 100 degrees C for 5 min, snap-cooled on ice and incubated at
65 degrees C overnight according to [68]. The reaction was then moved
to room temperature and diluted with water 1: 10. The solution was then
incubated with strepavidin-magnetic beads (Promega, Madison, WI)
according to the instructions for isolating mRNA. The mRNA was then
washed several times with 0.5X SSC to remove non-homologous sequences and resuspended in 100 III of water. The sample was lyophilized
to approximately 10 III and converted into blunt ended double stranded
cDNA (CopyKit, Invitrogen, CA). The blunt ended double stranded cDNA
was ligated to EcoRI adaptors overnight at 16 degrees C and the excess
adaptors were subsequently removed with GlassMax columns (GibcoBRL,
Gaithersburg, MD [69]. The resulting DNA was amplified with PCR under
stringent conditions (60 degrees annealing) with primer CA6 [69]. The PCR
products were run on an agarose gel and bands above 500 base pairs
were cloned as above.

CHAPTER 3: A new class of Ig, IgW.
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IgW INTRODUCTION.

Sharks have long been considered primitive vertebrates, often
being called "living fossils" [1-2]. This characterization is often applied to
their immune system because sharks were thought to produce only IgM
immunoglobulins typical of mammalian fetal or primary immune responses
[1-2] and these antibodies do not show affinity maturation following secondary challenges [1-2]. Recent evidence, however, indicates that sharks
have an exceedingly complex immune system. For example, sharks contain the recombination activating gene 1 (RAG I) [57], diverse sets of light
chains comprised of distinct CL and VL families [29 and R.M.B., S.F.S., and
J.J.M., unpublished data], multiple heavy chain families [S.S., R.M.B., S.F.S.
and J.J.M., manuscript in preparation], putative T-cell receptor homologues [28], as well as the junctional diversity generating enzyme TdT [70].
Thus sharks, which are the most anciently evolved group of
gnathastome vertebrates, have all the basic components of the mammalian immune system. In order to delineate the initial events in the elaboration of the vertebrate combinatorial immune system, we utilized a highly
conserved constant domain sequence shared among T-cell receptors
and immunoglobulins throughout phylogeny [1-2] to design primers for 3'
rapid amplification of cDNA ends (RACE) (see methods and materials).
This technology was utilized to search for new Ig and Ig related genes in
the messenger RNA from thymus and spleen of the sandbar and bull
sharks. Here the discovery of a new Ig class in the shark that may add to
the sharks' potential for immunological diversity is presented. This molecule also demonstrates the properties expected of a primordial immuno-
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globulin.
IgW RESULTS AND DISCUSSION.
IgW, a new class of immunoglobulin.
The 3'RACE PCR analysis of the shark thymus cDNA using KATLVCL
based degenerate primers yielded many Ig and Ig-like genes, the majority
of which resembled A and K-like light chains (data not shown). One clone,
which occurred at a frequency of approximately 1/50 in the PCR screening, best matched the last domain of human and rat CJl in a comparison
made to sequences present in the GenBank database. The specific 5'
RACE primer 5'Cro6 constructed using this sequence allowed us to isolate
from spleen cDNA a clone containing six constant region domains, but
lacking the V-region. An overlapping clone containing the V-region was
isolated using a 5' RACE primer 5'Crol constructed from the 5' domain
obtained from the latter sequence. The complete sequence revealed a
2725 nucleotide base pair and a predicted 782 amino acid sequence.
This structure is at least 1 domain larger than any immunoglobulin yet
characterized (Fig. 8). The V-region segments have features characteristic
of shark and human VH and the framework and CDR segments can be
aligned using the system of Kabat et al. [134]. This is crucial to the understanding of Ig gene evolution, as IgW demonstrates that the basis for
recognizing antigen, the ability to properly fold into antigenic recognition
3D shapes, is present in all of the shark Ig genes.
The fourth framework segment specified by joining segment
minigenes possesses the JH signature sequence WGXGT, but differs in that
phenyalananine (F) is the next residue instead of methionine (M), which is
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Figure 8. The complete 782 amino acid translation of IgW clone WHI4. Cysteines marked with
an * are putatively responsible for light chain dimerisation, CJ) chain homodimerisation, and
multimerisation, respectively. Thet indicate potential N-glycosylation sites. The dashed line
indicates the initial 3' RACE primer sequence, while the solid line highlights the secretory piece.

the residue in the sandbar shark IgM VH sequences (Fig. 11 and S.S.,
R.M.B., S.F.S., and J.J.M., manuscript in preparation). We have named this
new class of Ig, IgW, after the molecules initial designation WEHC (a
We(ird) H(eavy) C(hain)). It is clearly different from normal sandbar shark
IgM, as well as other characterized Igs and TCRs. These differences are
apparent in the extra 2 domains, and in the relatively low sequence identity with sandbar shark IgM heavy chain both in the V and C domains (35

% identity overall, Fig. 8 and Fig. 11, and S.S., R.M.B., S.F.S., and J.J.M.,
manuscript in preparation).
The Ceo 1-6 domains best match skate Jl, human Jl and y, NAR (New
Antigen Receptor), sandbar shark Jl and A, ratfish L chain, and pig A Cregions, when searched in the GenBank database (Fig. 9a and 9b). Phylo-
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Fig. 9a. Alignments representing the IgW C-region domains as searched individually on the the
GenBank data base. IgW C-regions are shown with the 3 best matches with the percentage identity
and similarity at right. Identities are highlighted. Domains are labeled 01 .. .04 consecutively. Alignments were made using Blastx and the GCG program Pretty.

genetic tree analysis (Fig.1 0) showed Ceo2-Ceo6 C-regions generally clustering with the corresponding domains of shark, mouse, skate and human CJl
and nurse shark NAR C-regions (Figure 10)[71]. The Ceo! unambiguously
clusters with the known COC 1 domains. The IgW V-regions cluster on the
same branches with VH genes as opposed to light chain and TCR V-re-
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Fig. 9b. Alignments representing the IgW C-region domains as searched individually on the
GenBank data base. IgW C-regions are shown with the 3 best matches with the percentage
identity and similarity at right. Identities are highlighted. Domains are labeled 05 through 06.
Alignments were made using Blastx and the GCG program Pretty.

gions (Fig. 12,17,18, and 19) and best match horn shark, axolotl and human VH (Fig.9a and 9b). However, the IgW V-regions are distinguishable
from the IgM V-regions and form their own branch within the VH cluster
with the horn shark (Fig. 12).
The sequence of IgW is consistent with prototypical immunoglobulin
structure.

As indicated in Fig.11, the IgW V-region possesses all of the canonical residues identified by Chothia et aI., as critical for proper inter and
intra chain folding and association of the VH and VL domains [72-78]. The
canonical structure of IgW V-regions suggests that they should bind antigen in a manner comparable to that of other heavy chains. Although the
presence of light chains associated with IgW has yet to be demonstrated,
the conservation of residues necessary for the association of heavy and
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Fig. 10. A phylogenetic tree of C-regions constructructed with CLUSTALW and DRAWGRAM. Note:
Cro1 , which is highlighted with an asterisk, clusters with CIl1 domains.

light chains strongly indicates that this is the case (Fig.ll). Some of these
residues, particularly leucine (L) 45 and tryptophan (W) 47 (Fig.ll), actually destabilize the structure and solubility of the V-region in the absence
of light chains [72-78]. IgW contains a recognizable C 1 domain (Fig. 8)
which contains the conserved cysteine (C) that is responsible for dimerization with light chains. In addition, the cysteines necessary for dimerization
of heavy chains and for the potential formation of IgW multimers are
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Fig.11. The derived amino acid sequences of IgW V-region clones aligned with human VH-3, NAR V
clone 3-4, and sandbar shark VH clone 1004 [S.S., manuscript in preparation]. Clones designated as
RACE were obtained from sandbar shark spleen mRNA using S'RACE with the 5'Cw1 primer. Clones
derived from sandbar shark spleen and bull shark thymus using FR1 and FR4 primers are designated.
FRs and CDRS are indicated above the sequence with shaded bars. Asterisks indicate canonical
residues necessary for proper intra chain folding while @ signs indicate those residues important for
inter chain (VH and VL) folding [72-78]. Residues differing from the consensus IgW sequence are
shaded, while residues differing from the expected canonical residue are boxed. To properly align the
sequences, 2 residues were removed from the Hum VH-3, NAR V and sandbar shark VH 1004 frame
work 3, and the deleted residues are indicated by black triangles.

conserved at the Cro4-CroS boundary and in the secretory tail, respectively (Fig. 8). Thus it is likely that expressed IgW consists of 2 light chains
and 2 heavy chains, as do nearly all immunoglobulins.
These results contrast with a new putative antigen binding immunoglobulin molecule isolated from the nurse shark (NAR), reported recently

39

Fig. 12. A Radial phylogenetic tree showing the relationship of known V-region amino acid sequences.
V region sequences include in the alignment used to construct the tree contained and D and J segments. Note: IgW clusters with the horn shark VH, but that it diverges from the heavy chain branch
before the sandbar shark or other vertebrate species. The branch is indicated with an arrow and the
IgW and horn shark V regions are highlighted with gray shading. The tree was made using
CLUSTALW to align the sequences and then bootstrapped them 10,000 X. The tree was plotted with
the PHYLIP DRAWTREE program.

by Greenberg, et 01., [71]. The NAR lacks most of the inter chain residues
and also several of the canonical amino acids that are important for
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maintaining intra chain folding [72-78] (Fig. 11). Several of these are missing because half of FR 2 and several residues of CDR 2 appear to have
been deleted from the NAR V-region (Fig. 11). The C-region phylogenetic
analysis (Fig. 10) shows that IgW constant domains 3-6 tend to cluster with
corresponding NAR constant domains 2-5 and suggest that NAR lacks a
true C1. This, and the relatively high degree of identity (40-50%) (Figs.9a
and 9b) between IgW and NAR C-regions suggest that the NAR may have
arisen by the deletion of the CO) 1 domain in an IgW related gene in the
nurse shark. This deletion has apparently produced a molecule that can
no longer associate with light chains and does not conserve canonical
residues necessary for association of VH and VL. This molecule, no longer
under selection to maintain canonical V-region structure, would be free to
drift from its prototypical IgW origins. Although this molecule seems to be
incapable of classically binding antigen, it is interesting to note that the
shark NAR V regions vaguely resemble the main heavy chain isotype of
the camel. The major camel Ig isotype has lost the ability to form disulfide
bonds with light chains and has mutated in a way similar to the NAR [7982]. These similarities include the replacement of key intra chain association residues with cysteines. Cysteines normally cause the formation of
disulfide bonds. The cysteines that would cripple the folding of a classical
Ig V region actually allows the NAR, which lacks light chains and camel
VH's to form new combining sites. This is especially interesting as it seems
that the NAR has drifted from its IgW origins in a manner parallel to that of
the camel heavy chains.
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Flg.13. The results of a PCR that analysed the IgW V-region expression in the shark spleen and thymus.
NOTE: in lane 4, or the thymic cDNA peR, there is an extra band that cooresponds to an unrearranged V-D
segment (see Fig. 14 and accompanying text). The intervening DNA contains the requisite RSSs and
spacer elements. The bottom shows a stylised picture os the IgW homodimerised and heterodimerised with
a light chain. The picture shows the location of the PCR primers, sense in Fr1, antisense in Cro1.

