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ABSTRACT 

In order to understand the evolution of the rearranging immunoglobulin system, it 

is necessary to examine living representatives of the most primitive vertebrate phyla. 

Immunoglobulins are the major recognition and defense molecules of the humoral 

immune response and are found in all vertebrates. While early studies demonstrated that 

the general structure of immunoglobulins has remained relatively unchanged throughout 

evolution, the organization of their encoding genes differs dramatically. Elasmobranchs, 

which include the sharks, skates, and rays, are the most ancient phylogenetic class of 

vertebrates from which immunoglobulin DNA sequences have been obtained. The 

Carcharhinoid sharks are of considerable interest for evolutionary studies because they 

are an old order whose ancestors date back to the Jurassic period. Immunoglobulin light 

chain genes of the sandbar shark (Carcharhinus plumbeus) were characterized as to their 

DNA sequence as well as their number and arrangement within the genome. Sequence of 

a cDNA clone encoding sandbar shark light chain demonstrates that their Ig light chains 

are homologous to mammalian A. chains with shark sequences sharing -40-50% identity 

with human A. chains. Analysis of sandbar shark genomic light chain clones by mapping 

and DNA sequencing demonstrates that sharks have a unique Ig gene arrangement system 

in which the genes are organized into clusters or cassettes spanning 4.3 to 6 kilobases and 

contain a single variable (V), joining (1), and constant (C) gene. The light chain clusters 

can be divided into two patterns based upon spacing differences between the J and C 

genes. A unique finding of this study is that the V and J genes are fused within the 

germline. PCR analysis of genomic DNA extends this finding, demonstrating that VJ 

fusion is the predominant organizational feature of sandbar shark immunoglobulin light 

chain genes. This finding raises questions concerning the necessity of recombination to 
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produce an antibody repertoire capable of reacting against a diverse array of antigens. 

While such fusion may initially suggest a lack of light chain diversity in these animals, 

the results of this study strongly supports the hypothesis that sandbar sharks can 

potentially express a highly diverse light chain repertoire. 
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INTRODUCTION 

General Structure Qf Immunoglobulins 

Immunoglobulins (lg) are the cell surface receptors of B lymphocytes and are also 

produced by plasma cells, terminally differentiated cells of the B cell lineage that 

synthesize and secrete antibodies [1]. Immunoglobulins are composed of two types of 

polypeptide chains, light chains and heavy chains. Classical Ig molecules consist of at 

least two identical heavy and light chain pairs in which each light chain associates with a 

single heavy chain, usually by disulfide bonding (Figure 1). The two heavy chains are 

joined together by covalent bonding [2]. The light chains are composed of a single 

variable (VL) domain and a single constant (Cd domain while the heavy chains have a 

single VH domain and three or four CH domains [2]. The Ig domain structure consists of 

-110 amino acid residues containing an intra-chain disulfide bond in which the two 

participating cysteine residues are separated by -60 amino acids. Domains display 

sequence homologies and have characteristic folding patterns [3]. The amino-terminal 

variable domains are composed of alternating framework (FR) and complementarity 

determining region (CDR) sequences. The CDRs or "hypervariable regions" of both 

heavy and light chains are highly variable in their DNA sequence and, when the molecule 

is folded, come together to form the antigen binding site [2]. The less variable framework 

regions which maintain the overall structure of the V domains have been more conserved 

through evolution [2, 3]. 

An antibody molecule can be divided into 2 separate functional components by 

proteolytic digestion with papain [4]. One component, the Fab fragment, possesses the 

antigen binding site and consists of the light chain and the VH and CHI domains of 



1---+S-6""1---I 

eOOH 

Figure 1. Basic structure of human IgM. V L' light chain variable domain; Cv light 
chain constant domain; V H' heavy chain variable domain; CH, heavy chain constant 
domain 1-4; FR, framework region 1-4; CDR, complementarity detennining region 
1-3; D, region of CDR3 encoded by the D (diversity) minigenes in heavy chains; J, 
region of CDR3 and FR4 encoded by the J (joining) genes in light and heavy chains; 
-s-s-, disulfide bonds; NH2, amino terminus; COOH, carboxyl-tenninus. 

15 
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the heavy chain. The remaining portion, the Fc fragment, is that part of the molecule 

responsible for its effector functions. 

There are five classes or isotypes of heavy chains, mu (Il), gamma (y), alpha (cr), 

delta (0), and epsilon (E), and two types of light chains, kappa (lC) and lambda (A.) [4]. 

Any of the five classes of heavy chain can associate with either lC or A. light chains. An Ig 

molecule is classified according to its heavy chain. Thus, Ig molecules with Il, y, cr, 0, or 

E chains are identified as IgM, IgG, IgA, IgD, or 19B, respectively. The two light chains 

are essentially identical with respect to weight (-23 kDa) but are antigenically distinct, 

with only -33% homology at the amino acid level [4]. There is only one form of lC chain 

in man and mice. However, there are multiple subclasses of A. chain [4]. Four have been 

characterized in man [5]. Although identified as subclasses, they are all A. isotypes, 

products of separate CA. genes rather than allelic variants. 

Variations are observed among the weights of the heavy chains as shown in Table 

1 which summarizes the physical and chemical as well as biological properties of human 

immunoglobulins. The differences in heavy chain molecular weights (mw) are due in part 

to the number of CH domains as well as glycosylation [4]. The Il and E chains possess 

four CH domains while the y, cr, and 0 chains have three CH domains. However, y, cr, and 

o also have a hinge region between their CHI and CH2 domains [4]. Hinge regions are 

variable in their structure among the isotypes and tend to be sites of glycosylation [4]. 

Total size of the Ig molecules also varies because some classes exist as multimers. IgM in 

serum exists as a pentamer containing five classical monomer IgM molecules held 

together by a J chain, a 137 amino acid polypeptide [4]. IgA in man exists as a monomer 

or dimer in serum [4]. IgA is also found in secretions where it exists as a dimer and in 

addition to the J chain possesses a secretory component (70 kDa) which mediates 

transport across epithelial membranes [1]. 19B, IgG, and IgD exist as monomers [4]. 



Table 1: Physical, Chemical, and Biological Properties of Human Ig Isotypes 1 

IgM IgG IgA IgD IgE 

Heavy Chain mw -65 kDa 51 kDa2 52-56 kDa -70 kDa 72.5 kDa 

# CH domains 4 3 3 3 4 

Hinge region + + + 

total mw 950 kDa 150 kDa 160 kDa, 385 kDa3 175 kDa 190 kDa 

Sedimentation 19S 6.6S 7S,9S, lIS, 14S 7S 8S 
coefficient 

Usual molecular pentamer monomer monomer monomer monomer 
form dimer 

Heavy chain )'1, )'2, )'3, )'4 «1,«2 
subclasses 

Additional J chain J chain 
protein Secretory 
components component 

Carbohydrate 10% 3% 7% 9% 13% 
content 

Percentage of 5-10% 75-85% 7-15% 03% 0.003% 
total serum Ig 

Serum conc. l.0 12 1.8 0.03 0.0003 
(mg/ml) 

Half-life (days) 5.1 23.0 5.8 2.8 2.5 

..... 
~ 



Table I: Physical, Chemical, and Biological Properties of Human Ig Isotypes (continued) 

IgM_ _ _ _ __ IILG _. _ __ IgA _ IgD II!E 

Bind cells by Fc 
receptors 

Fix complement 
Classical path 
Alternate path 

Other biological 
activities 

+ 

Primary Ab 
response; 

Synthesized in 
fetus; 

Present in auto
immune disorders 

1. Compiled from [1, 4, 6]. 

macrophages 
neutrophils 

+ 
+ 
Secondary Ab 

response; 
Placental transfer; 
Anti-viral, toxin, 

and bacterial 
activity 

2. The "(3 chains has a mw of 60 kDa; IgG3 is 170 kDa. 

3. Monomer form, secretory form. 

+ 
Major Ab in 

secretions 

? 

Surface receptor 
on mature 
B cells 

mast cells 
basophils 

"Reagenic 
activity"; 

Important 
for anti
parasite 
immunity 

-00 
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General Functions Of Immunoglobulins 

The heavy chain of an Ig molecule determines its effector functions. Table 1 

summarizes some of the major biological functions of human antibodies by isotype. IgM 

is the first Ig synthesized both in ontogeny and in response to a primary antigen challenge 

[I, 4]. It has agglutinating ability and activates the complement cascade. In normal 

individuals, IgM comprises -6% of the total serum Ig, although levels can be higher in 

patients suffering from some autoimmune diseases such as rheumatoid arthritis [1,4]. 

IgG is the isotype found in the highest concentration in the serum (-80%) and has 

the longest half-life [1]. It is the major Ig class synthesized in response to a secondary 

antigen challenge [4]. It has a vast array of effector functions which include complement 

activation and binding to Fc receptors on macrophages and polymorphonuclear cells to 

mediate cytokine release, phagocytosis, and induce antibody-dependent cell-mediated 

cytotoxicity (ADCC) as well as regulate lymphocyte function [4]. It is the only class of 

antibody capable of passing through the placenta [4]. IgG has 4 subclasses in man (IgGl, 

IgG2, IgG3, and IgG4) and in mice (IgGl, IgG2a, IgG2b, and IgG3) which vary in their 

relative concentrations, complement binding abilities, and placental passage ability [1]. 

There is -90% amino acid homology within members of a subclass and -60% homology 

between members of different subclasses [1]. The different heavy chains isotypes have 

-30% homology in their Fc regions [4]. 

IgA is the major isotype found in secretions. Secretory IgA possesses a secretory 

component (SC) which it acquires from epithelial cells as it is transported across the 

membranes [4]. The serum form is predominately monomeric; however, dimers and some 

trimers are also synthesized [4]. IgA has two subclasses in man, IgAI (93%) and IgA2 

(7%) [1]. IgA accounts for -13% of the total serum Ig but is the major isotype 

synthesized when the secretory form is taken into account [4]. 
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19B has been associated with allergic or "reagenic" activity. It is attached to the 

surface of basophils and mast cells by Fc receptors. The cells become activated when the 

19B molecules are crosslinked, resulting in the release of inflammatory substances and 

chemoattractants [4]. This can induce anaphylaxis [1]. 19B is also important in protecting 

against parasitic infection [1]. 19B is present in the serum, saliva, and nasal secretions. It 

comprises only 0.003% of the total Ig [1]. 

IgD is only found on the surface of B cells where, when it is co-expressed with 

IgM, it is marker for a mature, resting B cell [4]. Upon B cell activation, IgD is no longer 

expressed. Negligible levels of IgD are found in the serum [4]. IgD represents 0.2% of the 

total Ig [1]. 

Immunoglobulin Genes 

The light and heavy polypeptide chains which comprise an Ig molecule are 

encoded by separate sets of genes. Light chains are encoded by VL, lL, and CL genes and 

heavy chains by VH, DH, JH, and CH genes [4]. The variable or V genes encode most of 

the variable domain, from FR1 to within CDR3. The joining region (J) genes encode the 

3' portion of CDR3 and the entire FR4. The constant or C region genes encode the 

constant region domain(s). In heavy chains, the diversity or DH segments also encode 

part of CDR3, further increasing the variability in this region [2]. The genes encoding 

heavy chains, 1C light chains, and Iv light chains are located in separate loci in the genome. 

The heavy chain locus, 1C locus and Iv locus are on chromosomes 14,2, and 22 in man and 

on chromosomes 12,6, and 16 in the mouse [4]. 
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Immunoglobulin Gene Arrangements 

Figure 2A illustrates the organization of the human heavy chain Ig genes. The 

major locus is located on chromosome 14, although a few VH genes (orphons) have been 

found on chromosomes 15 and 16 [7]. These are not believed to be functional because 

interchromosomal exchange, which would be necessary for their expression since a JH 

locus has only been located on chromosome 14, has not been demonstrated in B cells [7]. 

An estimated 100-200 VH genes span 1500-2000 kilobases (kb) to form the human VH 

locus [5, 8]. These genes are divided into six families or subgroups (VHI - VHVI) based 

on DNA homologies among the genes [5]. Using quantitative hybridization analysis, 

Matsuda et. al. estimated that there are no more than 120 VH genes on chromosome 14 

[7]. The 3' most 64 VH genes have been sequenced and 31 of these were found to be 

pseudogenes. Twenty-four of these pseudogenes were highly conserved, bearing only 

point mutations [7]. Previous estimates as to the number of VH pseudogenes were in the 

range of 30-40% [5]. There are differences among the various families with respect to the 

number of pseudogenes. Nearly half of the VHI and VHIII families are pseudogenes while 

all but one of the characterized VHIV genes are functional [7]. 

The D locus is an estimated 20 kb downstream of the VH locus [5,9]. In man, 12 

functional DH elements and 1 DH pseudogene have been identified by sequence analysis 

[5]. However, further analysis suggests many more DH elements exist [10]. It is estimated 

that the VH and JH loci are separated by -70 kb [7, 9]. Humans have 9 JH genes, only 6 of 

which are functional [5]. The most 5' functional JH is located -6 kb upstream of the 

constant region genes [5]. The order of the human C-region genes is as follows: CJl-CO

Cy3-Cyl-CE2('P)-Cal-Cy('I')-Cy2-Cy4-CEI-Ca2 [5]. ('P) indicates a pseudogene. It 

appears that in man there was a duplication of a large segment of the CH locus involving 

two Cy genes, CE, and Ca. Two distinct clusters can be discerned, Cy3-Cyl-CE2('P)-Cal 



A. Human heavy chain 

VH1 vH" v;r VHVI o cluster JH1-6 C C8 Cr3 Cr1 C~2 Ca1 c~ cl C 4 C
E
1 Ca2 

(111111 [] 11111) () I I ..... 8.. ".II} I • I I 1}1 I i II 

B. Human 1( chain 

V,,1 V ,,-as J"J.s c" 
1.1.1{ }III)~ 23kb >-11111 I 

1kb --... 

c. Human A chain 

20kb 
a....-. 

VA,1 { VA,50-l 00 JA,l ~l JA,2 ~2 JA,3 ~3 J'i'ci4 J'i' cis J'i' ci6 ~7 ~7 

} III ) .... I I I I I I II I I I I I I ( .... 
~14kb~ 2kb 

D. Mouse A chain 
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Figure 2. Physical maps of human heavy chain (A), human kappa chain (B), human lambda chain (C), and mouse lambda 
light chain (D) gene loci. V, variable region gene; D, diversity minigene; J, joining region gene; C, constant region gene; H. 
heavy chain; 11. mu; B. delta; 'Y. gamma; a, alpha; E. epsilon; 1(. kappa; A, lambda chain; { } indicates large distance between 

gene segments; '¥ indicates a psuedogene. tv 
tv 
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and C'}'2-Cy4-Cel-Ca2. Possible duplication of the C'}'2 gave rise to the C')'('I') gene [5]. 

The entire human heavy chain locus is estimated to range from 2.5 MB to 4 MB [5,8]. 

The organization of the murine heavy chain locus is essentially the same with 

variations being the number of genes within the mouse genome. Mice possess many more 

VH genes. Estimates range from 100 to 1000 VH genes [5]. Similar to the situation in 

man, studies suggest that up to 40% of these may be pseudogenes [5]. The murine VH 

genes have been divided into -10 families, depending on the criteria of independent 

investigators [5, 11]. In man, genes of the vatious families are intermingled while in the 

mouse the members of the VH families tend to form distinct clusters within the locus [7]. 

This can vary for some mouse strains [5]. Mice have fewer DH genes (12) and JH genes 

(4 functional and 1 pseudogene) as compared to man [5]. The basic order of the C region 

genes (Cu-Co-Cy3-Cyl-C'}'2b-C'}'2a-Ce-Ca) is very similar to that in man. However, mice 

have no pseudogenes and no major multigene duplication has taken place [5]. 

The organization of the mammalian lC light chain genes is very similar to the 

arrangement pattern of the genes encoding the heavy chain molecules with the exception 

of the lack of D elements. Figure 2B depicts the human lC gene arrangement as an 

example of the mammalian lC locus. A large number of VlC genes are located upstream of 

a limited number of J segments. In the human loci, there are an estimated 85 VlC genes of 

which -50 are functional [12]. In comparison, the murine VlC loci has 100-300 genes [5]. 

The VlC genes, like the VH genes, are classified into families based on nucleotide 

homology. In man, the VlC genes of the four families are intermingled among each other 

while in the mouse the VlC genes appear to segregate into clusters based on their seven 

identified subgroups [5, 11]. The human and murine kappa loci has five and four 

functional JlC segments, respectively. The mouse has an additional JlC segment (JlC3) 

which is a pseudogene [13]. The five JlC segments in both man and mouse are separated 
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from one another by -300 basepairs (bp) [5, 13]. The JI(I is -23 kilobases (kb) 

downstream of the VI( locus in humans but the distance in unknown in mice [14]. In both 

genomes, the JI(5 segment is -2.5 kb upstream of a single CI( gene [5, 13]. Results of 

pulsed-field electrophoresis and chromosomal walking suggest that the size of the human 

kappa loci is -2.0 megabases (MB) [15]. Estimates of the size of the murine locus range 

from 1 MB to 3 MB [5]. 

The arrangement of the lambda light chain locus differs from the Vn(Dn)JnCn 

pattern of the kappa and heavy chain loci. Firstly, unlike I( chain in which there is a single 

CL gene, the lambda loci contains multiple CL genes. Secondly, the JA and CA genes are 

tandemly arranged in JA-CA gene pairs downstream of V genes. The A V, J, and C genes 

have greater diversity in their arrangement pattern between man and mouse as compared 

to the I( and heavy chain genes as shown in Figures 2C and 2D. In man (Figure 2C), there 

are an estimated 50-100 VA genes [5]. The VA genes are classified into six families, VAl 

to VA VI [11]. The most 3' VA gene is 14 kb upstream of the first JA-CA gene pair [16]. 

Following the VA genes there are seven JA-CA gene pairs identified as Al to A7, 5' to 3' 

[17, 18]. The CA genes are -1.3 to 1.5 kb downstream from their respective JA gene and 

the JA-CA gene pairs are separated from each other by 1.42 kb to 3.8 kb [17]. Four A 

isotypes have been identified in man. These are identified as Mcg, Ke-Oz-, Ke-Oz+, and 

Ke+Oz- based on their reactivity with the Oz, Kern, and Mcg antisera which were raised 

against A chain Bence Jones proteins produced in mUltiple myeloma patients [5]. The 

CAl, CA2, CA3 genes encode the Mcg, Ke-Oz-, and Ke-Oz+ isotypes, respectively [17]. 

The CA 7 gene is capable of encoding a functional protein, possibly the Ke+Oz- isotype. 

However, its sequence does not exactly match the published amino acid sequence for 

Ke+Oz- [17, 18]. This could be due to allelic differences or there may be a~ditional CA 

genes although none have been found in the 35 kb 3' of CA 7 [17, 18]. Bauer and 
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Bloomberg suggest that Ke+Oz- is not an isotype but an allelic variant of A.2 [18]. The 

A.4, A.5, and A.6 genes have been identified as pseudogenes due to a deletion of the 5' 

splice site dinucleotides following the ]A., thus prohibiting gene rearrangement. In 

addition, CA.4, CA.5, and CA.6 have deletion and frameshift mutations in their coding 

regions [17]. Nearly the entire J-C intron as well as the first 65 bp of C region coding 

sequence is deleted in CA.4 [17]. 

Additional A.-like genes, 14.1, 16.1, and 18.1, have been isolated in man [19]. The 

18.1 is a pseudogene due to deletions in the coding region as well as lack of a J region 

[19]. Both 14.1 and 16.1 are capable of encoding a protein which may be the human co or 

surrogate light chain protein expressed in pre-B cells in association with heavy chain [19, 

20]. The 14.1 is expressed only in pre-B cells and is transcribed directly from the 

germline. Its 5' sequence is not derived from any of the Ig V regions [20]. Its 3' sequence 

is most similar to the A.I gene [21]. 

The number of genes encoding murine light chains is dramatically smaller than in 

human, especially the number of VA. genes. In the laboratory mouse, only 3 VA. genes and 

4 CA. genes have been found in the A. locus [22, 23]. Each of the four CA. genes, as in man, 

is associated with its own JA. gene [22]. The arrangement of these genes differs from the 

pattern observed in man (Figure 20). The VA.1 gene is located -70 kb upstream of JA.CA.l 

and rearranges with JA.CA.1 or JA.CA.3. The VA.2 gene, located -60 to 100 kb upstream of 

JA.CA.2, rearranges only with the JA.CA.2 [22,24]. The CA.4 gene, located downstream of 

CA.2, is a pseudogene because of a nonfunctional splice site [22]. The JA.CA.1-JA.CA.3 and 

JA.CA.2-JA.CM clusters each span -6.5 kb of DNA [22] and the entire A. locus spans -300 

kb [24]. A third VA. gene, VA.X, is located between the VA.2 and CA.2 genes [23] and 

rearranges with JA.2-CA.2 to produce the A.X light chain [25]. VA.X is unique in that its 

amino acid sequence is as related to VA. regions as VlC regions, it has a longer CDR3 
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region by 4 amino acids, and it has a stop codon at the end of its coding region that 

prevents diversity from being generated upon rearrangement with JA.2 [23]. However, it 

does show >70% sequence identity with some rabbit and human VA. regions [23]. 

In wild or outbred mice, the number of CA. genes appears to be much higher. 

Estimates as high as 12 CA. genes has been reported from mice in Czechoslovakia and 

from a single population of Mus musculus domesticus from Maryland, USA, strains of 

mice with either 6 or 10 CA. genes were derived [26]. Such variation does not appear to 

take place with the VA. genes [27]. In inbred strains of mice, 2 VA. genes (VA. 1 and VA.2) 

were detected using a VA.l probe, while 3 to 6 VA. genes were identified in outbred mice, 

the numbers depending on the subspecies of Mus and strain [27]. A VA. gene has been 

isolated from a wild mouse (M. musculus musculus) which has 72% nucleic acid identity 

with human VA. VI but only -40 identity to any of the murine VA. sequences [28]. The C

region sequence is very similar (-97%) to BALB/c mouse CA.l [28]. The arrangements of 

these additional genes in outbred mice is unknown. It also needs to be noted that the 

number of functional genes in these mice is unknown since nearly all of the studies have 

been performed by DNA hybridizations utilizing murine probes. Conversely, there may 

be additional genes which have not been detected because of lower homology to known 

sequences and thus lack of detection in DNA hybridization experiments. 

Synthesis Of A Functional Immunoglobulin Chain Transcript 

In order to synthesize a functional Ig light or heavy chain, the individual V, (D), J, 

and C genes must be brought together to form a single transcriptional unit [2]. This is 

accomplished by DNA rearrangement between the V, (D), and J genes and RNA splicing 

between the J and C genes. DNA recombination is also used for class switching, which 

allows a differentiating B cell to switch from Jl chains to 'Y, a., or £ chains while 
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maintaining the same V region coding sequence. The recognition of different conserved 

DNA sequence motifs are required in order for recombination and splicing to take place 

[2, 29]. Figure 3 illustrates the synthesis of a t.. light chain. The synthesis of lC chains and 

heavy chains essentially follow the same pathway. In pre-B cells, a single V gene, 

depicted here by Vt..3, is rearranged to one the J genes, in this case Jt..2. This occurs on 

one strand of DNA. If the rearrangement produces a nonfunctional Ig chain, this 

rearrangement is aborted and a second one is attempted with the other strand. 

Nonfunctional Ig chains can result from the V and J genes not joining in-frame, one of 

the participating genes being a pseudo gene, or the rearranged light chain is unable to 

combine with the heavy chain [29]. If the first rearrangement is successful, the opposite 

strand will not be rearranged. This is referred to as allelic exclusion [29]. The rearranged 

DNA is then transcribed to produce a pre-mRNA transcript which contains the rearranged 

VJ genes and the C region gene(s) separated by intron sequence. This intron is spliced 

out, joining the J and C genes together [29]. This final transcript is then translated into the 

protein sequence. A more detailed description of this process follows. 

Immunoglobulin gene rearrangement 

Genetic recombination of the germline DNA is required for the synthesis of an Ig 

light or heavy chain in order to bring the elements encoding the variable domain together. 

In light chains, a VL gene must join to a h segment. In the heavy chain, a D element first 

rearranges with a JH element. This DJH intermediate then joins to a VH gene [29]. The 

actual mechanism of V(D)J rearrangement is unknown. However, highly conserved 

heptamer-spacer-nonamer recombination signal sequence (RSS) elements apparently 

mediate the process which involves introducing double-stranded breaks in the DNA 

between the genes to be joined and the RSS elements, in some cases adding or deleting 
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nucleotides at the coding junctions, and then joining the two coding ends by polymerase 

and ligase activity [30]. The nucleotides which are added at the joining site are referred to 

as N and P nucleotides. The N nucleotides are added in a template-independent manner to 

the 3' ends of the coding segments in heavy chains by terminal deoxynucleotidyl 

transferase (TdT) [30]. The P elements are small (one to two) nucleotide duplications 

from the 5' end of a coding gene segment [31]. Nand P additions are important for the 

generation of diversity at the VHDH and DHJH joinings [30]. Although nucleotide 

additions supposedly only occur in heavy chain and T cell receptor genes, there are 

reports in the literature of insertions in K light chains [31]. 

The RSS elements are composed of a palindromic heptamer (CACAGTG) and an 

Aff rich nonamer (GGTITITGT consensus sequence) which are separated by spacers of 

either 12 (±1) or 23 (±1) base pairs [2]. They flank V genes on their 3' end, J genes on 

their 5' ends, and D genes on both sides [2]. The heptamer is always located adjacent to 

the coding region of the gene segment although the spacer (12 bp versus 23 bp) varies 

between the A, K and heavy chain loci (Figure 4A). For example, the spacer following VA 

and V H is 23 bp while the spacer following V K is 12 bp. 

The basic model is that the two heptamers pair together as do the two nonamer 

sequences with the intron DNA between the two nonamers looping out (Figure 4B) and 

the DNA double-strand breaks occurs at the gene-heptamer borders [30]. Two 

mechanisms of recombination have been demonstrated, recombination by looping out and 

recombination by inversion. If the two gene elements are in the same transcriptional 

orientation, the coding joints will remain in the chromosome while the RSS elements will 

be joined and the intron DNA deleted as an episomal circle (looping out mechanism) 

[30]. If the two gene segments are in opposite transcriptional orientations, there is an 

inversion of the intron DNA with the joining of the two gene segments and all DNA 
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products remain in the chromosome (inversion mechanism) [30]. According to the 12/23 

joining rule, a functional recombination can only take place between two gene segments 

having complementary spacers [2]. For example, in A. chain the VA. is followed by 

heptamer - 23 bp spacer - nonamer (7-23-9) and the JA. is preceded by nonamer - 12 bp 

spacer - heptamer (9-12-7). Accordingly, in the heavy chain VH and JH genes cannot 

rearrange to VHJH because both are flanked by 23 bp spacers. However, D-D joinings 

have been found involving 6 of 10 germline DH segments [32]. These have included 

members of various DH gene families and thus D-D joining does not appear to be 

restricted to certain sequences. The resulting D-D segments appear to be functional and 

capable of rearranging to JH and VH elements to produce a functional heavy chain [32]. 

While an "alternative RSS" sequence has been located within D coding regions, they 

remain within the rearranged D-D genes, suggesting that the actual flanking RSS 

elements mediate the joining [32]. There are other reports of rearrangements which do not 

follow the 12/23 spacer rule which include J-J joinings of Tcr Ja genes and V gene 

replacements [32]. Thus, it appears that while the 12/23 bp joining rule is generally 

followed, it is not an absolute. Studies on the frequency and mechanism of functional 

heavy chain gene rearrangements found that rearrangements involving genes in the same 

transcriptional orientation were the most frequent, followed next by rearrangements 

involving inversions, and least frequently were the rearrangements which broke the 12/23 

bp rule [32]. 

These recombination processes which take place in pre-B cells also occur in pre-T 

cells which must combine V, D, J and C genes to synthesize their alp and "(IB T cell 

receptors (Tcr). RSS elements flank Tcr V, D, and J genes exactly like Ig genes [33]. This 

strong sequence conservation as well as the ability to exchange sequences between 

different gene loci and species strongly supports the hypothesis of a single evolutionarily 
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conserved V(D)J recombinase [33]. It is possible that one or two gene products provide 

the specificity required such that Ig genes are only rearranged in pre-B cells and not in T

cells or other non-immune cells while other components of the rearrangement reaction 

such as polymerase, exonuclease, or ligase activity is provided by non-tissue specific 

components which are ubiquitously expressed in cells [30]. 

Two genes identified as recombination activating genes land 2 (RAG-l and 

RAG-2) have been shown to be expressed at high levels in maturing lymphoid cells and 

will induce V(D)J recombinasc activity when transfected into fibroblasts with VJdlC 

retroviral constructs [33-35]. Co-transfection with both RAG-l and RAG-2 increase the 

frequency of recombination in fibroblasts 1000-fold over that achieved by transfection 

with RAG-! alone [35]. Mice lacking functional RAG-lor RAG-2 genes have no mature 

B or T cells due to the apparent inability to initiate V(D)J recombination [30]. Upon 

transfection with a RAG-2 expression vector, pre-B cells lines derived from RAG-2 

deficient mice begin active rearrangement at the JH locus [30]. Interestingly, only 

retroviral constructs and not the endogenous Ig genes are rearranged in RAG transfected 

fibroblasts [3~, 35]. While it has been shown that the presence of both RAG genes is 

sufficient and necessary for V(D)J recombinase activity [35], it still remains to be 

demonstrated whether or not these genes actually encode the tissue-specific components 

of the recombinase. 

RNA splicing 

Following V(D)J gene rearrangement, the DNA is transcribed by RNA 

polymerase to produce a pre-mRNA transcript. This transcript contains intron sequence 

between the J and first ex on of the C gene as well as introns between the individual C 

exons in the case of heavy chains which must be removed to form the final mRNA 
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product which will be translated into the Ig polypeptide chain (Figure 3) [36]. Conserved 

splice site sequences at the boundary between the exon and intron sequences mediate this 

process [37]. The consensus sequence at the 5' and 3' ends of the intron in 

immunoglobulins is CAGGTAAGT and CAGG [37]. The 3' splice sequence is preceded 

by a pyrimidine rich region. The underlined bases are the specific 5' (GT) and 3' (AG) 

splice site sequences [37]. These bases are conserved in both immunoglobulins and Tcrs 

as well as in splice junctions of genes encoding a variety of proteins from mammals, 

other vertebrates, plants, and viruses [37]. These bases identify the first and last two bases 

of the intron sequence [37, 38]. Thus, if the above two sequences were spliced together, 

the sequence would be CAGG. Mutations at either site dramatically reduce splicing 

efficiency although there are limited reports of functional genes which do not have the 

proper splice site sequences [37,38]. 

Class switching 

Class switching uses also uses a DNA recombination mechanism, but instead of 

the conserved RSS elements used in the V, D, and J genes, the heavy chain constant 

genes utilize tandemly repeated switch region sequences which precede each gene 

encoding an isotype except for 0 chain which is expressed via an alternative splicing 

mechanism [39]. Occasionally, B cells will produce two different isotypes with the same 

V region (IgM+ and IgG+). The cause of this is the failure of the intervening genes to be 

deleted [39]. 

Leader Sequences 

Leader sequences encode leader peptides or signal peptides which are found at the 

amino terminus of proteins which are to be secreted or expressed on the cell surface [40]. 
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These peptides which range from 16 to 30 amino acids are believed to assist in the 

trafficking of these proteins into the rough endoplasmic reticulum. Before expression on 

the cell surface or secretion, the peptide is usually removed by specific peptidases [40]. 

Signal peptides from various proteins have little homology with one another. Their only 

common characteristic is the presence of a hydrophobic region of 4 to 12 amino acid 

residues [40]. 

The leader peptides of immunoglobulin light and heavy chains range from 17 to 

29 amino acids [11]. Leader peptide sequences are numbered backwards beginning at the 

site of its cleavage. Thus the first residue of V region is numbered + 1 and the codon 

immediately preceding it, the final residue of the leader peptide, is numbered -1. The 

DNA sequence encoding the leader peptide in immunoglobulins is unique in that the 

sequence is split by an intron which interrupts coding of the -4 codon of the leader 

peptide [11]. Occasionally, the intron splits the -6 codon [11]. The introns vary in length 

but in man and in mouse are usually between 100 and 200 bp. Introns of longer (385 bp) 

and shorter length (82 bp) have been reported as well [11]. The intron within the leader 

sequence is removed by mRNA splicing at the same time as the J-C intron. Like other 

introns, its 5' and 3' boundaries have the conserved splice site dinucleotides described 

above [41]. 