IgW V region diversity.
Fr1 to Fr4 primers were used to amplify V-regions from both thymus
and spleen, and revealed that IgW V-region message is present at high
levels in both tissues (Fig. 13). 23 total Vro PCR products from the thymus
and spleen were sequenced. Selected amino acid translations are presented in Fig. 11 along with sequences obtained from S'RACE. The sequences appear to comprise one family, there being high identity in the
frameworks, especially FR 1 and FR 2. However, the most striking feature is
the high degree of diversity present; i.e. no two sequences are identical.
This is more clearly seen in Fig. 16, which shows the nucleic acid se-

42

Zzz.Msf(3whithy}}
Zzz.Msf(5thy}}
Zzz.Msf(7x1con}}
Zzz.Msf(7x2con}}

1
100
...•.. ATATCGTGCTGACCCAGCCCGAGTCTGTTGTGAAAAAGCCGGGGGAGACAGTCAGACTCTCCTGTGCAGTCAGTGGGTTCGATATCAAAAACTA
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GGTCGATTTACCCCTTCTGCTG ••• TCAGCAACACCGCTTCCATAGAAATCACCAGTCTGAGCCGGGATGACACCGCCATCTATTACTGTGCTCGGA .••
GGTCATTTCCAAGTTTCCAAAG ... ACAGCATCAGTTTGTATCTACAAATTAATAATCTGAGAGTGGACGACACCGCCATCTATTAGTGTGCCAG.AACA
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CGGTTTCCTCACCCATCCGAAGATGTGCAGTGACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCA .••.
CGGTTTCCTCCCACATCCGAAGATGTGCAGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTT ..•••••

Fig. 14. An alignment of bullshark IgW V regions clone 3whithy and 5thy compared with 2 rearrangement products from the bull shark thymic mRNA (see fig. 13). Highlighted are the heptamer and
nonamer following the V region in the large PCR products clones 7x1 con and 7x2 con. The 23 mer
spacer if underlined with a black bar. This rearrangement product probably represents a D-J rearrangement in the 7x1 and 7x2cons that has yet to fuse to the V. Several other heptamers have been identified in the 7x1 and 7x2con sequences, but identification of the expected 12 mer spacer is incomplete.
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Fig. 15. An alignment constructed with CLUSTALW that shows the identities within the IgW 5'UTRs that
have been cloned and sequenced. Identities are shaded while complete identities also are marked with
an ".". All clones were isolated with 5'RACE from the sandbar shark spleen Marathon cDNA library.
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GCTCGACAGCACCTACATGAGCTGGGTGAAGCAGGACCC.T.GGAAAGGGCTGGAGTGGTTACTGTACCATGATTCT .• AG.CCTCAAGGGTTCG.CGCC
TATCGACAGCACCTACATAAGTTGGGTGAAGCAGGTCCC.TGGCAAAGGGCTGGAGTGGTTACTGTACCATGATTCT •• AAACCTCAAGGGTTCG.CGCC
TATCGACAGCACCTACATAAGTTGGGTGAAGCAGGTCCC.TGGCAAA.GGCTGGAGTGGTTACTGTACCATGATTCT .. AAACCTCAAGGGTTCG.CGCC
TATCGCCAGAGTCTACATAAGCTGGGTGAAGCAGGGCCC.TGGGAAAGGGCTGGAGTGGTTACTGTACCATGATTCT .. AGGCCTCAAGGGTTCG.CGCC
TATCGTCAGGACTCACATTAGTTGGGTGAAGCAGGTCCC.TGGGAAAGGGCTGGAGTGGTTACTGTACCATGGTTCT .. AGCCTCTA .. GGTTCG.CGCC
TATCGACAGCACTTTCATAAACTGGGTGAAGCAGGTCCC.TGGGGAAGGGCTGGAGTGGTTACTGTACCAAGACGCT .. AGTCCTCAAGGGTTCA.CGCC
GATCGACCATACCTACATAAGTTGGGTGAAGCAGGTCCC.TGGGAAAGGGCTGGAGTGGTTACTGAACCATGATATA .. AACCCTCAAAATTTCG.CGCC
TATCGACTCCACCTCCATAAACTGGGTTAAGCAGGTCCT.TGGGAAAGGCCTGGAGTGGTTACTGTATCATGGAACT •• ACTCCTCTAGGGTTCGCCGCC
TATCGHHAGCACGTAHHTRRYWRSWG ... RRCAGGGCCT.GG .... AAGGCTGRRKTGGTTACTGTA.CATGATNCT .. AG .. CNTAGAGGWTCSCNNC.
GCTCAGCACTTACGGCGTACAGTGGGTGAAGCAGGTCCC.TGGGAAAGGGCTGGAGTGGTTACTCTACTATCGTTCAATCCGTACCAAGGCGTTCGCGCC
TATCAGCAACTACGGCATAAACTGGGTGAAGCAGGTCCC.TGGGAAAGGGCTGGAGTGGTTACTGTATGTTCGTTCCCCAAATGTTAAGGCATTCGCCCT
TATGAACAGCTACGGCGTAACTGGGGTAAAGCAGGTCCC.TGGGAAAGGGCTATCGTGGTTACTGTACTATCGTTCATCAAGTAGTAGGGACTTCGCGCC
TATGAACAGCTACGGCGTAACTGGGGTAAAGCAGGTCCC.TGGGAAAGGGCTATCGTGGTTACTGTACTATCGTTCATCAAGTAGTAGGGACTTCGCGCC
TATCAGCACCTACGCCGTAACCTGGGTGAAGCAGGTCCC.TGGGAACGGACTAGAGTGGTTACTGTACTATCGTCGTGAAAGGGACAAGGGCGTCGCGCC
TATCAAAAACTATGGCGTAACCTGGGTGAAGCAGGT.CC.CTGGGAAGGCATGGTGTGGTTACTGTACTATTCTTCTTCAACAAACAAGAGATTCGCGCC
TACCAGCACCTATGGCGTAATTTGGGTGAAGCAGGTCCC.CTGGCAACGGATGGAGTGGTTACTGCACTATTATTCATCAAACAACAAAAAATTCGCGCC
TATCAGCAGCTACTACATAAACTGGATCAAACAGGTCCC.TGGGAAAGGGCTGGAGTGGTTACTTGATTACAAGATTGGTGGTAACAGTGATTATGCGCC
TATTGAAAACACCTACGTAAGTTGGGTGAAGCAGGBCCCAGGGGAAAGGGCTGGAGTGGTTACTGTTCCATGATTCT .•. AGCCCTCAAGGATTCGCGCG
CCTCAGTAGTTATTGGATGCACTGGGTCAAACAGGTCCC.TGGGAAAGGGCTGGAGTGGTTGGTTGAGATAAGTCCTTCAAATGGCACCAACTTG .....
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301
400
TGGAATTGAAGGTCGATTTACCCCTTCTGTTGTCAGCAACAC.CGCTTACTTAGAAATCACCAGTCTTTCAGTGACGGACACC.GCCATCTATTACTGTG
TGGAATTGAAGGTCGATTTATTCCTTCTGTTGTCAGCAACAC.CGCTTACTTAGAAACTGCCAGAGCTTCAGCGCCGGACAGT. GCCATCTATTACTGTG
TGGAATTGAAGGTCGATTTACCCCTTCTGTTGTCAGCAACAC.CGCTTACTTAGAAATCACCAGACTTTCGATGCCGGACACC.GCCATCTATTACTGTG
TGGAATTGAAGGTCGATTTACCCCTAGCGCCGTCAGCAACAC.CGCTTACATAGAAATCACCAACCTGAGAGTGGATGACACC.GCCATCTATTACTGTG
TGGAATTGAAGGTCGATTTACCCCTAGCGCCGTCAGCAACAC.CGCTTACATAGAAATCACCAACCTGAGAGTGGATGACACC.GCCATCTATTACTGTG
TGGAATTGAAGGTCGACTTACCCCTTCTGTTGTCACCAACAC.CGCTTACATAGAAATCACCAGTCTGAGAGTGGATGACACC.GCCACCTATTACTGTG
TGGAATTGAAGGTCGACTTACCCCTTCTGTTGTCACCAACAC.CGCTTACATAGAAATCACCAGTCTGAGAGTGGATGACACC.GCCACCTATTACTGTG
TGGAATTGAAGGTCGATTTTCCCCTTCTGCTGTCAGCAACAC.CGCTTACATAGAAATCACCAGTCTGAGAGCGGATGACACC. GCCATCTATTACTGTG
TGGAATTGAAGGTCGATTTACCCCTTCTGTTGTCAACAACAC.CGCTTACATAGAAATCACCTTGCTGACA.CGGATGACACC.GCCATGTATTACTGTG
TGGAATTGAAGGTCGATTTACCCCTTCTGTTGTCGGCTCGAC.CGCTTACATAGAAATCACCAGTCTGACCACGGATGACACC.GCCATCTATTATTGTG
TGGAATTGAAGGTCGATTTACCCCGTCTGTAATCAGCAACAC.CGCATACTTAGAAATCACCAGTCTGACAACGGATGACACC.GCCATCTATTACTGTA
TGGAATTGAAGGTCGATTTACCCCTAGCGCTGTCAAATACAC.CGCTTACATAGAAATCACCAGTCTGAGAGTGGATGACACC.GCCATCTATTACTGTG
.TGRHYTGAAGGTCGATT ••. ACCCTCTGTCGTCAGCAACAC.CGCGAACATAGAAATCACCAGTCTGAGACCGGATGACACC.GCCATCTATTACTGTG
TGGAATTGAAGGTCGATTTACCCCTTCTGGTGTCATTAAGAC.CGCTTTTTTAGAGATCACCAGTCTCAGACGGATGACACAC.GCCATCTACTACTGTG
GGAATTGAAGGCTCGATTTACCGCTTCCGTTGTCAGCAACAT.CGCTTCAATAGAAATCACCAGTTTGATAACGCTGACACCG.GCCCTTTATTACTGTG
TGGAATTGAAGGTCGATTTACCCCTTCTGCTGTCAGCAACAC.CGCTTCCATAGAAATCACCAGTCTGAGCCGGGATGACACC. GCCATCTATTACTGTG
TGGAATTGAAGGTCGATTTACCCCTTCTGCTGTCAGCAACAC.CGCTTCCATAGAAATCACCAGTCTGAGCGCGGATGACACC.GCCATCTATTACTGTG
TGGAATTAAAGGTCGATTTACCCCTTCTGCTTTCAGCTCGAC.CGCTTACATAGAAATCACCAGTCTTAGAGCGGATGACACC. GCCATTTATTACTGTG
TGGGATTGAAGGTCGATTTACCCCTTC.CAGGTCAGCAACAC.CGCTTACATAGAAATCACCTCTCTGAGAGCGGATGACACC.GCCACCTATTACTGTA
TGGAATTGAAGGTCGATTTACCCCTTCTCAGGAGCGCAACAC.CGCTTACCTAGTAATCACCAATCTAAACGCGGATGACACC.GCCATATATTACTGTG
TGGAATTAAGGTCGATTTGTTCCTTCAAGTGGTCCAGTACACTCGCCTACCTTGATATTAGTCAACT.AAAACGGATGACACC.GCCATCTATTACTGTG
TGGAATTGAAGGTCGATTTACCCCTTCTGCTGTCAACAACAC.CGCTTACATAGAAATCACCAGTCTGA .....••............•••.........
.••..•.••••......•••...•........•..•••••...••.• TATCTACAAATTAATAATCTGAGAGTGGACGACACCGGCCATCTATTACTGTG
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500