Promoter Elements And Transcriptional Regulation 

Transcriptional regulation is critically important for both tissue specificity and the 

specific order of cellular events or gene expression which lead to the synthesis of an Ig 

molecule [42]. In pre-B cells, the heavy chain genes are the first to be rearranged [30]. 

Following successful heavy chain rearrangement, the light chain genes begin their 

rearrangement process, beginning with the 1C chains and, if these are unsuccessful, then 
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the A. chain genes [36], In order for transcription to take place, certain motifs are 

necessary - promoter elements and enhancer sequences [43], 

Promoters 

Ig promoters possess two sequence motifs which are located upstream of each 

individual V gene [43], Mutations at either motif severely decrease transcription and the 

absence of either of these elements is sufficient to make a V gene a pseudogene [42], One 

motif is the TAT A box which has a consensus sequence of TATAAA and in mammals is 

located -30 bp upstream of the transcription initiation site or -50 bp upstream of the 

AUG start codon encoding the first exon of the leader peptide [41,44], The second is an 

"octamer" motif located -90-110 bp upstream of the start codon [41], The octanucleotide 

sequence, 5'-ATTTGCAT-3', was identified upstream of light chain V genes while its 

reverse complement, 5'-ATGCAAAT-3', was found preceding heavy chain V genes [41], 

Both sequences are highly conserved among light and heavy chain genes of various 

mammalian species [41], Deletion analysis demonstrated these sequences to be necessary 

for Ig promoter activity [42], Experiments with Ig promoter constructs demonstrated that 

B cell specificity is independent of the orientation of the octamer motif as well as the 

distance between the octamer and TATA box [45,46], Since TATA boxes are ubiquitous 

among promoters, the octamer sequence is believed to be responsible for the lymphoid

restricted promoter activity [42], However, the octamer sequence has also been found in 

association with regulatory sequences of non-immunoglobulin genes including 

ubiquitously expressed genes for small nuclear RNAs and histone proteins as well as 

viral genes from adenovirus, herpes simplex virus, and the SV40 simian virus [43], The 

light chain octamer motif is also associated with Ig enhancer sequences as discussed 

below [42,43], 
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The lymphoid specificity of the Ig promoters relies on the activity of specific 

transcription factors [42]. Several members of the POU domain family of transcription 

factors are capable of binding the octamer sequence [42]. Two of these proteins are Oct-! 

and Oct-2. Oct-l is ubiquitously expressed in all analyzed cell types [42]. The expression 

of Oct-2 is more restricted, primarily to cells of hematopoietic lineage, such as cells of 

the B-cell lineage as well as T cells, thymocytes, myeloid, and erythroid cells. Oct-2 is 

also found in fetal spinal cord and some adult brain cells [42]. Oct-2 was thus believed to 

confer the tissue specificity of the Ig promoter [42]. However, more recent studies 

suggest that another transcription factor, OCA-B (Oct-coactivator from B-celIs), is the 

factor that confers the tissue specificity [47]. OCA-B in conjunction with either Oct-! or 

Oct-2 strongly increases octamer-dependent transcription of Ig promoters but not of non

Ig promoters such as the one for the histone H2B gene [47]. It also has no independent 

transcriptional ability [47]. Thus, it may be the presence of a specific co-activator protein 

that regulates Ig gene transcription. 

A few additional sequence motifs are associated with Ig promoter activity. The 

light chains possess a conserved pentanucleotide sequence, TGCA(G/C)CTGTGNCCAG, 

upstream of the octamer in the range of -90 to -160 bp relative to the start codon of the 

leader [48]. N represents any base. Heavy chains have a heptamer sequence (consensus 

sequence CTCATGA), not to be confused with the RSS heptamer, located 2 to 22 bp 

upstream of the octamer [43]. Mutations in this heptamer sequence reduce heavy chain 

promoter activity by 30-80% [42]. A pyrimidine-rich region is found -0 to 50 bp 

upstream of the heptamer sequence [43]. The specific role of these additional promoter 

elements is not known, although their presence is necessary for efficient transcription [42, 

48]. 
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Enhancers 

Enhancers increase the transcription rate of a promoter. They are cis-acting and 

can stimulate transcription over long distances of DNA [43]. An enhancer's effect is 

independent of its orientation within the DNA as well as its location (upstream or 

downstream) relative to the gene and its promoter [43]. Ig enhancers were first 

characterized in heavy chains and lC chains [43] and more recently enhancer motifs have 

been found in A, chains [49,50]. 

Both heavy chains and lC chains have two enhancer regions, one within the J-C 

intron and the second following the C region gene(s), ClC in lC chains and Ca. in heavy 

chains [42,43]. The entire enhancer is composed of sequence motifs, some of which are 

functionally redundant [42, 43]. Some sequence motifs are similar between the lC and 

heavy chain enhancers but others are more unique [42,43]. 

The heavy chain intron enhancer is composed of several sequence motifs which 

include the Ig light chain octamer motif, five E-motifs (/lEI - /lE5), three C-motifs, the 

J..lB motif, the 1t motif, and the E-site [42, 43]. The E-motifs are variants of a 

CAGGTGGC consensus motif and the C-motifs have a consensus core sequence of 

GTGGTITG [43]. The enhancers are both positively and negatively regulated by the 

binding of transcription factors to its various sequence motifs [42]. Some of the factors 

are tissue-specific while others are ubiquitous as are the sequences within the enhancer. 

In addition, binding at some sites only increases transcription activity in certain cell types 

[42]. For example, B cell-specific transcription factors were observed to bind to the 

octamer motif, /lEI, J..lE2, J..lE3, and /lE4 while the E-site binds a ubiquitously expressed 

protein [42]. E-motifs are not lymphoid specific and participate in the regulation of genes 

encoding, for example, muscle-specific creatine kinase and pancreatic p-cell specific 

insulin [42]. Small differences in their sequences are recognized by their distinct and 
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specific binding proteins. The llB motif is only active in mature B cells while the 1t motif 

increases promoter transcription in pre-B cells but not mature B cells [42]. 

The heavy chain 3' enhancer is downstream of the Cex. gene and contains two 

major motifs, the light chain octamer motif and llE5 [42]. These sites are known to be 

important for the B cell specificity of the intron enhancer and may playa similar role in 

the 3' enhancer [42]. Although enhancers are capable of exerting their effects over large 

distances, it is not known if this enhancer can affect transcription of a VH promoter in a 

locus that has not undergone class switching [42]. 

The K: intron enhancer has some sequence motifs which are similar to those in the 

heavy chain intron enhancer. These include E-motifs, identified in K: chains as K:EI, K:E2 

and K:E3 [43]. The transcription proteins which bind llE5 and llE3 in heavy chains bind, 

respectively, K:E2 and K:E3 in K: chains [42]. Degenerate octamer motifs have also been 

found [42]. A motif that is critical for the K: enhancer is the K:B motif which binds the NF

K:B protein. Mutations in the K:B motif inhibits enhancer activity. It has a very powerful 

effect on the K: promoter and one tandem K:B dimer is as strong as the entire K: enhancer 

[42]. It is the K:B motif in association with NF-K:B which restricts K: chain expression to 

mature B cells and plasma cells rather than throughout the B cell lineage like heavy 

chains. NF-K:B is not present in pre-B cells but is present in mature B cells and plasma 

cells [43]. NF-K:B induces the expression of many genes important to the immune system 

including those for IL-2, IL-2 receptor ex. chain, IL-6, GM-CSF, TNF-ex., lymphotoxin, 

and molecules of the major histocompatability complex [42]. It also is capable of 

activating transcription of viral genes from HIV, CMV, and the SV40 simian virus [42]. 

The K: 3' enhancer is located between CK: and the K: deleting element which can 

recombine with a heptamer sequence in the J-C intron and consequently delete the CK: 

gene and 3' enhancer, signaling Alight chain rearrangement. The 3' K: enhancer is seven-
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fold stronger than the K intron enhancer in mature B cells [43]. However. in pre-B cells 

this enhancer is weaker than its intron counterpart [42]. It has two KB sites and a heavy 

chain-like /lB motif [42]. Mutations in this /lB motif severely decrease enhancer activity 

[42]. Deletion of this enhancer results in a significant decrease in gene expression which 

cannot be completely compensated by the intron enhancer [51]. 

Recently. enhancers have begun to be characterized in A. genes both in humans 

and in mice. In man. tissue-specific enhancer activity was mapped to a 8 kb Eco Rl 

fragment which also contains the CA.2 and CA.3 genes [49]. The activity was restricted to 

myeloma cells versus fibroblasts. Further characterization of this putative human 

enhancer region has not been reported. In mice. two enhancer regions have been mapped. 

The first, E).,2-4. mapped to 15.5 kb downstream of the JCA.2-JCA.4 gene cluster and the 

second. EA.3-I. to 35 kb downstream of the JCA.3-JCA.l [50]. The E)"2-4 does not posses 

the KB sequence and does not bind NF-KB. It does have a /lE2 motif and a heptamer 

sequence that has been shown to compete for the octamer binding proteins [50]. It has 

strong enhancer activity in myelomas but is inactive in T cells [50]. The E)"3-1 has -88% 

identity to the E).,2-4 sequence and these two enhancers are thought to behave similarly. 

Bich-Thuy and Queen reported enhancer activity in a region spanning 4 kb beginning 

from within the CA.1 region [52]. It only functioned in A. producing cells and not K 

producing cells and was more active in one orientation than the other. While orientation 

dependence is not unique among enhancers, it is rather rare and this enhancer's 

differential transcription activation was at the upper limit of orientation dependence for 

known enhancers [52]. In their studies of the E).,3-1 and E).,2-4 enhancers, Hagman et. al. 

were not able find any enhancer activity in the 4 kb following CA.I [50]. Other 

investigators have also been unable to repeat the Bich-Thuy and Queen results and thus it 

not known if actual enhancer activity resides in this region or the absence of appropriate 
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binding factors prevented its expression [50]. At this time, no binding studies except 

those with NF-KB have been performed [42]. 

Generation Of Antibody Diversity 

The vertebrate anticipatory immune system is capable of responding to an 

enormous number of antigenic determinants [2, 29]. In order to be able to engineer an 

immune response against such an array of antigens, an antibody repertoire of tremendous 

diversity is needed. The size of the antibody repertoire is estimated to be at least 106 and 

is probably much higher, on the order 107 to 108 different antibody specificities [2]. 

Vertebrates utilize several mechanisms in order to generate such antibody diversity. One 

is the random pairing of light and heavy chains to form antibody molecules [2]. Another 

mechanism is the random rearrangement or recombination of V, (D), and] gene segments 

to produce an Ig light or heavy chain. Diversity is further generated in the rearrangement 

process by the imprecise joining of VL to It genes and VH to DH and DH to]H genes [2]. 

In addition, nucleotides can be added or deleted at the coding junctions [30] as discussed 

in the section on V(D)] recombination. Finally, somatic mutation, particularly in the 

CDRs, further diversifies the antibody repertoire [2]. 

Importance Of Sharks In The Study Of Immunoglobulin Evolution 

In order to study the evolution of immunoglobulins, it is necessary to study the Ig 

molecules from the ancestors of the early vertebrates. Figure 5 is a simplified 

phylogenetic tree depicting animal evolution based upon developmental mechanisms and 

body structure. It also identifies the distribution of recognition molecules in both 

vertebrates and invertebrates. As shown, Ig molecules are found in all vertebrate species, 

ranging from the cyclostomes (hagfish and lampreys) to mammals [53]. Only limited 
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immunochemical characterizations have been reported for the Ig-like proteins of the 

cyclostomes whose ancestors arose nearly 500 million years ago [54]. Thus, the 

antibodies of these animals will not be discussed further at this time. Sharks, members of 

the elasmobranch class of vertebrates which also includes the skates and rays, are among 

the most ancient vertebrates for which direct evidence of Ig exists. The first detailed 

analysis of nonmammalian Ig was performed in a shark, the smooth dogfish [53, 55] and 

these studies demonstrated that antibodies in sharks resemble mammalian IgM with 

respect to the overall structure, including possession of light chains and Il heavy chains, 

and physicochemical properties. In addition, sharks were the earliest form of vertebrates 

for which Ig gene sequence was obtained [56]. The ancestors of sharks diverged from 

those of man over 400 million years ago [54,57]. 

The sharks of today are morphologically indistinguishable from their early 

ancestors and thus have been referred to as "living fossils" [53]. The sandbar shark, 

CarcharhillUS plum be US, serves as an excellent model system for the study of 

elasmobranch Igs. The sandbar shark is a Carcharhinidae or requiem shark of the order 

Carc~arhiniformes [58]. Order Carcharhiniformes is the predominant order of extant 

sharks with respect to the number of species and probably number of individuals. 

Carcharhiniformes comprise 27% of all shark families, 48% of all shark genera, and 

-55% of all shark species [58]. Carcharhinoids account for -25% of the 800+ species of 

living Elasmobranchii, second only to the Rajoids or skates in total number of individual 

species [58]. In addition, the carcharhinoid sharks are of considerable interest for 

evolutionary studies because they are an old order of sharks, dating back to the Jurassic 

period [58]. Thus the shark occupies an important role in the study of the evolution of Ig 

molecules. Comparisons between shark and mammalian immunoglobulins and their 

genes should reveal the prototypic features of the primordial immunoglobulin system. In 
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addition, the sandbar shark model represents a large number of existing sharks and thus is 

likely to provide a understanding of the immunoglobulin system representative for a large 

number of shark species. 

Evolution Of Immunoglobulins 

When the Ig heavy and light chains as well as individual Ig domains were 

compared among the Ig molecules of different vertebrates, several observations were 

noted. First, the overall structure of Ig molecules has remained essentially the same 

throughout evolution. All Ig molecules are composed of paired heavy and light 

polypeptide chains. In addition, IgM-like molecules which are found in all vertebrate 

classes predominantly exist as pentamers. Second, there has been an increase in the 

number of isotypes possessed by the more recently diverged classes of vertebrates. Third, 

specific homologies are observed among domains of light and heavy chains throughout 

evolution. Fourth, although the overall structure of Ig molecules has been conserved, the 

arrangement of the genes encoding these molecules differs significantly among the 

various vertebrate classes. 

In the V domains, the framework regions demonstrate significant homology, with 

the FR4 regions of light chains being the most conserved genetic elements in Ig evolution 

[59]. In heavy chains studies, a murine VH gene probe demonstrated extensive homology 

(50-90% identity) with VH regions of reptiles, teleost fish, and elasmobranchs [59, 60]. 

Dendrograms were constructed to compare light and heavy chain V genes [61]. The V 

genes of heavy and light chains are clearly distinct from one another. Moreover, a clear 

distinction exists between VlC and VA. Tcr V genes also share homology with the light 

chains and sequester between the VL and VH clusters, suggesting that VL and VH 

divergence preceded Tcr V region emergence. 
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C region domains in the primitive vertebrates are clearly homologous to their 

mammalian counterparts. However, the degree of homology is less than that observed for 

the V region domains, allowing for reconstruction of common concepts of phylogeny 

based on C region divergence [59]. Heavy chains, light chains, and Tcr chains from 

humans, other mammals, and various nonmammalian species including amphibians (the 

bullfrog, Rana catesbeiana, and the clawed toad, Xenopus laevis), chicken, and 

elasmobranchs (sandbar shark and horned shark) were compared in dendrograms 

constructed using the Feng and Doolittle algorithm [59]. The light chains form a group in 

which the 1C and A. isotypes are obviously distinct from one another. Bullfrog light chains 

cluster with human 1C chains while shark and chicken light chains cluster with human A. 

chains [59]. Distance scores between bullfrog and human K chains (63.5 units) and shark 

and human A. chains (64.7 units) are comparable even though bullfrogs and man diverged 

-250-300 million years ago while sharks and man diverged -400 million years ago [57]. 

This evidence supports the hypothesis that A. chains have varied less in evolution than 1C 

chains [59, 62]. 

The heavy chain domains tend to cluster according to domain position rather than 

heavy chain class. The overall pattern is that the most C-terminal domains group together 

irrespective of the species of origin, as do the other domains, with the CH I domains 

forming their own distinct cluster. For example, human Cy3 and shark, human, and 

Xenopus C,14 form one cluster while their respective CHI domains (Cyl and CJ..11) form a 

second distinct cluster. It thus appears that individual heavy chain domains have evolved 

independently rather than a single particular whole chain being the ancestor of any other 

whole chain [59]. 

As mentioned above, sharks are among the most primitive vertebrates for which 

direct evidence of Ig exists. At the beginning of this dissertation, sharks were the most 
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ancient vertebrates from which Ig gene sequence had been obtained [56, 62]. A 

knowledge of the structure and arrangement of shark immunoglobulin genes is of 

considerable importance to our understanding of Ig evolution. Structures shared between 

sharks and mammals, including those encoding the actual Ig molecules as well as 

regulatory motifs, might offer an indication of the prototypic and essential features of the 

vertebrate antibody-fonning system. 

Immunoglobulins Of Nonmammalian Vertebrates 

At the initiation of this dissertation project, there was limited infonnation on the 

immunoglobulins of the nonmammalian vertebrates, particularly Ig light chains. Initial 

analysis in each of the vertebrate classes used primarily immunochemistry and 

immunoelectrophoresis to identify different forms of Ig within the sera and in some cases 

peptide mapping was employed. Very little molecular data was available. When 

molecular analysis had been performed, studies tended to focus on the heavy chains 

rather than light chains. The nonmammalian model studied in the greatest detail at the 

time was the chicken in which the genetic arrangements of both its light chain and heavy 

chain loci had been discerned. The following section provides a review of the 

understanding of the Ig system in nonmammalian vertebrates as it existed at the 

beginning of this project. 

Aves 

The most detailed analyses of avian immunoglobulin and its genetics have been 

perfonned in the chicken, Gallus domesticus. Chickens possess a single A light chain 

isotype and three heavy chain isotypes - IgM, IgY, and IgA. Chicken immune 

macroglobulin (IgM) is antigenic ally similar to mammalian IgM and, based on molecular 
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weight measurements, is likely pentametric [63]. It is the first isotype synthesized in the 

Bursa of Fabricus, the site of B cell development in the chicken [64]. First described as 

the IgG analog, IgY is the second isotype produced [63, 64]. However, IgY is 

antigenically distinct from mammalian IgG and its heavy chain, 'U chain, has a molecular 

weight of 67 kDa, significantly larger than IgG (-50 kDa) [64]. This results from 'U chain 

being encoded by 4 rather than 3 exons, as demonstrated by cDNA sequence [65]. 

Comparison of C'U cDNA sequence to mammalian heavy chains demonstrated 'U chains to 

be most similar to E chains based on length, the presence of four domains, and the 

distribution of cysteine residues in the CH 1 and CH2 domains [65]. However, no clear 

homology could be discerned between the C'U cDNA sequence and the mammalian 

isotypes [65]. The third isotype, IgA, shares characteristics with mammalian IgA. Found 

in low concentrations in serum, IgA is the predominate isotype in secretions with the 

majority of B cells in the intestinal lamina propria expressing IgA on their cell surface 

[64,66]. The serum form of IgA selectively binds human secretory component [66]. IgA 

of the chicken has also been called 19B (biliary) in reference to the high concentrations 

found in bile secretions as well as the lack of antigenic relatedness between these heavy 

chains and mammalian a chains [67]. DNA sequence data was not available for IgA. 

Difficulties quickly arose when attempts were made to assign mammalian isotype 

designations to nonmammalian Igs. At first, the low molecular weight isotypes of 

nonmammalians were designated as IgG analogs because of their similar electrophoretic 

mobilities and 7S sedimentation coefficients [68]. However, immunochemistry 

demonstrated no antigenic relatedness between these low molecular weight Igs and 

mammalian IgG [63, 68, 69]. Atwell and Marchalonis suggested that the nonmammalian 

7S Ig might be considered to be an evolutionary parallel of mammalian IgG rather than a 

direct homologue [69]. Hadge and Ambrosius showed antigenic cross-reactions between 
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chicken IgY and low molecular weight Igs of duck, goose, tortoise, lizard, and frog [68]. 

Interestingly, these cross-reactions could be inhibited by human IgA myelomas [68]. The 

heavy chains of the nonmammalian Ig molecules have molecular weights of -60 kDa, 

similar to ex chains of man, rabbit, and pig. Based on these results, Hadge and Ambrosius 

suggested identifying the 7S IgY molecules as IgA-like molecules rather than IgG 

analogs [68] and Parvari et. al. identified the IgY heavy chain of the chicken as '\) 

(upsilon) chains in that'\) is the Greek transliteration of the letter Y [65]. Atwell and 

Marchalonis, however, identified the 7S non mammalian Ig as IgRAA for Ig of reptiles, 

aves, and amphibians and IgN was used to describe the -5.7S Ig found in ducks, reptiles, 

and lungfish [69, 70]. The heavy chains of JgN, identified as v (nu) chains, are -36 kDa 

[70]. At this time, there is still no conventional method for naming nonmammalian Ig. 

For the purpose of this dissertation, the 7S nonmammalian Ig will be referred to as IgY 

and, in the chicken, the heavy chains identified as '\) chains as described by Parvari et. al. 

[65]. 

The organization of the chicken A. light chain genes was the only nonmammalian 

Jg light chain gene arrangement characterized at the beginning of this dissertation project. 

The single light chain locus possesses one functional VA. 1 gene, one JA. gene, and one CA. 

gene [71]. The VA.I and the JA. are separated by 1.7 kb and have RSS elements organized 

like the mammalian A. chain elements [71]. The JA. and CA. gene segments are separated 

by 1.9 kb [71]. The single JA.-CA. of the chicken contrasts sharply with the mammalian A. 

loci in which there are multiple tandem sets of JA.-CA. [71] even if A. represents only a 

minor component of the repertoire as in the mouse [5]. VA.l is preceded by conserved Ig 

elements, the octamer and TATA box sequences and a split leader sequence [71]. Located 

2.4 kb upstream of VA.l is a pool of 25 V pseudogenes (\}IVA.) which are used in a gene 

conversion mechanism to create diversity in the variable region [71, 72]. The 25 \}IVA. are 
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tightly clustered on a 19 kb segment of DNA with a minimum distance of only 22 bp 

between some genes [72J. These genes are pseudogenes in that they either lack leader and 

V-region exon sequences due to truncations in their 5' region or they lack functional RSS 

elements because of 3' truncations [72]. 

The organization of the heavy chain locus is very similar to the light chain locus. 

Southern blot analysis and comparisons of cDNA sequences of heavy chain clones (Jl 

chains and u chains) strongly suggest that there is a single heavy chain locus in the 

chicken genome [65, 73J. The heavy chain locus begins with a set of pseudogenes ('PVH) 

located 7 kb upstream of a single, functional VHl gene [73J. The 'PVH pool is much 

larger, possessing an estimated 80-100 'PVH segments spanning over 60-80 kb of DNA 

with 1 'PVH every -0.85 kb [73J. These pseudogenes lack complete leader sequences and 

functional RSS elements [73J. However, all analyzed 'PVH do possess functional DR 

sequences at their 3' ends which vary in length from 15-45 nucleotides. The functional 

VHl is -4 kb upstream of 15 DH minigenes which span -9 kb [73J. A single JH is -2 kb 

downstream of the DH cluster [73J. The first of four exons encoding CJl is -22 kb 

downstream of JH [73J. Genomic sequence describing arrangement of the Co. and Cu 

genes had not been reported although it was suggested that the Co. and Cy gene segments 

are located downstream of CJl as cDNA sequences encoding u chains utilize the VHl 

gene and only one locus for heavy chain has been detected [65J. Parvari et. al. further 

speculated that the chicken locus may be organized as 5'-CJl-Cu-Co.-3' and that during 

evolution gene duplication and divergence of the Cu and Co. exons gave rise to the 

general CJl-Cy-Ce-Co. organization observed in mammalian heavy chain loci [65]. 

Based on their unique b~ne arrangement, Ig synthesis and diversification in birds 

is dramatically different from the mechanisms employed in mammals. First, the single 

VAl and JA and the VHI, one or two DH elements, and the JH rearrange at the light chain 
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and heavy chain loci, respectively, to form VA,]'" and VDJ [72-74]. As compared to 

mammals, gene rearrangement in chickens is highly productive. At the light chain locus, 

rearrangement of the first allele predominately results in a functional VD", gene [72]. 

Following successful rearrangement, diversification of the light and heavy chains is 

achieved through a gene conversion mechanism in which segments of DNA within the 

V",l gene or VDJ genes are replaced by copies of sequence from the respective 

pseudogenes [72, 73]. Multiple conversions events can occur per rearranged Ig chain. 

Estimates predict a minimal light chain gene conversion frequency of 0.05 - 0.1 per cell 

generation or 1 event every 10 - 20 cell divisions during bursal development [72]. An 

average V",l sequence, following gene conversion, possesses four to six converted 

segments [72]. Converted segments, which range in length from 10 to >120 bp, can have 

from 10 to 20 potential donors [72]. In the heavy chain locus, all analyzed 'JlVH have 

potential DH sequences at their 3' end; a few have initial codons of the JH region as well 

[73]. Examination of conversion event frequency in the heavy chains showed most 

conversion events to occur in the D-coding region, or CDR3, for all 'PVH genes are 

putative donors as compared to FRI regions in which 5' truncations in the 'PVH limit the 

number of potential donors to this region [73]. 

B cell development in birds takes place in the Bursa of Fabricus. B cell 

progenitors begin colonization of the embryonic bursa at day 8. Gene rearrangement 

takes place only for a limited time during this colonization period and not throughout the 

life of the animal [67, 74]. Diversification of these progenitor cells provide the B cell 

pool. Within the bursal follicles, proliferation of these cells takes place with the initial 

sIgM+ B cells appearing in the bursa by day 12 [74]. At hatching (day 21), >95% of the 

bursal lymphocytes are expressing sIgM [74]. Proliferation continues up to 8 to 12 weeks 

after hatching as the B cells seed other lymphoid organs. After this time, the bursa begins 
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to involute and proliferation ceases [74]. If chick embryos are bursectomized by day 17, 

these birds will not produce B cells nor synthesize immunoglobulin [64]. 

Immunoglobulin studies have also been in the duck. Ducks have three Ig forms, 

IgM and two lower molecular weight forms of sedimentation coefficients 7.8S and 5.7S 

[75]. The two lower molecular weight Igs are antigenically related to one another as well 

as to chicken IgY [75]. The 5.7S form appears to be a truncated version of the 7.8S form 

in which the last domain of the Fc portion of the molecule is missing [75]. This 5.7S form 

is the form referred to as IgN by Atwell and Marchalonis [69]. 

Amphibians 

Most of the amphibian studies have been performed in the anuran order 

amphibian Xenopus laevis, the South African clawed toad. Xenopus has three heavy chain 

isotypes [76]. The first to be produced during an immune response is IgM which exists as 

a hexamer. Its heavy chains are composed of four domains as in mammalian IgM [76]. 

The monomer IgY has been described as the mammalian IgG analog although its heavy 

chains, like those of chicken IgY, possess 4 rather than 3 domains. The heavy chains of 

IgY preferentially associate with the heaviest of the three characterized light chains [76]. 

The IgX is the least understood isotype although it is known that, like IgM, it exists as a 

polymer. Many plasma cells expressing IgX are found in the gut, however the role of IgX 

in the immune response has not been elucidated [76]. 

In Xenopus, affinity maturation has been observed but it is not of the same level 

as in mammals [76]. These amphibians may also be capable of limited memory function 

in that stronger secondary responses were observed upon reimmunization [76]. 

Three types of light chains have been characterized by monoclonal antibodies, 

two of which are antigenically distinct [76]. These light chains were described by their 
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masses of 25 kDa, 27 kDa, and 29 kDa. Peptide sequencing of light chains from anti

DNP antibodies demonstrated sequences similar to both mammalian VlC and VA 

sequences [76]. Constant region cDNA sequence was reported for the bullfrog, Rana 

catesbeiana, and it was slightly more similar to ClC than CA [77]. Together with the 

chicken light chain locus, this cDNA sequence was the only molecular data available for 

Ig light chains at the beginning of this dissertation project. 

Genomic organization of the Xenopus heavy chain locus was described as similar 

to the mammalian organization. There are multiple VH genes, a few JH elements, and a 

single CJ.l gene [78]. The region upstream of the individual VH genes are similar to those 

of mammals in possessing the Ig regulatory elements (octamer and TATA box) and a 

split leader sequence [78]. Typical heavy chain conformation RSS elements flank the 3' 

and 5' ends of the VH and JH genes, respectively, and thus implied the presence of Orr 

elements [78]. It was approximated that there are 3 major VH families each with 

approximately 20 members and organized into separate family clusters as in the mouse 

[78]. As stated above, no genomic organization data was available for the light chains. 

Immunological studies have also been performed on the Mexican axolotl, an 

urodele order amphibian. The axolotl synthesizes both IgM and IgY-like molecules, but 

an IgX analog has not been found [79]. In Xenopus, all B cells which are positive for IgY 

also express IgM on their surface [76]. However, in the axolotl, IgM and IgY are 

expressed on different B cell populations and it is postulated that the IgY is constitutively 

expressed by a separate B cell population which is relatively insensitive to non-self 

antigenic stimulation [79]. While the evolutionary relatedness between these two 

amphibian orders is relatively unknown, the immune responses of anurans (frogs and 

toads) have been considered to be more similar to the more evolved vertebrates (reptiles, 
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birds, mammals) while the responses of the urodeles (salamanders) are more similar to 

the responses of fish [79]. 

Reptiles 

Few studies have concentrated on the Ig of reptiles. Early studies with the Florida 

alligator (Alligator mississippiensis) demonstrated the presence of two forms of Ig, a 19S 

immune macroglobulin (IgM) form and a 7S form [80]. Two antigenic ally distinct light 

chains were also detected and determined to be isotypes rather than allotypes based on 

studies with outbred animals [80]. Two species of lizard also expressed 19S and 7S Ig. 

The 7S forms demonstrated antigenic relatedness to chicken IgY [53, 68]. In the turtle, 

three different sizes of Ig are expressed upon immunization with DNP, a -17S molecule 

(850 kDa), a 7.5S molecule (180 kDA), and a 5.7S molecule (120 kDa) [81]. The 17S 

molecule is pentameric IgM and is antigenic ally distinct from the two lower molecular 

weight forms [81, 82]. The 7.5S and 5.7S molecules are monomers composed of two 

heavy chains and two light chains [81]. The two forms are antigenically related to one 

another; however, the 7.5S form has additional antigenic determinants with respect to the 

5.7S form [81]. As in the duck, the 5.7S form appears to lack a 30 kDa fragment from the 

carboxyl end of each of the two heavy chains. The turtle 7.5S and 5.7S Ig are 

antigenic ally related to chicken IgY as well as the 7.8S and 5.7S Ig of the duck [81]. 

At the gene level, three genomic V H sequences have been reported for the caiman 

(Caiman crocodylus crocodylus) [83]. These genes, isolated from a A. genomic library 

using a murine V H probe, have the common features of Ig V genes. Dctamer and TAT A 

box sequences are located upstream of the start site and the leader sequence is split by an 

intron. RSS elements flank the 3' ends of the VH genes, although one of genes possessed 

a spacer of 12 nt rather than the characteristic 23 nt spacer. Possibly there are differences 
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as to how caiman rearrange their Ig genes [83]. Two of the genes were located on the 

same A. clone approximately 6.5 kb apart [83]. However, without further characterization 

of their genes, it is not possible to determine gene arrangement patterns. No infonnation 

was available for light chains of reptiles at the gene level. 

Teleosts 

The predominant Ig found in the serum of the teleost or bony fish is a high 

molecular weight IgM-like molecule [84]. Like mammalian IgM, it is composed of heavy 

chains of -70 kDa and light chains of -22-26 kDa [84]. Teleost IgM exists as a polymeric 

molecule, although as a tetramer rather than the pentameric form of mammals [84]. J 

chains have been reported for some teleosts although some tetramers may be assembled 

differently with respect to covalent binding between the heavy chains and, in some 

instances, noncovalent binding may also be involved [84]. Teleost IgM contains high 

proportions of carbohydrate (>16%) although the composition differs from that of 

mammalian IgM [84]. 

Sequence data (cDNA) has been reported for channel catfish Jl chains [85, 86]. 

The Jl chains are encoded by four CJl exons like mammalian Jl chains [85, 86]. While no 

genomic DNA sequences have been reported, analysis of cDNA clones suggest the 

presence of DH elements and at least 2 JH segments [86]. Southern blots using a catfish 

VH probe suggests this VH gene belongs to a VH family with greater than 25 members. 

The possibility of an extensive VH repertoire is extended by results of partial amino acid 

sequencing in which there was less than 50% identity between two catfish FRI sequences 

[87]. Thus, it appears that the catfish VH repertoire is composed of multiple VH families 

with multiple VH genes [84, 86, 87]. Southern blot analysis of catfish genomic DNA 

using probes specific for each of the 4 CJl exons suggest that the CJl gene is a single copy 
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gene and the 4 exons encoding it are closely linked within 6 kb in the germline [86]. 

However, under lower stringency conditions, additional bands were obtained with the 

C,.11 and CJ.12 probes, suggesting the presence of another set of heavy chain genes [86]. 

Whether or not these genes would be functional cannot be determined without sequence 

data. The possibility of additional Il-like isotypes in teleosts has been suggested. Using 

monoclonal antibodies, Lobb and Olson described three antigenically distinct Il-like 

isotypes which were found in approximately equal ratios in catfish serum [87]. Although 

it was unknown whether the monoclonal antibodies were binding V or C region 

determinants, the three forms did have different peptide maps as well as differential 

expression during an immune response to immunization with DNP-horse serum albumin 

[87]. 

In addition to additional Il-like isotypes, there are reports of lower molecular 

weight forms of Ig in some species of teleosts, but these findings are not all-inclusive 

[84]. While these molecules may represent the monomeric form of IgM, it is also possible 

that additional classes of Ig exist in some teleosts [84]. For instance, several species 

(giant grouper, rainbow trout, and sheepshead) have a monomer Ig with heavy chains of 

40-52 kOa, significantly smaller than the 70 kDa of typical teleost Il chain. Whether these 

molecules are an Ig derived from IgM either by duplication of the Il chain gene, alternate 

mRNA processing, or post-translational modification or represent a new, unique class of 

Ig remains to be determined [84]. Some of these smaller forms have been found in 

secretions. In the secretions of the sheepshead, for instance, there is the typical tetrameric 

Ig as well as dimeric Ig [84]. These dimers can be divided into two populations, those 

that are not covalently bound together and those that are covalently bound to a 

polypeptide of -95 kDa, possibly a fish secretory chain. These dimeric populations 

appear only in secretions and not in the sheepshead serum, raising the possibility of an 
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IgA-like analog in some teleost species [84]. Obviously, extensive characterization of the 

Ig of the teleosts still needs to be perfonned. 

Relatively little had been reported on the light chains of teleosts. Experiments 

using protein immunochemistry demonstrated the existence of two light chain isotypes in 

the channel catfish, identified as F and G [88]. Monoclonal antibodies raised against these 

chains do not cross-react and, in immunoprecipitation experiments, their binding 

reactivities are additive. These antibodies were believed to be recognizing isotypic rather 

than allotypic differences because all fish tested expressed both types of light chains [88]. 

In the catfish, the F light chains are composed of two molecular weight fonns, 22 kDa 

and 24 kDa, and account for -60% of light chains in nonnal serum. The two molecular 

weight forms may be explained by differences in glycosylation [88]. The G light chains, 

composed of a single 26 kDa fonn, comprises -40% of light chains in normal serum [88]. 

Analysis of tryptic digests of these light chains demonstrated structural differences 

between the two isotypes [88]. No molecular data was available at either the cDNA or 

genomic DNA level. 

Elasmobranchs 

The elasmobranchs are primarily composed of two large groups of cartilaginous 

fish. One group is the skates and rays while the second group is the sharks. The 

immunoglobulins of both of these groups have been investigated. 

Immunochemistry data demonstrated two classes of Ig In the Rajiformes 

elasmobranchs (skates and guitarfish) [89]. The 18S or high molecular weight fonn is an 

IgM-like molecule which exists as a pentamer [89-91]. As opposed to what is observed in 

the sharks, the low molecular weight fonn or 9S molecule is antigenicaIly distinct from 

the IgM. This second fonn, designated IgR for Rajifonnes, has a lower molecular weight 
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(45-50 kDa) and exists as a non-covalent dimer [89, 90]. The IgM and IgR are 

synthesized by different populations of plasma cells in both the spleen and intestinal 

mucosa [90, 91]. However, cells expressing both classes oflg were found in the spleens 

of Aleutian skate embryos, and it was suggested that in this species of skate, the spleen is 

the primary lymphoid organ for B cell differentiation and proliferation [91]. The light 

chains of these animals all appeared to be -23 kDa [90]. Gene sequences encoding heavy 

or light chains had not been reported for these Rajaformes. 

The first detailed analysis of nonmammalian Ig was performed in a shark, the 

smooth dogfish (Mustelus canis), in 1965 by Marchalonis and Edelman [53,55]. Soon 

afterward, the structure of Ig from a variety of sharks such as the leopard shark [92], 

nurse shark [93], and lemon shark [94] was reported. It was demonstrated that the 

circulating antibodies in sharks exist in two forms, a 17-19S form of -900 kDa and a 7S 

form of -180 kDa [55, 92-95]. These two molecules are antigenically identical and, 

moreover, resemble mammalian IgM with respect to molecular weight, chain structure, 

charge dispersity, and carbohydrate content [53, 55, 92-95]. On this basis, sharks were 

reported to synthesize only a single class of antibodies, IgM, which exists in two forms, 

the 7S or monomeric form composed of two heavy (-70 kDa) and two light (-23 kDa) 

chains and the 17-19S IgM pentamer [96]. Early studies demonstrated sharks to be 

immunologically competent, capable of rejecting skin aUografts [97, 98] as well as 

producing antibodies to a variety of antigens upon immunization including proteins [55, 

97, 99], viruses [97, 98], protein-conjugated haptens [99, 100], bacterial antigens [99, 

101], and erythrocytes [102]. However, their ability to exhibit anamnastic responses with 

repeated antigen challenge is debatable at best [97, 103]. 

While serum Ig levels are high in sharks, accounting for 30-50% of serum 

proteins [96], it was the inability to isolate homogeneous proteins, such as from mUltiple 
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myelomas, from sharks, as well as other primitive vertebrates, that hindered early studies 

to obtain primary sequence data. Molecular biology techniques helped to circumvent this 

problem, allowing detailed molecular comparisons. The horned shark (Heterodontus 

francisci) heavy chain has been studied in detail by Litman's group and extensive 

characterization of these genes have been performed at the genomic level [56, 104, 105]. 

The organization of the heavy chain genes in the horned shark was shown to be 

dramatically different from that observed in mammals, or even in the chicken [56]. The 

genes are arranged in a cluster arrangement in which a single cluster contains a single VH 

gene, one or two DH mini-genes, one JH segment, and one CH gene [56]. Numerous 

clusters exist in the genome but their arrangement within the genome is unknown except 

that these clusters must be at least 20 kb apart because only a single cluster was present 

per genomic clone [56]. An entire heavy chain cluster spans -16 kb with the V and C 

genes being separated by -10 kb [56]. In the horned shark, approximately half of the 

characterized clusters had fused V, D, and/or J genes in the germline [104]. The 

remaining five clones had the unrearranged V-DI-D2-J-C organization [104]. The RSS 

elements of the D genes in these clusters had a different spacing pattern but still followed 

the 12/22 spacing rule. In four of the unrearranged clusters, the Dl genes were flanked by 

12/22 nt RSS spacers and the D2 genes by 12/12 nt RSS spacers [104]. The remaining 

clone's Dl was flanked by 12/12 RSS spacers and the D2 by 22/12 RSS spacers [104]. In 

all of these clusters, the VH gene could rearrange with either one or both D elements. Of 

the remaining clones, five had fused V and D elements (VD-J-C) and four had fused V, 

D, and J elements (VDJ-C ) [104]. These clones do not appear to be processed 

pseudogenes as they possess intact leader and JH-CH introns, remain in-frame through 

the fused elements, and have typical splice site sequences [104]. 
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With respect to the upstream region, the horned shark VH genes are different from 

the VH genes of other vertebrates in that the octamer motif is absent [104]. However, 

TAT A box sequences are present 95 nt upstream from the beginning of the leader 

sequence. As in other immunoglobulin genes, the leader sequences are split by an intron 

[104]. 

Like mammalian J.1 chains, the shark J.1 chains are encoded by four exons [105]. 

The organization of the exons and introns, as in other vertebrates, is conserved although 

the introns separating the individual exons are longer than those in mammals [105]. 

Sequences corresponding to DNA class switching sequences were not observed in the 

horned shark [105]. Sequences involved in differential splicing to synthesize the 

transmembrane versus the secretory form ofIgM are present [105]. 

The original horned shark heavy chain clones were isolated using the murine VH 

107S gene probe [56], the same probe used to isolate caiman heavy chain genes [83]. In 

the heavy chain, significant sequence conservation allowed the use of a mammalian probe 

to detect homologous sequences in reptiles, teleosts, and sharks [59, 60]. Comparisons of 

VH framework regions of man, mouse, chicken, goldfish, caiman, and Xenopus 

demonstrated -55% identity in FRl, -73% in FR2, and -59% in FR3. Horned shark had 

slightly lower homology in each of these regions [59]. The same DNA hybridization 

approach was tried in order to isolate light chain genes. However, the degree of homology 

among light chains is less than that shared by heavy chains and this methodology failed to 

yield light chain clones. Thus at the beginning of this dissertation, nothing was known 

about the light chains of the horned shark. 

Schluter and Marchalonis took a different approach in order to obtain primary 

sequence from shark light chains. Immunoglobulin from the Galapagos shark 

(Carcharhinus galapagensis), sandbar shark (C. plumbeus), and tiger shark (Galeocerdo 
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cuvieri) was isolated from the sera and separated into purified light chain and heavy chain 

fractions [96, 106]. Tryptic digests of light chains from tiger and sandbar sharks were 

sequenced by tandem mass spectrometry [106]. Isolated peptides corresponded to V 

region and C region sequences and demonstrated homology to mammalian VA, VK, and 

CA sequences [106]. Impressive sequence conservation was observed in the peptides 

corresponding to shark VL sequence. Among VL framework regions of human A and K 

chains, chicken A light chain, and sandbar shark light chain, there were six invariant 

residues in FRl, nine in FR2, and twelve in PR3 [59]. These conserved residues included 

"punctuation" sequences at the beginning and end of the individual framework regions 

and were conserved among both K and A light chains as well as Tcr ~ chains [59]. 

Sandbar shark framework regions demonstrated 47-56% identity to human VA framework 

regions [60], impressive results considering that the sharks' ancestors arose over 400 

million years ago and, more importantly, that these sequences were not selected by 

utilizing a mammalian gene probe as was done with the heavy chain sequences but rather 

were randomly obtained on the basis of their relative frequency of expression. 

Galapagos shark light chains were used to immunize rabbits [62]. The resulting 

anti-light chain sera was high titer (> 1:20,000) and specific for light chains with only a 

small amount of heavy chain cross-reactivity. This antisera was used to screen a sandbar 

shark cDNA expression library derived from the mRNA isolated from spleen tissue [62]. 

Using this approach, ninety positive clones were isolated and four were analyzed by DNA 

sequencing. These clones encoded light chain constant regions and two of the clones had 

partial V and J sequences [62]. Sequence comparisons demonstrated these clones to be A

like [62]. Moreover, the derived amino acid sequences of these clones matched C-region 

peptide sequences obtained from the above tryptic digests of pooled shark light chain 

preparations [62, 106]. 
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The limited J region sequence was sufficient to show relatedness to human A 

chain. Sandbar shark J region cDNA sequence identity to human A FR4 ranged from 64% 

to 82% [59] with the initial Phe-Gly-(Xaa)-Gly-Thr-Lys-Leu sequence completely 

conserved. (Xaa) indicates a variable position that is sometimes omitted. The consensus 

sequence Phe-Gly-(Xaa)-Gly-Thr-Lys-Leu is found in all light chains at the amino

terminal portion of FR4 [62]. In light chains phenylalanine (Phe) is invariably the N

terminal residue of FR4 while in heavy chains it is a tryptophan residue [59, 60]. In 

addition, light chains and Tcr ex and ~ chains tend to have a positively charged amino acid 

(arginine or lysine) at position 6 of FR4 while heavy chains possess an uncharged 

residue. The positively charged residue in light chains is critical for the conformation of 

the antibody as well as its antigenic properties [59]. The carboxyl-terminal residues of 

FR4 allow differentiation between J regions of A chains and 1C chains [59]. The final three 

residues of sandbar shark J regions (Asn-Leu-Gly) were more similar to those of A chains 

(Val-Leu-Gly) than 1C chains [59]. 

The cDNA clones demonstrated that sandbar shark light chain C regions have 

certain sequence motifs found in all A chains but not in 1C chains. For example, sharks 

have the A signature sequence Ala-Thr-Leu-Val-Cys-Leu around Cys-134 [62]. This 

sequence occurs exclusively in A chains. Furthermore, shark light chains and A chains 

have an additional residue following the penultimate cysteine residue at position 214 

which is not present in 1C chains [62]. The sandbar shark cDNA clones demonstrated 

-40% identity to the C region sequences of human and chicken A chains as determined by 

searching the Protein Identification Resource databases [62]. These studies demonstrated 

that light chains in the sandbar shark are A-like light chains, possess sequence 

heterogeneity within the variable and constant regions, and that there exists a 
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conservation of sequences between different species of the Carcharhinidae shark family 

[62, 106]. 

Dissertation Objective 

As just described above, a very limited understanding of the genes encoding shark 

light chains existed at the beginning of this dissertation project. It was known that 

sandbar sharks express A.-like light chains and while several C region cDNA sequences 

had been recently reported, sequence data of the V region was essentially limited to 

peptides from tryptic digests. During this dissertation study, complete cDNA sequence of 

a sandbar shark light chain was obtained. Furthermore, the genomic arrangement of the A. 

light chain genes was discerned as well as genomic sequences encoding these molecules. 

During the course of this project, numerous advances were made in the studies of Ig from 

other primitive vertebrates. Both cDNA and genomic sequences encoding homed shark 

light chains were reported. A kappa-like cDNA sequence was found in the nurse shark. 

The cDNA sequences of two types of light chains in Xenopus laevis were published as 

well as partial gene organization of one of the light chain types. Gene organization of 

teleost light chains was also recently reported. Advances were also made in the studies of 

heavy chains in the aves, amphibian, teleost, and elasmobranch vertebrate classes. 

Moreover, continuing studies of mammalian A. genes, particularly in wild mice, 

demonstrated the existence of a VA. gene family whose membership ranges from 

mammalian to shark VA. genes. These studies and the ramifications of their results will be 

presented in the discussion as it applies to results of this study. 

The overall objective of this project was to characterize the genes encoding Ig 

light chains in the sandbar shark, Carcharhinus plumbeus, with respect to gene number, 

gene organization, and DNA sequence. In order to address this objective, a recombinant 
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molecular biology approach was employed to accomplish the following set of specific 

aims: 

1. Obtain complete cDNA sequence of a sandbar shark Iv light chain gene. 

2. Obtain complete sequence of several genomic clones encoding Iv light chain 

and determine if they encode functional genes or pseudogenes. 

3. Determine the germline arrangement of the V, J, and C light chain genes and 

compare the organization in the shark to that existing in other vertebrates. 

4. Compare the genomic clones among themselves and to the cDNA sequences 

for differences in the DNA sequences, derived amino acid sequences, and 

noncoding elements. 

5. Determine the presence of regulatory and recognition elements involved in 

Ig gene rearrangement and transcription. These include promoter elements, 

enhancer sequences, recombination signal sequences, and splicing 

recognition sites. Determine if these elements appear to be functional. 

6. Assess the degree of diversity in shark light chains and compare it to that 

expressed in other vertebrates. 

7. Estimate the number of light chain genes within the shark genome. 

8. Assess the phylogenetic relatedness among V and C genes of sharks with 

respect to light chains of other vertebrates. 
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MATERIALS AND METHODS 

Construction Of cDNA Libraty 

The sandbar shark cDNA library was previously made [62] and provided. The 

library was derived from the mRNA of four sandbar shark spleens and packaged in the 

expression vector "'gU1. 

Isolation Of Genomic DNA 

Genomic DNA was prepared from liver tissue of a single sandbar shark. Liver 

tissue was pulverized in liquid nitrogen then lysed in -10 volumes of extraction buffer 

(25 mM Tris, pH 8.6/100 mM EDTA/50 mM NaCV1% SDS), and digested overnight 

with 10 mg Proteinase K (Boehringer Mannheim Biochemica, Indianapolis, IN) at 55° C 

with gentle shaking. Protein was removed by extracting with equal volumes of 

phenoVchloroformlisoamyl alcohol (volume ratio of 25:24: 1) until there was no visible 

interface. DNA was precipitated from the aqueous phase with a half volume of 7.5 M 

ammonium acetate and three volumes of ethanol and mixing by inversion. DNA was 

removed with a glass loop, washed with 80% ethanol, air dried to remove the ethanol, 

and resuspended in TE. 

Alternatively, genomic DNA was isolated from nucleated erythrocytes from a 

single shark. Blood was collected from a sandbar shark by Dr. Carl Luer (Mote Marine 

Laboratory, Sarasota, FL) and shipped immediately on ice to our laboratory where it was 

centrifuged and the serum and buffy coat removed [107]. Approximately 250 III of gently 

packed nucleated erythrocyte cells were then lysed in extraction buffer and the DNA 

prepared as described above. 
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Construction Of Genomic Library 

Liver genomic DNA isolated above was used in the construction of the sandbar 

shark genomic library. The library was commercially made in the replacement cloning 

vector ",FIX II by Stratagene (La Jolla, CA). 

Construction Of Probes 

The following DNA probes were made for library screening and Southern blot 

analysis. Shlc refers to sandbar shark light chain clone. Shlc1, Shlc3, Shlc4, and Shlc6 

were isolated from the cDNA library by antibody screening by Dr. Samuel Schluter 

(University of Arizona College of Medicine, Tucson, AZ) prior to the beginning of this 

dissertation project [62]. Clone ShIe5.1 is the full length light chain cDNA clone isolated 

during this study. All cDNA clones were subcloned into the sequencing vector 

pBluescript (Stratagene) at the Eco R1 site. 

1) V region probe: 5' fragment of Eco RlINhe1 digested ShIe5.I. 

2) C region probe: 5' fragment of Eco RlINs; 1 digested Shlc4, corresponding 

to the translated region only. 

3) Untrans-1: 3' fragment of Eco RlIBg/ II digested clone Shiel, corresponding 

to the 3' untranslated region. 

4) Untrans-4: 3' fragment of Eco RlINsi 1 digested clone Shlc4, corresponding 

to the 3' untranslated region. 

5) Shlc3: Eco R1 digested clone ShIe3. 

Following restriction endonuclease digestion, the probes were purified by HPLC 

using a Gen-Pak FAX (Waters, Milford, MA) high resolution, polymeric, ion exchange 

column. The digested DNA was applied in a 0.5 M NaClI25 mM Tris, pH 8.0, buffer and 

fragments were eluted using a salt gradient of 0.55 M to 0.65 M NaCl. Individual peaks 
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were manually collected and the DNA recovered by ethanol precipitation. Alternatively, 

following restriction endonuclease digestion, fragments were separated by agarose gel 

electrophoresis and probe fragments identified by gel staining. The probes were excised 

from the gel and DNA purified from the agarose with the GeneClean II kit (Bio 101 Inc., 

La Jolla, CA) or the Qiaex Gel Extraction kit (Qiagen Inc., Chatsworth, CA). 

The J region probe was a mixed synthetic oligonucleotide probe. Its sequence, 5'

G G A A C (C/G) A A G (CIT) T G (NG) (NG) (CIT) C-3', is a consensus derived from 

the J region sequences of clones ShIel, Shlc3, and Shlc5.1. The probe was synthesized by 

Charleen Avery (Medical University of South Carolina, Charleston, SC). 

Hybridization Protocols For Library Screenings And Southern Blots 

Screening of the cDNA library and Southern blot analysis of sandbar shark 

genomic DNA with probes specific for light chain constant region were performed using 

probes labeled with 32p isotope. Screening of the genomic library and mapping analysis 

of the light chain genomic clones were done using the Genius Nonradioactive Labeling 

and Detection kits (Boehringer Mannheim Biochemica, Indianapolis, IN). Hybridization 

and washing conditions are provided in Table 2. 

Hybridizations using 32P-Iabeled probes used a prehybridization and 

hybridization solution of 6X SSCI5X Denhardt's solution [107]10.5% SDS. Following 

washing procedures (Table 2), membranes were wrapped in saran wrap and exposed to 

X-OMAT AR film (Kodak, Rochester, NY) at -700 C. 

Membranes hybridized to the nonradiolabeled probes were developed using an 

enzyme-linked immunoassay procedure using the Genius Nonradioactive Detection kit 
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Table 2. Hybridization and Stringency Washing Conditions for ONA Hybridization 

Experiments 

HxbddizatiQn Einal Wasb~s String~nQX 
cONA library 5X SSC/0.5% SOSI O.lX SSCI Mod. 
screening 5X Oenhardts 0.1% SOS 

65°C 55°C 

Genomic DNA 6X SSC/0.5% SOSI O.1X SSCI Mod. 
Southern blot 5X Oenhardts 0.1% SOS 

65°C 55°C 

Southern blots 6X SSC/0.5% SOSI 2X SSCI Mod. 
with J oligo- 5X Denhardts 0.5% SOS 
nucleotide probe 42° C 37°C 

genomic library Genius* O.lX SSCI High 
screening 68°C O.l%SOS 

68°C 

Plaque dot Genius O.lX SSCI High 
blots and 65°C O.l%SDS 
Southern blots 65°C 
with V and C 
DNA probes 

* Genius = 5X SSCI 0.02% SOS/0.1 % N-Iauroylsarcosine, Na-salt/0.5% blocking reagent 
(Genius Nonradioactive Oetection kit, Boehringer Mannheim). 
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(Boehringer Mannheim) with a few procedure modifications. The membranes were 

prehybridized in a solution of 5X SSCIO.02% SDS/O.l % N-Iauroylsarcosine, Na

salt/0.5% blocking reagent (Genius Nonradioactive Detection kit, Boehringer 

Mannheim). Probes, diluted in 20 ml of prehybridization solution, were heated to 95°C 

for 10 min and then quick chilled. Probes were reused several times and were stored at 

-20°C between hybridizations. Probes were reheated (10 min, 95°C) before reuse. 

Following washing procedures (Table 2), membranes were blocked with 0.5% blocking 

buffer in 100 mM Tris, pH 7.5/150 mM NaCl for 1 hour. Membranes were then 

incubated with an alkaline phosphatase labeled anti-digoxigenin antibody (750 V/ml) 

diluted 1:5000 in 25 mM Tris, pH 8.0/150 mM NaClll % fish gelatin (Hipure Liquid 

Gelatin, Norland Products, New Brunswick, NJ)/100 mM MgCIz/0.25 mM ZnC12 for one 

hour. Visualization of hybridization patterns was achieved by incubating the membranes 

in a substrate solution of 5-bromo-4-chloro-3-indolyl phosphate (0.225 mg/ml) and nitro 

blue tetrazolium (0.338 mg/ml) in alkaline phosphatase buffer (1 M dimethylformamide, 

pH 9.5/1 mM MgC12). 

Labeling Of Probes 

DNA probes were labeled using either the Random Primed DNA Labeling Kit 

(Boehringer Mannheim) with [a32p] dCTP (DuPont NEN Research Products, Boston, 

MA) or the Genius Nonradioactive Labeling Kit (Boehringer Mannheim) according to 

manufacturer's directions. 

Oligonucleotide probes were labeled using a DNA tailing kit, digoxigenin-ll

dVTP, and terminal transferase as recommended by the manufacturer (Boehringer 

Mannheim). 
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Library Screening 

The host bacterial strain for the ",gUI cDNA library phage was E. coli 

Y1090hsdR [107]; host strain for the genomic library phage was E. coli LE392 

(Stratagene). Recipes for bacterial culture media are provided in Appendix F. Phage were 

plated onto NZCYM 1.4% agar plates at an initial density of -50,000 pfu per 150 mm 

plate. Plates were incubated 8 to 10 hours at 37°C. Lifts were made on nitrocellulose 

filters (Schleicher & Schuell, Keene, NH) by overlaying the filters on the plates for two 

minutes. Duplicate lifts were made on all initial screenings done with nonradioactive 

probes and on all screenings done with 32P-Iabeled probes. Lifts were denatured for 30 

sec in 0.1 M NaOW1.5 M NaCI, neutralized for 2 min in 0.2 M Tris (pH 7.4), and rinsed 

in 2X SSC (pH 7.0). Filters were baked for 2 hours and then prehybridized for 2 hours. 

Hybridization was performed in a heat-sealed bag overnight in a shaking water bath at 

varying temperatures depending upon stringency conditions. Filters were washed 

according to stringency conditions (Table 2) and developed. Positive clones were picked 

by coring out the plaque with a Pasteur pipette. Clones were isolated by rescreening the 

selected plaques at lower density until purity was obtained. Plaques were stored in SM. 

(10 mM NaCl/8 mM MgS04'7H20/50 mM Tris, pH 7.5/0.01 % gelatin) at 4° C. 

Southern Blots 

Analysis of genomic clones by Southern blot typically was performed with -500 

ng of digested DNA. Following agarose gel electrophoresis, gels were depurinated in 2 

gel volumes of 0.25 M HCI for 15 min, rinsed with distilled water, and then denatured in 

2 gel volumes of 0.4 M NaOH/0.6 M NaCI for transfer to Immobilon-N PVDF 

membranes (Millipore, Bedford MA) or 0.4 M NaOH for transfer to Biotrans+ Nylon 

membranes (lCN Biomedicals Inc., Costa Mesa, CA). DNA was transferred to the 



69 

membrane using a Posiblot pressure blotter (Stratagene) at 75 psi for -1 hour under 

alkaline conditions (0.4 M NaOH/O.6 M NaCI or 0.4 M NaOH). Membranes were 

neutralized in 2X SSC for 5 min following transfer and then baked at 80° C for 30-60 min 

to fix the DNA to the membrane prior to prehybridization. Hybridization with DNA 

probes and development procedures were as described above. When using nonradioactive 

oligonucleotide probes, prehybridization and hybridization solutions were 6X SSC/5X 

Denhardt's solutionl 0.5% SDS and wash solutions were 6X SSC/O.5% SDS. 

Development procedures were the same as for nonradioactive DNA probes. 

Southern blot analysis of genomic DNA was performed using 10 Ilg of sandbar 

shark liver genomic DNA. DNA was cut using 20 U of restriction enzyme for 8 hours and 

electrophoresed through a 1 % agarose gel. The gel was depurinated in 0.25 M HCI for 15 

min, denatured in 2 gel volumes of 0.5 M NaOHll.5 M NaCI for 30 min, and neutralized 

in 0.5 M Tris, pH 7.4/3 M NaCI. DNA was transferred to a nitrocellulose membrane 

(Schleicher & Schuell) with a Vacublot apparatus (American Bionetics, Hayward, CA) in 

20X SSC (3 M NaCl/0.3 M sodium citrate, pH 7.0). The membrane was baked at 80° C 

for 2 hours prior to fix the DNA. Hybridization and development procedures were as 

described for hybridizations using 32P-Iabeled probes. 

Plaque Dot Blot Assay 

This procedure was used to screen a large number of clones prior to DNA 

purification. A 1 III aliquot of a 106 pfulml stock of each clone tested was spotted onto a 

freshly poured lawn of bacteria. The plate was incubated at 37° C for 6 hours or until 

lysis was complete. Lifts were taken and hybridized as described above. 
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Agarose Gel Electrophoresis 

Agarose gel electrophoresis was typically performed using 0.6% to 0.8% (wt/vol) 

genetic technology grade agarose (lCN Biomedicals; IBI) in IX TBE (90 mM Tris/90 

mM boric acidl2 mM EDTA, pH 8.0)with IX TBE running buffer. For analysis of DNA 

less than 500 basepairs, 3% Metaphor agarose (FMC, Rockland, ME) gels or 3% gels of 

3: I NuSieve/1 % agarose were used. 

Restriction Mapping Of Genomic Clones 

Genomic clones were mapped for their Eco RI, Bam HI, and Hind III sites by 

partial restriction digests. In the AFIX U vector (Stratagene), the insert is flanked by the 

T3 promoter at one end and the T7 promoter at the other. These are in tum flanked by Not 

I sites. Not I digestion should excise the intact insert since this restriction enzyme is a 

rare cutter, recognizing an eight base pair sequence that does not occur frequently in 

eukaryotic DNA, and partial digestion of the insert results in fragments whose lengths 

correspond to the number of sites within the insert. Hybridization of these fragments with 

probes specific for the T3 and T7 promoter sequences allows identification of the end 

fragments of the insert in a complete digestion and the order of the remaining fragments 

in a partial digestion. 

Purified sandbar shark genomic clones were first cut with Not I and were then 

subjected to partial digest analysis with Bam HI, Eco RI, or HindU!. Partial digests were 

obtained by removing aliquots at various time points, optimized for each enzyme. An 

initial sample of each time point was removed and analyzed by agarose gel 

electrophoresis to ensure partial fragments. The rest of the samples were pooled and then 

divided in half for T3 and T7 lanes on the gel. The fragments were separated by agarose 

gel electrophoresis and transferred to Immobilon-N (Millipore) as described for Southern 
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blots. Visualization of the bands was done using a nonradioactive gene mapping kit 

(Stratagene) in which the T3 and T7 oligonucleotide probes were directly conjugated with 

alkaline phosphatase. Blots were visualized using either BCIP and pNBT (colormetric 

protocol) or Lumigen-PPD (chemiluminescent protocol) with exposure to X-OMAT AR 

film (Kodak, Rochester, NY). 

Large Scale Preparation Of Iv Phage DNA 

Phage were amplified using a standard plate lysis method [107]. Phage were 

plated onto two 1 % agarose NZCYM plates at a density of 106 cells per 150 mm plate 

and grown until complete lysis had occurred (-10 hours). Each plate was overlaid with 12 

ml TM (50 mM Tris, pH 7.5/8 mM MgS04'7H20) and rocked at 4° C overnight. The TM 

and phage were collected, and bacterial debree was removed by centrifugation at 27,200 

x g for 10 min in a Beckman JA-20 rotor in a model J2-21M centrifuge (Beckman 

Instruments Inc., Fullerton, CA). Phage recovery was accomplished by precipitating with 

50% ammonium sulfate for 30 min at room temperature followed by centrifugation at 

27,200 x g for 15 min. The pellet was resuspended in 2 ml of lysis buffer (25 mM Tris, 

pH 8.6/50 mM EDT N50 mM NaClIO.l % SDS) containing 1 mg Proteinase K and 

incubated at 55°C overnight. Phage DNA was purified by several extractions with 

phenollchloroform/isoamyl alcohol, precipitated with a half volume 7.5 M ammonium 

acetate and 3 volumes of ethanol, pelleted by centrifugation at 12000 x g for 10 min, and 

resuspended in 1 ml TE (10 mM Tris, pH 8.0/1 mM EDTA). RNA contamination was 

removed by incubation with 2.5 /!g RNase, DNase-free (Boehringer Mannheim) for 30 

min followed by ethanol precipitation and resuspension in 500 /!l TE. Concentration was 

determined by agarose gel electrophoresis using Iv DNA concentration standards. 
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Subcloning Into Sequencing Vectors 

Restriction fragments of genomic A, clones encoding regions of interest were 

subcloned into the sequencing vector pBluescript (Stratagene) for sequence analysis. 

Fragments were identified following agarose gel electrophoresis by staining the gel with 

either ethidium bromide [107] or bromophenol blue (E-Z Blue, Boehringer Mannheim) 

and were excised from the gel. Vector DNA was cut with the appropriate restriction 

enzyme then treated with calf intestinal alkaline phosphatase (Boehringer Mannheim) for 

30 min at 37° C. The DNA solution was heated at 75° C for 15 min to eliminate 

enzymatic activity. Both insert and vector DNA were purified using either the Gene 

Clean II kit or Quiax Gel Extraction kit. Insert DNA was ligated into the phosphatase

treated vector in a reaction consisting of a 2: 1 ratio of insert to vector using 20 ng of 

vector and 0.5 units of ligase (IBI or Boehringer Mannheim) at room temperature for a 

minimum of 2 hours followed by overnight incubation at 4° C. The total ligation mix was 

used to transform E. coli XL-I Blue cells (Stratagene) as recommended by Stratagene. 