CGAGAATCTATACAGGGGCTCTGG.C'I'l'GG..
• •.•• ; ••• ; : ... ; •••••• GTA'l"i":rGATTATTGGGGGAATGGAACCTTCGTGGAAGTGACTTC
CGAGAATCTATACAGGGGAAC'1'GG.=G~ •
• ••••.;; • ':;'•••• ;." , .. ': ;GTATTTGATGTCTGGGGGAATGGAACCTTCGTGGAAGTGACTTC
CGAGAATCTATACAGGGGC'I'CTGGTCTTGG. • • '••• :.... :. '.... ;'. ;'•• " .', GTATTTGATTA'I'l'GGGGGAATGGAACCTTCGTGGAAGTGACTTC
CTAGGATCCTTGGGGCGCCTATA'l'ATTT; ';:.. •• • •• '.; : • .'•• ',., .:,;:>., ·,".:;'ATCACGTTA'I'l'GGGGGAGCGGAACCTTCGTGGAAGTGACTTC
CTAGGATCC'l'l'GGGGCGCCTATATATTT. '; ;; .:., ••.; .:; ••.•• ';.: i·;.";\':;: ~:.; !,/;';'::;ATCACGTTATTGGGGGAGCGGAACCTTCGTGGAAGTGACTTC
CTAGAACCATTACAGGGGAGTTATA'1"I'TGG'l'GTCGAAGAAACCGTTGTCGCTAGCCCTTTTGATTT'I'l'GGGGGAGCGGAACCTTCGTGGAAGTGACTTC
CTAGAACCATTAcAGGGGAGTTATATTTGGTGTCCGAAGAAACcGTTarcGCTAGCCCTTTTGATTT'I'l'GGGGGAGCGGAACCTTCGTGGAAGTGACTTC
CTAGA:"~. ;:.".; ~.; :; ...... , ..•.;.; ',;..... ,;.; ;'. ;';·.GGGGAATACGAGTACTCTACGCCTTTTGATTACTGGGGGAGCGGAACCTTCGTGGAAGTGACTTC
TTAGAAGGCcGCGTGAAGGGTACGGTGT.:•• ','" i;-, .;. '•• '. '. ; ;' .;';' ••' ;;;;; ;,;; 'rTTTGATTATTGGGGGAGCGGAACCTTCCTGGAAGTGACTTC
CTAGAC ; .•. .' ••• ;CTCTACAGGcACCAT.·; ;' ;.; ;'•• ;" '.:. " •••••• :0; ACTGGTTGGACGGGGATTA'I'l'GGGGGAAGGGAACCTTCGTGGAAGTGACTTC
CTAGAA •..• :••••• ACCAAGAGGGGTCAC .. ',';.' ;.' .' .;'. ;.) " :.:,;:: .\ACTGGCTACG'l'l'T'l'GATTA'I'l'GGGGGAGCGGAACCTTCATGGAAGTGACTTC
CTAGTCAGGGAGTAGATACTACGGGGAT ...... ho', .......... '•• ATACGGGAGCTTTTGATTATTGGGGGAGCGGAACCTTCGTGGAAGTGACTTC
CTCGCAGGGAAACTATAGTGGGTGACAT;. ~'. ; • ';;'<-. '• .'. ;: i..' •.•. ;" '.;; '.: ,ACGGTTTGATTA'I'l'GGGGGAGCGGAACCTTCGTGGAAGTGACTTC
CGAGAGAGGGTGGGAAGCTTCGGAGTACTTGG:, ••• , ••••• ;·.GGA;; ;' ... , •••': .-•.TCTTGATTA'I'l'GGGGGAGCGGAACCTTCGTGGAAGTGACTTC
CTAGAGGGGCTGACA'. ;', :"';,; ;~;;; '-'-:'-; .• G';;;;-:''-;;~;i.GGA,·.<. :.'" ;·;:.:GC'I'l'GATGGTTGGGGAAGCGGAACCTTCTTGGAAGTGACTCC
CTCGGAGTAGCCCCTTCTATGGAGTAGGTA;'O; ••••• i .. " .. GGGAA ...... :;..••• ,';TCGATTATTGGGGGAGCGGAACCTTCGTGGAAGTGACTTC
CTCGGAGTAGCCCCTTCTATGGAGTAGGTAGG: •• ,; ••.• ;, ... ;GGGAA'• .- .' •• '.'. ; ";:.TCGATTATT. ,.;, •..•......••.•.............
CGAGGG.GAG=AGATTC'l'T'l'l'GGTAGG;;:~:~:;-••'.·,'" .GCAAATGGGl\J\CTATC'I'l'GATTATTGGGGGAGCGGAACCTCCCTGGAAGTGACTTC

g~~~~~=;;~~TA~~:~:::: :;::: ;~~i:: :.::.\:::,:~~~gggg~g~:g:g~g~g~~~

CCAGAAA':J:TGGGAC?'CAT1I:TGTAA,G~~. ',~' "','" ••• '-~~CPTfGGGGGAGTGGAACCTTCGTGGAAGTGACTTC
....•••• '• .- •• '.' •••••••• '............... .- ......... '•••••' • '., •••• , • -,. '., .... "'.".' ; • GAGCGGAACCTTCGTGGAAGTGACTTC
CCAGAATGTACGGAGTAGCGACGGAAGTTACAGGGAAGTATCTCCTATAC: ••• :.OAACTTGATTATTGGGGGAGCGGAACCTTCGTGGAAGTGACTTC
,".-

'

501
600
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCTG .. TGACGTGAACTCAAACCAAGATGCGATCAGCCT.CGTCTGCCTGGTGAAGGGC
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCTG •. TGACGTGAACTCAAACCAAGATGAGATCAGCCT.CGTCTGCCTGGTGAAGGGC
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCAA .. TC .......••..•.....•.•..........•............•.......
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCTG .. TGACGTGAACTCAAACCAAGATGAGATCAGCCT.CGTCTGCCTGGTGAAGGGC
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCTG .. TGACGTGAACTCAAACCAAGATGAGATCAGCCT.CGTCTGCCTGGTGAAGGGC
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCTG .. TGACGTGAACTCAAACCAAGATGAGATCAGCCT.CGTCTGCCTGGTGAAGGGC
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCTG •. TGACGTGAACTCAAACCrlAGATGAGATCAGCCT.CGTCTGCCTGGTGAAGGGC
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCC .......•.••.....•...........•.•..•.........••...•........
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCTG .. TGACGTGAACTCAAACCAAGATGAGATCAGCCTACGTCTGCCTGGTGAAGGGC
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCAA •. TCCCGCGACTGGCGG .....•.••..•......................•...
AATTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCAA •. TC •......•••...•.....•......•..••.•............•.•...
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCAA .•.......•.••.......•••..........••..........•....•....
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCTG .. TGACGTGAACTCAAACCAAGATGAGATCAGCCT.CGTCTGCCTGGTGAAGGGC
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCAA .. TCACTAGTGCGGCCGCCTGCAGGT .•.•..•......••..............
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCAA •. TCACTAGTGCGGCCGCCTGCAGGTC ............•...............
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCAA •. TCA ........•••.•......•..•.......•.•...............•.
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCC .................••...................................•.•....
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCA •........•..•••.......••....................•.•.........
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTAATC .. CCC .......••........•.••.......••••........•.....•...
AGTTACCCAGGCTGCACCATCAGTCTACATTCCCAACCCTTCCTG .. TGACGTGAACTCAAACCAAGATGAGATCAGCCT.CGTCTGCCTGGTGAAGGGC
AGTTACCCAGGCTGCACCATCGGTCTACATTCCCAACCCTTCCTG .• TGACGTGAACTCAAACCAAGATGAGATCAGCCT.CGTCTGCCTGGTGAAGGGC
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682
TTTCAACCCAAGGCCATCACTCAGACATGGTCCAGGAACAACA.GGGTCATTACGACTGGAATCAA ....•.•.••......
TTTCAACCCAAGGCCATCACTCAGACATGGTCCAGGAACAACA.GGG .........••••....•••............•.•
TTTCAACCCAAGGCCATCACTCAGACATGGTCCAGGAACAACA.GGGTCATTACGACTGGAAT .•.•...........•...
TTTCAACCCAAGGCCATCACTCAGACATGGTCCAGGAACAACA.GGGTCATTACGACTGGAAT ••.•........•..•...
TTTCAACCCAAGGACATCACTCAGACATGGTCCAGGAACAACA.GGGTCATTACGACTGGAATCAA .•......•.•.....
TTTCAACCCAAGGACATCACTCAGACATGGTCCAGGAACAACA.GGGTCATTACGACTGGAATCAA .....•.••.......
TTTCAACCCAAGGCCATCACTCAGACATGGTCCAGGAACAACAGGGGCCATTACGACTGGAATTCAATCCCGCGACTGGCGG

TTTCAACCCAAGGCCATCACTCAGACATGGTCCAGGAACAACA.GGGTCATTACGACTGGAATCAAATCACTA •......•.

TTTCAACCCAAGGACATCACTCA .......................................................... .
TTTCAACCCAAGGCCATCACTCAGACATGGTCCAGGAACAACAGGGCCATTACGACTGGAATCAAATCCCCGACTGGCGG ..

Fig 16. A nucleotide alignment of all cloned IgW V·regions demonstrating the extreme diversity
generated in the CDR3N(D)J joining. CDR3 is highlighted. Note: the clone "genomic" is a PCR
product from sandbar shark spleen genomic DNA. Although the sequence runs out at the end of the V,
it is an almost identical match with 5thy, a clone isolated from the bullshark thymic mRNA.
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Fig. 17. A radial phylogenetic tree constructed from the nucleotide sequences of all the IgW V
regions yet cloned. The nucleotide sequences, once aligned, were edited down to the V-gene
segment only, and bootstrapped 10,000 times. The PHYLIP program DRAWTREE was then used to
assemble the sequences into a radial phylogenetic tree. All bullshark V regions are identified by the
"thy" in their name. Note: the 2 distinct families shown by the bulls hark and sandbar shark V regions,
with splenic V regions, 17whi and 15whi clustering close to the bullshark V regions. These may
represent a divergence among the IgW "superfamily" of V regions, as in subsequent phylogenetic tree
analysis shows them more closely related to IgM V regions.

quences of all of the 23 cloned IgW V regions. While these sequences
also include the 5'UTRs as well as the C-region sequence on the 5'RACE
clones, this serves to demonstrate the conservation of both the frameworks and the 5'UTRs. The junctional diversity is apparent in the CDR 3
region, which is highlighted in gray. This high diversity is also emphasized in
Figs. 17, 18, and 19, where the nucleotide sequences of just the V-region
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Fig. 18. A radial phylogenetic tree constructed using the IgW V-region sequences from Fig. 16 which
also includes the all the known sandbar shark V H, as well as representitives of all the human, rainbow
trout, catfish, horn shark, and nurse shark V H families. Note: the IgW V-regions segregate on a
branch of the tree distant and seperate from the sandbar shark V H genes. Interestingly, two IgW Vregions are intermediates between the IgW cluster and the main VH cluster. These may be evolutionary intermediates between V H and IgW that warrant further analysis.