Minipreparation Of Plasmid DNA 

The "miniprep" procedure of Serghini et. al. [108] was used to obtain small 

preparations of recombinant plasmids for rapid analysis. Briefly, a 2 ml culture was 

grown in LB media overnight and 1.5 ml was pelleted by centrifugation in an Eppendorf 

5415 centrifuge (Brinkman Instruments Inc., Westbury, NY) at maximum speed for 3 

min. The pellet was resuspended in 50 III of TNE buffer (10 mM Tris, pH 8.0/100 mM 

NaClIl mM EDTA). Cells were lysed by the addition of 50 III of 

phenol/chloroform/isoamyl alcohol followed by vortexing for 1 min. The aqueous phase 

was removed following an 8 min centrifugation, and the DNA recovered by ethanol 

precipitation and resuspended in 50 III TE. 
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Large Scale Preparation Of Plasmid DNA 

Cells were grown overnight in 50 ml of Terrific broth with 0.1 mg/ml ampicillin 

[1] and then collected by centrifugation using a Sorval HL-4 rotor (DuPont Instruments, 

Boston, MA) at maximum speed (2475 x g) for 10 min. The pellet was resuspended in 5 

ml of TES (0.5 M Tris, pH 8.5/0.05 M EDTAl15 % sucrose) with 2 mg/mllysozyme 

(Boehringer Mannheim; Ameresco, Solon, OH) and incubated at room temperature for 30 

min. Six milliliters of TET (0.5 M Tris, pH 8.5/0.05 M EDTA/0.1 % Triton X-lOO) were 

added and the mixture incubated for 20 min at room temperature and then centrifuged for 

1 hour at 27,200 x g. The supernatant was recovered, precipitated with a half volume 7.5 

M ammonium acetate and 3 volumes cold ethanol, spun at 12,000 x g for 10 min, and the 

pellet resuspended in 2 ml of TE. Contaminating protein was removed by extraction with 

an equal volume of phenol/chloroform/isoamyl alcohol. The DNA was recovered from 

the aqueous phase by ethanol precipitation and resuspended in 2 ml of water. To this was 

added 2 ml of 5 M LiCI and the solution placed on ice for 15 min. This was centrifuged 

(12000 x g for 10 min) and the supernatant recovered, incubated at 60° C for 10 min, and 

re-centrifuged. The supernatant was precipitated with 2 volumes of ethanol and the pellet 

resuspended in I ml TE. Any remaining RNA contamination was removed by treatment 

with 2.5 Ilg RNase, DNase-free (Boehringer Mannheim) at 37°C for 30 min. The DNA 

was recovered by a final ethanol precipitation and resuspended in 1 ml TE. The 

concentration of the DNA was determined by spectrophotometric analysis [107] using a 

Beckman DU-64 spectrophotometer (Beckman Instruments). 

Maintenance Of Clones 

XL-1 Blue clones containing plasmids carrying light chain inserts were maintain 

on LB media plates containing ampicillin (100 Ilg/ml) and tetracycline (12.5 JlgIml) at 4° 
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C. Clones were transferred to fresh plates every one to two weeks. In addition, plasmid 

mini preps of all clones were stored at _20° C. 

The lambda phage clones were stored as amplified stocks in SM at 4° C. 

Synthesis Of Nested Deletion Clones 

To prepare for sequencing, a series of overlapping nested deletion clones were 

made that progressively lacked 200 to 300 base pairs from one end of the insert DNA. 

Approximately 300-350 bases can be read from a single sequencing reaction, thus a 

complete sequence can be obtained by generating enough mutants. To generate the 

deletion mutants, the Exonuclease HIlS 1 Nuclease Nested Deletion kit (Pharmacia, 

Uppsala, Sweden) or Erase-a-Base kit (Promega, Madison, WI) were alternatively used. 

Deleted clone were religated, transformed into competent E. coli XL-Blue cells 

(Stratagene), and plated. Individual colonies were picked and DNA minipreps performed. 

Clones were selected based on appropriate insert size as determined by agarose gel 

electrophoresis [107]. 

Preparation Of Competent Cells 

Competent E. coli XL-l Blue cells were made according to the acid salt method 

of Promega (Madison, WI). A single colony was inoculated into 25 ml of LB media with 

tetracycline (12.5 Ilg/ml) and grown overnight at 37° C. A 5 ml aliquot was used to 

inoculate 500 ml of LB media which was grown at 37° C until O.D.600 = 1.0. The cells 

were chilled on ice for 2 hours then collected by centrifugation at 2500 x g at 4°C for 20 

min. The pellet was gently resuspended in 500 ml cold trituration buffer (100 mM 

CaCl2170 mM MgC12140 mM sodium acetate, pH 5.5) and chilled on ice for 45 min. Cells 

were collected at 1800 x g for 10 min at 4° C and gently resuspended in 50 ml trituration 
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buffer and 9 ml of SO% glycerol was added. Cells were aliquotted, snap-frozen in liquid 

nitrogen, and stored at -70° C. 

DNA Sequencing 

DNA sequencing was performed by the dideoxy chain termination method using 

the Sequenase kit (United States Biochemicals, Cleveland, OH) and an 35S label 

(Sequetide, DuPont NEN Research Products). Clones in both orientations were 

sequenced for accurate sequence determination. 

DNA was prepared for sequencing by essentially following the miniprep 

procedure described above with a few modifications. Cells were grown in super broth or 

ten·ific broth to enrich for cell growth. TNE and phenol/chloroform volumes were 

doubled for the increased cell pellet. Following extraction, 50 III of 7.5 M ammonium 

acetate were added, the mixture incubated on ice for 15 min then centrifuged at 29200 x g 

(Beckman JA-IS.I rotor) for 20 min at 4° C to remove additional protein and RNA 

contamination. The DNA was then precipitated from the supernatant with 3 volumes of 

cold ethanol and treated with 250 ng RNase, DNase-free for 30 min at 37° C. DNA was 

reprecipitated with ethanol and resuspended in 50 III TE. 

The double stranded DNA was denatured with 1/10 volume of 2 M NaOHl2 mM 

EDTA at 37° C for 30 min. The solution was neutralized with 1/10 volume 3 M sodium 

acetate (pH 5.2) and 6 ng of primer and 3 volumes of cold ethanol were added. The DNA 

was precipitated at -70° C for 30 min, collected by centrifugation, washed with SO% 

ethanol, and resuspended in IX Sequenase buffer (Sequenase kit, USB). Primer was 

annealed to the DNA by heating the solution at 65° C for 2 min and then allowing it to 

cool slowly to 35° C. Sequencing reaction were then performed according to kit 

instructions. 
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The primers used for sequencing were the M13 universal primer (USB) and T3 

primer (USB). These corresponded to vector sequences flanking the insert. In addition, 

specific primers were synthesized in order to sequence regions of DNA that could not be 

obtained using primer sites in the vector. These primers were synthesized on a Cyclone 

DNA synthesizer (MilligenlBiosearch Inc., Bedford, MA). 

Sequencing gels were predominantly 5% Hydrolink Long Ranger (J.T. Baker Inc., 

Phillipsburg, NJ)/7 M urea in 1.2X TBE and used O.6X TBE as a running buffer. 

Sequencing gels were electrophoresed using a Model STS 45 DNA Sequencing Unit 

(lBI) at 55 W. Typical long run gels were 3.25 hours and short run gels 1.75 hours. Gels 

were dried on Whatman 3M paper on a BioRad Model 583 Gel Dryer (BioRad 

Laboratories, Hercules, CA) at 80DC for 1 hour and then exposed to X-OM AT AR film 

(Kodak) overnight. 

DNA Sequence Analysis 

DNA sequence data was read using an IBI Gel Reader in conjunction with the 

Mac Vector computer program (IBI) for the Macintosh computer. Sequence data was 

organized into final form using the AssemblyLIGN (lBI) and GCG (Genetic Computer 

Group, Madison, WI) programs. Sequence analysis was done using programs of the 

GCG. 

PCR Analysis 

Primers to sandbar shark framework region 2 (FR2) and framework region 4 

(FR4) were synthesized on a Cyclone DNA synthesizer. The sequences of the primers 

were as follows: 
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FR2: 5'-G T ACT G G C A G A A A C C C G A C A G-3' 

FR4: 5'-G (CfT) (CfT) (AlC) A (C/G) (AlG) (Cfr) (CIT) C A (AlG) C T T 

(AIC/G) G T T C C-3' 

The FR4 primer had a degeneracy of 512-fold. 

Amplifications were performed in 100 J.l.1 containing Taq DNA polymerase buffer 

[10 mM Tris, pH 8.3/1.5 mM MgClz/50 mM KClIgelatin (0.1 mg/ml)], 10 J.l.1 of genomic 

light chain clone A.FIX II phage stock in SM (1 x 1()6 - 1 x 107 pfulml), 200 pOlol of FR2 

primer, 1 J.l.mol of FR4 primer, and all four dNTPs (each at 200 J.l.M). The mixture was 

overlaid with mineral oil and heated at 93° C for 5 min to ensure complete denaturation 

of DNA for the initial amplification round, and 2.5 units of Taq DNA polymerase 

(Boehringer Mannheim) was added at 80° C. Forty cycles of denaturation (93° C for 5 

sec), annealing (50° C for 15 sec), and extension (75° C for 30 sec) were performed in a 

thermal cycler (M] Research, Watertown, MA). All products were analyzed on 3% 

(wtlvol) 3:1 NuSievell % agarose gel with 5 J.l.l of each reaction product. 

PCR analysis was also performed on sandbar shark and leopard shark erythrocyte 

genomic DNA. Reaction conditions were identical except that 100 ng of template 

erythrocyte genomic DNA was used. Three cycling conditions were used. The first was 

identical to the previously described conditions used in the amplifications of the genomic 

clones: denaturation at 93° C for 5 sec, annealing at 50° C for 15 sec, and extension at 

75° C for 30 sec. The second set of conditions was denaturation at 93° C for 5 sec, 

annealing at 40° C for 15 sec, and extension at 75° C for 30 sec. The third set of 

conditions was denaturation at 93° C for 5 sec, annealing at 40° C for 15 sec, and 

extension at 75° C for 45 sec. Forty cycles were performed under each of these conditions 

and 5 J.l.l of product were analyzed analyzed on 3% (wt/vol) 3: 1 NuSieve/1 % agarose gels. 
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Digital Scanning 

Polaroid photographs presented in Figures 9, 18, and 19 were digitally scanned 

using a Hewlett Packard ScanJet llc (Hewlett Packard Company, Camas WA). The image 

was inverted using the computer program Digital Darkroom (Aldus Corp., Seattle, W A). 

No other modifications or enhancements were performed. 

The Southern blots presented in Figures 6 and 9 and the plaque dot blots 

membranes in Figure 8 were also digitally scanned. These images were not inverted nor 

were any enhancements made. 



79 

RESULTS 

Southern Blot Analysis Of Genomic Sandbar Shark DNA 

To assess an approximate number of C region genes in the sandbar shark 

germline, genomic DNA isolated from liver tissue was analyzed by Southern blot using 

the translated or coding region of sandbar shark light chain clone 4 (Shlc4) as a C region 

probe under moderately high stringency conditions (Table 2). Since this probe was -95% 

identical to all of the sequenced sandbar shark cDNA clones [62], hybridization with 

most, if not all, C region genes should occur. Ten micrograms of DNA was cut with 

either EcoRI, BamHI, Hind III, Nsi 1, or EcoRI and Bgl II, electrophoresed through a 

0.6% agarose gel, transferred to a nitrocellulose membrane, and hybridized with the 32p_ 

labeled C region probe. The results are shown in Figure 6. Multiple hybridizing bands of 

various sizes were observed in each of the lanes. This complex banding pattern indicates 

that there must be many genomic C region genes within the germline. 

Isolation. Cloning. and Sequ~nce Analysis Of Full Length Shark Light Chain cDNA 

Clone Shlc5.1 

Approximately 106 plaques of the sandbar shark cDNA library were screened 

using the constant region Shlc3 probe labeled with 32p under moderate stringency 

conditions (Table 2). One of the clones, sandbar shark light chain clone 5.1 (ShIe5.I), 

was of sufficient size to be full length (-1 kb). Shlc5.1 was subcloned, deleted into a 

nested series of subclones, and sequenced by the dideoxy chain termination method. 

Figure 7 shows the complete cDNA sequence of clone Shlc5.1 and its derived amino acid 

sequence. At the protein level, Shlc5.1 demonstrates 40-50% sequence identity with some 

mammalian light chains, and sequence alignment with these proteins allowed the leader, 
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Figure 6. Digital scan of sandbar shark liver DNA Southern blot autoradiograph. DNA 
was digested with EcoRl (lane a), Hind III (lane b), BgI II (lane c), Nsi I (lane d), or 
EcoRl/Bgl II (lane e) and hybridized to the C-region probe (translated region of clone 
Shlc4). Molecular weight size markers are in kilobases. 
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Figure 7. DNA and corresponding amino acid sequence of full length sandbar shark light chain eDNA clone ShlcS.l. 
Leader, leader peptide sequence; FR, framework regions 1-4; CDR, complementarity determining regions 1-3; Constant, 
constant domain coding sequences. Shaded boxes indicate matching peptide sequences obtained from tryptic digests of 
purified sandbar shark light chains [106]. 
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V (including FRs and CDRs), J, and C regions of the shark light chain to be clearly 

distinguished. The 3' untranslated region is 197 nucleotides (nt) long with a single 

polyadenylation signal sequence (AATAAA) at its end. Shlc5.1 has the greatest 

homology to A light chains. The 20 amino acid leader sequence is similar to other A 

leader sequences with its best match being to a human VAl chain followed by the leader 

to chicken Alight chain. In the Ig coding regions, Shlc5.1 has -50% nucleotide identity to 

human A chain. At the protein level, the Shlc5.1 V region demonstrates an overall identity 

of -50% with human VA VI variable regions. The degree of homology is significantly 

higher in the framework regions as compared to the hypervariable regions. The J region 

demonstrates -75% identity to FR4 regions of certain human A chains. The C region of 

Shlc5.1 has -40-45% identity to the human Al chain Mcg. 

When compared to sequences of other shark light chain cDNA clones from the 

sandbar shark [62] and the horned shark [109], Shlc5.1 demonstrates extreme similarity 

to the other sandbar clones but divergence of sequence with the horned shark. At the 

protein level, there is only 36% identity between the V regions of the sandbar and horned 

sharks and the C regions are only 42% identical. ShIe5.1 is -95% identical to the C 

region nucleotide sequences of the other sandbar shark cDNA clones. ShIeS. 1 is also 

-95% identical to Shlc4 and Shlc6 in the 3' untranslated region. However, these clones 

are less than 60% identical to Shlcl and can thus represent two different groups of light 

chain genes. All five clones appear to represent separate genes and not merely allelic 

variants since the sequence differences between them are at least 5%. Shiel, Shlc4, and 

ShIe6 have two polyadenylation signal sequences (AATAAA) while ShIe5.1 has only one 

at position 956. The second polyadenylation signal sequence is missing due to a T to C 

base change at position 817. The presence of two polyadenylation signal sequences is 

unusual but has also been noted for /..l chain cDNA clones in the horned shark [105]. Only 
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one polyadenylation signal sequence is present in horned shark light chain clones [109, 

110]. 

A tryptic peptide obtained in high yield from purified polyclonal light chains 

[106] with the sequence DPVLTQPGSISSSPGK is identical to a FR! V region segment 

predicted from ShIeS.! gene sequence (residues 100-147), demonstrating that this gene 

specifies a major serum V region sequence. This FRI sequence must therefore represent a 

segment highly conserved among sandbar shark light chains. Three other tryptic peptide 

sequences [106] were found within the ShIeS.! derived amino acid sequence. One, 

NLGSPR, corresponds to the end of FR4 or the J region and beginning of the C region 

(residues 430-447). The second, GNGVETSR, is midway through the C region (residues 

583-606). The third peptide, HETQANPLQTSISR, is located near the end of the C region 

of Shlc5.1 (residues 707-748). Finding both V and C region segments within a single 

eDNA clone in which the derived amino acid sequences are identical to high yield 

peptides from pooled sandbar shark light chains demonstrates this gene to encode a major 

form of shark Ig light chain. 

Screening Of The Sandbar Shark Genomic Library 

The un amplified sandbar shark liver genomic library was screened at a density of 

-50,000 plaque forming units per plate using the C region probe and two differential 3' 

untranslated region probes, Untrans-l and Untrans-4. These two probes are only -54% 

identical and thus do not cross-hybridize under high stringency conditions. Ten plates per 

probe were screened under high stringency conditions (Table 2). Approximately 40 

positive plaques were present per original plate for the Untrans-4 and C-region screenings 

while -20 to 30 positive plaques were present on the Untrans-l plates. Thirty-three 

positive clones were plaque purified, 24 from the C region screenings, 5 from the 
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Untrans-l screenings, and 4 from the Untrans-4 screenings. Table 3 lists the purified 

genomic clones and the probes used in their isolation. 

Plaque Dot Blot Analysis Of Genomic Clones 

Results of the Southern blot data and cDNA sequence analysis suggested that 

mUltiple C region genes are present in the sandbar shark genome and that these genes can 

be divided into at least two groups based on 3' untranslated region sequence homologies. 

In order to further examine this hypothesis, the twenty-four clones isolated from the 

genomic library with the C region probe were tested for reactivity with the two 

differential 3' untranslated region probes in a plaque dot blot assay as shown in Figure 8. 

Clone G 10 is the positive control for the Untrans-4 probe and Ull is the positive control 

for the Untrans-l probe. Of the 24 clones, 15 hybridized specifically with the Untrans-4 

probe,3 clones with the Untrans-l probe, and 6 with neither probe. The clones' resulting 

3' untranslated region grouping assignments are listed in Table 3. Restriction maps 

demonstrated that at least two of the six clones (T42 and T46) possessed 3' untranslated 

sequence, i.e., this region was not removed in the cloning process (see below). Thus, 

there appears to be at least three groups of C region genes based on 3' untranslated region 

sequence. A majority of the genomic clones belong to the Untrans-4 family, and this is 

reflected in the transcribed genes since 75% of the cDNA clones also belong to this 

family. 

Mapping Of Genomic Light Chain Genes 

Fourteen genomic clones comprising examples from each of the groups described 

above were selected for detailed mapping analysis using probes specific for the V region, 

J region, and C region following localization of Eco RI, Hind III, and Bam HI restriction 

enzyme sites. Clones, which ranged in size from 11 to 19 kb, were first digested to 
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Table 3. Sandbar Shark Light Chain Genomic Clones 

Probe used Untrans group V region 
ClQne fQr isglatigO aS5ignm~nt ~r~s~nt 

Tll C region Untrans-4 Yes 
Tl2 C region Untrans-4 Yes 
Tl3 C region Untrans-4 Yes 
Tl4 C region Untrans-4 Yes 
Tl5 C region Untrans-4 Yes 
Tl6 C region Untrans-4 Yes 
T21 C region Untrans-l Yes 
T22 C region Untrans-4 Yes 
T23 C region Untrans-4 No 
T25 C region 3rd Group Yes 
T26 C region 3rd Group Yes 
T31 C region Untrans-4 Yes 
T34 C region Untrans-l Yes 
T35 C region Untrans-4 Yes 
T36 C region 3rd Group Yes 
T41 C region Untrans-4 Yes 
T42 C region 3rd Group No 
T44 C region Untrans-4 Yes 
T46 C region 3rd Group Yes 
T51 C region Untrans-4 Yes 
T52 C region 3rd Group Yes 

T53 C region Untrans-4 Yes 

T54 C region Untrans-l Yes 

T56 C region Untrans-4 Yes 

Ull Untrans-l Untrans-l Yes 
U21 Untrans-l Untrans-l Yes 

U31 Untrans-l Untrans-l Yes 

U41 Untrans-l Untrans-l No 
U51 Untrans-l Untrans-l Yes 

G6 Untrans-4 Untrans-4 Yes 

G7 Untrans-4 Untrans-4 Yes 

G8 Untrans-4 Untrans-4 Yes 

GlO Untrans-4 Untrans-4 Yes 
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Figure 8. Plaque dot blot analysis of sandbar shark light chain clones selected from the genomic library with the C-region 
probe. Clones (Tll-TS6) were assessed for hybridization with the 3' untranslated region probes Untrans-l and Untrans-4 
and then divided into three groups based on hybridization results: Untrans-l clones (3 clones), Untrans-4 clones (IS 
clones), and nonhybridizing or Third group clones (6 clones). GIO, positive control for Untrans-4 probe; U11, positive 
control for Untrans-l probe. 00 
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completion with Not I to remove the vector arms and then partially digested with either 

Eco RI, Hind III, or Bam HI. Complete digestions were performed as well to identify 

final fragment sizes. Figures 9A and 9B show an example of an agarose gel and a 

Southern blot mapping the Hind III sites of clones Til and U51 and the Bam HI sites of 

clones Tll and T4I. Clone U51 will serve as an example as to how mapping results were 

interpreted. Clone U51, when cut to completion with Hind III, results in 4 fragments of 

0.3 kb, 0.6 kb, 2.8 kb, and -12 kb. In lane C (complete cut) of the T7 membrane, there is 

a single band of 0.6 kb. On the T3 membrane, there is a single band of 0.3 kb. These 

bands identify the two end fragments of the Hind III digestion. In the P (partial cut) lane 

of the T7 membrane, there are three bands of 0.3 kb, 3.1 kb, and -15 kb. Thus it appears 

the 2.8 kb fragment is next to the 0.3 kb fragment, producing a 3.1 kb fragment in a 

partial digest. Adjacent to the 2.8 kb fragment is the 12 kb fragment. This can be 

confirmed by examining the T3 membrane. In lane P, there are bands at 0.6 kb, -13 kb, 

and -15 kb. This would correspond to the 0.6 fragment being adjacent to the 12 kb 

fragment. The difference between the -13 kb and -15 kb fragments would be the 2.8 kb 

fragment. Thus, from the T3 end to the T7 end, clone U51 is mapped as four fragments of 

0.3 kb, 2.8 kb, 12 kb, and 0.6 kb as shown in Figure 9C. 

Following restriction mapping, single and double digests of the clones with Eco 

RI, Hind III, and/or Bam HI were hybridized in Southern blot analysis with probes 

specific for V, J, and C regions. Hybridizing fragments were then mapped onto the 

restriction maps to localize the positions of the V, J, and C genes. The maps of the 

fourteen genomic clones are given in Figure 10. 

The most striking result from these studies is that each clone contains a single 

copy of V, J, and C gene segments. Two patterns for the arrangement of the V, J, and C 

exon clusters could be discerned. In about half of the clones, the genes are arranged so 



A. 
Hind'" Bam H1 

t11 U51' ~11 T41' 
r---1 r---1 r---1 r---1 

MPCPCPCP.CM 

4.1-" 

3.1-." 

2.0-· 

1.6-. 

'. )jI.4 

1.0-" ' .. 

c. 

N XH 

" .. ~~. 

., 

'. 

. . 

I 
H 

B. 
Hind 'II Hind II' r-=~"" I II 

T11 U51 T11 
M 

~ 
H X N 

Figure 9. An example of restriction mapping analysis. A. Inverted digital scan of 
ethidium bromide stained agarose gel of partial and complete cuts for restriction 
mapping by Southern blot. B. Southern blot mapping Hind III sites of clones Til and 
U51 and Bam H I sites of clones Til and T41. P, partial digestion of clone DNA; C, 
complete cut of clone DNA; T3 and T7 membranes were probed with T3 and T7 
probes specific for regions at opposite ends of the clone's insert, allowing mapping of 
clones in both orientations. Molecular weight standards (M) are in kilobases. C. 
Resulting schematic map of Hind III sites in clone U51. H, Hind III site; N, Not I 
site; X, original Xho I site where the shark DNA was cloned into the AFIX II vector. 
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that the V and C gene segments are separated by -3 kb and these clones are identified as 

pattern A clones (Figure lOA). The remaining clones have a longer distance of -4.5 kb to 

-5 kb separating the V and C genes and are identified as pattern B clones (Figure lOB). 

Interestingly, clones belonging to the group hybridizing to the Untrans-l probe belong 

only to pattern A while clones which hybridized to neither probe are in pattern B. Clones 

hybridizing with the Untrans-4 probe are present in both groupings, although the majority 

are in pattern B. 

Two of the clones did not have a V region by DNA hybridization and the C region 

mapped to the end of the insert. Thus it appears that the V gene of these clones was 

removed during construction of the library. One of these clones, U41, was selected from 

the library with the Untrans-l probe and is therefore known to have a 3' untranslated 

region. The second clone, T42, was one of the six clones which failed to hybridize to 

either of the 3' untranslated region probes. However, the position of the C region gene 

suggests that the V region was removed in the cloning process. The U41 and T42 clones 

demonstrate that the individual clusters must be separated by at least 12 kb in the 

germline since two clusters do not appear on a single clone. 

Sequencing Strategy For The Genomic Light Chain Clones 

Five clones were selected for sequence analysis: U 11, U31, and T54 of pattern A 

and Tll and T46 of pattern B. Ull, U31, and T54 all belong to the Untrans-l group. Tll 

belongs to the Untrans-4 group. T46 is one of the six clones which failed to hybridize to 

either probe and thus is a representative of the "Third" group of sandbar shark A, light 

chains. For each of these clones, a subcloning strategy was designed to facilitate 

sequencing (Figure 11). Each of the sub clones was chosen so that it overlapped the 

adjacent subclone in order to avoid the loss of intervening sequence should two identical 
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Figure 11. Subcloning strategy of sandbar shark genomic light chain clones. 
Discription of subclones and primers used for DNA sequencing is provided in Table 
4. B, Bam HI; E, EcoRI; H, Hind III; N, Not 1; S. Sail; @ indicates the Sail within 
the pBluecript vector; * indicates a single clone which was sequenced in both 
orientations rather than two separate clones sequenced. Thick line on a subclone 
indicates the localized region of the subclone which was sequenced. Clones without a 
thick bar were sequenced in their entirety. 
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restriction sites be close together. For example, in FRI of Shlc5.1 there are 2 Bam HI 

sites which are separated by only 16 bp. If this sequence was to appear in any of the 

genomic clones, adjacent Bam HI subclones would lose the intervening sequence. In 

Tll, the use of two adjacent Bam HI subclones was unavoidable. Thus, another 

subclone, an Eco RI fragment (Tllcon) was used as a bridge to confirm the region of 

sequence around the Bam HI sites. Following subcloning, a nested series of deletion 

subclones was synthesized for each of the clones prior to sequencing. Figure II depicts 

the subcloning strategy while Table 4 details the subclones with respect to size, enzymes 

used in creating the deletion subclones, and the primers used for DNA sequencing. 

Sequence Analysis Of The Sandbar Shark Genomic Light Chain Clones 

The complete sequences of clones Ull, U31, T54, Tll, and T46 are found in 

Appendix A, B, C, D, and E, respectively. Within a cluster the organization of the 

sandbar shark light chain genes and associated sequence motif elements is similar to that 

of Ig genes of other species. Thus the size or length of a cluster is reported as the distance 

from the octamer motif at its 5' end to the end of the 3' untranslated region. The sizes of 

the Ig light chain gene clusters of clones U II, U31, and T54 are 4390 bp, 4386 bp, and 

4375 bp respectively. The pattern B clones are longer with total lengths of 6029 bp for 

Til and 5926 bp for T46. This difference in length between the pattern A and pattern B 

clusters results from the much longer J-C intron present in clusters belonging to pattern 

B. 

Promoter elements 

All five clones possess the conserved octamer motif upstream of the coding 

region. In each of the Untrans-I clones, the octamer motif is 179 bp upstream of the 
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Table 4. Sandbar Shark Light Chain Genomic Clone Subclones for DNA Sequencing 

Clone vector/insert site size" subc10nes 3' enz!5' enz primer 

Ull: 

UIVJ-A SK+lNot llEco Rl 2.6kb 13 Kpn IlHind III univ 

-F KS+/Sall 2.6kb 13 Sst llXba 1 univ. 

UlJC-A SK+lBam HI 3.5 kb 21 Kpn IlHind III univ. 

-B SK+lBam HI 3.5kb 20 Kpn IlHind III univ. 

UIC-A KS+/Eco Rl 3.0kb 5@ Sst IIXba 1 univ. 

-B KS+lEco Rl 3.0kb 5@ Sst llXba 1 univ. 

U31: 

U3VJ-A KS+/EcoRI 3.3 kb 20 Kpn lICla 1 T3 

-B KS+lEco Rl 3.3 kb 15 Kpn lICla 1 T3 

U3JC-A SK+lBam HI 3.6kb 24 Kpn IlHind III univ. 

-B SK+lBam HI 3.6 kb 21 Kpn IlHind III univ. 

U3C-A KS+lEco RlISa11 4.5 kb 8@ Kpn llXho I T3 

-B KS+/Eco RIlNot I 4.6kb 6@ Kpn l/Xho 1 T3 

Tll: 

TIVJ-A SK+lBam HI 3.4 kb 17 Sst llXba 1 T3 

-B SK+lBam HI 3.4 kb 21 Sst llXba I T3 

-F SK+lBam HI 3.4 kb 17 Sst llXba I T3 

TlJ-A SK+lBamHI 2.6kb 20 Sst llXba 1 T3 

-B SK+lBam HI 2.6kb 14 Sst llXba 1 T3 

TlJC-A S K +lHindIIllEcoR I 5 kb 24 Kpn IIXho 1 univ. 

-B KS+lHindIIllEcoR 1 5 kb 23 Sst IIXba 1 univ. 

Tllcon KS+lEco Rl 2.8 kb 1 ---------.-- syn 
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Table 4. Sandbar Shark Light Chain Genomic Clone Subclones for DNA Sequencing 

(Continued) 

Clone vector/insert site size subclones 3' en7J5' enz primer 

T46: 

T46V-A* SK+/Eco RIlNot I 1.2 kb 6 Kpn IlXho I univ. 

-B* SK+/Eco RIlNot I 1.2 kb I ... _---------- T3/syn 

T46VJ-A SK+lBamHI 3.7kb 21 Kpn lISal1 univ. 

-B SK+lBam HI 3.7kb 19 Kpn lISal1 univ. 

T46C-A KS+/Eco RI 4.1 kb 17 Sst IlXbal univ. 

-B KS+/Eco RI 4.1 kb 18 Sst IlXba I univ. 

T54: 

T54VJC-A* SK+lBamHI 3.6kb 23 Sst IlXba I T3 

-B* SK+lBamHI 3.6kb 15 Kpn I/Hind III univ. 

T54C(5)-A KS+/Eco RI 4.5 kb 8@ Sst IlXba I univ. 

T54C(16)-B KS+/EcoRI 4.5 kb 9@ Sst IlXba I univ. 

T54-VJ* KS+/HindIII/EcoR I 1.9 kb 14 Sst IlXba I univ. 

-VJO* KS+/HindIII/EcoR I 1.9 kb 13 Apa lICla I univ. 

@ = localized region of subclone sequenced. 

* = same clone sequenced in opposite orientations by using the primer sites at either end 
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leader start codon. In clones Tll and T46, the octamer motifs are 121 bp and 118 bp 

upstream of the leader start codon, respectively. Interestingly, the Vntrans-I clones have 

the heavy chain octamer motif (ATGCAAAT) while Til and T46 possess the light chain 

octamer motif (A ITfGCA T). 

Two of the five clones have consensus TA TA box elements (TAT AAA) between 

the octamer motif and start codon. VII and T54 possess a putative TAT A box 60 nt 

upstream which is in the proper orientation relative to the direction of transcription. Two 

other TATA box elements are present in both clones at 64 bp and 116 bp upstream of the 

start codon and both are in reverse orientation relative to transcription. V31, on the other 

hand, has a TAT A box with a one base mismatch (T AAAAA) with respect to the 

consensus sequence. It is located in the same position as the VII and T54 consensus 

TATA boxes at 60 bp upstream of the start codon. Clones Til and T46 both possess two 

TAT A boxes which lie in reverse orientation relative to transcription. These TAT A boxes 

are also one base mismatches as well. The 5' TATA boxes have the sequence (read in the 

correct orientation) T A TGAA while the 3' T A TA boxes have the sequence AA T AAA. 

They are positioned 29 bp. and 109 bp upstream of the Til start codon and 26 bp and 106 

bp upstream of the T46 start codon. 

Leader sequences 

The leader sequences of each of the five clones encode a 20 amino acid peptide. 