gene segment are used to construct phylogenetic trees that demonstrate
the diversity of the IgW V-regions. Of particular note, as seen in Fig. 14, is
the presence of rearranging transcripts in the mRNA. In mammalian systems, a D-J-Jl transcript called DJl transcripts are integral for allelic exclu-
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Fig. 19. A rooted claudogram constructed with CLUSTALW and the PHYLIP DRAWGRAM program.
This tree is a reconstruction of Fig. 18, but is displayed as a rooted tree. Note: the IgW V-regions root
the tree, which supports the contention that IgW is the most ancient Ig gene yet cloned.

sion and the proper expression of VH genes [107,129]. The presence of
partially rearranged transcripts in the shark not only indicate that the shark
rearranges its VH genes, but may also suggest that selection for proper VH
proteins occurs.
Substitutions generally concentrate in the CDR's, although there is
considerable diversity in FR 3. The pattern of sequence substitutions is very
similar to that observed in sandbar shark light chains [29] and in Jl heavy
chains [SS., RMB., S.F.S., and J.J.M., manuscript in preparation] and also in
the nurse shark NAR [43]. It is not clear if, as suggested for the NAR [43],
that hypermutation mechanisms playa role in generating IgW V-region
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Fig. 20. The results of a PCR and a high stringency Southern blot showing that the IgW retains the shark
cluster arrangement, while possibly having the properties of a translocon intermediate. Lanes 1-7 show the
results of genomic DNA PCR that was designed to amplify IgW V-regions. Lane 1,2 and 7 are molecular
weight markers, Boehringer Mannheim #8 and 2. Lanes 3·6 show genomic IgW PCRs. Lanes 3 and 5
utilise Fr1 and Cc.o1 primers, with RBC and splenic genomic templates, respectively. Lanes 4 and 6 utilise
Fr1 and Fr4 primers with RBC and splenic genomic templates, respectively. Lane 3 had no product. Lane 4
yielded 2 main bands of approximately 2 and 2.2 kb (indicated by arrows). There were also 5·6 other bands
that were presumably the result of lymphocyte contamination of the spleen. Lane 5 yielded many bands
with one main band at approximately 15 kb. This product was cloned and the ends sequenced to confirm its
identity. Lane 6 has 2 bands of 2 and 2.2 kb. Lanes 8 and 9 demonstrate the hybridization pattern of the V
region probe (8) and the C region probe(9) when radiolabeled and hybridized with shark genomic spleen
DNA. Lane 8 clearly shows the presence of multiple V region genes. Lane 9 shows 1 main band (indicated
with an arrow) of hybridization, as well as several minor bands. This can be interpretated in 2 ways. The
band could be real, meaning that the shark IgW has multiple copy C·region genes. Alternatively, the bands
could be the result of rearranged DNA derived from the spleen.

diversity.
For the sandbar shark light chain, the high levels of diversity observed are encoded by multiple copies of genes in the germline. Consideration of several points suggests that ro VH sequences are also derived
from multiple genomic genes. Of the eight clones for which we have 5'
untranslated regions (UTRs), only two have identical sequences (Fig. 15).
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Fig. 21. A proposed genomic organization for IgW. The traditional shark clustering is shown at top, while
the proposed hybrid IgW arrangement is at bottom. From PCR and Southern blot data, IgW is putatively
labeled a combination of cluster and translocon arrangement. The IgW V-regions have 2 distinct clusters,
one at -2 kb and one at -2.6 kb. These clusters are repeated N number of times, perhaps in tandem.
These are then followed downstream by 1 or N number of C regions.
IgW Protein
Cwhi6_5x201d
IgW
CWhi6sp11

1

50
HisLeuA1a I1eG1nSerA 1al1eTyrl1 el1eLeuVa1 AsnG1yTrpL
. . . . . . . . .. .......... .......... ...•...... . ... GATGGT
ACACCTGGCC ATTCAATCAG CCATTTATAT AATCCTTGTA AATGGATGGT
.......................•..........................

IgW Protein
Cwhi6_5x201d
IgW
CWhi6spl1

51
100
euMetGlnPr oG1UASpCys CysTyrHisL ysAsnl1eSe rLeuLeuVa1
TAATGCAGCC AGAGGATTGT TGTTATCACA AGAACATCTC TCTTCTGGTG
TAATGCAGCC AGAGGATTGT TGTTATCACA AGAACATCTC TCTTCTGGTG
...........................................•......

IgW Protein
Cwhi6_5x201d
IgW
Cwhi6sp11

101
150
ThrG1yHisA rgLysArgLe uCysSerIle IleGluLeuL ysAsnLeuPh
ACAGGTCACA GAAAACGGCT TTGCTCAATC ATTGAGTTAA AGAATCTATT
ACAGGTCACA GAAAACGGCT TTGCTCAATC ATTGAGTTAA AGAATCTATT
............................................•.....

IgW Protein
Cwhi6_5x201d
IgW
CWhi6spll

151
200
eG1yAspEnd
3' UTR
TGGTGATTGA ATCAAACACC AAACGTCCTT TTCTCCAAAT AGTCTGAAAG
TGGTGATTGA ATCAGACACC AAACGTCCTT TTCTCCAAAT AGTCTGAAAG
. . . . . . . . . . . . . . . . . . • . . r!l!cmCCTT TTCTCCA!;;~'j BiTCTGAAAG
201

Cwhi6_5x201d
IgW
Cwhi6spll

250
3' UTR
TCCTGAGTTC CCTTTGCAAT ATTTTTCTGC TCCATTTGAT .GAGTGTGAG
TCCTGAGTTC CCTTTGCAAT ATTTTTCTGC TCCATTTGAT .GAGTGTGAG
TCCTGAGTTC CCCTTGC,~T ATTTTTCTGC TCCATTTGAT riPAGTGTGAA

Cwhi6_5x201d
IgW
CWhi6spll

251
300
3' UTR
A ..••.••... TACCCGCAA AGGGTTAATT GTACGTGGCA AAGTGTCCTG
A . . . . . . . . . . TACCCGCAA AGGGTTAATT GTACGTGGCA AAGTGTCCTG
NflijtpiINj!!!§jijtjt:CCACAA AGGGTTAATT GTACG'!t';GCA AAGTGCCCTG

Cwhi6_5x201d
IgW
CWhi6sp11

301
336
3' UTR
ATCCAGTTTC AATAAACATG ATGTGAAAAG GTAAAA
ATCCAGTTTC AATAAACATG ATGTGAAAAG GTAAAA
ATCCAGTTTC AATAAACATG ATGTGAAAAG GAAAAA

Fig. 22. An alignment of the nucleotide and protein translation of IgW Cro6 with partial sequence of two
Cro6 3' RACE clones. Clone Cwhi6_5x20ld demonstrates an identical clone found in the sandbar shark
splenic mRNA. Clone Cwhi6spl1 is an example of an altered clone in the same splenic mRNA, thereby
showing the presence of multiple copies of the IgW Cro6. The two PCR products were cloned from the
same amplified PCR band, the Cwhi6spl1 clone's sequence is simply incomplete.
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The main difference in the other UTRs are internal deletions of 10-15 nucleotides. Also, the substitutions observed in Fig. 11 are not typical of classical hypermutation seen in mouse and sheep models [83]. Hypermutation
substitutions mostly occur in the CDR regions and there is a significant bias
of transitions over transversions. In contrast, in the ro VH segments many of
the substitutions occur outside of the CDRs, especially in FR3, and also
transversions are favored over transitions. For example, in FR3 60% of
nucleotide changes are transversions.
IgW genomic organisation.

The genomic organisation of IgW was examined in two ways. The
IgW V-region (Fr1 and Fr4) specfic primers used for semi quantification
were used in a PCR with genomic DNA and long-PCR enzymes. Long PCR
enzymes are a mixture of polymerases that include proof-reading activity
and are used in reaction conditions optimized to generate long (> 40kb)
products. Both the red blood cell DNA and the splenic DNA yielded a
high and a low band of approximately 2.1 and 2.6 KB (Fig. 20). The bands
were cloned, deleted and sequenced. Both were found to have high
nucleotide homology with the genomic IgM V-region segments of Raja.
This is a finding that is quite remarkable, as they are intergenic segments
from 2 different isotypes of Ig, from 2 different organisms separated by 300
million years of evolution. The two segments both have V and D region
sequence, but the 2.6 kb and contains 3 D region sequences (V-D-D-D-J)
(Fig. 21), which is somewhat reminiscent of the mammalian translocon.
The smaller band at -2.0 kb contains a standard shark VH-Iike sequence
containing 2 D-segments (V-D-D-J). This type of genomic organization is
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novel and may allow speculation as to the origins of the mammalian
translocon system. For instance, these 2 clusters could be organized in a
tandem array, with one 2 kb segment followed by a 2.6 kb segment (Fig.
21). More likely, is a parallel array, where there are N clusters of 2 kb segments and N clusters of 2.6 kb segments, perhaps isolated from each
other by large genomic distances. This is probable because the amplification reactions only amplified 2 and 2.6 kb clusters independently.
Amplification of Frl to Ceol is seen in splenic DNA.

The genomic DNA was used again in a long-PCR, this time with
primers specific to Fr1 and Ceo1. As seen in the PCR gel (Fig. 20), no products were observed in the red blood cell genomic DNA, but the splenic
DNA yielded an approximately 15-20 KB band. Splenic genomic DNA
presumably contains DNA derived from lymphocytes in which IgW genes
are rearranged. The large band obtained from the spleen is possibly the
result of a rearrangement that translocates the C-region closer to the Vregion. To accomplish this, intervening V and D-segments would have
been rearranged out and allowed the PCR amplification to occur. This
scenario is possible, as D-J recombination typically occurs first and is then
followed by V-DJ [3]. A downstream J recombination with an upstream D
could possibly eliminate many kb of intergenic space, perhaps bringing a
Ceo 1 within amplification distance of a Fr1. The high amount of product
yielded also suggests that this is a common rearrangement product within
sandbar shark spleen. The 15-20 kb band was cloned and the ends sequenced, which confirmed a V with the standard heptamer, nonomer
RSSs and a typical Ceo 1 with a putative splice acceptor site.
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Southern blot analysis revealed that there are multiple copies of
both the V and C-regions (Fig. 20). This may indicate that IgW is arranged
in a manner like that of the shark, a typical cluster arrangement. This
would involve a (V l-DX-C 1) n clustering which is most like the shark, skate
and rays [25]. This is tempered with the Frl-Cro 1 PCR product which only
occurred in the lymphocyte contaminated splenic DNA. If a rearrangement mechanism affords the localization of the V and C regions, then it is
possible that the genomic organisation of the IgW is similar to the putative
(V-D-J)n-C organisation of the coelacanth, which may utilize 1 C-region
for several V-D-J clusters (Fig.21) [85]. More evidence to support multiple
C-regions being encoded in the genome is provided by a cDNA PCR
using 3'RACE and a Cro6 specific sense primer. This amplified the Cro6 and
the IgW 3'UTR. As shown in Fig. 23, the 3'UTR of one clone obtained is
undoubtedly different. This observation supports the presence of at least
2 copies of the IgW Cro6 gene.
Since none of the IgW V-regions observed are V-J or V-D-J fused in
the germ line, it is important to emphasize that the rearrangement mechanism must have arisen to generate N-region diversity, as the rearrangement of local fragments only separated by several hundred bases seems
wasteful and unnecessary unless you need to incorporate diversity at high
levels. To further support our hypothesis that rearrangement arose to
produce diverse N-region, we examined the IgW molecule to determine
its ancestry and origins.
IgW has properties expected of a primordiallg.
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Comparison of identities between shark Ig*
V and C domains in region of high conservation

A. clone 5.1

!:!: clone 1004

5124

5/24

7/24

5/26

C2

na

3/24

8124

4126

C3

na

5124

7124

6/26

C4

na

7/24

9/24

6/26

C5

na

na

6124

3/26

C6

na

na

9124

na

5/24

10124

14124

9/26

21

42
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35

VvsCI

Versus set of
C domains
% versus
entire set

co clone 4

NAR

*SBS A. clone 5.1 [22], SBS /J. clone 1004 (S.S.,
manuscript in preparation), SBS co clone 4RACE,
nurse shark NAR clone 3-4[18].
Fig. 23. A table that compares the identities of V-regions to C-regions within several Ig genes from
the same family. Ig amino acid sequences from each domain were aligned and searched for identities. The IgW V-region have more identites within itself than a A-light chain, a fl-heavy chain, or the

NAR.