The leader peptide sequences for each of the clones is given in Figure 12. Clones T46 and 

Til encode identical leader peptides. In addition, these two leaders are identical to the 

leader of the cDNA clone ShIe5.1 which is an Vntrans-4 clone. The leader peptides of the 

Vntrans-I clones are identical at 18 of 20 residues. At the -5 position, VII and T54 have 

an arginine residue while V31 has a threonine residue. At the -3 position, Vll and V31 



Untrans-l clones 

U11 
U31 
T54 

V R 
V R 
V R 

M 
M 
M 

Untrans-4 & Third Group clones 

RCA I G 
TeA I G 

C T I G 

T I A 
T I A 
T I A 

Figure 12. Leader peptide sequences of sandbar shark light chains. The derived amino 
acid sequences encoding the leader pep tides of genomic clones U II, U31, T54, TIl, 
and T46 and eDNA clone Shlc5.I. Variable residues within the pattern A clones are 
bolded. Conserved sequence motifs shared by all clones are shaded. 

96 



97 

have an alanine while T54 has a threonine. There are conserved sequence motifs within 

the leaders of these clones. The sequences VLAAL and LCFHS are present in both sets of 

clones. However, the locations are shifted two residue positions downstream in TIl and 

T46 relative to the Untrans-I clones. 

In accordance with other Ig leader sequences, the germline leader sequences are 

split by an intron. In the Untrans-I clones, the 129 nt intron divides the codon encoding 

the -4 residue. In clones TIl and T46, the intron is 140 nt long and also interrupts coding 

of the -4 residue of the leader peptide. 

Variable and joining region genes 

The FRs and CDRs of the V gene (FR1-4 and CDRl-3) were identified in all five 

clones. Strikingly, the V and J genes in all five clones are fused in-frame within the 

germline. Furthermore, the clones are highly diverse in their CDR3 sequence, varying in 

both their derived amino acid sequence and length. The derived amino acid sequence of 

the variable domain of genomic clones UIl, U3l, T54, TIl, and T46 and eDNA clone 

Shlc5.l is shown in Figure 13. A comparison with a human VAVI sequence having 

greatest identity to sandbar shark clone ShIe5.l is given to facilitate identification of FR 

and CDR segments and to illustrate homology. The shark CDR3 sequences vary from 5 

to 12 amino acid residues. In comparison, human VA. CDR3 sequences vary from 8 to 12 

amino acids. Variation of length did not occur in CDRI or CDR2 of the shark VA. genes. 

Sequence variation occurs at every position in sandbar shark VA CDR3. In CDR2, 

variation is present at the first five positions while the last two residues are conserved. In 

CDRl, residues are completely conserved at 6 of 13 positions. The FRs demonstrate 

greater overall sequence conservation. The highest degree of conservation is found in 

FR4 where there is 80-90% identity among the clones. FRI and FR3 also demonstrate 
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Figure 13. Comparison of amino acid variability in the VJ segments of the sandbar 
shark I.. light chains. Clones Ull, U31, TS4, Til, and T46 are genomic clones. 
ShieS. 1 is the full length eDNA clone. Shaded boxes identify position in which there 
is variation among the shark clones. Human (Hu) VI.. VI sequence (SUT) was obtained 
from Kabat et. al. [11] for comparison purposes and bold uppercase type identifies 
residues that are conserved between sharks and humans. Positions of frameworks and 
complementarity determining regions (CDR) are based on human alignments. 
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high conservation of sequence, 82% and 74% identity, respectively. FR2 has the lowest 

degree of conservation at only 67%. 

J-C introns 

The J-C introns of Ull, U31, and T54 are 3168 bp, 3152 bp, and 3140 bp, 

respectively. The TIl clone has a J-C intron of 4901 bp and the T46 J-C intron is 4727 

bp. The difference between the two pattern types is striking when it is noted that an entire 

pattern A cluster could fit within the J-C intron of a pattern B cluster. 

In order to synthesize a functional light chain, the J-C intron must be removed and 

the VJ and C genes spliced together. The five clones were therefore analyzed for the 

presence of 5' and 3' consensus splice sites at the beginning and end of the J-C intron and 

to determine whether or not the clones were capable of splicing together to form a 

functional transcript. All five clones have the conserved 5' splice site dinucleotides (GT) 

as well as the 3' splice site dinucleotides (AG) necessary for splicing. U II, U3I, T II, and 

T46 all have apparently functional splice sites and are capable of splicing their VJ genes 

to their respective C genes to form a functional transcript. However, T54 is missing a 

base just preceding the GT splice site at the end of FR4. T54 is capable of splicing the VJ 

onto the C gene, however the missing base results in an out-of-frame joining and a 

nonfunctional transcript. Exhaustive sequencing efforts which included using different 

primers to sequence the surrounding area, variations in gel temperatures, and use of dITP 

nucleotides failed to demonstrate a base at that position. Thus T54 appears to be 

pseudogene. 

The clones were analyzed for sequence homologies in their J-C introns. Ull, 

U3I, and T54 were -93-96% identical in their J-C introns. These clones shared only 

-40% identity with TIL This level of homology is only a best fit match and may not be 
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entirely accurate because of the large sizes of the introns which were compared. This 

comparison was performed using the GCG alignment program "gap" which aligns two 

sequences to maximize matches while introducing the fewest possible gaps. When the 

UII and TIl J-C introns were compared by the GCG dotplot program, no regions of 

sequence homology were evident. In a dotplot comparison, each nucleotide of the first 

sequence is compared against each nucleotide of the second sequence. Points are plotted 

where ever there is a match of a certain number of bases as specified by the stringency 

window for the dotplot analysis. When a sufficient number of bases align, the points 

begins to form a line. In Figure 14A clones Vll and V31 demonstrate essentially 

complete identity as represented by the solid diagonal line in dotplot analysis. When 

compared by the gap alignment program, the two clones are -95% identical. The two 

short lines on either side of the major line indicate the presence of an internal repeat 

sequence within the intron. When clones TIl and VII are compared by dotplot analysis, 

two lines of identity are observed (Figure 14B). These correspond to the VJ and C coding 

region sequences. The square-shaped collection of points preceding the VJ region is 

located upstream of the octamer and is a repeat region of DNA found upstream of all of 

the clones. This repeat region is longer in the Vntrans-l clones. In the region between the 

VJ and C genes, there are no regions of sequence homology between the Tll and Vll 

clones. 

Clone T46 is compared to clones VII and TIl in Figure 15. The dotplot of VII 

versus T46 (Figure 15A) is very similar to the VII versus TIl comparison with two short 

lines corresponding to the V and C gene segments. There is essentially no homology 

between the J-C introns of these clones. According to the gap alignment program, TIl 

and T46 are -63% identical in the J-C intron. However, when the dotplot is examined, 

one observes a staggered line divided into three pieces (Figure 15B). The stagger is the 
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Figure 14. Dotplot analysis of genomic sandbar shark light chain clones. A: 
comparison of Ull and U3l. B: comparison of Ull and TIL Regions of the 
variable/joining (VJ) and constant region (C) gene segments (-330 bp) are indicated by 
arrows. The 5' end of the clone corresponds to 0 on the dotplot and extends either down 
the x-axis or up the y-axis to the 3' end of the clone. 
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Figure 15. Dotplot analysis of genomic sandbar shark light chain clones. A: 
comparison of T46 and Ull. B: comparison of T46 and TIL Regions of the 
variable/joining (VJ) and constant region (C) gene segments (-330 bp) are indicated 
by arrows. The 5' end of the clone corresponds to 0 on the dotplot and extends either 
down the x-axis or up the y-axis to the 3' end of the clone. 
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result of additional residues unique to each clone in two regions of the intron. When the 

three pieces are individually compared, they range from 83% to 90% identical. Thus, 

-85% is more likely an accurate estimate of the degree of homology shared between TIl 

and T46 through most of the J-C intron. The unique segments of DNA present in both 

clones (-600 bp each) decreases the degree of homology to 63% identity in the gap 

program. Unlike the Untrans-l clones, TIl and T46 do not have internal repeat sequences 

within their J-C intron. This is demonstrated in Figure 16 which shows dotplots of TIl 

and Ull against themselves. In each, there is a single solid line representing the actual 

sequence. In Ull, there is a second line representing the internal repeat sequence. The 

two repeats are approximately 465 and 458 bp long, are separated by -60 bp, and are 

-76% identical. They begin 386 bp and 912 bp downstream of the VJ segment There is 

no such repeat region in the Til dotplot. A T46 dotplot is essentially identical to the Til 

dotplot and therefore is not shown. 

Constant region genes 

The derived amino acid C region sequence of the five genomic clones as well as 

the five cDNA clones are shown in Figure 17. While no two clones are identical at the 

protein level, the C region genes of the genomic clones and cDNA clones have -95-99% 

sequence identity to one another at the nucleotide level. Regions of variability are focused 

at positions at the very beginning and end of the C domain. 

3' untranslated regions 

Following the C region, each of the clones has a 3' untranslated region of -210 to 

220 bp. The end of the 3' untranslated region was arbitrarily determined by comparing the 

3' regions of the genomic clones to those of the cDNA clones and ending the genomic 3' 
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Figure 16. Dotplot analysis of genomic sandbar shark light chain clones. A: 
comparison of U11 against its own sequence. Short parrallelline above the diagonal 
indicates an internal repeat sequence within the J-C intron. B: comparison of T11 
against its own sequence. Regions of the variable/joining (VJ) and constant region (C) 
gene segments (-330 bp) are indicated by arrows. The 5' end of the clone corresponds 
to 0 on the dotplot and extends either down the x-axis or up the y-axis to the 3' end of 
the clone. 
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Figure 17. Comparison of amino acid variability in the C region gene segments of the sandbar shark A. light chains. Clones 
U11, U31, T54, TH, and T46 are genomic clones. Shiel, Shlc3, Shlc4, Shlc6, and Shlc5.1 are eDNA clones [62, 111]. 
Shaded boxes identify positions in which there is variation among the clones. -~ 
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untranslated regions at the position where the 3' untranslated region of the cDNA clones 

ended. Four of the five 3' untranslated regions had two polyadenylation signal sequences 

(AATAAA). These were located at 89 nt and 193 nt downstream of coding region in 

clones U11, U31, and T54 and at 57 nt and 198 nt downstream in clone T46. T11 had 

only a single polyadenylation signal sequence at position 57. Subcloning of Til resulted 

in sequencing only 169 bp of the 3' untranslated region and it is possible that a second 

polyadenylation signal sequence would be found immediately downstream. However, 

two of the four cDNA clones only have one polyadenylation signal sequence. These three 

clones all belong to the Vntrans-4 group. Shlc6 only has the first polyadenylation signal 

sequence at 58 nt downstream while ShIe5.1 has the polyadenylation signal sequence in 

the second position of 196 nt downstream. 

The division of the clones into three groups is based on hybridization by probes 

derived from the 3' untranslated regions of cDNA clones ShIel and Shlc4. Analysis of the 

3' untranslated regions of the genomic clones demonstrates the high sequence homology 

within the groups as well as explains the hybridization pattern of T46, the clone which 

failed to hybridize to either probe. VII, U31, and T54 demonstrate -97% identity to each 

other and with the Vntrans-I probe sequence and -54% identity to the Vntrans-4 

sequence. Til, conversely, has -97% identity to Vntrans-I and -54% to Vntrans-4. T46 

demonstrates 52% identity to Untrans-l and 85% identity to Untrans-4. Under the high 

stringency conditions used in the plaque dot blots, the 85% identity, while high, was 

insufficient to allow hybridization of the Untrans-4 probe. 

Enhancer elements 

Using the MacVector (lBI) computer program, the clones were analyzed for 

enhancer element sequence motifs over their entire length. None were detected. A single 
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NF-lCB consensus binding site sequence was identified in U11 1299 bp upstream of the 

start codon but the role or importance of this site is unknown. 

PCR Analysis Of Genomic Light Chain Clones 

Sequence analysis of the five genomic clones demonstrated fusion of the V and J 

elements in the germline. The mapping analysis of twelve complete clones suggested 

potential fusion of the V and J genes in most if not all of the clones, thus implying that VJ 

fusion is a prominent organizational feature of sandbar shark immunoglobulin light chain 

genes. To determine the frequency of light chain VJ fusion in the sandbar shark, primers 

were designed to FR2 and FR4 sequences and PCR technology was used to assess the 

number of clones bearing fused V and J genes as determined by the length of the 

resulting PCR product. Of thirty clones bearing V and C genes by DNA hybridization 

analysis, all thirty clones demonstrated fused V and J genes (Figure 18). The remaining 

three clones (T23, T42, and U41) which failed to produce a PCR product were negative 

in hybridization analysis with the V gene probe. T42 and U41 were the two clones whose 

C gene mapped to the end of the insert. T23, an Untrans-4 clone, was not selected for 

mapping studies. There were slight variations in the lengths of the PCR products which 

were the results of variation in the length of the CDR3 among the clones. In the 

sequenced cDNA and genomic clones, lengths of CDR3 varied from 15 to 48 nt. A fused 

PCR product would be -200 to 233 bp in length while non-fused V and J genes would 

produce a minimal PCR product of -270 bp if there were no intervening DNA between 

the two RSS elements flanking the V and J genes. In the homed shark, the V and J genes 

are separated by 380 nt which include the RSS elements. 
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PCR Analysis Of Genomic DNA From Sandbar Shark And Leopard Shark 

The PCR results from the genomic clones strongly supported the hypothesis that 

VJ gene fusion is the predominant organizational feature of sandbar shark A light chain 

genes. In order to determine the existence of any A light chain gene clusters in which the 

V and J genes are not fused, PCR analysis was performed on sandbar shark erythrocyte 

genomic DNA on the premise that the sensitivity of this technique would allow for their 

detection. Initially the same stringency conditions were used as those used in the 

amplification of the genomic clones. In addition, two additional PCR reactions were 

performed under more lenient conditions. In the first, the annealing temperature was 

decreased from 50° C to 40° C. In the second, the annealing temperature was decreased to 

40° C and the extension time was increased from 30 seconds to 45 seconds. These 

conditions were utilized in order to allow annealing of the primers to DNA where the 

homology may not be as high as in the clusters in which the V and J genes are fused. 

Likewise, the extension times were increased to allow sufficient time for the longer 

products to be synthesized. Under these conditions, the only product produced was in the 

size range of the fused VJ gene segments (Figure 19). The larger bands are due to the 

differences in the CDR3 regions among the VJ genes. Thus, it appears that all sandbar 

shark Alight chain gene clusters possess fused VJ gene segments. 

PCR amplification was performed simultaneously on erythrocyte genomic DNA 

from leopard shark (Triakis semiJasciata). Remarkably, a single product was produced 

which was the same size as the sandbar shark fused VJ gene segment product (Figure 19). 

This suggests that homologous light chains exist in the leopard shark and that the genes 

encoding these light chains are organized in the same manner as in the sandbar shark. 
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Figure 19. Inverted digital scan of an ethidium bromide stained agarose gel of PCR 
products demonstrating fusion of VJ gene segments within the sandbar shark and 
leopard shark genomes. PCR products were obtained by amplifying erythrocyte 
genomic DNA from sandbar shark and leopard shark with primers specific for 
sandbar shark A light chain FR2 and FR4 sequences. Numbers correspond to PCR 
amplification conditions. 1: anneal 50° C for 15 sec, extend 75° C for 30 sec; 2: 
anneal 40° C for 15 sec, extend 75° C for 30 sec; 3: anneal 50° C for 15 sec, extend 
75° C for 30 sec. ShIeS. 1 (cDNA clone) indicates the size of a fragment obtained from 
template DNA with joined VJ segments. All PCR products obtained from both 
species of sharks are only in the size range of joined VJ gene segments. Molecular 
weight size standards (mw std.) are in basepairs. 
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Computer Comparison Of Sandbar Shark And Horned Shark Genomic Light Chains 

Sequences 

Genomic clones Ull, Tll, and T46 were compared in dotplot analysis to the 

genomic horned shark light chain sequence A122 [110]. U31 and T54 were not directly 

compared because of their -95% total identity to Vll. The dotplots of horned shark 

versus V11 and T11 are shown in Figure 20. The boxed regions on the dotplot indicate 

the coordinates where the V, J, and C genes segment sequences directly oppose one 

another and, if sequence identity was present, lines of identity would be generated. 

However, no lines are observed in these areas. This can be explained by the 36% and 

42% protein sequence identity observed between the V and C regions of the sandbar and 

horned shark cDNA clones as the sequence identity of the 3' untranslated regions of the 

Untrans-l and Vntrans-4 clones is -50% and there is only a possible hint of a line present 

in that region of dotplots between Vntrans-l and Vntrans-4 clones. There are no lines of 

identity observed between the two sharks in their J-C intron sequences, 3' untranslated 

sequences, and 5' upstream regulatory regions as well. Thus while the light chain genes of 

both species of shark are arranged in clusters, there is very little sequence conservation in 

both the introns and exons. 
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Figure 20, Dotplot comparison of genomic sandbar shark light chain clones and 
genomic homed shark light chain clone "-122 [110], A: comparison of Ull and homed 
shark. B: comparison of Tll and homed shark. Regions where the variable (V) , 
joining (J), and constant region (C) gene segments of the two shark clusters directly 
oppose one another are boxed, The 5' end of the clone corresponds to 0 on the dotplot 
and extends either down the x-axis or up the y-axis to the 3' end of the clone, 
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DISCUSSION 

Sandbar Shark Light Chains Are A. Light Chains 

The previously isolated sandbar shark light chain cDNA clones demonstrated the 

C regions of these molecules to be A. chains [62, 106]. The full length eDNA clone 

ShIeS. 1 of this study extended these results by demonstrating that the V regions of 

sandbar shark light chains are A. chain V regions as well. Overall, Shlc5.1 has -50% 

identity to human A. chains at the DNA level. At the protein level, the Shlc5.1 V region is 

-SO% identical to human VA. VI variable domains. In addition, the leader sequence is 

more similar to the leader pep tides of A. chains than lC chains. The genomic clones are A. 

chains as well, as demonstrated by their VJ and C gene sequences. This is important 

when one considers the mammalian surrogate light chains (00 proteins). These molecules 

are -23 kDa and have a carboxy-terminal domain which is CA.-like in its sequence [20, 

112]. The amino terminal portion of the protein has no homology to VA. sequences [20], 

although the A.s sequence encoding surrogate light chain in the mouse has short regions of 

homology related to Tcr 'Y leader and VH FR1 sequences [112]. This is not the situation 

with the sandbar shark light chains which are clearly A. chains in leader, V, J, and C 

sequences. In phylogenetic trees, the sandbar shark light chain V region segregates with 

the "classical" mammalian and chicken A. chains [111]. Homed shark V regions, on the 

other hand, cluster with human and mouse Vpre-B chains or the more "primitive" VA. 

sequences [111]. The murine Vpre-B genes demonstrate -47% homology to both VA. and 

VlC sequences in the 5' region; however, their 3' sequences have no homology to any 

known sequences [113]. These sequences are closer to the root of the phylogenetic tree 

where A. chains and lC chains diverged [111]. The relatedness between the sandbar shark 

and homed shark sequences will be discussed in a following section. 
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When the V region protein sequence of cDNA clone Shlc5.1 was compared to 

other sequences in the database, the best match was obtained with a human VA VI SUT 

sequence. Recently, VA cDNA sequences have been obtained from wild mice [28]. These 

do not resemble any VA sequence isolated from laboratory (BALB/c) mice. However, 

they do resemble sequences of the human VA VI family. When the ASD26 mouse 

sequence is compared to the Shlc5.1 and human VAVI sequence SUT [11], 48% identity 

is shared between all three sequences in the frameworks. The shark and human sequences 

share 59% identity in the frameworks while the human and mouse sequences share 75% 

identity. The mouse ASD26 and shark sequences, when compared to the human VAl 

sequence KOL [11], have 59% and 52% identity respectively. Thus the mouse ASD26 

and human VAl are as identical as the shark and human VA VI sequences even though the 

sharks and man diverged -400 million years ago and mouse and man only -75 million 

years ago. When the VJ regions of the genomic clones were compared to other sequences 

in the databases, the best match were the human VAVI sequences SUT and AR [11]. The 

sequences of the wild mice (ASD26 and ACZ81) [28] were also highly homologous. Two 

conclusions can be drawn based on these homologies. The first is that there is a VA 

family of genes which has existed for over 400 million years and predates divergence of 

the majority of the vertebrates, including elasmobranchs. It is possible to envision a 

single cluster bearing a VA VI-like gene undergoing various gene duplications to give rise 

to additional clusters, as in the shark, or duplication of only the V gene to give rise to a 

VA gene family as found in mammals. The second conclusion is that the V regions of 

sandbar shark A chains belong to a single major VA gene family in which the frameworks 

are -80% identical. There may be additional VA sequences that have not yet been 

detected, but since these clones were not selected by hybridization to a VA probe, they 

would likely represent a very small number of genes. This would be similar to the homed 
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shark heavy chain VH genes which belong to one major VH gene family sharing >70% 

nucleotide sequence identity [114]. A second VH family has been identified which has 

only -60% nucleotide identity to the major VH family and at this time also only consists 

of a single member [114]. 

Shark Light Chain Genes Are Organized In A Cluster Arrangement 

The V, J, and C genes encoding sandbar shark light chains are organized in a 

manner that is very different from the mammalian and chicken Ig gene arrangements. In 

the sandbar shark, a single copy of V, J, and C gene segments span a distance of -4.4 kb 

or -5.8 kb in a cluster or cassette organization. An unknown number of these clusters 

exist in the genome. Furthermore, they may be distributed throughout the genome rather 

than only on a single chromosome. Cluster organization had originally been described for 

the Ig genes encoding horned shark heavy chains [56]. Ig gene clusters were later 

reported for horned shark light chains [110] and little skate (R. erinacea) heavy chains 

[lIS]. Demonstrating the existence of light chain gene clusters in the sandbar shark is 

important when considering the significant sequence differences between the horned and 

sandbar sharks. At the amino acid level, the two sharks share only 36% identity in their V 

regions and 42% identity in their C regions. In mammals, the K and A light chain genes 

are -30% identical at the amino acid level [62] and their gene organization is 

significantly different [5] as shown in Figure 2. Would this type of gene organizational 

difference be noted between the two species of sharks currently under study? The results 

of this study extends the cluster organization for light chain genes to a second species of 

shark and thus supports the cluster organization as the primary Ig gene arrangement 

pattern in elasmobranchs. 
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While the sandbar shark light chain genes are organized into clusters as in the 

homed shark, there are three major differences found between the clusters of the two 

sharks. The first and most significant difference is in the organization of the V and J 

genes within the cluster. The second is in the size of the light chain clusters within the 

two species of sharks. The third difference is the variation in noncoding sequence among 

the sandbar shark genomic clones as opposed to the homed shark genomic clones. 

Germline Fusion Of Sandbar Shark Iv Light Chain V And J Genes 

The arrangement of the V and J genes within the germline are very different in the 

two species of sharks. The V and J genes of the homed shark are separated by 380 

nucleotides and are flanked by RSS elements necessary for Ig gene rearrangement [110]. 

Homed shark light chain RSS elements are in the configuration characteristic of 1C light 

chains [110]. Strikingly, the V and J gene elements in the sandbar shark light chain 

clusters are fused in-frame within the germline in all sequenced light chain clusters. This 

finding was the first report of Ig light chain VJ gene fusion within the germline. 

Furthermore, it demonstrated that gene. rearrangement is not necessary in all systems in 

order to synthesize an Ig chain. Although the absence of gene rearrangement would 

appear to restrict variability in the light chain repertoire, the CDR3 regions of the sandbar 

shark light chains are of varying length and sequence, similar to the products of 

rearranged genes (Figure 13). The CDR3s range in length from five to twelve amino acid 

residues and sequence variation is observed at each position. Furthermore, no two 

sequenced sandbar shark light chain clones are identical in either the V domain or C 

domain. Diversity of sandbar shark light chains will be further discussed in detail below. 

While this study was the first to demonstrate germline joining of light chain V and 

J genes, fusion of elements encoding heavy chain V domains had been previously 
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reported for two different species of elasmobranchs. In the horned shark, approximately 

half of the heavy chain gene clusters demonstrate fusion in the VDJ region and express a 

single D element in either a VHDH-JH-CH or VHDHJH-CH arrangement [104]. Two DH 

minigenes are present in the clusters which do not demonstrate fusion (VH-DHI-DH2-JH

CH). Heavy chain gene sequence from the little skate also demonstrates VDJ fusion. Its 

heavy chain genes are also arranged in a cluster organization with V and C genes 

spanning -10 kb. Two fusion patterns have been found in this elasmobranch [115]. The 

first is similar to a horned shark pattern: VHDH-hI-CH. In the second pattern, however, 

both of the D minigenes are present: VHDHI-DH2JH-CH. Like the horned shark, the little 

skate has 2 DH minigenes in non-fused clusters. Thus while fusion of V domain encoding 

elements had been previously described, the unique features in the sandbar shark are that 

these fused elements are in the light chain clusters and, more importantly, all of the light 

chain clusters have fused VJ elements in contrast to the horned shark and little skate 

heavy chains in which half of the clusters do not have fused elements. Figure 21 is a 

schematic illustration of Ig A. light chain gene organization in man, chicken, and sharks 

while Figure 22 depicts the heavy chain gene arrangements in man, chicken, and 

elasmobranchs. 

The question immediately arises as to whether or not the sandbar shark light chain 

genes within these clusters are functional. Clone T54 appears to be a pseudogene or a 

"pseudocluster" because a missing base preceding the 5' splice site prevents an in-frame 

splicing of the VJ gene segment to the C gene. While functionality cannot be 

conclusively demonstrated at this stage, the remaining clones do not possess any major 

sequence abnonnalities such as stop co dons in the coding region or loss of conserved 

residues necessary for the intrinsic structure of the molecule (cysteine residues) and thus 

appear to represent functional clusters. In addition, indirect evidence supports the 
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hypothesis that these clusters encode the expressed A. light chains of the sandbar shark. 

Firstly, previous studies have shown that A. light chains are the predominant form of light 

chains found in sandbar shark serum Ig [106]. Secondly, antibodies directed against the 

secreted light chains detect cDNA clones specifying these chains as demonstrated by the 

exact matches of peptides from tryptic digests of pooled light chains to amino acid 

sequences derived from cDNA clones [62, 111]. Thirdly, the cDNA clones are extremely 

similar to the genomic clones in the coding regions as well as in the leader and 3' 

untranslated region sequences and it appears highly likely that the cDNA sequences were 

derived from such genomic sequences. Fourthly, peptides from tryptic digests of pooled 

sandbar shark light chains exactly match amino acid sequences derived from genomic 

clones. It is thus strongly suggested that the clusters with the fused VJ genes do encode 

the expressed light chain proteins. 

Size Differences Among Light Chain Clusters Of Different Species Of Sharks 

The second major difference between the two shark clusters is in their size which 

relates directly to the lengths of their J-C introns since the coding regions are essentially 

the same size. Two genomic sequences were reported for the horned shark light chains. 

These two clones are essentially identical in sequence, are less than 2.7 kb in total length, 

and have J-C introns of -1.3 kb [110]. Mapping analysis of two additional clones 

suggested these clones to have the same arrangement pattern. In the sandbar shark, 

however, there are two patterns of light chain gene clusters. The pattern A clusters span 

-4.4 kb and have J-C introns of -3.1 kb while pattern B clusters span -5.8 kb and have J

C introns of -4.7 kb. Mapping analysis showed an approximately equal ratio of pattern A 

clones to pattern B clones. 
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Sequence Differences Among The 3' Untranslated Region Groups Of Clones 

The presence of different groups of sandbar shark light chain clones further 

differentiates the sandbar shark from the homed shark. The light chain clusters of the 

homed shark composed one group and are essentially identical in gene sequence and 

intra-cluster organization [110]. The light chain clones of the sandbar shark can be 

divided into different groupings based on different criteria. Firstly, the clones can be 

divided based upon the size of cluster as determined by the size of the J-C intron (pattern 

A versus pattern B clusters) as described above. Secondly, the clones can be divided into 

groups based upon the sequence identities of their 3' untranslated regions and resulting 

hybridization patterns. In the groupings based on 3' untranslated regions, two groups were 

initially described, those that possessed 3' untranslated regions similar to Shlc4 (Untrans-

4 group) and those with untranslated regions similar to Shlc1 (Untrans-l group) [62]. 

Plaque dot blot analysis of the genomic clones identified a third set of clones which failed 

to hybridize to either probe. Only 3 of the 24 assessed clones hybridized to the Untrans-l 

probe. Nine of the 24 clones did not hybridize to the Untrans-4 probe. Of these nine 

clones, three were obviously negative and these were the three clones which hybridized to 

the Untrans-l probe. The remaining six clones did not hybridize with the same intensity 

as the positive control and the remaining 15 clones. They would be more accurately 

described as very weakly hybridizing to the Untrans-4 probe and these clones comprise 

the nonhybridizing or "Third" group of clones. T46 was the only clone of this group to be 

analyzed by DNA sequencing. Unfortunately, the other representative clone of the Third 

group was T42 which was later determined after mapping analysis to have only C region 

sequence and no V gene. T46 is most similar to Tll, the genomic Untrans-4 clone. Its 

features in the upstream region are identical to TIl with respect to the octamer 

orientation and position, TAT A box orientation and position, leader sequence, and leader 
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intron length. These features all differed from those of the Untrans-l clones. The 3' 

untranslated region of T46 is 52% identical to the Untrans-l clones. The Untrans-l and 

Untrans-4 clones are -54% identical to each other while -95-98% identical to members 

within their own group. T46 is only 85% identical to TIL These identities also extend 

into the J-C introns. The Untrans-l clones share -93-96% identity within their J-C introns 

but only -40% with TIL Tll and T46 share -85% identity in the J-C intron. Initial 

computer analysis of the TIl and T46 introns reported only -63% identity but upon 

dotplot analysis it was demonstrated that there are specific regions of sequence identity as 

well as regions of sequence which are unique to each clone (Figure 15). Both clones 

possess in their J-C intron a -600 bp stretch of sequence that is not present in the other 

clone. These two stretches do not occur in complementary positions within the introns. In 

T46, the unique region is located near to the V gene from nucleotide positions -1200 to 

-1850. In Tll, the region is located from nucleotide positions -6100 to -6700 which is 

approximately in the middle of the intran. Additional smaller differences result in the T46 

J-C intran being 174 bp smaller than the TIl J-C intran. Thus, the difference between 

TIl and T46 is not a single simple deletion but involves deletions or additions of 

relatively long stretches of DNA (600 bp represents 12.5% of the length of the intran) as 

well as genetic drift of the sequences within the intran, accounting for the -85% sequence 

identity rather than the -93-97% identity observed among clones belonging to the same 3' 

untranslated region group. 

Examination of the clones belonging to the Untrans-4 group reveals much more 

diversity in the sizes of the clusters and J-C in trans than is noted in the Untrans-l clones 

(Figure 10). Untrans-l clones only belong to pattern A while Untrans-4 clones belong to 

both pattern A and pattern B, although the majority of Untrans-4 clones are in pattern B. 

Even within the clones in pattern B there are differences among the lengths of the J-C 
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introns. The conserved BamHI sites in both the V region and C region help to anchor the 

V and C genes and determine more accurate mapping distances. It would be interesting to 

map additional Third group clones as well as sequence additional Untrans-4 and Third 

group clones to determine whether the high sequence conservation observed in the 

Untrans-I clones is maintained within the Untrans-4 clones as well as determine the 

relatedness of the Third group clones. At this time, it can be reported that there are at 

least three groups of A. light chains in the sandbar shark. Two of these groups are major 

groups with sequence identities of less than 60% between each other. The Untrans-4 

group can be divided into two subgroups at this time. The "true" Untrans-4 subgroup is 

those clones with sequence identities of >90% to the Untrans-4 probe. The Third group is 

those clones with <90% identity as represented by T46. Do the remaining Third group 

clones represent a single subgroup or multiple groups as hypothesized in Figure 231 

Furthermore, what are the sequence identities among the Untrans-4 clones, particularly 

between those which belong to pattern A (clones G7 and G 10) versus pattern B 1 The 

introns of the pattern A Untrans-4 clones are -2.8 kb, approximately 2 kb smaller than 

the Til J-C intron. While further sequence analysis is needed to answer the above 

questions, it is already evident from these studies that the sandbar shark is a highly 

diverse system that is just beginning to be understood. 

In analyzing the genomic clones, it was noted that certain features such as octamer 

motif and TAT A box orientation and position and leader sequence were conserved among 

the Ull, U31, and T54 clones and the T11 and T46 clones. The U11, U31, and T54 

clones have been described here as both pattern A clones and as Untrans-I clones. 

Likewise, Til and T46 have together been described as the pattern B clones. However, 

do the respective sets of clones share features as a result of the size of the cluster or their 

3' untrans grouping? The discrepancy arises when one considers G7 and G 10, clones 
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Figure 23. Schematic sandbar shark A. light chain trees depicting relatedness between 
the 3' untranslated groups. A. Current understanding of the A. light chain 3' 
untranslated groups. Clones can be divided into two major groups, the Untrans-1 
group and the Untrans-4 group, and one minor group, the "Third" group, based upon 
hybridization and sequence analysis. The Untrans-1 clones are -54% identical to 
both Untrans-4 and Third group clones. The Untrans-4 and Third group clones are 
-85% identical and are considered to be subgroups of the major Untrans-4 group. B. 
Hypothetical tree depicting possible relatedness among current Third group clones to 
the "true" Untrans-4 clones (clones with >95% sequence identity to the Untrans-4 
probe). Do the Third group clones, as represented by clone T46, consist of a single 
subgroup as in A or multiple subgroups with -85% identity rather than -95-97% 
identity of the Untrans-1 group and the true Untrans-4 clones? 
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which belong in pattern A because of their smaller J-C intron yet hybridize to the 

Vntrans-4 probe. Are their regulatory elements positioned like VII or Til? Or is their 

arrangement totally different? Since the conservation of sequence identity extends from 

the 5' untranslated region through the 3' untranslated region as demonstrated by dotplot 

analysis, I believe it is more correct to assign the features such as octamer orientation to 

the 3' untranslated region grouping rather than pattern A versus pattern B. In addition, 

T46 appears to be a subgroup of Til. While changes occurred in the J-C intron, the 

sequences and positions of the TA TA boxes, octamers, and leader has remained 

completely conserved. Even the leader sequence of ShIeS.I, an Untrans-4 clone, exactly 

matches the leader sequences of Til and T46. Thus when discussing the features of the 

upstream regulatory regions of the genomic clones, V II, U31, and T54 will be referred to 

as the Untrans-I clones rather than pattern A clones. Since T46 appears to be a subgroup 

of the Vntrans-4 group, Til and T46 will be identified as the Vntrans-4 subgroup clones. 

Promoter Elements And Immunoglobulin Transcriptional Regulation 

Promoter elements were identified upstream of the V genes in each of the 

genomic clones based upon sequence homology to promoter elements described for the 

mammalian Ig genes. The octamer motifs in the Untrans-4 subgroup clones are in 

approximately the same position relative to the start codon as octamer motifs in mammals 

[41]. The octamer motifs in the Untrans-I clones, however, are further upstream than 

their mammalian counterparts by -70 bp. A unique feature of sandbar shark light chains 

is that the orientation of the octamer motif differs between the two major groups of 

clones. In the Untrans-I clones, the octamer motif is in the heavy chain configuration 

(A TGCAAA T) while T II and T46 have octamer motifs like those of other light chains 

(ATTTGCAT) [41], including the horned shark light chains [110]. Experiments have 
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demonstrated that B cell specificity is independent of octamer orientation as well as the 

distance between the octamer and TATA box [45,46] and therefore both sets of clones 

should be functional. Interestingly, the heavy chains genes of the homed shark and little 

skate do not have octamer motifs yet these genes are expressed [104, 115]. 

Putative T A TA boxes were identified at 60 nucleotides upstream of the leader 

start codon in the Untrans-l clones. These positions correspond to the location ofTATA 

box elements in mammalian Ig genes. However, in Tll and T46 the putative TATA 

boxes are in the opposite orientation relative to the direction of transcription. In addition, 

their position is somewhat different than in mammals. The first is located -29 bp 

upstream of the start codon and corresponds to the approximate site of transcription 

initiation. The second position, 109 bp upstream of the start codon, is further upstream 

than the usual -30 bp upstream of the transcription initiation site. The TA TA box 

identified in the upstream region of clone U31 had a one base mismatch (T AAAAA) 

rather than the consensus sequence (TATAAA) as do the TIl and T46 TATA boxes 

(TATGAA and AATAAA). Does this mean that Tll, T46, and U31 are nonfunctional 

pseudoclusters? Position of the TATA boxes has been shown to be important for RNA 

polymerase II binding for transcription initiation [116]. TAT A boxes are usually located 

-30 bp upstream of the cap site or transcription initiation site which is 20-30 bp upstream 

of the start codon [43]. A review of the literature has failed to reveal whether TATA 

boxes in the opposite orientation relative to the direction of transcription are functional. 

Most of the studies of transcription initiation and of transcription binding factors has been 

performed in vitro and there is limited understanding of the process in vivo [117]. Recent 

studies have shown that the TFIID transcription factor which binds the consensus TAT A 

box motif is also capable of binding sequences in the same region which have no obvious 

sequence identity to the consensus TA TA box, i.e. it can bind to a TAT A-less promoter 
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and induce transcription initiation, albeit at lower efficiency [116]. Furthennore, many 

various pennutations of the consensus T A TA box sequence can be bound by yeast TBP 

(T AT A box binding protein), a common model used in transcription studies because of 

the difficulty in purifying TATA factors from higher eukaryotes [117]. In addition, recent 

studies have shown that not all genes have TAT A boxes, yet RNA polymerase II still 

binds in that region of DNA [116, 117]. Interestingly, surrogate light chain ,genes lack 

both an octamer motif and, more importantly, an identifiable TAT A box [113]. 

Investigators of these molecules suggest that the surrogate light chains might use a 

different regulatory mechanism than the Ig genes [113]. 

In the shark, the question of regulation arises with respect to clonal selection for 

how is a shark B cell able to transcribe only a single light chain and heavy chain cluster 

without transcribing all light and heavy chain clusters? Clonal selection follows from the 

gene organization in mammals and birds, yet a mechanism for clonal selection in sharks 

is not obvious from their gene arrangements. A question that needs to be asked first is 

whether shark B cells are clonally restricted. While studies of individual B cells have not 

yet been performed in any elasmobranch, it has been demonstrated that plasma cells are 

the major producers of antibody [91]. Furthermore, immunization of sharks with various 

antigens results in substantial increases in specific antibody titers without a massive 

general increase in seru~ immunoglobulin levels [55, 100, 101]. Thus, shark B cells and 

plasma cells do appear to be clonally restricted but the mechanism underlying the 

regulation must be distinct from that of the mammals and most of the other vertebrates. 

Furthennore, antigen-binding B cells of teleosts are clonally restricted [118, 119] and 

while their heavy chain genes are in the translocon arrangement [84] like mammalian and 

amphibian heavy chain genes, recent studies have demonstrated that the light chain genes 

of teleosts are arranged in clusters similar to the shark [120, 121]. 
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Recognition of promoter elements might be a way for the shark to regulate 

expression of Ig gene clusters. Slight differences such as in the TAT A box and octamer as 

well as surrounding sequences might be sufficient for the shark B cell to differentiate 

between different Ig clusters. As discussed for mammalian enhancer sequences, many of 

the sequences. are extremely similar yet are regulated with respect to cell type and cell 

cycle because specific transcription factors are capable of discriminating among these 

sequence motifs [42]. The same situation could apply to the shark. Since these creatures 

have very different gene arrangements, their means of regulation must be very different 

as well. One can look for overt sequence abnormalities in order to identify pseudogenes, 

however, there is no way to assess function without understanding the regulation of the 

system. In none of the genes with different TAT A boxes has genetic drift taken place 

within the genes. If these genes are nonfunctional, why have their sequences in both 

introns and exons been so conserved? Possibly the shark, like the chicken, uses a gene 

conversion mechanism to diversify its repertoire. However, if this is true, why have the 

remaining portions of the cluster been preserved, including the leader, J-C intron, C 

region gene, and 3' untranslated region? None of the chicken V pseudogenes possess 

functional leader sequences [72, 73] and the C region does not increase diversity of the 

repertoire. Thus, the clusters which do not have conventional TAT A boxes (T 11, T46, 

and U3I) are in all likelihood functional clusters which encode A. light chains. 

While evidence has been given to demonstrate that these clusters encode A. light 

chains, is there evidence showing that both the Untrans-l group and Untrans-4 subgroups 

are expressed? Protein sequences from the two major groups can be distinguished by the 

presence of a proline residue in the second position of FRI in the Untrans-4 subgroup 

clones and an isoleucine residue in the Untrans-l clones. N-terminal peptide sequences 

from light chains of natural autoantibodies purified from sandbar shark sera (S-P Land S-
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{P}O L [122]) are identical to the N-terminal residues of both Untrans-l and Untrans-4 

subgroup clones: 

Ull, U31, TS4: 

S-{P}O L: 

ShlcS.l, Tll, T46: 

S-PL: 

OIVLTQ 

DIVLTQ 

DPVLTQPG 

DPVLTQPG 

The sequences of ShlcS.l, Tll, T46, and S-P L exactly match the previously described 

PRI tryptic digest peptide sequence as well [106]. Thus, it appears that both Untrans-l 

and Untrans-4 subgroup clones are expressed in the sandbar shark light chain repertoire. 

Enhancer Sequences Within Sandbar Shark A. Light Chain Clusters 

Computer searches were used to assess the five genomic clones for enhancer-like 

sequences which appeared to be conserved in both sequence and position among the 

clones and no such sequences matching reported enhancer consensus sequences were 

identified. A single NF-lCB consensus binding site was identified 1299 bp upstream of 

Ull, although its role or importance is unknown. 

An enhancer can only be determined by functional assays which measure the 

ability of a certain region of sequence to increase transcription. Following identification 

of a region which exhibits enhancer activity, that region can then be examined for 

enhancer consensus sequences in order to try to identify the actual enhancer sequences. 

Currently A. light chain enhancers are just beginning to be identified in mammals [49,50, 
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52]. Considering the long divergence time between sharks and mammals, no enhancer 

sequences could be identified in the sandbar shark clones with any degree of confidence. 

Predominance Of VJ gene Fusion In The Sandbar Shark Germline 

Twelve complete genomic clones were mapped and upon evalution following the 

genomic sequencing results, it was hypothesized that many if not all of the clones 

possessed fused V and J segments, thus implying VJ fusion to be a prominent 

organizational feature of sandbar shark immunoglobulin light chain genes. In order to 

determine the frequency of light chain VJ gene segment fusion in the sandbar shark, 

primers to FR2 and FR4 sequences were designed and polymerase chain reaction (PCR) 

analysis was used to assess the number of clones bearing fused V and J genes. Of the 

thirty genomic clones bearing V and C genes by hybridization analysis, all thirty clones 

demonstrated fused V and J genes (Figure 18). In order to determine if there are any 

clusters in which the V and J segments are not fused in the germline and must therefore 

undergo a gene rearrangement in order to synthesize a functional gene, PCR was 

performed on genomic DNA. The primers were designed following sequence analysis of 

the genomic and eDNA clones in the V and J regions so that they would be able to anneal 

to all sequenced clones. In order to do this, the FR2 primer was a degenerate primer, with 

variable bases at 9 of 21 positions. Because of the high conservation of sequence in FR4, 

a primer was able to be designed with no degeneracy. Initial PCR conditions were the 

same as those used to evaluate the genomic clones. Conditions were then relaxed to allow 

less homologous sequences to anneal to the primers and produce a product. If non-fused 

V and J genes were present it was possible that they would share less homology to the 

fused VJ segments than the fused elements share among themselves. Thus by relaxing the 

reaction conditions, these genes would be detected. 
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Although adult liver tissue is traditionally used as a source of genomic DNA in 

shark Ig gene studies, concerns were raised regarding the possible presence of B 

lymphocytes in the preparation whether as contaminating circulating B cells or as B 

lineage cells developing at a hematopoeitic site. However, the results of this study 

militate against the observed fused VJ genes being rearrangement products rather than the 

actual germline configuration. Of thirty complete clones, all thirty had fused VJ genes. 

Even if there were significant numbers of B cell contaminants, 100% of the isolated 

complete clones would not have been derived from only those cells. If non-fused V and J 

genes were the germline arrangement, clones would have been isolated in both the 

unrearranged form and rearranged form. However, all isolated clones had fused VJ genes. 

Furthermore, in the five sequenced clones no out-of-frame joinings were found. 

The strongest argument in favor of VJ fusion being the germline arrangement is 

the results of the PCR analysis of total genomic DNA. Instead of using liver genomic 

DNA, erythrocyte DNA was used, thus essentially ensuring the Ig genes to be in the 

germline configuration. The lymphocytes were removed with the removal of the buffy 

coat and, by microscopic observation, no lymphocytes were present in the erythrocyte 

preparation used for genomic DNA isolation. Under all conditions employed, the only 

PCR product obtained was in the fused VJ size range (Figure 19). These results 

demonstrate that fusion of V and J genes in light chain gene clusters is a fundamental 

feature of Ig gene arrangement in this elasmobranch species. 

Due to migration patterns, the availability of sandbar sharks is seasonal of the 

Florida coast with sandbar sharks present only in the summer. In addition, commercial 

fishing for sharks has decreased the numbers of sharks, including the sandbar shark, off 

the Florida coast significantly, making the availability of sandbar tissue unreliable for 

future studies. This laboratory has begun investigating other species of shark which may 
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be easier to obtain. We had received blood samples from leopard sharks (Triakis 

semifasciata) from Ken Goldman at the Steinhart Aquarium (San Francisco, CA). The 

leopard shark belongs to the same order (Carcharhiniformes) as the sandbar shark. 

However, it belongs to a different family, the Trikidae or houndshark family, rather than 

the Carcharhinidae family. Since the leopard shark erythrocyte genomic DNA was 

available, PCR analysis was performed simultaneously on both the leopard shark DNA 

and the sandbar shark DNA using the same set of primers. Remarkably, a PCR product 

was obtained under all three conditions, thus demonstrating that the leopard shark has 

genes which encode light chains similar to sandbar shark light chains as opposed to the 

homed shark whose light chains are very different from the sandbar shark. Moreover, the 

PCR product was in the size range of the fused VJ genes. Thus not only do leopard sharks 

have similar light chains, assuming they are expressed, but the encoding genes are 

arranged in the same manner, that is they are fused in the germline. Thus, fusion of VJ 

genes may be a phenomenon shared among this order of sharks. It was recently reported 

that the little skate has all of its V and J light chain genes in the fused configuration, 

extending this arrangement pattern to other .elasmobranchs. These findings, however, 

have only been published in reviews with no sequence data presented for evaluation [114, 

123]. However, taken together with results of investigations into the gene arrangements 

of heavy chains, it appears that fusion of the genes encoding the Ig variable domains is a 

common and probably a predominant arrangement pattern in the elasmobranch class of 

vertebrates. 

Extent Of Light Chain Diversity In The Sandbar Shark 

Analysis of genomic DNA by Southern blot indicates the presence of multiple C 

region genes within the sandbar shark genome. Genomic clone mapping and DNA 
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sequencing results allow predictions of the potential number of unique A. light chain gene 

clusters in the sandbar shark genome to be made. There are essentially two means of 

calculating the potential degree of diversity in this system. The first gives an estimate 

based on sampling statistics of the minimum number of unique elements that would be 

detected under the experimental conditions used to select for the genomic genes and to 

characterize them. Of thirty-three independent light chain clones isolated from the 

unamplified liver library, fourteen were selected for further detailed analysis. All fourteen 

clones were distinct from one another. If the next one analyzed turned out to be a repeat, 

then the most reasonable estimate for the total family size is approximately 190 unique 

genes. The second approach, which gives a theoretical maximum estimate, is 

accomplished by taking the frequency of the individual amino acids in the comparative 

alignments in Figure 13 and calculating the probability of a particular sequence by 

mUltiplying through the frequency of particular amino acids at each position in the entire 

V/J domain. Using these data, the frequency of a particular sequence involving the most 

frequent residue at each variable position is 5.6 x 10-8. The maximum number of possible 

sequences is merely the reciprocal of this or 18 million possible unique sequences. The 

true estimate lies in-between, but the minimal estimate of approximately 200 agrees well 

with the number of germline VL sequences established in mammalian systems [5]. 

Diversity in those systems is increased by somatic mutation and junctional events, so it is 

possible that the shark system which cannot use rearrangement may have a greater copy 

number of fused V/J elements. 

Based upon the present data, 200 is a reasonable estimate for the number of such 

clusters. Shark blood cells contain 7 pg of DNA per cell [124], so 200 genes of 

approximately 5 kb each would constitute a very small fraction of the genomic DNA 

(0.007%). The 5 kb value is the average of the lengths of the pattern A and pattern B 
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clusters. The upper limit as calculated from the information content of the genes is not 

possible. It is concluded that impressive diversity is generated in the absence of 

rearrangement, but contributions by additional mechanisms such as somatic 

hypermutation cannot be excluded. Litman and his colleagues have recently shown 

somatic mutation to occur in the homed shark VH segments [125]; however, the absence 

of germinal centers in sharks [126] may result in the inability to select these somatically 

mutated clusters. Thus, while somatic mutation would increase the diversity of the 

system, it would most likely not affect the affinity of the antibody response in terms of an 

affinity maturation type of response. 

Thus the number of light chain clusters existing in the sandbar shark genome is 

unknown, although it is at least in the hundreds. In addition, it is not known how far apart 

the clusters are from one another. In the sandbar shark, only one cluster was found per A. 

phage genomic clone. The clones containing only a C region gene imply that the clusters 

are separated by at least 18 kb. Cloning analysis in the homed shark using cosmid vectors 

suggest the clusters are at least 40 kb apart. However, the distances could vary between 

species just as their intra-cluster organization differs. 

Light Chain Diversity In The Lower Vertebrates 

It has been claimed that the immunoglobulin response in the lower vertebrates is 

restricted and far less heterogeneous than mammalian responses [127]. Initial antibody 

studies in the homed shark reported a limited response with respect to the number of 

different antibody specificities induced within an individual animal and among members 

of the same species upon immunization [100]. Results of this dissertation study and 

concurrent studies in other lower vertebrates suggest that the Ig response is much greater 

and diverse than initially hypothesized. 
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At the beginning of this study, Ig DNA sequences were only available for sandbar 

shark light chain C regions and homed shark heavy chains. Complete cDNA light chain 

sequence from the sandbar shark was determined in this study and light chain sequence 

from the homed shark was concurrently reported from a separate laboratory [109]. 

Comparison of the two shark light chains demonstrated the sandbar shark and homed 

shark sequences to have only 36% amino acid sequence identity in their V regions. Their 

constant region sequences are only 42% identical which is approximately the same degree 

of identity (-40-45%) between the C regions of sandbar shark and the human Mcg A 

chain [11]. We originally hypothesized that a long evolutionary divergence time between 

the sandbar and homed sharks whose ancestors diverged from one another -200 million 

years ago generated these substantial differences in the light chain sequences within a 

single class of vertebrates [62]. Recently, a cDNA sequence encoding IC-like chains has 

been reported in the nurse shark (Ginglymostoma cirratum) which shows up to 60% 

amino acid sequence identity to mammalian VIC domains and has N-tenninal sequence 

which is nearly identical to peptide sequence obtained from pooled nurse shark light 

chains [128]. Thus, 1C chains may be the predominant light chain isotype expressed in 

nurse sharks which belong to a different order of sharks, the order Orectolobiformes [58]. 

In addition, two cDNA clones were isolated from the nurse shark, one of which has 80% 

amino acid sequence identity to the sandbar shark A light chain cDNA sequence and the 

second with 80% amino acid identity to the horned shark light chain sequence [128]. 

Recently, IC-like cDNA sequences has been obtained from the sandbar shark cDNA 

library (R.M. Bernstein, S.F. Schluter, J,J. Marchalonis, unpublished observations). 

Kappa chain-like peptide sequences had previously been obtained from tryptic digests of 

pooled light chains from sandbar and tiger sharks [106]. Thus, it is likely that both kappa 

and lambda chains as well as homed shark-type light chains are present in all three 
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sharks. However, the predominant light chain isotype varies between species. This is 

similar to the different 1C chain to A. chain ratios in mammals. Ninety-five percent of light 

chains in inbred mice are 1C chains while in cows A. chains predominate. In man, the ratio 

of 1C chains to A. chains is approximately 2: 1 [5]. In addition, these results demonstrate 

that divergence of light chains into A. chains and 1C chains preceded divergence of the 

elasmobranchs from the rest of the vertebrates. Thus it wiIl be necessary to look in the 

more ancient agnathan cyclostomes (lamprey and hagfish) to determine the properties of 

the primordial immunoglobulin molecules. 

The potential diversity of the light chain repertoire is much greater than originally 

described in the elasmobranch class of vertebrates. Within the last year there has been 

significant progress in the study of teleost light chains. Channel catfish, Atlantic cod, and 

rainbow trout light chain cDNA sequences have recently been published [120, 121]. The 

light chains of these teleosts have residues shared in common by all light chains but 

cannot be identified as either a 1C or A. chains [120, 121]. Two types of light chains have 

now been identified at the molecular level in Xenopus. One isotype, Ll or p (rho), is 

similar to 1C chain while the second isotype, L2 or 0" (sigma), is very different from all 

other known light chains and cannot be identified as either A. chain or 1C chain [129-131]. 

In addition, N-terminal peptide sequence from pooled Xenopus light chains suggest the 

presence of additional light chain V regions not currently associated with Ll or L2 chains 

[131]. In protein studies, three light chain subpopulations have been suggested which on 

2D-gel electrophoresis demonstrate heterogeneity comparable to that observed for murine 

1C chains following mitogenic stimulation of B cells [132]. However in studies with 

immunized animals, the expression of light chains appears restricted [132]. Here the 

potential repertoire is not limited, but rather regulation restricts Ig gene expression. Thus 

the potential diversity of the light chain repertoire of the lower vertebrates in not as 
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restricted or limited as originally hypothesized. Isoelectric focusing was a common 

technique used for determining Ig heterogeneity. However, this technique only gives a 

minimal estimate of diversity since banding patterns are not altered by amino acid 

substitutions which do not alter the net charge of the molecules. Sequence analysis at 

both the molecular and protein level has allowed a better assessment of potential diversity 

within a system. 

Cluster Gene Arrangements In The Vertebrates 

At the beginning of this dissertation nothing was known about the arrangement of 

light chain genes in elasmobranchs. During the course of this study, both sandbar shark 

and horned shark arrangements were reported. While the two species share the overall 

cluster arrangement motif, there are a significant number of differences between the 

clusters of the two species and it will be interesting to compare intra-cluster organization 

in other species of elasmobranchs as well as in nonelasmobranch vertebrates. The recent 

report by Greenburg et. al. on the 1( chains of the nurse shark reported that the 1( chain 

genes are also arranged in clusters [128]. The V and J segments are -500 bp apart by 

PCR analysis and have RSS elements in the K chain configuration. One clone produced a 

300 bp PCR product which may be a germline fused VJ fragment. However, since it is 

only a single clone, more data will be necessary before it can be determined whether 

nurse shark 1( chain clusters have both fused and non fused VJ segments similar to the 

horned shark heavy chain clusters [104]. Thus the cluster organization extends to all light 

chain isotypes so far isolated in elasmobranchs. 

It is interesting to find that the cluster gene arrangement pattern is not limited to 

the elasmobranchs. The chimera Hydrolagus (ratfish), which is a cartilaginous fish 

(Chondrichthyes) but not an elasmobranch, has its Ig genes organized into cassettes 
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[114]. Remarkably, the channel catfish light chain genes have recently been reported to 

be in clusters [120]. The heavy chain genes of the catfish are organized in the mammalian 

style [84]. The catfish light chains clusters do not have fused VJ gene segments, although 

they do have some interesting variations on the shark cluster. Firstly, two rather than one 

VL segment is associated with each cluster. Each cluster has only a single J-CL pair 

which are separated by -0.8-1.0 kb [120]. Secondly, the VL segments are in opposite 

polarity to the J and CL segments [120]. In the elasmobranchs, the V, (D), J, and C 

segments are in the same transcriptional orientation [104, 110, 115, 133]. Thirdly, VL 

segments were found downstream as well as upstream of the J-CL pair [120]. If the 

downstream VL segments in the cloned clusters actually represent the upstream VL 

segment of an adjacent cluster, then these clusters can be separated by as little as 5 kb 

[120]. This close proximity might allow inter-cluster gene rearrangements. 

Rearrangements are intra-cluster in the sharks and the distance between individual 

clusters is at least 40 kb based on the presence of only a single cluster per cosmid clone 

[110]. Fourthly, the central V-J-C cluster is -3.0-3.2 kb [120] which is similar to the size 

of the homed shark light chain clusters [110]. However, if the upstream VL is taken into 

account, the cluster size is closer to -8 kb which is -2kb larger than the sandbar shark 

pattern B clusters. Southern blot analysis of genomic DNA from Atlantic cod and 

rainbow trout suggests the light chain genes of these teleosts to be organized as clusters 

as well [121]. 

The cluster arrangement is therefore not limited to only the elasmobranchs and, as 

demonstrated in the teleosts, it is possible for two different Ig gene arrangement patterns 

to co-exist. Interestingly, cluster-type gene arrangements have been found in mammals. 

The Tcr y genes in the mouse are organized in a cluster arrangement [134, 135]. Two of 

the clusters contain a single copy V, J, and C gene segment. The third cluster contains a 
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single J-C pair but 4 Vy gene segments [134, 135]. The sizes of the clusters are larger 

than the shark Ig clusters. The two Vy-J-Cy clusters span -20 kb and the Vy-Vy-Vy-Vy-J

Cy cluster spans nearly 42 kb [134, 135]. The two Vy-J-Cy clusters are arranged in head

to-head orientation with respect to each other with the two Vy genes being separated by 

-2.5 kb. Gene rearrangement, as in the shark clusters, appears to be an intra-cluster 

rearrangement [134, 135]. 

The cluster organization of Ig genes in elasmobranchs is very different from that 

in mammals and chickens. However, the cluster gene arrangement is not limited to only 

elasmobranch species. It was recently suggested that cluster arrangements could be best 

suited to species in which pressures exerted on their immune systems were not too strong 

[126]. We believe this argument to be invalid. The elasmobranchs are a group which have 

existed for over 400 million years and have been exposed to a wide variety of antigenic 

challenges. Moreover, they live in the same environment as higher vertebrates (teleosts 

and marine mammals) and are therefore exposed to the same antigenic challenges, 

including bacterial, fungal, parasitic, and viral infections. Furthermore, the shark's diet 

consists of teleosts and marine vertebrates and sharks therefore incorporate the same viral 

and microbiological pathogens that infect their prey. What can be said is that the 

elasmobranchs are an ancient group with an immune system that, while organized and 

regulated in a manner which is very different from that in mammals, is potentially 

capable of producing a repertoire with as much diversity as those of teleosts, amphibians, 

birds, and mammals. It has not yet been determined whether or not the cluster 

organization is the primordial arrangement pattern in Ig evolution. However, such a 

hypothesis is attractive because it is possible to imagine generating such an arrangement 

into the mammalian model by tandem expansion of V and C genes derived from a single 

Ig gene cassette. Likewise, the chicken arrangement can be derived by expanding only 
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the V gene of a single cassette. With the cluster arrangement, it is challenging to predict 

how clonal selection and immunoglobulin synthesis are regulated. The functional 

significance of the different arrangement patterns and sequence polymorphisms is unclear 

at this time. In order to address these issues, it will be necessary to pursue studies at both 

the molecular and cellular level. 



APPENDIX A: COMPLETE DNA SEQUENCE OF GENOMIC CLONE Ull 

Promoter Elements: the octamer (ATGCAAAT; 1149-1156) and putative TATA box 

(TATAAA; 1269-1276) sequences are bolded and starred. 

Leader Seguence: coding sequence(1336-1384, 1514-1424) is in shadow print; the 

intron (1385-1513) is in plain text. 

Variable and Joining Gene Seguence: coding sequence(1525-1842) is bolded; 

framework, FR, and complementarity detennining region, CDR, are indicated 

by dashed arrows above the sequence. 
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Constant Region Seguence: coding region sequence(5011-5330) is bolded; 3' 

untranslated sequence (5331-5539) is underlined and the polyadenylation signal 

sequences starred (AATAAA; 5419-5424 and 5523-5528). 