Based upon homologies between V and C domain sequences, Hill
et aI., [86] hypothesized that these domains have a common ancestor.
We would predict that the primordial immunoglobulin should show the
strongest similarity between its V and C domains. Since sharks have /-l
chains, the first heavy chain in both ontogeny and phylogeny [1-2], it is
possible to compare the relationships between V and C domains of /-l and
(I)

chains within a single species here, as well as with the related NAR from

a shark that diverged from the carcharhines approximately 80 million
years ago [84].
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It is possible to compare the stretch of V and C sequences beginning with the region homologous to the KATLVCL primer and continuing to
the stretch immediately following the invariant sentinel tryptophan (W)
which is usually fourteen residues from the cysteine (C) in individual clones.
IgW V region clone Voo4 shows 58 % identity with the IgW sequences representing Coo 1-Coo6 (Fig. 23). In contrast, sandbar shark VA. of CI 5.1 and CA.
of the same clone [29] shows only a 21 % match, and sandbar shark VH of
clone 1004 shows 42% matches against the overall set of CIl domains. The
nurse shark putative NAR clone 3-4 shows only 35% identity in the same
analysis. Thus, the

00

chain shows the closest similarity to the predicted

primordial immunoglobulin, which would have the least divergence between the V and C domains. This is further supported by phylogenetic
tree analysis, (Figs. 12, 17, 18 and 19) where radial tree analysis shows the
IgW V-regions clustering in 2 groups, those of bull shark origin and those of
sand bar shark origin. The rooted tree analysis clearly shows the VH tree
that includes all the human, shark, rainbow trout and catfish VH families,
to be rooted by the IgW V-regions (Fig. 19).
It is noteworthy, however, that light chains, heavy chains, T cell
receptors and the

00

chain are all present in chondrichthytes which are

the earliest emerged gnathastomes, while genes specifying such molecules have not been conclusively identified in either more primitive vertebrates (cyclostomes) or deuterostome invertebrates. Because of the
appreciable divergence between V and C domains and among the
individual Coo and CIl domains, we would suggest that considerable evolution of immunoglobulins could have occurred prior to the definitive
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appearance of the combinatorial immune response in jawed vertebrates.
IgW summary.

In conclusion, this is a report of the identification of a new class of
heavy immunoglobulin, termed IgW. The IgW heavy chain-like molecule is
at least one domain larger than any previously described Ig, having a
total of seven bona fide Ig domains. The V-regions are diverse and are
expressed in both spleen and thymus and seem to cluster into several
families. This diversity and its high expression patterns in both the thymus
and spleen potentially add levels of diversity to the shark immune repertoire. IgW V-regions share classical features with VH domains and are
more similar to their own C-regions than other Ig domains. The IgW seems
to have a novel variable region clustering system, which involves 2 clusters
of 2 and 2.6 kb segments. These are putatively separated by some distance which can be lessened by rearrangement. The IgW genomic segments seem to be organized in a novel (V-Dn-J)-Cn arrangement, which is
possibly the organisation that was the precursor to the mammalian
translocon system. The IgW V and C-regions are the most ancient of the
known V-regions, as they root phylogenetic trees (Fig. 19). This again
confirms IgW's possible role as the most ancient immunoglobulin gene.
Since this Ig appears to have arisen at the very beginnings of vertebrate
evolution, it will be important to determine its existence in other vertebrate
classes to assess its contribution to the classical immune response. Indeed,
there are reports of large multidomain Igs cloned from teleosts that may
further provide evidence for IgW in even higher vetebrates [87].
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CHAPTER 4.
The shark recombinase activating gene I (RAGI).
RAG I INTRODUCTION.

The characteristic immune response of vertebrates involves the
production of immunoglobulin light and heavy chains, the capacity to
generate diverse variable region sequences, and mechanisms to rearrange gene segments during development. These multiple mechanisms
generate an immune response with the ability to recognize a number of
potential antigens vastly greater than the number of genomic genes in an
individual organism [1-2]. Immunoglobulin light chains [29], heavy chains
[33, R.M.B., 5.5., S.F.S., and J.J.M., unpublished data], and homologues of
T-cell receptors [28] occur in the most primitive extant vertebrates, i.e. the
chondrichthyes, an anciently evolved group that includes sharks, rays,
and chimeras. These essential molecules of the vertebrate immune system have not yet been detected in vertebrate species more primitive
than chondrichthyes, or in lower deuterostomes or protostomes [1-2]. The
recombination activating genes (RAG I and RAG II) are both critical for
the rearrangement of immunoglobulin gene segments in T and B cells [38]. In order to determine whether the mechanism for gene rearrangement was present through out phylogeny, and was comparable to that
seen in higher vertebrates, the cDNA clones specifying the homologues of
the RAG I gene from several organisms were isolated. Namely, the highly
conserved C-terminal region of the pig, goldfish, paddlefish, and bull and
sandbar shark RAG I were isolated [91]. Subsequently, a cDNA clone
specifying the entire bull shark rag I gene was cloned for analysis.
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Shark
Paddlefish
Axolotl
Goldfish
Rabbit
Human
Mouse
Chicken
Xenopus
Sh~k

TEFYR~FQDE~GEVYKNSNSSKEBRKRWQSMLDKHLRKKMNLKP~MRMNGNFARKLMTKETVBAVCEL~P
QEFYK~FQDE~GBVYQNYNPTHBBRKRWQSALDKQLRKKMNLRPVMRMNGNFAVKLMTKBTVBAVCBLVP
QLB~GBVFKNPDASKBBRKRWQSTLDKHLRKKMNLKP~MRMDGNFARKL~GQBTVEAVCELVH
FQDE~GEVYQKSNPSREBRRRWASTLDKHLRKNLKLKPVMRMNGNYARRLMTREAVBVVCBLVL

AEFYK~FQLB~GEVYKNPSASKBBRKRWQATLDKHLRKKMNLKP~MRMNGNFARKLMT~ETVBAVCEL~P
ABFYK~FQLBIGEVYKNPNASKBBRKRWQATLDKHLRKKMNLKP~MRMNGNFARKLMTKETVDAVCBL~P
ABFYK~FQLE~GBVYKHPNASKEERKRWQATLDKHLRKRMNLKP~'MRMNGNFARKLMTQBTVDAVCEL~P
TEFYRXFQMBXGBVYKNPDATKBBRKRWQLTLDKHLRKKMKLKPMMRMSGNFARKLMSKETVBAVCEL~K
ABFYR~FQLBXGELYKNLSATKBBKKRWQATLDNH~RKRMNLKP~MRMNGNFARKLMSKETVBAVCELVP

SEERRBXLRBLMHLYLLMKPVWRSTFPTTECPDLLCQYSFNSQRFABLLHTEFSHRYEGK~TNYLHKTLA
SQERREALRELVHLYLQMKPVWRVNCPAKBCPDLLCRYSFNSQRFABLLSTTFKYRYDGK~TNYLHKTFA
SEERRTALRELMDLYLKMKPVWRSSCPAKECPELLCQYSFNSQRFABLLSTKFKYRYBGK~TNYFHKTLA
SEATREALRKLMDLYLQMXACVASTRPSQDCPVQLCQYSYNSQQFADLLSTTFKYRYDGK~TNYLHKTLA
YFHKTLA
SKERHBALRBLMELYLKMKPVWRSSCPAKBCPESLCQYSFNSQRFABLLSTKFKYRYBGK~TNYFHKTLA

Paddlefish
Axolotl
Goldfish
Pig
Rabbit
Human
Mouse
Chicken
Xenopus

SEERHBALRBLMDLYLKMKPVWRSSCPAKBCPESLCQYSFNSQRFABLLSTKFKYRYEGK~TNYFHKTLA
SEBRHEALRBLMDLYLKMKPVWRSSCPAKBCPESLCQYSFNSQRFABLLSTKFKYRYEGK~TNYFHKTLA
CEBRHEALKELMDLYLKMKPVWRSSCPAKECPELLCQYSYNSQRFABLLSTKFKYRYEGK~TNYFHKTLA
CBBRQAALTBLMDLYLKMKPVWRSSCPAKBCPELLCQYSFHSQRFABLLSTKFKYRYBGK~TNYFHKTLA

Shark
Paddle fish
Axolotl
Goldfish
Pig
Rabbit
Human
Mouse
Chicken
Xenopus

HVPB ~ ~BREGS ~ GAWASBGNESGNKLFRRFRKMNARQ SKCYE LED~ LKHHWLYTSKYL
HVPE~~BRDGS~GAWASEGNESGNKLFRRFRKMNARQSKFYEMEDVLKHHWLYTSKHL
HVPE~VERDGS ~ GAWASBGNB S GNKLFRRFRKMNARQS KTFBLEDVLKHHWLYT SKYL
HVPE~TERDGS~GAWASBGNESGNKLFRRFRKMNARQSKFYBMEDVL
HVPB~~ERDGS~GAWASEGNESGNKLFRRFRKMNARQSKCYEMEDVLKHHWLYTSKYL
HVPE~~BRDGS~GAWASEGNBSGNKLFRRFRKMNARQSKCYEMEDVLKHHWLYTSKYL
HVPE~~ERDGS~GAWASBGNBSGNKLFRRFRKMNARQSKCYBMEDVLKHHWLYTSKYL
HVPB~ ~ERDGS ~ GAWASBGNESGNKLFRRFRKMNARQSKFYBMEDVLKHHWLYTSKYL
HVPB~~BRDGS~GAWASBGNESGNKLFRRFRKMNARQSKFYBMEDVLKHHWLYTSKYL

HVPB~~ERDGSXGAWASBGNESGNKLFRRFRKMNARQSKSYBLEDXLKHHWLYTSKYL

Fig. 24. An amino acid alignment of the RAG I fragments as cloned from a variety of vertebrates. The
newly cloned genes are the pig, shark, paddlefish, axolotl and goldfish, confirming the presence of the
RAG I gene throughout all jawed vertebrates. The C-terminal third of the alignment, which averages
95% identity, was used to construct the PCR primers used in Fig. 26.