1 GTCGACTCGA TCTCCCGTGT CTGCGTGGGA ATCCTCCTGA TGCCCCAGCT 

51 TCCTCCCACA ATCCAAAGGT GTGCAGGTTA AGTGGGTTGG CCACGCTGAA 

101 TTGTCCTATC CTGTCAAGGA ATTGGTGGTG TAAATGGGTG AGGTTACGGA 

151 CCTGGGGGAT TGCTGTCGAT GCAGGCTTGA CAGGCCGAAC GGCTGCTTCT 

201 GCAGGGATTT TATGATTCTA TGAATATTTA TGTATTTGTT GTGAATGTTA 

251 GGCGCTATTT TCAAACTAGG TACAAACGGA ATTTAGTGTA AGATTTTCTA 

301 CGATAAGGGT GCAATCCGTG CTTGATCTTG AAACTTCTAT AAGTATCACA 

351 ATTTTAATGA ACAACTGCTT TATTTGACTT TTCACAATTC ATTCTTCAAA 

401 GTGTTGACAT AATAAACTCG CAGTCTCGTG TGGCAAGAAG TATCCCTCCC 

451 AGGCCGATTA ATCAAACTTC ATCTCATCGT CCATGTTTTT CTCAGAACAC 

501 TTAATTCACC AAGGCTCTCC ATGGCTGGCA GTTCGCGAAC AACACAAGGT 

551 GCAATCAACA TCAAATATTC CTGTGCATTT TCCATCCTTC ACTGTCTGCC 

601 TGTCTGTCTC CTCTCTCTGT CTCGCTCTAC CTATCTATCT GCCTGTCTGT 

651 CTGTCTATCT CTCTCTATCT ATCTATCTGC CTGTCTGTCT GTCTATCTCT 

701 CTCTATCTAT CTATCTGTCT GTGTGTCTTT CCACCTACTT ACTTACATAT 

751 CTGTTCTTTC TTTCTTTCTA TCCGTCCTAA CCGTCCGACC CTCTATCCAT 

801 CTATCTTTCT ATCTATCTAT CACTCTGTCT CTCTGTCCAT CCGCTCATCT 

851 ATCCATTATG TGCTGTCAAT AAGGACACTG CTCAACCTCT TTAATTTCTC 

901 GCTATGCTGA AACTCAATTC GCACTCTGCA TTTCCAACTC GAGTTTCCTC 

951 GGAGTCATAT AGTCACAAAC AAGTTTACTG CCCCCAGCTT TTCCGCTTTA 

1001 TTGTCCCGCT CAGACTTCTA AAACTCAAAT ACGCTGGTCA CGCAGTCACC 



1051 CATGTTTTAC CCGCCATTTC ATTTTTGTGG TATTCATTTA TTCACGGGTT 
** 

1101 GAAATCTGTT TTTTGACATT TTGTTTCTAA AATAGCTGAC AGACGCCTAT 
**~*** 

1151 GCAAATAGCA GTCAACTCAG GACACGAAAT CCTATTGCCC GCTTTAGATG 

1201 ACGGTGTTGT GCATACATAC TTAATATTCA ATGACGTTGT CAAGGTTGCA 
** ****** 

1251 GCCTCTTAAG GAGAGCTTTA TAAAGAGCCC AGGAACGCAC TGTGTCAAGA 

1301 AGTAT'rTCAG TCTGACCCTC ACTAGGACCT TCACCATGAC TGTTCGAGTT 

1351 CTTGCCGCAC TAATGCTCTG TTTTCACAGT AGGTGTTGCG TTAACTTTCA 

1401 CTCTTGTTGC TATTTTTACT GCACTTTTTG TCTCGGCTTG ACTTTAACGG 

1451 AGCTGAATTG CAAACAATAT AAACAATTGT AGAGCCTGAC AGGTCAATAA 

FR1-------------------------
1501 CTTATTTCAC CAGGTGCC8T CGGAGATATT GTCCTGACCC AGCCAGGATC 

----------------------------------------->CDR1--------
1551 CATCTCAACG TCCCCGGGAA AGACTGTCAA GATCACCTGT ACCATGTCCG 

------------------------------>FR2--------------------
1601 GAGGCAGCAT TGGCAACTAC TACACGAGCT GGTACTGGCA GAAACCCGAC 

------------------------->CDR2------~------------->FR3 
1651 AGCGCCCCTG TGCTTGTTTG GGACGAGAAG TCTGGTACGG CTTCGGGTGT 

1701 TCCGAATCGA TTCACCGGGT CTGTGGACTC ATCGAATGAC AAGATGCATT 

------------------------------------------------->CDR3 
1751 TAACCATCAC CAACGTTCAA TCGGAGGACG CCGCCGATTA TTACTGTTAT 

------------>FR4-----------------------------> 
1801 GCAGCTCGTA CCTTCGGGAA AGGAACCAAG CTGAACCTGG GCAGTAAGTA 

1851 AATTATTTAC CGCGTTATTG CGGACACTGA AGAAAAAACA CTTTAAACAT 

1901 

1951 

2001 

2051 

2101 

2151 

2201 

2251 

2301 

2351 

2401 

2451 

ATTGGCTTTA CAGTATGAAT TATAGAAAAT CACGTCTACT GTCATTTAAA 

TGCACTTTGA TAGACCTGGT GAATCAGTGT CATGTGCCTT GCAAAAGTTA 

GTCAGTGCGA CCAATTTTGC AGGCAATATC TAGGCTTTTA AACGTGTCCG 

GGACAATCTT TCCTCAGATG AAACCATATC ATCCGGTTTT AACTAGGACA 

GAGGGAAAGT GAAACGTGGT TCACTGGGAT CTTCCTGAAT GTTCTGGCGG 

AAATTTGCTC CATATTCTTC CAGCGAGATG GAAGCTGAAA TTTCCACCTT 

CCGGCCAGTC CATAGTCGGA GAACATCAAT TGAATCTCAT TGGAAGAGGG 

CGGAAGGGAT GGGATAGGAT AGCTTGTTTG GCAAAGGGGG CTGTTAGCAC 

TGCTGCATCT TACCTGATTT AATAAGGCGA TCAGAACCAT GGTAAAATGG 

AGGAATATTC TAAGAATGAA ACTCGATTAT GTAGGAAATT GACTCAGGAC 

GCGCTCTTTT CAAAGAAAAG CGTTTGGCGT CATTCTGAGT TCCAGAATTC 

CAAGGTTATT AAAGTCTCAC AGAGTTTTGG AGTTAGATAG CGCCTGGTAA 

2501 AAAGCTAAAT TACAAAATCA AAAGTTCATT CCACTTAGAG CAATACTGCA 
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2551 CATTAATCCC CGTTCTCGGA TTGGTAGCGT TAATGTGATA ATTTGCTGCA 

2601 ACTCAATCTC GTCTCCAAAC TGAGTGAAAC CGTTCAGACA AAAAAAGATT 

2651 CTCAATATTC CATATCCCCA CCTACATCCA GAATGCAATA AAAGTATTTT 

2701 ACCAGAGAGA TGGAAGTTGA AATTTCCACC TTCCGTTCAG CTGATAACTT 

2751 GCGAATTGAA TTTCATTGCG AGAGAGCAAA AGGGCACGAT AGGATATATT 

2801 GTTTGGCCAA GGGGCTGTTC GCACTGCTGC ATCTTATCTG TATTAATAAG 

2851 GCGAGCAGAA TCATGGTGAA ATGGAGAAAT ATTCTAAGAA ATAAACACAA 

2901 ATATGTCGGA AATTGACTCA GTGTCGCGCT CTTTTCAAAG GATGCGTTTC 

2951 GCCTCTCAGT TTTCCAAGAT TCTAAGAACC CCACCCCCAT TGTTTTTTAG 

3001 ATGGATAGCG CCGGTGAAAA GGCTAAATTG CAAAATCATT CCACTTAGAG 

3051 CAATACTGCA CATTTATCCC CATTCTCGCA TTGGTAACAT TAATGTGACA 

3101 ACTTGCTGCA ACTCAATCTC GTCTCCAAAC TCAGTGAAAA CGTTCGGGGA 

3151 AAAAAAAAAG ATTTTCAATA ATCCGTACCA CCTCCCTCCC CCGCCCGCAG 

3201 AATACAATAA AAAATAACAG CGATCAGCTA ACGATAATAG TCAGCGCTCT 

3251 TCTATTTTCG GCATAACCGA ATAACAAACA TCTGTAACTG ACATTACATC 

3301 CACTTCCTTA ACATGTGACT GGCTCATTAA CTTCCGTCTT GATGAATTGC 

3351 ATCCGCATAT CTCGCATCAG GCGTTCAGAT TGCTGCACCT TTTTTTTTAT 

3401 TCACTCAGTT GAACCTTACT CCTGGTTCTG TGATCAGCCT GAGAGGATTT 

3451 GTATTACTGA AAATTCGCGT ACTCCATCGC ATTGTGACTT TTTTTCCCCC 

3501 GGCGGTATCA CGGAGATAAG GATAAGATAG AAAAGGGAAA ATGCTCTGTA 

3551 ATTCCGCCGA TAATACAGAC CTTGGTGTCG ACGCATTTTT GCGCAGATTT 

3601 ATACGGATGG CAATGATTGC TCAATAATCC CATGGGATTT CAGATATTTC 

3651 TGTATTATGA TGCTCAGTTC AATTCTGGAG TATTATAAAA CTCCGATAAG 

3701 CGGGGTTAAA TGCACTTGTC AAATTGCACG ATTCAGTCTC CCAGTTATTG 

3751 TGTCAACAAC CTTATATGTC CCAAGGCGAA ATTCTCCGGA CTGCAATGGA 

3801 TTGTACAGAA TTGGGGAAAA TGCAGTAACG TGTCAACATT TTCTTCTTTG 

3851 CTTTACATTC GATAAAAAAA TACCGAGAGT CGGGCATTTT AGCTCGTTCT 

3901 TGTACCGCGT GGTGTGAATG GTTAGCCAAA CAGGCACCAG GTTGTGACAT 

3951 TCCGTCTTCA ACCATATTAC CCGGGGTAAA AATTCATTGT TACTGTCATG 

4001 GGATTATTTC TTTTTAAGAA TAAAAGCAAA GAACTTGCAT TAGCATAGCG 

4051 CCCATCATGA CCCCAGGATA TCCGAGCCTG CTTTAGTCAA TTGTGTGTCG 

4101 TTTGTTTTAA TGTCAGCCAT GCTTGTAAGA AATGGGGTAG CTTATTTCCG 

4151 CAGAATAAAG ACCCACAAAC TTCAATCAGC AGTTAATCGA TTGAAGCCGT 

4201 ATTTGTTGAG AGGTAAATTA TTGGCCAAGT CTCATTGGTT GCATTGTTTG 



4251 

4301 

4351 

4401 

4451 

4501 

4551 

4601 

4651 

4701 

4751 

4801 

4851 

4901 

4951 

5001 

5051 

5101 

5151 

5201 

5251 

5301 

5351 

5401 

5451 

5501 

5551 

5601 

5651 

TACACTGAGA CTGTTGTTCG ATTATTATTA TATAACGTGG ATATACCTGT 

TTACATAAGC AGCGTTATTT GTAGGAAACT GTTTTTTTCG TTTGTTGAAA 

AGTTTCCACT TGTGACGCTG TAGCCCAGTG ATGTTCCAGA TAGATTATTC 

GGAATGTAAT GGAACAGTCT CCTGCAGGGT TACACATTAT AGTCGGACCA 

GGATTGGGGC TGTGGGGAAA TGACTGTGAG AACTGATGAG AAGCCTGGTG 

CAAGCGACGA AGGTGCAAAG CGGCCATGGC AGTGAATGTA GAGTACTCCA 

GATATTAGCC CAATGTTACA TTTCTGTGAA AAGAAGTGCA AACTGGAAAG 

TTCTTCATAG TTTGTTGAGC AGTACACTGT TTAGAATCAA ATGTTATGTG 

TTTAATTATC TTTACTCCCA ACTTTGTTCC AAGATTTACC CCTAATGCCG 

ATCATTAGCT TTGAACACAT CAATGCTATG TTCTGCATTC ATTTTCGCTA 

AGATTCAATT TCCACTTAAG ATATTGCATG CGTTTCTAGT CATGCAGAAA 

AATTAGGGAT ATCTTAACAG AACATATAGT GTTCAAAACT ATTCGGGGCA 

GCGGCTGTGC AGTTAACATT AATGAAGATT CCTTGTGTTA ATTTCCCCGC 

AGCTTTGTAC AGTGACGTGC AATCTTCAAA GATTTCAACA ATGCAAAACA 

TTGATTCTGA CTCTTTTTGT CATTTAAGAA TGGATCTTAA TTGTTTTATC 

CACTTTTCAG ATCCACGGAG CCCCACTATG TCTCTCCTTC CGCCTTCATC 

GGATCAAATC ACAGCGAAGA ACATGGCGAC CCTGGTGTGT TTGGTGAGCG 

GATTTAACCC GGGAGCTGCG GAGATTGAAT GGACTGTAGA TGGCAGCGTC 

AGAGGGAATG GGGTTGAGAC CAGTCGGATC CAGCAGGAGG CGGACAACAC 

GTTCAGTGTG AGCAGTTATC TGACTCTGTC AGCCTCAGAG TGGAACTCAC 

ACGAGCTTTA CTCGTGTCTG GTCAAACACG AGGCTCAAGC AAACCCGCTT 

CGAACCAGCA TCTCCAGATC CAGCTGTATG TGATTCC8AG ATCTTQTQCQ 

CTQATTCCTT ATTTTAQTAQ C8ATQTCTQT TCAACAAAAT ATCAACTQCA 
** **** 

QTAAAQAQQC ACATTTTAAA TMATC8TCA CAATCQQC8Q TTTQTTQACT 

CQQTCTCQCT QCCTQT8TTT AATQTQTTCA CCCTQAACTQ TTAAAQTQC8 
****** 

ATQTTQC8M T8CTCQCMT QCMTM,8,8T T8CTQCC8TT AACTCAAACG 

TTGTGATTAT GATCAA'I'CTG CTTCCATGGA CAAAATTCCT AGCAAATTTT . 
TAATTGTGAG GAATCGTGAA GTTTGTTTTT GTTGCGTTCT GCATTTATGT 

CAAGCCAATG ACACCAATCG TATGCGCACA TGTGGAAGTA ATCTTGTAAC 

5701 ATAATTTTCA AGGTAGATCT GACTGAATGT TGTAGTGTGT GGATGGCGGT 

5751 GATCATGATG TGGATGTTTC TGACAAGAAT TC 
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APPENDIX B: COMPLETE DNA SEQUENCE OF GENOMIC CLONE U31 

Promoter Elements: the octamer (ATGCAAAT; 655-662) and putative TATA boxes 

(TAAAAA, 775-780) sequences are bolded and starred. 
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Leader Sequence: coding sequence (842-890, 1020-1030) is underlined; the intron (891-

1019) is in plain text. 

Variable and Joining Gene Sequence: coding sequence (1031-1361) is bolded; 

framework, FR, and complementarity determining region, CDR, are indicated by 

dashed arrows above the sequence. 

Constant Region Sequence: coding region sequence (4513-4832) is bolded; 

3' untranslated sequence (4833-5041) is underlined and the polyadenylation signal 

sequences starred (AATAAA; 4921-4926 and 5025-5030). 

1 GATTAATGAA ACTTCATCTC ATCTTCCACG TTTTTCTCAG AACACTTAAT 

51 TCACGAAGGC TCTCCATGGC CGGCAGTTCG CGAACAACAC AAGGTGCAAT 

101 CAACATCAAA TATTCCTGTG CATTTTCCAT CCTTCACTTT CTGCCTGTCT 

151 GTCTCCTCTC TCTCTCTGTC TCGCTCTATC TATCTGCCTG TCTGTCTGTC 

201 TATCTCTCTC TATCTATCTA TCTGTCTGTG TGTCTTTCCA CCTACTTACT 

251 TACATATCTG TTCTTTCTTT CTTTCTATCC GTCCTAACCG TCCGACCCTC 

301 TATCCATCTA TCTTTCTTTC CATCTATCGC TCTGTCTCTC TGTCCATCCG 

351 TTCACTATCC ATTATATGTT GTCAATAAGG ACACTGCTCA ACCTCTTTAA 

401 TTTCTCGCTA TGCTGAAACT CAATTCGCAC TCTGCATTTC CAACTCGAGT 

451 TTCCTCGGAA TCATATAGTC ACAAACCAGT TTACTGCCCC CAGCTTTTCC 

501 GCTTTA'fTGT CCCGCTCAGA CTTCTAAAAC TCAAATAAGC TGGTCACCCA 

551 GTCACCCATG TTTTACCCGC CATTTCATTT TTCTGGTATT CATTTATTGA 

601 CGGGTTGAAA TCTATTTTTT GACATTTTGT TTCTAAAATA GCTGACAGAC 
****** ** 

651 GCCTATGCAA ATAGCAGTCA ACTCAGGACA CGAAATCCTA TTGCCCGCTT 

701 TAGATGACGG TGTTGTGCGT ACATACTTAA TATTCAATGA CGTTGTCAAG 
****** 

751 CTTGAAGCCT CTTAAGGACA GCTTTAAAAA GAGCCCAGCA ACGCACTGTG 

801 TCAAGAAGTA TTTCAGCCTG ACCCTCACTA GGACCTTCAC CATGACTGTT 

851 CGAGTTCTTG CCGCACTbAT GCTCTGTTTT CACAGTACGT GTTGCATTAA 

901 CTTTCACTCT TGTTGCTATT TTTACTGCAC TTTTTGTCTA TGCTTGACTT 
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951 TAACGGAGCT GAATTGCAAA CAATATAAAC AATTGTAGAG CCTGACAGGT 
FR1------------------

1001 CAATAACTTA TTTCACCAGG TGCCATCGGA GATATTGTCC TGACCCAGCC 
------------------------------------------------>CDR1-

1051 AGGATCCATC TCAACGTCCC CGGGAAAGAC TGTCAAGATC ACCTGTACCG 
------------------------------------->FR2-------------

1101 CGTCCGGAGG CAGCATTGAC GACTACTACA CGAGCTGGTA CTGGCAGAAA 
-------------------------------> CDR2-----------------

1151 CCCGACAGAG CCCCTGTGCT TGTTTGGGAC GAGAACTCTG ATACGGCTTC 
>FR3--------------------------------------------------

1201 GGGTATTCCA GATCGATTCG CCGGGTCTGT GGACTCATCG AGTAACCAGA 

1251 TGCATTTAAC CATCACCAAC GTTCAATCGG AGGACGCCGC CGATTATTAC 
-->CDR3------------------------> FR4------------------

1301 TGTGCTGCAG CTAGTAGCGG AATATTCACC TTCGGGAGAG GAACCAAGCT 
-----------> 

1351 GAACCTGGGC AGTAAGTAAA TTATTTACCG CATCACTGCG GACACTGAAA 

1401 AAAACATTTG AAACATGTTG GCTTGACAGA TTGAATTATA GCAAATTACG 

1451 GCTACTGTCA TTTAAATACA TTTAGACAGA GCTGGTGATC CAGTGTCATG 

1501 TGCCGTGCAA AAGTTCGTCA GTGCGATCAG TTTTATAGGC AATATCTAGG 

1551 CTTTTAAACG TGGCCTGGAC AATCTTTTCT CAGATGAAAC CATACCACCG 

1601 GGTTTTAACT AGGACAGAGG GAGAGTGGAA CTAGGTTCAC TGGGATCTTC 

1651 CTGAATGCTC TGGTGGAAAT TTGCTCCATA TTCTTCCAGC GAGATGGAAG 

1701 CTGAAATTCC CACTTCCGGC CAGTGGATAG TCTGAGAACA TCAATTGAAT 

1751 CTGATTGGAA GAGGGCGGAA GGGACGGGAT AGGATAGATT GTTTGGCCAA 

1801 GGGGCTGTTC GCACTGCTGC ATCTTACCTG TATTAATACG GCGATCAGAG 

1851 CCATGGTAAA ATGGAGAAAT ATTCTAAGAA TGAAACTCAA GGAAATTGAC 

1901 TCAGGACGAG CTCTTTTCAA AGAAGGCGTT TGGCTTCATT CTG'rGTTCCA 

1951 GAATTCCAGG GATTTAAGAA TCCCAGAGTT TTGGAGATGA ATAGCGCCGG 

2001 CTAAAAGGCT AAATTGCAAA ATCAAATATT CACTCCACTT AGAGCAATAT 

2051 TGCACATTAA TCCCCGTTCT CGGAATGGGA GCGTTAATGT GATAATTTGC 

2101 TGCAACTCAA TCTCGTCACC AAACTGAGTG AGACCGTCCA GAAAAAAAAG 

2151 GTCCTCAATA TTCCATACCC CCACCTACCC CCAGAATGCA ATAAAAGTAT 

2201 TTTACCAGCG AGAAGGAGTT TAAATTTCCA CCTTCCGGTC AGCTGATAAC 

2251 TTGCGAATTG AATTTCATTG CGAGACAGCA AAAGTGGCAC GATAGGATGT 

2301 ACTGTTTGGC CAAGGGGCTG TTCGCACTGC TGCATCTTAT CTGTATTAAC 

2351 AGGGCGAGCA GAATCATGGT GAAATGGAGA AATATTCTCA GAAATAAACA 

2401 CAACTATGTA GGAAATTGAG TCTGCGCGCT CTTTTCAAAG AATGCGTTTG 

2451 GCCTCATTCT GTGTCCCAGA ATTCCAAGAT TCTAAGAAAC CCCACGATTT 

2501 TTTTTTAGAT GGATAGCGCC GGTGAAAAGG CTAAATTGCA AAATCATTCC 
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2551 ACTTAGCGAG CAATACTGCA CATTAATCCC CATTCTCGCA TTGGCAACTT 

2601 GAATGAGATA ACTTGCTGCA ACCCAATCTG GTCTCCAAAC ACAGTGAAAA 

2651 CGTTCGGAGG ATAAAAAAGA TTTTCAATAA TCCATAACAC CTCCATCTCC 

2701 CGCCCGCAAA ATGCAATAAA AATGCCAGCA ATCAGCTGGC GATAATAGTC 

2751 AGCGCTCTTC TATTTTCGGC ATAACCGAAT AACAAACATC TGTAACTGAC 

2801 ATTACATCTA TTTCCTTAAC ATGTGACTGG CTCATTAACT TCCGTCTTGA 

2851 TGAATTGCAT GCGCATATCT CGCATCAGGC GTTCAGATTG CTGCACCCTT 

2901 TTTTTATTCT CTCAGTTGAA CCTTACTCCT GGTTCTGTGA TCAGCCGGAG 

2951 AGGATTTGTA TTACTGAAAA TTCGCGTACT CCATCGCATT GTGACTTGTT 

3001 TTTTTTTTGC TCGGCGGTAT CACGGAGATA AGAACAAGAT AAAAAAGGGA 

3051 AAATGCTCTG TAATTCCGCC AATAATGCAG ACCTTGGTGT CGCATTTTTG 

3101 CGCAGATTTA TACGGATGGC AATGATTGCT CAATAATCCC ATGGGATTTC 

3151 AGATATTTCT GTATTATGAT GCTCAGTTCA ATTCCGGAGT ATTATAAATC 

3201 TCCGATAAGC GGGGTTAAAT GCACTTGTCA AATTGCACGG TTCCGTCTCC 

3251 CAATTATTGT GTCAACAACC TTATATCTCC CAAGGCGAAA TTCTCCGGAC 

3301 TGCAATGGAT TGTATAGCAT TGGGGAAAAT GCAGTAACGT TTCAACATTT 

3351 TCT'l'CTTACA TTAAATAAAA TAAATACCGA GAGTCGGGCA TTTTAGCTCG 

3401 TTCTTGTACT GCCTGGTGTG AATGGTTAGC CGAACAGGCA GCACATTGTG 

3451 ACATTGTGTC TTCAACCATA TTACCCGGGG TAAAAATTCA TTGTTACTAT 

3501 CATGGGAATA TTTCTTTTTA AGAATAAAAG CAAAGAACTT GCATTAGCAT 

3551 AGCGCCCATC ATGACCTCAG GATATCCGAG CCTGTTTTAA TCAATTGTGT 

3601 GTCGTTAGTT TTCATGTCAG CCATGCTTGT AAGAAATGGG GTAGCTTATT 

3651 TCCGCAGAAC AAAGACCCAC AAACTTCAAT CAGCAGTTAA TCGGTTGAAG 

3701 CCATATTGGT TGTGAAGTAA ATTATTGGCC AAGTCACATT GGTTGCAT'rG 

3751 TTTGTACACT GAGACTGTTG TTCGATTATT ATTATACAAC GTGGA'l'ATAC 

3801 CTGTTTACAT AGCAGCGTTA TTTGTAGGAA ACTGTTCTTT AGTTTGTTGA 

3851 AAAGTTTCCA CTTGTGACGC TGTCGCCCAA TGATGTTCCA GATAGATCAT 

3901 CCTGAATGTA ATGGAACAGT CTCCTGCAGG GTTACACATT ATAGTCGGAC 

3951 CAGGGTTGGG GCTGTGGGGA AATGACTGTA AGAACTGGGG AGAAACCTGG 

4001 TGCAAGCTCC GAAGGTGCAA AGCGGCAATG GCAGTGAATG TAGAGTACTC 

4051 CAGATATTAG CCCAATGTTA CATTTCTGTG AAAAGAAGTG CAAACTGGAA 

4101 AGTTCTTCAT AGTTTGTTGA GCAGTACACT GCTTAGAATC AAATGTTATG 

4151 TGTTTAATTA TCTTTACTCC CAACTTTGTT CCAAGATTTA CTCCTAATGC 

4201 CGATCATTAG CTTTGAACAC ATCAGTGCTG TGTTCTGCAT TCATTTCCGC 



4251 TAAGATTCAA TTTCTACTGA AGATATTGCA TGTGTTTCTA GTCATGCAGA 

4301 AAAATTAGGG ATATCTTAAC AGAATATATA TTGTTCAAAA CTATTCGGGG 

4351 CAGCGGCTGT GCAGTTAACA TTAATGAAGA TTCCTTGTAT TAATTTCCCC 

4401 GCAGCTTTGT ACAGTGACGT GCAATCTTCA AAGATTTCAA CAATGCAAAA 

4451 CATTGATTCT GACTCTTTTT GTCATTTAAG AATGGATCTT AATTGTTTTA 

4501 TCCACTTTTC AGATCCACGG AGCCCCACTA TGTCTCTCCT TCCGCCTTCA 

4551 TCGGATCAAA TCACAGCGAA GAACATGGCG ACCCTGGTGT GTTTGGTGAG 

4601 CGGTTTTAAC CCGGGAGCTG CGGAGATTGA ATGGACTGTA GATGGCAGCG 

4651 TCAGAGGGAA TGGGGTTGAG ACCAGTCGGA TCCAGCAGGA GGCGGACAAC 

4701 ACGTTCAGTG TGAGCAGTTA TCTGACTCTG TCAGCCTCAG AGTGGAACTC 

4751 

4801 

4851 

4901 

4951 

5001 

5051 

5101 

5151 

5201 

5251 

5301 

ACACGAGCTT TACTCCTGTG TGGTTAAACA CGAGACTCAA GCAAACCCGC 

TTCGAACAAG CATCTCCAGA TCCAGCTGTA TGTGATTCCA AQATCTTQTQ 

CQCTQATTTC TTATTTTAQT AQCA8.TQTTT QQTTAACAAA ATATCAACTQ 
****** 

CAQTAAAQAQ QCACATTTTA AAT8.8.ATCAT CACAATCQQC AQTTTQTTQA 

CTCQQTCTCQ CTQCCTQTAT TTAATQTQTT CACCCTQAAC TQTTAAAQTQ 
****** 

CAATQTTOQA AATACTCQQ8 ATOCMTAAA 8IIACIQCCA IIMCTCAAA 

CQTTQTQATT ATQ8TCMTC TQCTTCC8TQ QACAAMTTC CTAGCAAATT 

TCTAATTGTG AGGAATCGTG AAGTTTGTTT TTGTTGCGTT CTGCATTTAT 

GTAGAGTCAA TGACACCAAT CGTATGCGCA CATGTGGAAG TAATCTTGCA 

ACATAATTTT CAAGGTAGAT CTGACTGAAT GTTGTAGTGT GTGGATAGCG 

GTGATCA'I'GA TGTGGGTGTT TCTGGCAATA ATTCACAGCG CTTGATGTAA 

GAGTTTCTCA GTTACCTGGT TACACAAGTT TAGGCCACAT CTAGTATCCT 

5351 CTTTCGGATA CCGGCACCAT GCTGTTATTA AAAATATACA ATCATTTGAA 

5401 TTGATTGGTA AGATATATTA CGAAGCATTT TCTGCTTCCA TCAGACTTTT 

5451 GAACCTTGCA TTAAGTTGAT CTTTCGCTGC ACCCTAGCTA CAACTGTAAC 

5501 ACTACATTCT GCACCCTCTC GTTTCCTTCT CTGTGAACGG TATGCTTTGT 

5551 CTGTACAGCG GGCAAGAAAC AATACTTTTC CCGGTATACC AATGCATATG 

5601 ACAATAATAA ATCAAATGAA ATCAAAAAAT CAAATCATAT CTTCAGGTTC 

5651 TGTGAGGCCT TTGACCGAAA GCAGCTCAGT TAAGTTGAAG TCAAAATACT 

5701 GCGGATGCTG GAAATCTCCA ATAAAAGCAG GGTGTG 
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APPENDIX C: COMPLETE DNA SEQUENCE OF GENOMIC CLONE T54 

Promoter Elements: octamer (ATGCAAAT; 765-772) and putative TA TA box 

(TA TAAA; 885-590) sequences are in bold and starred 

Leader Sequences: coding sequences (952-1000, 1130-1140) are underlined. Intron 

(1001-1129) is in plain text. 

Variable and Joininf: Gene Segments: coding sequence (1141-1469) is in bold; 

framework (FR), and complementarity determining regions (CDR) are in bold and 

labeled with indicator arrows. 

Constant Region Sequence: coding sequence (4610-4929) is bolded; 3' untranslated 

region (4930-5139) is underlined and polyadenylation sites (AATAAA; 5018-

5172) are starred above the sequence. 

1 AAGCTTCCAT AGCTATCACA ATTTTAATGA ACAACTGCTT TATTTGACTT 

51 TTCACAATTC ATTCTTCAAA GTGTTGACAT AATAATAATC TCGCAGTCTC 

101 ATGTGGCAAA AAGTATCCCT CCCAGGCCGA TTAATAAAAC TTCATCTCAT 

151 CGTCCATGTT TTTCTCAGAA CACTTAATTC ACCAAGGCTC TCCATGCCCG 

201 GCAGTTCGCG AACAACACAA GGTGCAATCA ACATCAAATA TTCCTGTGCA 

251 TTTTCCATCC TTCACTTTCT GCCTGTCTGT CTCCTCTCTC TCTCTGTCTT 

301 GCTCTATCTA TCTGCCTGTC TGTCTGTCTA TCTCTCTCTA TCCATCAATC 

351 TGTCTGTGTG TCTTTCACCT ACCTACCTAC ATATCTGTTC TTTCTTTCTT 

401 TCTATCCGTT CTGCCCATCC GACCTTCCAT CTATCGCTCT GTCTCCCTGT 

451 CCATCCGCTC ATCTATCTAT TATGTGTTGT CAATAAGGAC ACTGCTCAAT 

501 CTCTTTAATT TCNNNCTATG CTCAAACCCA ATTCGCACTC TGCTTTTCCA 

551 ACTCGAGTTT CCGCGGAATC ATATAGTCAC AAACCAGTTT AACGTTGCCC 

601 CCAGCTTTTC CGCTTTATTG TCCCGCTCAG ACTTCTAAAA CTCAAATACG 

651 CTGGTCACCC AATCACCCAT GTTTTACCCG CCATTTCATT TTTGTGGTAT 

701 ACATTTATTC ACGGGTTGAA ATCTATTTTT TGACATTTGT TTCTAAAATA 
****** ** 

751 GCTGACATAC GCCTATGCAA ATAGCAGTCA ACTCAGGACA CGAAATCCTA 

801 TTGCCCGCTT TAGGTGACGG GGTTGTGCAT ACATACTTAA TATTCAATGA 
****** 

851 CGTTGTCAAG GTTGCAGCCT CTTAAGGAGA GCTTTATAAA GAGCCCAGGA 

901 ACGCACTGTG CCAAGAAGTA TTTCAGTCTG ACCCTCACTA GGACCTTCAC 

951 CATGACTGTT CGAGTTCTTG CCGCACTAAT GCTCTGTTTT CACAGTAGGT 

1001 GTTGCGTTAA CTTTCACTTT TGTTGCCATT TTTACTGCAC TTGTTGTCTC 

1051 TGCTTGACTT TAACGGAGCT GAATTGCAAA CAATATAAAC AATTGTCGAG 



FR1------
1101 CCTGACAGGT CAATAACTTA TTTCACCAGG TACCATCGGA GATATTGTCC 

1151 TGACCCAGCC AGGATCCATT TCAACATCCC CAGGAAAGAC TGTCAAGATC 
---> CDR1-------------------------------> FR2-

1201 ACCTGTACCG CGTCCGGAGG CAGCATTGAC GACTACTACA CGAGCTGGTA 
---------------------------------> CDR2-------

1251 CTGGCAGAAA CCCGACAGAG CCCCTGTGCT TGTTTGGTCC GAGTACGGTG 
--------> FR3---------------------------------

1301 GTATGGCTTC GGGTATTCCA GATCGTTTCG CCGGGTCTGT GGACTCATCG 

1351 AGCAACAAGA TGCATTTAAC CATCACCAAC GTTCAATCGG AGGACGCCGC 
----------> CDR3--------------------> FR4-----

1401 CGATTATTAC TGTGCTGTAG CTGATAGCGG AATATTCACC TTCGGGAGAG 
---------------> 

1451 GAACCAAGCT GAACTTGGGA GTAAATAAAT TATTTACCAC ATCACTGCGG 

1501 ACACTGAAAA AAACATTTGA AACATGTTGG CTTGACAGAT TGAATTATAG 

1551 CAAATTACGG CTACTGTGAT TCAAATACAT TTAGACGGAG CTGGTGATCC 

1601 AGTGTCATGT GCCGTGCAAA AGTTCGTCAG TGCGAACAGT TTTATAGGCA 

1651 ATATCTAGGC TTTTAAACGT GTCCTGGACA ATCTTTTCTC AGATGAAACC 

1701 ACACCACCCG GTTTTAACTA GGACAGGGGA GAGTGGAACT AGGTTCACTG 

1751 GGATCTTCCT GAATGCTCTG GCGGAAATTT GCTCCATATT CTTCCAGCGA 

1801 GATGGAAGCT GAAATTCCCA CTTCCGGCCA GTGAATAGTC TGAGAACATC 

1851 AATTGAATCT GATTGGAAGA GGGCGGAAGG GACGGGATAG TATAGATTGT 

1901 TTGACCAAGG GGCTGTTCGC ACTGCTGCAT CTTACCTGTA TTAATAAGGC 

1951 GATCAGAGCC ATGGTAAAAT GGAGAAATAT TCTAAGAATA AGGAAATTGA 

2001 CTCAGGACGC GCTCTTTTCA AAGAACGCGT ~'TGGCCTCAG ACTGTGTTCC 

2051 AGAATTCCAG GGTTTTAAGA ATCTCAGAGT TTTGGAGATG GATAGAGCCG 

2101 GCTAAAAGGC TAAATTGCAA AATCAAAAAT CCACTCCACT TAGAGCAATA 

2151 TTGCACATTA ACCCCCGTTC TCGGAATGGG AGCGTTAATG TGATAATTTG 

2201 CTGCAACTCA ATCTCGTCTC CAAACTGAGT AAAACCGTCC AGAAAAAAAA 

2251 GATCCTCAAT ATTCCATACC CCCAGAATGC AATAAAAGTA TTTTACCAGC 

2301 GAGAAGGAGT TTAAATTTCC ACCTTCCGGT CAGCTGATAA CTTGCGAATT 

2351 GAATTTCATT GCGAGACAGC AAAAGTGGCA CGATAGGAAT TACTGTTTGG 

2401 CCAAGGGGCT GTTCGCACTG CTGCATCTTA TCTGTATTAA CAGGGCGAGC 

2451 AGAATCATGG TGAAATGGAG AAATATTCTC GGAAATAAAC ACAACTATGT 

2501 AGGAAATTGA GTCTGCTCGC TCTTTTCAAA GAATGCGTTT GGCCTCATTC 

2551 TGTGTCCCAG AATTCCAAGA TTCGAAGAAT CCCCACGAAT TTTTTTTTAG 

2601 ATGGATAGCG CCGGTGAAAA GGCTAAATTG CAAAATCATT CCACTTAGCG 

2651 AGCAATACTG CACATTAATC CCCATTCTCG CATTGGTAAC GTTAATGAGA 

150 



2701 

2751 

2801 

2851 

2901 

2951 

3001 

3051 

3101 

3151 

3201 

3251 

3301 

3351 

3401 

3451 

3501 

3551 

3601 

3651 

3701 

3751 

3801 

3851 

3901 

3951 

4001 

4051 

4101 

4151 

4201 

4251 

4301 

4351 

4401 

TAACTTGCTG CAACTCAATC TGGTCTCCAA ACTCAGTGAA AACGTTCGGA 

GGATAAAAAA GATTTTCAAT AATCCATACC ACCTCCCTCC CCCGCCCAAA 

AAATGCAATA AAAATACCAG CGATCAGCTA GTAATAATAG TCAGCGCTCT 

TCTATTTTCG GCATAACTGA ATAACAAACG TCTGTAACTG ACATAACATC 

TATTTCCTTA ACATGTGACT GGCTCATTAA CTTCCGTCTT GATGAATTGC 

ATGCGGATAT CTCGCATCAG GCGTTCAGAT TGCTGCACCT GCTTTTTTAT 

TTACTCAGTT GAACCTGACT CCTGGTTCTG TGATCAGCCG GGGAGTATTT 

GTATTACTGA AAATTCNTCA GTACTCCATC GCATTGTGAC TTGTTTTTGT 

TTTGCTTGGC GGTATCACGG TGATAAGAAC AAGACAAAAA AGGGAAAATG 

CTCTGTAATT CCGCCGATAA TACAGACCTT GGTGTCGACG CATTTTTGCG 

CACGTTTATA CGGATGGCAA TGATTGCTCA ATAATCCCAT GGGATTTCAG 

ATATTTCTGT ATTATGATGC TCAGTTCAAT TCCGGAGTAT TATAAATCTC 

CGATAAGCGG GGTTAAATGC ACTTGTCAAA TTGCACGGTT CCGTCTCCCA 

ATTATTGTGT CAACAACCTT ATATGTCCCA AGGCGAAATC CTCCGGACTG 

CAATGGATTG TATAGCATTG GGGAAAATGC AGTAACGTGT CAACATTTTC 

TCCTTACATT AAACAAAATA AATACCGAGA GTCGGGCATT TTAGCTCGTT 

CTTGTACAGC CTGGTGTGAA TGGTTAGCCG AACAGGCAGC AGATTGTGAC 

ATTGTGTCTT CAACCGGATT ACCCGGGGTA AACATTCATT GTTACTGTGA 

TGGGAATATT TCTTTTTAAG AATAAAAGCA AAGAACTTGC ATTAGCATAG 

CGCCCATCAC GACCTCAGGA TATCCGAGCC TGTTTTAGTC AATTGTGTGT 

CGTTAGTTTT CATGTCAGCC ATGCTTGTAA GAAATGGGGT AGCTTATTTC 

CGCAGAACAA AGACCCACAA ACTTCAATCA GCAGTTAATC GGTTGAAGCC 

ATATTGGTTG TGAAGTAAAT TATTGGCCAA GTCACATTGG TTGCATTGTT 

TGTACACTGA GACTGTTGTT CGATTATTAT TATACAACGT GGATATCCCT 

GTTTACATAG CAGCGTTATT TGTAGGAAAC TGTTTTTTAG TTTGTTGAAA 

AGTTTCCACT TGTGACGCTG TAGCCCAATG ATGTTCCAGA TAGATTATTC 

GGAATGTAAT GGGACAGTCT CCTGCAGGAT TACACATTAT AGTCGGACCA 

GGTTTGGGGC TGTGGGGAAA TGACTGTGAG AACTGGGGAG AAACCTGGTG 

CAAGCTGCGA AGGTGCAAAG CGGCAATGGC AGTGAATGTA GAGTACTCCA 

GATATTAGCC CAATGTTACA TTTCTGTGAA AAGAAGTGCA AACTGGAAAG 

TTCTTAATAG TTTGTTGAGC AGTACACTGT TTAGAATCAA ATGTTATGTG 

TTTAATTATC TTTACTCCCA ACTTTGTTCC AAGATTTACT CCTAATGCCG 

ATCATTAGCT TTGAACACAT CAGTGCTATG TTCTGCATTC ATTTTCGCTG 

AGATTCAATT TCTACTTAAG ATATTGCATG TGTTTCTAGT CATGCAGAAA 

AATTAGGGAT ATCTTAACAG AATATATAGT GTTCAAAACT ATTCGGGGCA 
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4451 GCGGCTGTGC AGTTAACATT AATGAAGATT CCTTGCATAA TTTCCCCGCA 