The mechanism of RAG function has not yet been established in
any organism or in vitro system. What is known, however, is that both RAG
I and RAG II are required for recognition and manipulation of DNA segments involved in generating immune diversity [3-8, 44-45]. We hypothesized that the comparison between the RAG I genes of different species
having an ancestral divergences of more than 400 million years would
provide insight into the relationships of the functional domains of the RAG I
protein and functional domains of other proteins known to recognize DNA
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Fig. 25. Alignment of the predicted 1113 amino acid shark RAG I with human and chicken RAG I.. The
complete shark RAG I sequence was searched on the Genbank database using BLASTX and BLASTN [56].
Alignments were done using CLUSTALW [57-58] and the GCG program PRETTY (GCG, Madison, WI). Amino
acid identities the shark shares with the human and/or chicken are shaded, while universal identities shared
between the shark, human, chicken, trout, rabbit and Xenopus RAG I proteins are indicated by an asterisk.
Domain 4 (amino acids 367-573) is boxed. The ten sequential repeating shark RAG I hexapeptides having a
TILEDD motif, and variants thereof, are underlined.

sequences and modify DNA structure.
SHARK RAG I: RESULTS AND DISCUSSION.

All of the RAG I homologues are strongly related to the mammalian
prototypes (Fig. 25, 28). The C-terminal region of the multiple RAG I genes
are at some segments up to 90 % identical (Fig. 24). The entire shark RAG I
homologue is strongly related to the mammalian genes and consists of
segments showing various degrees of identity to the higher mammalian
gene product. Moreover, detection of homology to enzymes known to
affect DNA processing provides a bridge between the vertebrate immune
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1. 2.

3.

4.

5.

6.

7.

8.

9. 10.

Fig. 26. The results of a polymerase chain reaction experiment designed to identify the RAG I
through out phylogeny. Primers derived from an alignment of the nucleotide sequence of all the
cloned RAG I genes. These primers were designed with a minimum of degenercy and were used to
amplify the RAG I genes of 2. human, 3. chicken, 4. goldfish, 5. paddlefish, 6. shark sample 1, 7.
shark sample 2, 8. lamprey DNA I, 9 lamprey DNA 2. Lanes 1 and 10 are a molecular weight
marker. All the expected size bands contained the appropriate RAG I sequence, except for the
lamprey.

system and site specific recombination and rearrangement mechanisms
in prokaryotes. These correlations suggests a general model for the function of the vertebrate RAG I and RAG II gene products.
The shark RAG I closely resembles its higher vertebrate counter
parts.

The open reading frame for the shark cDNA clone specifying the
RAG I homologue contains 1112 amino acids overall (Fig.25). The best
match in the GenBank data base is the human RAG I protein. The translated amino acid sequence is 63-65 % identical and 77 % similar to all its
higher vertebrate counterparts, clearly identifying it as the shark RAG I
protein. In particular, the shark protein is 63% and 64% identical to the
chicken and human proteins, respectively, whereas the human and
chicken RAG 1 proteins are 76% identical to each other. The shark DNA
sequence is 64% and 63% identical to chicken and human DNA sequences respectively, whereas between the chicken and human nucle-

60

otide sequences there is 72% identity. We analyzed the homology between shark and human RAG I proteins in more detail by comparing
corresponding 60 amino acid blocks, as shown in Fig. 28. Varying degrees
and patterns of identity occur through the length of the sequence. In the
human to shark comparison there is approximately 20% identity in the Nterminal 60 residues and greater than 80% identity, with some regions as
high as 90%, in the C-terminal quarter of the molecule. The final 92 Cterminal residues of the shark RAG I are not found in the other known RAG
I genes and is reminiscent of DNA binding proteins due to the acidic
TILEDD consensus motif [88]. The profile comparing the shark sequence to
the entire RAG I database (Fig. 28) is similar, but the degrees of matches
within individual regions are lower.
The consensus sequence from the alignments of the shark, paddle-

Fig. 27. The results of a peR that demonstrates the lack of introns in the shark RAG I. Lane 1 is a
molecular weight marker. Lane 2 is the full length RAG I amplified from cDNA. Lane 3 is the full length
RAG I amplified from 100ng of genomic DNA. Note: the size of both the cDNA and genomic fragments
are identicle.
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fish, goldfish, axolotl, Xenopus [89], chicken [90], rabbit [91], mouse [5]
and human [6] carboxyl terminal sequences allowed the construction of
peR primers that actively amplify a highly conserved portion of the RAG I
gene from every jawed vertebrate. Attempts at amplifying this completely conserved region from any jawless vertebrate have been unsuccessful. Fig. 26 shows the amplification of the RAG I gene from all jawed
vertebrates with the extremely conserved primers. All the lamprey derived
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Fig. 28. A line diagram showing the percentage amino acid identity between the shark and human RAG I
(squares) and the shark RAG I compared to human, chicken, trout, rabbit and Xenopus RAG I (circles). In the
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bands indicated were cloned and sequenced and found to be unrelated
genes.
The shark RAG I contains no introns.

An issue of interest to the origin of the recombinase activating
genes is whether introns are present within the shark RAG I. It has been
found that in all vertebrates, save the teleosts, that the RAG I and RAG II
genes are on the same chromosome, are transcriptionally inverted towards each other, contain no introns, and are separated only by their 3'
UTRs [3-5, 89-91. This finding has produced speculation as to the origins of
the RAG genes that cumulates in the hypothesis that the RAG genes are
the product of a horizontal transfer between a bacterium or fungus and
the common vertebrate ancestor [6]. Recently, it has been shown that
the rainbow trout and the zebrafish have introns within the RAG I coding
sequence [92-93]. These teleosts both conserve an intron near the amino
terminus, while the zebrafish has another intron very close to the 5' end. To
determine if the shark also has one or both of these introns, or if they are
"intron-Iate" and confined to the teleost lineage, peR primers were constructed to produce a product that should span the entire shark RAG I
sequence. Since the trout/zebrafish and zebrafish introns are 500 and 100
base pairs, respectively, the product produced by the amplification of
genomic and cDNA should easily be distinguishable.
In Fig. 27, the amplification products of the shark RAG I from both
cDNA and genomic DNA are the same size, and therefore contain no
introns. The introns within the teleosts are further examples that support
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the intron-Iate theory of the origin of introns [94]. The lack of introns within
the shark also emphasizes the similarity of the shark RAG I with the higher
vertebrate prototype. Moreover, it suggests that the introns are within the
evolution of the teleosts prior to the ancestral divergence of the zebrafish
and rainbow trout.
Analysis of RAG I homology domains.

The generation of a line plot representing the amino acid identities
between the shark and human gene sequences, together with the other
known RAG I genes, allowed us to define homology domains (Fig. 28) and
analyze their sequences overall using the GenBank search tool, BLASTX
[92]. Based upon these profiles, the sequence naturally divides into six
distinct segments. Recent reports [95-100] indicate that homology regions
1,2 and 3 (corresponding to amino acid 1 to 330) are functionally unnecessary in episomal recombination experiments. However, regions 1 and 2
are important for binding of nucleopore protein, and for transport to the
nucleus [101-102]. This explains the seeming dispensability of the N-terminal regions 1 and 2 in the episomal system, as transport of RAG I protein
product to the nucleus via karyopherin a 2 binding is unnecessary in experiments using these episomal substrates [103].
As originally reported by Schatz et a/., homology region 3 contains a
RING zinc finger motif that is easily recognized in similarity searches of all
species [6]. This zinc finger motif is most similar to that of the yeast DNA
post-replicative repair protein, RAD 18. Although region 3 appears to be
unnecessary in the episomal recombination assays, the fact that the RING
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finger is maintained in this highly conserved segment from shark to man
strongly indicates that this domain is important for RAG I function in vivo.
This dispensability of the episomal system combined with the ability
of ring fingers to bind DNA makes this seeming disparity very interesting. It
has been hypothesized that sharks, with their fused and seeming
unrearranging Ig genes, may not obey the rules of allelic exclusion [47-49].
Allelic exclusion, first hypothesized by Sir MacFarlin Burnet, says that one
lymphocyte can express only 1 Ig molecule combination [47-49], i.e. a
mammalian T cell expresses a

V~

8.2 with only one antigenic specificity.

Each antigenic specificity is peculiar to individual cells, or that cells progeny. It is the process of rearrangement that deletes gene segments and
allows the rearranged and now fused genes to become expressed that
seems to "feedback" and down regulate the RAG gene expression and
therefore rearrangement. Without continuing rearrangement, it was
hypothesized, and is experimentally verified that one B-cell produces one
antibody combination [48-49]. It may be that this ring finger evolved as a
necessity in the shark to unwind the genomic DNA to bind and allow for
rearrangement to occur, which in turn generates diversity, allowing the
expression of a functional protein which subsequently controls allelic exclusion [104]. This may be analogous to the ontogenic "race" that TCR 'Y
and

~

chains compete in. If the

~

chain rearrangement can occur be-

fore the completed 'Y chain rearrangement, that cell becomes an

a~

TCR

expressing cell [105-106]. It may be the expression of a functional antibody protein that confers this cell specificity, or allelic exclusion, to antibody genes [107]. The examination of allelic exclusion of Ig genes in
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Fig. 29a. An alignment of the shark and human RAG I domain 4 (shark amino acids 367-573) with the bacterialy
encoded site specific recombinases, Fim Band Fim E, GenBank accession numbers Fim B P04742, Fim E
P04741. Identities to either the shark or human RAG I are indicated with black squares; amino acids that are
similar to the shark and human proteins are shaded, while amino acid substitutions that are of neutral exchange value, as predicted by the Blosum 62 matrix, are boxed. Three of the 4 amino acids essential to
integrase function are present in the RAG I genes, and are indicated by black triangles (shark RAG I amino
acids 418,510, and 513). The position of the integrase specific catalytic tyrosine is indicated by the second t
sign (shark RAG I amino acid 543). Putative RAG I equivalents are indicated by the first and third t sign (shark
RAG I amino acids 523 and 556, respectively). Alignments were made using CLUSTALW and the GCG program PRETTY.
Fig. 29b. Alignment of the catalytic domain conserved in known integrase family members [110] (shark RAG I
amino acids 510-532). The residues identical to the shark and/or human RAG I protein are black, similar
residues are shaded, while those of neutral exchange value as predicted by the Blosum 62 matrix [111] are
enclosed in black squares. Two of the absolutely conserved residues[110], HIS 510 and ARG 513, are indicated by black triangles. The list of INT family recombinases is adapted from [110]. The recombinases are
from phages 186, P2, and P22, E. coli Fim Band Fim E, transposons 2603 and 554 (tnp A and B), phages ep80,
P1, A and P4, respectively.
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Fig. 30. Alignments showing the similarities between RAG II and HIM A and HIM D. A, shows the
regions of a linear representation of RAG II that are similar to the two HIM proteins (rabbit RAG II amino
acids 1-143 for him A and rabbit RAG II amino acids 321 to 447 for him D). B, shows the alignment of
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made using CLUSTALW and the GCG programs GAP and PRETTY. N.B. GenBank acession numbers are noted in parentheses.

single cell based assays is needed to verify the process of allelic exclusion
in sharks and teleosts, as well as the higher amphibians.
The fourth homology region shows sequence similarity to the Neurospora DNA binding protein NUVA, mouse topoisomerase 1, and the E.coli
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transposable element encoded resolvase.
The high degree of conservation within the fifth and sixth homology
regions, and their indispensability for function in episomal recombination
assays, may indicate that they are involved with the catalytic activity of
the RAG I gene product. These regions show similarity to the yeast DNA
repair proteins RAD 16 and 18, the trypanosomal intron cleaving snRNP,
human and rat cyclic AMP phosphodiesterase, and the recently cloned
breast cancer susceptibility gene (BRCA). Most of the C-terminal 92
amino acids of the shark RAG I, however, are not conserved in relation to
the higher vertebrates. These C-terminal 92 amino acids contain ten
sequential repeats with the consensus amino acid repeat TILEDD. Interestingly, this sequence best matches cerebellar degeneration protein, which
contains a similar repeated motif [108]. It is possible that this highly acidic
domain serves to bind DNA, as DNA binding proteins tend to have acidic
motifs to allow DNA binding which, in this case, could be another potential allelic exclusion device [88]. It is interesting to note that while the
higher vertebrate RAGI genes have lost most of this acidic TILEND repeat,
a remanent of the repeat can be seen in the regions that overlap with the
shark RAG I (Fig. 25).
Identification of INT -like domains.

Identification by the above analysis of homology of domain 4 of
shark RAG I to resolvase, a member of the bacterial integrase family of site
specific recombinases, and to topoisomerase I appeared to be a significant clue as to the function of this domain. The prototype of the sitespecific recombinase family, phage').. integrase, also has topoisomerase I
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activity, further suggesting that domain 4 of RAG I may be related to this
family. Comparison of the protein sequences of domain 4 of the shark
and human RAG I to members of this family supported this conjecture. In
particular, the E.coli site specific Fim recombinases appeared to be the
most closely related to the RAG I protein (Fig. 29). The Fim recombinases,
Fim Band Fim E, catalyze inversion of a segment of DNA presumably
containing a promoter sequence and thus regulate the turning on or off
of the gene encoding fimbrae [110]. As shown in Fig. 29a and 29b, three
of the four residues absolutely conserved among integrase family proteins
are present and conserved in the human and shark RAG I genes.
Sadowski has noted that these residues are conserved throughout the
known INT family members and are thought to be involved in catalysis of
cleavage and strand reunion [112]. When Han et al. [113] mutated the
residues Arg 212 and Arg 311 in the phage A. integrase protein, they found
that the mutations abrogated the topoisomerase activity of the integrase
protein and its capability to resolve Holliday structures. When the shark
and human RAG I proteins are compared to part of an INT motif [110]
(Fig.29b), the RAG proteins have 12/25 identities and 15/25 overall similarities to other members of the INT family. Although the tyrosine (Y), equivalent to phage A. integrase residue 342, thought to be the nucleophile for
the breakage reaction, is not present in the shark or human RAG I, there
are tyrosines present 19 and 14 amino acids upstream and downstream of
this site, respectively, that may serve a similar function.
THE RAG II PROTEIN RESEMBLES THE IHF PROTEINS.
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Fig. 31. A schematic diagram of the proposed process of recombination as suggested by the data
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at the heptamer/coding portion joint. The strand would be free to dissassociate with its complimentary
strand and to anneal with the opposing region of homology. This would form a structure known as a Dloop. The D-Ioop could then be cleaved and the resulting free strand could also anneal with its compliment. This is the Holliday structure. The Holiday structure could isomerise, which switches the strandpair in the Holliday-structure. The structure would then be cleaved which could hypothetically yield 3
types of joints. This includes V and J hairpins and direct V to J joining. Theoretically, the simple
inversion of hairpin sequences is possible, but has yet to be observed.
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The integrase (INT), Fim, and resolvase proteins catalyze site specific
recombination reactions involving bacterial and or bacteriophage DNA
by a reaction that also requires a bacterial encoded component, integration host factor (IHF). Given the homology between RAG I and the INT
family members, we speculated that RAG II may be related to IHF. The

Escherichia coli and Salmonella typhimurium IHF is a heterodimer of two
gene products, him A and him D [114]. Comparison of the amino acid
sequences of him A and him D with RAG II (Fig. 30) strongly indicates that
these are indeed homologous proteins. E. coli Him A maps to residues 12-
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142 of RAG II and over the length of the Him A sequence has 28% identity
and 44% overall similarity to RAG II. Him D maps to residues 317 to 441 and
over the length of the Him D sequence has 28% identity and 43% overall
similarity to RAG II. Importantly, these similarities correspond to sequences
in the N-terminaI84% of the RAG II protein, which is in accord with recent
findings indicating that the functional portions of RAG II are in the N-terminal three-quarters [95-100]. The similarities of RAG I to the integrase family
of proteins and RAG II to the IHF products suggest that the vertebrate
recombinase activating genes and the bacterial site specific
recombinases share common ancestry and have a similar mechanism of
action.
The INT/IHF and RAG I/RAG II systems each catalyze a unique type
of site specific recombination leading to an adaptive DNA rearrangement. In the well characterized phage A INT/IHF system, IHF and INT bind
to specific sites in a region of the bacterial and phage DNA, and promote
their folding into a higher order structure, while INT further catalyzes
double-strand breakage and rejoining between a pair of specific recognition sequences within these two regions [115]. Because of the homology
of IHF to RAG II and INT family members to RAG I, we propose that RAG I
and RAG II promote folding of the genomic immunoglobulin gene segments into a higher order structure, while RAG I further catalyzes breakage
and rejoining between the specific recognition sequences that are involved in V(D)J rearrangements. Since a Holliday structure is a likely intermediate in recombination events catalyzed by INT family recombinases
[116], our results also suggest that a Holliday structure may be used in RAG
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Fig. 33. The best match of a Blastn search of the 95 base pair shark RAG I 5' untranslated region is the
rat adenovirus right junction DNA sequence, with 78 % identity in the 37 residues showing homology[121].

mediated recombination(Fig. 31.). The occurrence of a hairpin intermediate, as proposed in models for site specific recombination during V(D)J
rearrangement [45] is readily compatible with the early formation of a
Holliday structure. The sequence similarities between RAG I and RAG II,
and their microbial counterparts also make it unlikely that the functional
similarities between the two types of system arose by convergent evolution.
These similarities between the RAG I and the INT superfamily have
allowed us to postulate a phylogenetic relationship of the evolution of the
site specific recombinases (Fig. 32). Although it is not yet clear if the RAG
genes presence in vertebrates are the result of a lateral transfer or by
direct evolutionary transfer through progeny, the implications are still
exciting. The vertebrate type immune response may be a relative of the
antigenic phase variation that is seen in E.coli or S.typhinierium [117]. The
gene conversion system of the chicken, which has a distinct organizational pattern of V-region genes that is quite different from that of other
vertebrates seems to closely resemble the organisation of the antigenic
variation genes of B.burgidorfi [117]. These and other similarities are beginning to produce a clearer picture of the origins of the recombining
immune system.
Complexity and diversity are distinguishing features of both the
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immune system and the nervous system. Expression of both the RAG I and
RAG II gene products has been shown, perhaps paradoxically, in neurons
(118-120). Furthermore, the protein having the closest homology to the

most C-terminal portion of the shark RAG I gene is cerebellar degeneration protein. Therefore, elucidation of the function of RAG I and RAG II in
site specific recombination may allow new insight into the operation of
the nervous system and/or its early developmental origins. If the RAG I
and II genes of extant vertebrates are directly descended from prokaryotes through early euk::.iryote ancestors (Fig. 32) then their adaptive function prior to the development of the recombining immune system may
have related to the primitive nervous system. Alternatively, as previously
stated, the apparently sudden appearance of the RAG I and II gene
system in the jawed vertebrates may have been due to a lateral transfer
of microbial genes prior to 400 million years ago (Fig. 32) as first suggested
by Schatz, et al. [6]. We observed some homology of the shark RAG 15'
untranslated region to a rat adenovirus right junction sequence (Fig. 33)
which adds some credibility to this alternate idea.

RAG I CONCLUSIONS. In conclusion, the determination of the com-

plete sequence of the shark RAG I gene has facilitated the identification
of potentially new homology domains that would have remained undetected in homology studies limited to the higher vertebrate sequences.
This was anticipated because the ancestors of higher vertebrates and the
sandbar shark diverged more than 400 million years ago, so that functionally essential domains should be identifiable as conserved amino acid
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sequences. This could then allow recognition of primordial patterns
shared with ancestral prokaryotes. The similarities reported here have
allowed documentation of homology between RAG I and the microbial
INT family of site specific recombinases on the one hand, and RAG II and
microbiallHF on the other hand. These homologies then suggested a
plausible model which should aid in the eventual elucidation of the specificity and detailed mode of action of the recombinase activating genes.
CHAPTER 5.
HAIRPINS IN V(O)J RECOMBINATION.

The presence of high levels of coding joint "hairpins" in SCID mice
and the potential of an INT recombination procedure that involves
Holliday structures prompted us to examine the possibility of hairpins being
present in shark genomic and cDNA, albeit at low levels [122-126]. The
presence of hairpins would not only show that the process of rearrangement does occur in the sharks, but could also capture the intermediate
between V-heptamer and V-D or V-J. Most importantly, this would be the
first non-SCID mediated invivo proof of hairpin formation.
Recently, it has been demonstrated that in vitro, the protein products of the RAGI and RAG II genes could efficiently recognize and cleave
V region heptamer oligonucleotide sequences, effectively creating a
double stranded break [127]. This work has resulted in the confirmation of
the finding that the V region, or 1/2 of what would eventually be the
coding joint of a fused Ig gene, can form a DNA "hairpin" of the coding
joint which purportedly resulted from the 3'-OH of one strand attacking a
phosphodiester bond in the opposite strand. These hairpins have been
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Fig 34. A diagram depicting the hairpin PCR scheme. Sandbar shark genomic V-region clone
#14 (S.Shen, unpublished data) was used to construct two sense primers in the coding portion
of the V-region. As proposed by Gellert and others, a main intermediate of recombination is a
hairpin that is formed by a nucleophilic attack by the nicked strand, which is covalently bonded to
the opposing strand in a transesterification reaction[44]. Some of these hairpin intermedites
should be present in the genomic DNA of an organ that is known to be condusive to rearrangement, ie the spleen. If this model is correct, upon heat denaturation, as shown in the figure, the
strands should "open up", or unanneal. The 2nd sense primer would now be equalavalent to an
antisense primer, once a polymerase chain reaction extension cycle extends the 1st primer. The
expected PCR product would be approximatly 125 bp, with an inverted repeat of the 2nd primer
as indicated, within the product.

detected in SCID (severe combined immuno deficiency) mice, indeed
the very defect in SCIDs has been postulated to be a lack of hairpin "nicking" ability, either by direct or indirect mechanisms [128].
Junctional diversity in the CDR3s of Ig gene V-regions utilizes several
methods to incorporate diversity. The first, and most obvious, is junctional
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Fig. 35. The results of hairpin peR. Lanes 2-5 are genomic peR products while 6-7 are from cDNA,
thymic and splenic, respectively. Lane 1 and 8 are molecular weight markers. Lane 2 is a histone
positive control that was reacted with 100 ng of genomic shark splenic DNA. Lanes 3-5 are the
amplification products of the hairpin primers derived from sandbar shark IgM V-region clone 14
(S.Shen, unpublished data). Lane 3 was reacted with 100ng of DNA, lane 4 with 500ng DNA, and
lane 5 with 1 Ilg DNA. The 3 bands in lane 2 were removed, cloned and sequenced. Lane 6 and 7
are identicle reactions, albeit with cDNA. The thymic amplification product and 2 bands from the
splenic amplification product were removed, cloned and sequenced.
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ACTCTTGCAC'. AGTAATAGAT'GGCC
ACTCTTGCAC .. AGTAATAGAT· GGCC
TGTCTTGCACAGTAiI,TA,GATGGCC
TCTCT',I'GCACA,GTAATAGAT'GGCC
CCTCT.'l'GCAC.AGTAATAGA'l"GGCC

Fig.3S. An alignment of the "hairpin" peR products from the bullshark thymus cDNA(X1sp6) sandbar
shark spleen cDNA (Y4sp6, YSsp6, Z4sp6) and sandbar shark spleen genomic DNA (1sts, Mhp83).
The peR primer sequences are highlighted in gray. All sequences match existing horn shark VH
sequences when searched in the GenBank data base. The genomic hairpins are indicated with
arrows.
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diversity, which is caused by the fusion of 2 or more discrete gene segments. This is further diversified by imprecise joining, N-region diversity, and
P-region diversity. Imprecise joining is the process of fusion of the discrete
gene segments, which could be fused at + 1, +2 or +3 relative to the overlap of the coding regions. N region diversity is incorporated enzymatically
by the addition or deletion of "N"ucleotides by either terminal
dinucleotidyl transferase (TdT)-random additions, or ubiquitous nucleases,deletions [8].
P region diversity is manifested in the presence of inverted repeats
of 4-10 nucleotides long. The formation of hairpins aptly explains the
presence of P-region diversity which would be formed by the floating of
the annealed coding region to form a DNA loop around the new covalent bond. This hairpin is then randomly nicked and joined to the other
coding segment. The unfolded loop, if cut at a spot other than at the
original covalent linkage site, would have to be filled in and joined. If cut
asymmetrically, the sequences that formerly annealed or were complimentary with each other would find themselves now on the same strand
of DNA. It is of some interest to determine if asymmetric hairpin nicking is a
function solely of B-1 B-cells, which would thereby generate larger CDR3
regions. B-1 B-cells are the less diverse, more "primitive" B-cells which typically are polyreactive and respond to more ancient antigens, such as
bacterial LPS, etc. [129-130]. Alternatively, this may be a function of
polyreactive-non B-1 B-celllgMs, i.e. non CD 5 B-cells. This process would
thereby be controlled by some other DNA processing associated enzymes
or factors. The order in which all of these processes, the hairpin formation,
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Fig. 37. A diagram explaining the results of the hairpin PCR experiments. The prototypical RSS is
representited on the left with DNA sequences, and on the right in an more simplified manner. In
"b", the RAG" protein products, either alone, or in association with RAG I, promote the conformational change of the DNA to a higher order structure. In "c", the RAG I protein product recognises
the RSS heptamer, and in "d" nicks a strand of DNA precisely at the RSS/coding joint junction
forming a covalent bond, presumably thru a transesterification reaction which could break the
opposing strand at the same juncture. In "d", the ubiquitous exonucleases or TdT act upon the
unbound strand. In "e", the putative Holliday structure is resolved and the hairpin loop is formed,
with either insertions or deletions-as found in the hairpin PCR experiment.
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TdT activity, endonuclease activity, and hairpin nicking and filling in, has
yet to be determined. To determine if the shark rearranges its Ig genes, as
well as to determine the presence of hairpins and P-region diversity, we
devised a peR based method to detect hairpin joints.
Two nucleotide primers made in the same orientation from a sandbar shark V region gene (S.Shen, unpublished data) were used to amplify
hairpin products from sandbar shark splenic genomic DNA, splenic cDNA,
and thymic cDNA (Figs. 34 and 36). The products obtained from the
cDNA were unexpected, as cDNA should not contain any genomic sequences, and the current models predict that the hairpin intermediates
are only present as a briefly existing intermediate in the genomic DNA
[127]. With the confirmation of the cDNA sequences (Fig. 36) with the
identical genomic sequences, a startling clue into the sequence of rearrangement was found. Both the cDNA and genomic fragments that were
amplified lacked the expected inverted repeat of the 3' primer (Fig. 36).
As all cDNA fragment s obtained were identical to their genomic counterparts (Fig.36), the order in which the hairpin formation and coding joint
editing occurs is made clear. In fact, hairpins are not what were being
amplified. Indeed it would be impossible to amplify the expected hairpins. For the products obtained to be produced from both the cDNA and
genomic DNA, the processing in vivo must occur before the formation of
the final coding joint, so hairpins would not be detectable by this assay As
depicted in Fig. 37, and in accordance to our new model of V(D)J recombination (Fig. 31), the RAG II genes must participate with the RAG I gene
product in recognizing the recombination substrate and promoting a

80

higher order DNA structure. The RAG I gene would then utilize its INT-like
activity to form a covalent linkage with an internal tyrosine (Y) to the
coding joint's most 3' nucleotide. This transesterification may then contribute to the breaking of the "lower" strand's phosphodiester bond. The
unbound strand could then be modified with the diversity inducing enzymes, such as endonucleases and TdT, and then covalently formed into
a hairpin, a V(D)J join or an inversion resulting in the resolution of the
Holliday structure. The hairpin could then be cleaved and filled in by

~

polymerase and other repair related enzymes and ligated to the D or J
that has been modified in essentially the same manner.
These data represent a new theoretical understanding of the process of V(D)J recombination. They not only demonstrate the ability of the
shark to recombine its cluster-type arrangements, but also provide a new
approach to the order of the induction of diversity in the rearranging
immune system. These data also demonstrate the conservation of the
fundamentals of recombinatorial diversity through out evolution, e.g. P
and N region diversity. The complementation of these experiments with
similar results in the mouse or human should allow a greater understanding
of rearrangement and the molecular origin of diversity in the recombining
immune system, through all of its possessors.
CHAPTER 6.
General Summary.

The GElr:charhine sharks possess an exceptionally diverse and ca~~..j

pable immune system. This is a statement that can be made with confidence, as the sharks clearly demonstrate both high levels of diversity and
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different types of Ig gene expression. There is evidence that sharks have
the enzymes as well as the structural elements necessary for the recombining immune system. There is also some evidence that the sharks are
the beneficiaries of a lateral transfer of DNA which may have provided
the raw materials for the creation of the diversity that is the end result of
antibody and TCR gene rearrangement. The shark IgW contains the prototypical rearrangement signals, canonical structures and the unfused
rearranging gene segments. Exactly what the primordial state of the
immune system was, i.e. did the first Ig gene produce an antibody-like,
TCR-like, or a combined type molecule, is unknown. It is also unknown
whether the first function of the RAG gene system was to rearrange immune system molecules or to produce antigenic variation in bacteria.
Certainly, the lamprey TCR homologue is similar to the truncated sheep
TCR y chain. The sheep y chain may be involved in a type of TCR-yo positive selection similar to the p Tex. surrogate TCR ex. chain [131-133]. If this is
the role of this short TCR-y like molecule, then the lamprey y may playa
similar role. What type of cell this would then function in is also unknown.
The lamprey gene seems to lack all RSS elements, although donor splice
sites appear to be upstream of several of the clones (Fig.3), so it is possible
that the lamprey TCR-y homologue is a C-region gene that would not
undergo rearrangement at any time. This would be in discord with the
variability seen in the lamprey TCR-y homologue clones that have been
isolated. Would the RAG system, if introduced into an early shark relative,
i.e. a more evolved lamprey, target the Ig gene for disruption or rearrangement? It is this lack of understanding of exactly how the two dispar-
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ate systems could be fused into a functioning unit that poses the question,
Could the antigenic variation system from a bacterium utilize homologous
recombination or the gene conversion of highly transcribed messages, i.e.
a proto-immunoglobulin TCR-y chain, to replace the bacterial antigenic
variation elements, thus giving rise to the vertebrate type immune response?
The conjecture posed by the lamprey TCR homologue gives rise to
many questions, while affording few answers. The choice of examining
the carcharhine sharks for their most primitive Ig genes and recombination
machinery has yielded many exciting answers. The carcharhines do
indeed possess the most primitive Ig gene, IgW. Homologues of this molecule have been cloned from higher organisms, e.g. the teleosts, catfish
and rainbow trout. This raises the potential for the presence of IgW in
even higher vertebrates, such as mice and humans. The presence of such
a gene would help to again revolutionize immunology, giving rise to even
more possible advances in immunotherapies and the basic understanding
of immunity.
This presence of IgW in the shark again emphasizes the high levels
of diversity that the carcharhine sharks possess. With /l-chains, 3-4 families
of A-chains, 2-3 families of K-chains,

a,~,y

and 0 TCRs, the sharks posses an

immune system at least as complex at its root as the human or the mouse.
To add further to the complexity of the carcharhines, they seem to lack
any easily understandable mechanism to provide for the all important role
of allelic exclusion. The shark's diversity is part of an unreconcilable paradox. Put most simply: when and how were these genes derived? The
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lamprey has had its immune system exhaustively examined in fine detail,
using contemporary technology,but seems to only possess a precursor or
surrogate type molecule. It is questionable whether the sharks, whose
rate of molecular evolution is much slower than that of other vertebrates
explosively duplicated the Ig domain, added RSSs, and incorporated the
RAG system in the interim, a relatively short time of approximately 10 million years. An event must have precipitated the explosive duplication of
the Ig gene. This may be due to the introduction of the recombinase
activating gene via descendence or lateral transfer.
The recombinase activating gene in the shark is an interesting mix of
conservation and "new" ancestral genetic baggage. The presence of the
INT motif in the RAG I gene helps to simplify the RAG system and its mode
of action. With the understanding that the RAG II gene, equally essential
for immune system recombination as the RAG I gene, is akin to the IHF
gene product, the murky origins of the immune system begin to clarify. It
is possible that the introduction of the recombinase activating gene system into an early jawed vertebrate ancestor that contained the Ig gene
domain could have precipitated the explosive "big bang" of immune
system genes seen in all gnathastomes. Alternatively, if the RAG genes
were ancesterially derived (Fig. 33) and fulfilled some as of yet unknown
role in the nervous system, the development of the Ig domain may have
been rapidly accelerated with the new association of the RAG system
and functional positive evolutionary selection. The new and unknown
domains of the RAG I genes may also playa role in the seemingly unallelically excludable cluster system of the shark Ig loci.

84

The addition of the Holliday structure intermediate to the postulated
mechanism of action of the RAG I and" genes is bolstered by the shark
hairpin PCR experiments. A clear insight to somatic cell site specific gene
recombination has been made which may allow the exact mechanism of
V(D)J recombination to be elucidated. The "hairpin" products should be
universal in their distribution, and not specific to the shark, as the mechanism of RAG I function should be conserved just as the structure. This will
then clearly be a starting point for research into the mechanistic differences of the B-1 and B-2 B-cell paradigms, as the junctional diversity that
hairpins impart seem to be hallmarks of B-2 B-cells, or those that lack limited diversity and polyreactivity. This may also be an opportunity to find a
link between and/or a "switch" that turns B-1 B-cell into the B-2 type, as the
surrogate light chains have been implicated in promoting the tremendous
diversity seen in the B-2 B-cell type.
These experiments in their entirety demonstrate that the shark is not
only capable of generating great diversity, but exhibits that documented
ability. From the very presence of another VH displaying molecule (lgW)
to the RAG I/CDR3 recombination mechanism to the "hairpin" P-region
incorporation stages, the sharks possess and clearly utilize all the diversity
incorporating mechanisms available. While the origins of this highly
adaptable system are still unclear, it can certainly be said that the
carcharhine shark possesses all the components necessary for immune
competence. And although an important intermediate "missing link"
organism that connects the common lamprey ancestor to the post "big
bang" ancestor (the shark) has not been identified or is not extant, it is
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clear that one must have existed for the great evolution of the complicated vertebrate rearranging type immune system to have occurred.
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