4501 GCTTTGTACA GTGACGTGCA ATCTTCAAAG ATTTCAACAA TGCAAAACAT 

4551 TGATTCTGAC TCTTTTTATC ATTTAAGAAT GAATCTTTTT TGTTTTATCC 

4601 ACTTTTCAGA TCCACGGAGC CCCACTATGT CTCTCCTTCC GCCTTCATCG 

4651 GATCAAATCA CAGCGAAGAA CATGGCGACC CTGGTGTGTT TGGTGAGCGG 

4701 ATTTAACCCG GGAGCTGCGG AGATTGAATG GACTGTAGAT GGCAGCGTCA 

4751 GAGGGAATGG GGTTGAGACC AGTCGGATCC AGCAGGAGGC GAACAACACG 

4801 TTCAGTGTGA GCAGTTATCT GACTCTGTCA GCCTCAGAGT GGAAGTCACA 

4851 CGAGCTTTAC TCCTGTGTGG TTAAACACGA GGCTCTAGCA AACCCGCTTC 

4901 GAACAAGCAT CTCCAGATCC AGCTGTATGT GATTCCAbGA TCTTGTGCCC 

4951 TGATTTCTTA TTTTAGTAGC AATGTTTGTT TAACAbAATA TCAbCTGCAG 
*** *** 

5001 TbAAGAGGCA CATTTTAbAT bAATCATCAC AbTCGGCAGT TTGTTGACTC 

5051 GGCCTCGCTG TCTGTATTTA ATGTGTTCAC CCTGAbCTGT TAAbGTGCAb 
****** 

5101 TGTTGCbAAT ACTCGCA8TG CA8TAAbATT ACTGCCATTA ACTCAAACGT 

5151 TGTGATTATG ATCAATCTGC TTCCTTGGAA AAAATTCCTA GCAAATTTCT 

5201 AATTGTGAGG AATCGTGAAG TTGTTTTTGT TGCGTTCTGC ATTTATGTAA 

5251 AGTCAATGAC ACCAATCGTA TGCGCACATA TGGAAGAAAT CTTGCAACAT 

5301 AATGTTCGAG GTAAATCTGA CTGAATGTTG TAGTGTGTGG ATAGCGGTGC 

5351 TTCCATCAGA 
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APPENDIX D: COMPLETE DNA SEQUENCE OF GENOMIC CLONE Ttl 

Promoter Elements: the octamer (ATTTGCAT; 2927-2934) and putative TATA boxes 

(reverse orientation sequence TATGAA, 2941-2946; and AATAAA, 3021-3029) 

sequences are bolded and starred. 

Leader Sequence: coding sequence (3056-3104, 3245-3255) is underlined; the intron 

(3105-3244) is in plain text. 

Variable and Joining Gene Sequence: coding sequence (3256-3592) is bolded; 

framework, FR, and complementarity determining region, CDR, are indicated by 

dashed arrows above the sequence. 

Constant Region Sequence: coding region sequence (8493-8812) is bolded; 

3' untranslated sequence (8813-8981) is underlined and the polyadenylation signal 

sequences starred (AATAAA, 8869-8974). 

1 GGATCCTCTT TATTCACGTT ACTAATAAGT TGCTCCAGTA AGTATAACAA AATAGTCCAG 

61 TATAGCTTCA TTTATACAAA ACCATGTTGG CTCTACATAA TTGCAAGTGC CATGCGATAA 

121 CCTTCTAATA ATAGATTCGA GCATTTAACT TTTGACAGAT GTTAGGCTAA TTGGCTTGTA 

181 GTTACGTGTT TTCAGTTTCT TTCTTTTCTT GAATAGAGGA GACAGATATG CTATTTCCCG 

241 ATCTCGTGGA GTAATGAAAT AAGTACAATG CAGACTGGGG CCAATCGGAC CTTCGCGTCT 

301 CCATCCACTC TCCCTCAGGG TATCTTACCC AGCTCTATCA TGTCCGAATG ACTTGACAGC 

361 CTTAAGTTCT GACCGCTTTC TCAGTAGCAT TGACCTGGAG GTTGTAATTG CTTTGTGTTC 

421 CTCGTTCCCT TCTCCCTCTT CACCTGTAGG TATTTCTGGG ACATCGTTTA CGTATACTAC 

481 TGCAAGGCAG AGAAAATATC TCAATTCATC CGCCATTTCC TCATTTCGTA TAATGATTTT 

541 TCGACGTTCC TTTTCCACAG TAACCGCACT TATTTTAGTG AGCATTTTCC TTTTTAAAAG 

601 CATGTTGATA TTCTTACGTT CTTTTAATAT ATCCAGCTAA CATTCTCTCA TACTCTAAGT 

661 TCTCCTTTGT CATTACTTGA TTTGTCAATC GTTGTCGGTT TTTATATTGT TCCCAATCTT 

721 TAGCTCTGCC ACTAATCGCA AAGTTTTCCA CTTTTGCTTC CAGTCGGGCG CAATCATTGG 

781 AGATGTTGGG ACTTTAACAT CTCCATGAAG TAGGCCCGCT TTCTGTCTGT TATTTCAGCT 

841 GCAGACCGTC TTCAGTCGAC TCTAACCTGT ATTCCTGGCG CTATGCCAAT CGTTTTCCGA 

901 TTCAACTCAC ACGCCATGAG GGTGGTTCTT CTCTCGCTCC TGCCGACTCC TTGCGTTAAA 

961 CTGAACTAGT GTCTGTCTGT CTCCCTCTCT CCACACTGCA GATGTCAACT CTGTGCATTC 

1021 GACCCACAGG CAAGGCCTTA AACCTCTCAC TCCCTGGGTA CTGACTGCAC TGCATGACGT 

1081 GGACCTGAGG CATACCCTTT CAGTAAATAC CCTGCGATCT CTTTCAGCCT AACAACTTTC 

1141 ATTATCTGTT CCCGATCCCT CTCCCTGACC GCCGTTTGGA AATTTTCCCA CTGATGGTAA 
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1201 AATGTTAATA TTCCTTCCCC ACCCTTCATT CTGTCCACAG CGGAGTCAGT AAAATTCCAA 

1261 CAACCGAGTC CAAATGCCAG CAAATATGTT AACCCTTTTA TCTTTGTTAG ACCCCAGCTC 

1321 GAGTATTCGT CCAGTTCTTG ACAATATTCT TCCAAAGTAT TTCAGAGCTT TGGAGAGTGT 

1381 GCAGGAAGGT GTATTAGCAT GTTTCCAGGA TAAAAGTCCT CAGTTAGATG TAAGGACGAG 

1441 AAACGTGGAG TTGTTCTCCT TAGAGCCGCA CAGTAGATTT GATAAAGATG TTCTTAAAGG 

1501 TGTTGGATAA AGAAAGTAGG AGCTGCATCA AATGTCGGGA AGTTTGATCA CCAGAAGGCA 

1561 AACATTTGAA CTAACTCGGG AACAGGAACA GAAGAGGGCT GTTGGTGGGT AAATATGTTG 

1621 CGACTCTTAA TGAGCTGGAG ACAACTGGAT CAAGGGCTTG CGGAAGAGGA TTTAACAATC 

1681 CCGGTCAAAA AGGTGGAAAT ATGTGGAAAA TTGGAGTAAG ATCAAGACAG AAATTCCAGT 

1741 TCTATCGCTC CTTTACAGAA CCGACATGGA TGCGATGGGC TGATTGCCCT CTTTCTGCGA 

1801 TCAACCTTCT CGAATTCTTT ATACTGACAC AACTGCATCT GCACCGCGAT CGGCAGCTCT 

1861 CCAGGCGAAG TAATTAATTC ATTTCTTCTC GTTCTCCTCT GCGCGCCTCA GCTGCATAAC 

1921 CAAAATGTTA CTTCTCACAA TTGTTCAAGG ACACATGGGG TGAAGGTGTG TGACAATCTA 

1981 ACGTTATCAA CATTGAAAGG GCTTGCTTCA TTTTGTTTAA TTTTTCAAAT GAGGGAGCAA 

2041 TAGAACATTG TACGATGGCT TCTGCAACAC TGTCGTGCGG CGGGAGGAGA GAGTGGTGTT 

2101 GGGGGGAGGG TCACCGGTCA TCAGAAATCT GATTTTTAAA AACTGCTATT TTCAGCTCAG 

2161 CCCGACGTCG GCAAATGCAT TGACATTCTC AAACTCATTG GTTCCTATGA CAGCAAATAT 

2221 ACCCCTCAAA TCAAACAACG AAAGTCATGC GAAAGCTTTG TTTCCGAGAG CATTCCATTT 

2281 TGCCAAGGCT TAACTCACTG TGTGTGCCGT GGGTTTCCAA CACTTGAATA AAGCCGAGTG 

2341 GGCAGTCTTG GCACCTCAAT CACA'l'TGTAG TTAGGTAATA AAATGTTTCT CCGGGAATGT 

2401 CGATTATTCA CTCACTTCAG ATATCTATCT A'l'CTATCTAT C'l'GGCTATCT ATCTCTGTTC 

2461 ATCTTTCTGT CTGCCTGTCT ATCTATCGAT GTATCTATTC ATCTACCTGT CTGTCCATCG 

2521 ATCCAACCAT CTATCTATCT ATCTATCAAT CAATCGCGAA AAGCCAATGA GTAATGCGCC 

2581 TTACGCCTCT CTTTGAGCAC ATGAAATCTC AACTCACTGT TTCGTCTTTA ATT'l'ATTCAC 

2641 CAAGGACGTT ACGCCTATTA AACAGCTTAC TGCCCGCAAC ATTTATTTAT TGTAATCTGC 

2701 AAGCTTCCAA CGATCAAGCC ACGATTCATT TAATCTGTTT TATGTTTCAC CGCACCGTTT 

2761 CGTTTTTTTT GGAGGGGTGG GGGGGTGGGT ATTGAGCCAT TTTACATGCT GTTCTGTGCT 

2821 GGGGAGATTT ATATTTCTTC TTTTCCAAAA TGGCTGACGT GCTCATTCTG CAAATATCAG 
**** **** 

2881 ACAATACCGA AATGGAGATC TTCGACCTCA TATCACGTGA CAGGAAATTT GCATACCTAA 
****** 

2941 TTCATATTCA TTCGCCCTGC GGTGTTTGAG TCTTTTTAAG GAGAGGTTGG AATGGACTCA 
* ***** 

3001 GAAGCGCGTT CGTGTCAGGA TTTATTTTCC TTCTTCCTCT CCCCAAACCT TCAC~ 

3061 8CAbTCQbTT QQAQTTCTCQ CCQCbCTQAT bCTCTQTTTC CACbGTAAGT ACGGGCGTCG 

3121 GCCTGAAGTA ACGCTCATTT TATTCACATT ATCTGCTTTT GCGCTTGTGT TTTAACGAAC 
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3181 CTGAATTGTG AGCTATATTC AACATTTCAC AGTGTGTGAC TGACAATACT TTGCATTTCA 
FR1----------------------------------------------

3241 CCAGGTACAA TTGCGGATCC TGTCCTGACC CAACCAAGAT CCATTTCGTC CTCACCGGGA 
---------------------->CDR1-------------------------------------> 

3301 AAGACCGTCA CCATCACTTG CACCATGTCC GGAGGCACCA TTAGCAGCTA CTACGCGAGC 
FR2--------------------------------------------->CDR2------------

3361 TGGTACTGGC AGAGACCCGG CAGCGCCCCT GTGCTTGTTT GGTCCGATTA CAATGGTCTG 
----->FR3--------------------------------------------------------

3421 GCTTCGGGTA TTCCGAATCG ATTCGCCGGG TCTGTGGACT CATCAAGAAC GAAGATGCAT 
--------------------------------------------------->CDR3---------

3481 TTAACGATCA CCAACGTGCA ATCGGAGGAA GCTGCAGATT ATTCCTGTGG TGCTCGGCTC 
---------------------->FR4------------------------------> 

3541 AGCAGTGCAG TTAGAATCAT TTTCGGGAGT GGAACGAAGT TGAATCTGGG CAGTAAGTAA 

3601 ATCACTTAAC TCTCCTCTAA CATTTGTGAC GCTTTCTAAA TAACAAAATG TACTTGGAAA 

3661 CGGTCGGATA GGTGGACTGA ATTAGTGCAA ATCAAAATGA TTGCTTCTAA AGTATTGTTA 

3721 TGTGGGATCT TTGATTCAGC AGGAAATGAT ATTGCACTGA TAGCAGGGCT CAGAACTTCG 

3781 GCGATTTTCT GGAGTTTGTG CTGTTATGTG ATCGGATAAA GGGACATTTT AATTACGAGT 

3841 GAAACTCATT TCACTGGAAG CTCACGGTCT GATTTGCTGG GGCTCTGCAG AATTTTGAAC 

3901 CATCTGATCC AGCCGGCAGT GCGAGGAGAT GATTGAGAAT GCGATTGCTA GAAAGATGGA 

3961 ATGTTTCCCT TCGCTTAGCC AGTGTTTGGA GTGGAGTGCC CGAGCTGTAT GAACAGTGCG 

4021 AGAGGAACTA TAATTAGCAA GGCGATAAAC ATTTCAAAAG TGAAAAAACA GGCACGCAAA 

4081 TGAGCTAAAT GGGGAAATTT GTACAAGCTA CAATCGGCCA CCTAGAGTGG TCTATGATTC 

4141 CATGATTGTA AGAAGGGACA CAGTGATTCA GGTTCTTTCA TACGCTGCCC CTGTCGTCTG 

4201 GTTTAAAGGG TTAGAATTGC ATTCAAAGCG TTCACATCAG GCTGTTTCAT TCCATTTAAA 

4261 GCAAGATTGC ATTATGTCTG CGGAATGATA GTGTGGTGAC TGGGTGCGAC TCCCTCCCCC 

4321 TCGTCCCCAA ACTCACTGAA AATCGATCAG TACAAGATTC TCAGCCTAAT ATTTTGCATT 

4381 AATCCCGGGT GTCCAAAATA ACCATATTGT TGCCGGAATT CCGCCAGAAA TAATCGACCC 

4441 TGAT'rGTTAC GGATCACATA GTAACAAACA TCAATGATGG GCGAAATATT TGCTTTCGTC 

4501 GGAAATTACG GTTCATTTAT TTCCCATCCA ATCACTTTTT TTGGAATGTC TCGGAATAAG 

4561 GTTGTCAGGT TTTTGAGTAT TGTTGTGGAC TCGTTCAGAT TGTTGTTGGT TCTGTGACTG 

4621 TCAGTTAGTA GTAATAGAAC AAAAGATGGA GATTAC'rGCC AATATTGATT CATGGGATGT 

4681 GATCAGAAAG GAAACATTCA TTTCACCACC TCCATCTCCC CCGCCTAAAA TCGACGGATA 

4741 AAGTGACGGT GAGCCGCATT ATCAAACCGA TGTTGCCCAT GTGTCACAGG TACACCGCAG 

4801 AGCTGTTAGG GAGGGAGTTA AGAGATTTTG GCCAGGAGGC AGTGAAGGAA AGGCCGTACA 

4861 GTTCTACTTT GGTATGCTGT GTGGCTTGTT GGGGATTTAC CATCTGGTGT TGTAGCCGTG 

4921 CATTTGGTGC CCGTGTGTTG GTCCAGTGGA AGAAATGGCT GGTTTGGAAG CTGTTGTCGG 

4981 AGTTCCGGCA GTGTACCTTA TAGATATCCA CACTGTAGCT CCTGTGCGTC AATGAGTGAG 

5041 AAAAGCAATA TAATATATTC GCGGAATCAT GGAATGGTAT ATCTTTGCAA AATTGTTGCA 
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5101 ATCTCCTTGT CCAATCGTGT CTGCACTGGT TCACGAGGAA CAATCTAACA TTTATTCATT 

5161 AGCCTTTAAA TTACACATTC TATGTTCG'rT TAAGTGACCA TTAATTTGCC AATAACAGCC 

5221 TCTCCGGCAG TAGTTTCCAC ATCCCCTAAA CCCTCTGGGT GAAACTATTC CCTTCCAATC 

5281 TCCGCTAAAC CTTCTACTTC TAACAACAAA TCCAAGTCCT GTTCTTATCG ACCCCTCAAC 

5341 CATTGGCAAT ACTGTTTTCC GATCCATTCT GCCCAGACAC CTCAGAATAT TATGCCTTCA 

5401 AATGGATTTA CTTTCAGCCT CGTCTGTTCC GAAGAAAAGG GACAATTCAA TACTTACTTA 

5461 TAACTAAATA TTCCATTCCA GCCGACATCC CTCTAGATCT CCCTGTACTC GTTCTCGTAC 

521 AATTACATTT TCCCGATGCA TCTTTCCAGC AGTTTCAGCA TAACCTCAAA GTTCTAACAA 

5581 TCTCTACCTC AGCTTATAAA TGTAAATGCC TCCTATGCCT TCTTTGCTAC TATATCCAGT 

5641 TGCTCAGCCG CCTTCAGAAT CTGTGGACCT GCGTTTTCTG TTCACTAATT TTCTCGACAT 

5701 TTCTCGTCAT TTTCCCATCT GAACAGTGTA CTCGCTTGTC TTGTTGGTCT TCCTGAAGTG 

5761 CAGTTCCTCA CACTTTTCGG CATTTAATTC CATTTGTCGC CTGTGCACTA ATCTAGCTAG 

5821 TCCATTGTCT TCCTGCATTA TCCAGCTTTC TTGTTCGCAA CCACACTGCC AAATGTGTAT 

5881 CATCGAACAA CAATCATACA GGCACTCATT GATATGCGGA CCCTTTGTTC CCTGCCTCTG 

5941 AGCCAATTTC GGATCCAACC TGTTCATCCT ATGTGTGAAC TTAACAAGGT CCTTGCTAAA 

6001 ATCCATGTAG ACTATACCAA AAATATTGCC GACATTCACC GCTTCATGCT ACCTGCTCAA 

6061 AAATACCAAT TAACGCTATA AAGAAACAAA GAAACAAAGA ACAACCCAGC ACGGGAAACA 

6121 GGCCCTTCGG CCCAACGACC CCGCGCCGCC GCATCACCCT ACACCTATTC TACCCTGCGT 

6181 GTCTCCGAAT GGAACCCCTA ACTTAGCCAG ATTCAGGGGA GAATAGTGTC AATTTGGTAA 

6241 AACCAATCAG CCTAAGAGCA CATCTTTGGG GTGTGGGAGG AAGCCGGAGC CCCCGGAGGA 

6301 GACCCTCGCA ACCACAGGGA GAATGCACAA ACTCCCACAG ACACAGGGCC AAATCCATGT 

6361 ATCTGCACAG CTAGCAGTGC GAGTCACCGA GCTGTTGCGG CGCCCGTCTA CCGGTCCAGG 

6421 ATCAAGCACA CACACCGACA CGAAGTACTA GGCCACTCCC GGAACTTCCA AGAGCAGCCC 

6481 ACGCACGACC CACCGTGTGC ACGCCCCTCG TTTGACACGA GGTGGACCTC CACCTGCGGA 

6541 ATAAAAAGAC AAAAACGTTA ATCTTACAAG TCTGCTTTTC CGGTGTCTCC CGAGGTTCTA 

6601 ACCTTATTTA ATAACCCCTA CCATAACCCT CCATCCTCCA TCACCTATGG GGTGAGATTT 

6661 TCCGGCAGCA AAGCCGTGAT CGCTATATTT GATTATGGCG CGTTTATTCC ATTAGTTCTC 

6721 CCTTCAGTGA GGTTTGGTTC ACTGGCCTAT AATTATGCCA CCCCCCTTTC GCCCTTTGAC 

6781 AATTTCATCT CTCTTCCTGT C'rCCAAGAGT CAAACCTGCT CCGGGCCCGA TTGGAAAACT 

6841 GTGGTCAGGG TCTCTTCCCT TCTCAATCTT ACTTTCCCTT TTTTATTACT TGCTTCTTCA 

6901 AGTCATTTGT TTACTGGGCT ATACTACGGT GAAATGGACC AGCATGAGGC AAAAAGGGAA 

6961 AAAATGCTTT TGAATATTTG AGTTGTTACT TTAAGAAATC AGATCTGGTG AAAATGCCGG 

7021 TGTAAAAATA ATTCACTTAA GTCCACTAAA TAGAAGTCGA TCTTCACACT TGCTCATCGG 

7081 TGCAAACATT TGAGATGATC CAGCGAAACT CTCGGGGGCG CAGGAAGAAG ATACCAGTTT 
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7141 TGAAATAAGT TCTTGCGGCA TTTGTCTGCC GACTCAGTTT CAACATCCAA ATTACATTCC 

7201 AACAAAAAAT ATAAGACGAA TTTCTAGCTC CAATGACAAT CGATTTTTTA CCGACAGCGA 

7261 CAAAACCCAT ATTGCTGTTG TAGCCGACAT GATACCTCAA TGTCAGGGCG AA'rTGTAAAA 

7321 GGTTAGCCTG ATACTTTTAG TTTGAAATGG ATATTCATAT CTGAACCCTT TCTTCGAAGC 

7381 CTTACAATAT ATTAACGTAT TTACTGAGCG TTTCCCCATT GACTGTGATA GATGGTAACT 

7441 TAAGCGCCAA ATGGTCACTT AAAGAGACAA GATTCTAATA CAACGCCCTT TCAGCTTTGC 

7501 GAATATCGAC TAATGTCAAA GGAACGAAAA TGCAAACCTG CATTGACTTA GCGCCGACCA 

7561 CGGCCTCAGA ACATCCTCAC AATTAAGTGT GAAGTAGAAT CATTCTTCCA ATGTCAGAAT 

7621 CATGGCTCCC TACCTAAGAA CATAAAGATC TCACAGTCCA TCTGCTTTGA CGACAAGGTG 

7681 TGAGAGATAA ATAATTATGA GGACATGTTT GATTTATTAC TGGCCTTTTG AGGGTGTCAT 

7741 TCAGTTATGT TGTTATATAT TAGAATTGTT TACAATATTT ATTAGAAACT CTTCCTCTCA 

7801 GCTGCAACAA ATCGTTTGTG ACACTCCACT CCGAAAAAAC GTCTCCAAAC ATTTCCATTG 

7861 CGACAGGGAG ATATTTGTTA AGATTTACGC TGCATCGTCA CTGTTGGTC'l' GGGCGGGACA 

7921 CGGGGTGAAG CCGTGGCAAA GAATGTACAC AAACCCAAAT ATCAGTCCAG TATGTAGGAC 

7981 TTGCGTCAGA GAAATAAATG GTGACAGAAT CAAACAAGAA TTTCATTGTT TAGAATCGAG 

8041 GTTTTGAAGT TGCAAACTAC AGAAATGTAG CCGTCAGCAT AGGTTCCAAT ATTGACCCCA 

8101 AATTCTGAGT GATTAGCGTT ATTTTGAAAT TCTCGGTGTT CGCGACATTG GCTCGGACTG 

8161 CGTTGCCTCA GATCGCAAGT GGATGCATTG AATCTCCCTT CCTAG'rTTTC TCTTTAATAT 

8221 TACAAACTCC AATATTTCCT TTAGATCAGA TTTTATTTGT ATGTTCCTGT CCTTTCAGGG 

8281 AAACAAAGAA AAATCTTCTC AGGTTGTATA TGTTCAAGAA ACAGAGTCCA GGCTTTTTGC 

8341 ATTTGGCATC AATAAGATTC CAATGTATAA AATCTATACA TTCTTGTAGA ATAATACCGA 

8401 CTTAAAAAAA ACAATTTGAA GAAGGTGGAA CAATGAATCA GTCATTTATG CTGATTTTTA 

8461 ATGGATGTGC GATCCTTGTC TCTACTTTCC AGGTCCACGG AGCCCCACTG TGTCTGTCCT 

8521 TCCGCCTTCA TCGGATCAAA TCACAGCGAA GAACATGGCG ACCCTGGTGT GTTTGGTGAG 

8581 CGGTTTTGTC CCAGGAGCTG CGGAGATTGA ATGGACTGTC GATGGCAGCG TCAGAGGGAA 

8641 TGGGGTTGAG ACCAGTCGGA TCCAGCAGGA GGCGGACAAC ACGTTCAGTG TGAGCAGTTA 

8701 TCTGACTCTG TCAGCCTCAG AGTGGAACTC ACACGAGCTT TACTCCTGTG TGGTTAAACA 

8761 CGAGACTCAA GCAAACCCGC TTCAAACAAG CATCTCCAGA TCCAGCTGTA TGTAbTACAT 
** **** 

8821 GCATCTAAhG CGTTTTTGTA TTTTGCCGTT AGTAAhGTTT TATTTCTAAh TAhATTCGGC 

8881 AAhTAGTGGA ACATTTCAAh CAGTTCATCA CAGTTTGTAG CAGATCGGCT GATTCCCTTA 

8941 ATTTCACTTT AhCTGTGTTC ACCCTGAhTG GATCAAhGCT T 
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APPENDIX E: COMPLETE DNA SEQUENCE OF GENOMIC CLONE T46 

Promoter Elements: the octamer (ATTTGCAT; 24-31) and putative TATA boxes 

(reverse orientation sequence TATGAA, 38-43; and AATAAA, 118-123) 

sequences are bolded and starred. 

Leader Sequence: coding sequence (150·198, 339-348) is underlined; the intron (199-

338) is in plain text. 

Variable and Joining Gene Sequence: coding sequence (349-686) is bolded; framework, 

FR, and complementarity determining region, CDR, are indicated by dashed 

arrows above the sequence. 

Constant Region Sequence: coding region sequence (5413-5732) is bolded; 

3' untranslated sequence (5733-5949) is underlined and the polyadenylation signal 

sequences starred (AA TAAA; 5789-5794 and 5930-5935). 

******* * *** *** 
1 GGCCTAATAT CACGTGACAG GAAATTTGCA TACGTAATTC ATATTCATTC GCCTTGCGGT 

*** 
61 GTTTGAATCT TTTTAAGGAG AGGTTGGAAT GGACTCAGAA GCGCATTCGT GTCAGGATTT 

*** 
121 ATTTTCTCTC CTCTCCCCAA ACCTTCACCA TGACACbATC GATTGGAGTT CTCGCCGCAC 

181 TGATACTCTG TTTCCACAGT AAGTACGGGC GTCGGCCTGA AGTAACGCTC ACTTTTTTCA 

241 CATTATCTGC TTCTGCGCTT GTGTTTTAAC GAACTTGAAT TGTGAGCTAT ATTCAACATT 
FR1----------

301 TCACAGTGTG TGACTGACAA TACTTTGCAT TTCACCAGGT ACAATTGCGG ATCCTGTCCT 
----------------------------------------------------------->CDR1-

361 GACCCAACCA GGATCCATTT CGTCCTCACC GGGAAAGACC GTCACCATCA CTTGCACCAT 
------------------------------------>FR2-------------------------

421 GTCCGGAGAC ACCATTAGCA GCTACTACAC GAGCTGGTAC TGGCAGAAAC CCGACAGTGC 
------------------->CDR2------------------>FR3-------------------

481 CCCTGTGTTT GTTTGGTACG AGAGCTCTGG TACAGCGTCG GGTATTCCAG ATCGATTCGC 

541 CGGGTCTGTG GACTCATCGA GTAACAAGAT GCATTTAACC ATCACCAACG TGCAATCGGA 
----------------------->CDR3------------------------------->FR4--

601 GGATGCTGCA GATTATTACT GTGCTGCGCG GCGCAGCGGT GCAAATACAT TCATTTTCGG 

---------------------------> 
661 GAGAGGAACT AAGTTGAATC TGAACAGTAA GTAAATCACT TAAATGTCCT CTAACATCTG 

721 TGACGCTGTC TTAATAACAA AATTTCCTCC AAACGGTCGG ATAGGTGGAT TGAATTAGTG 

781 AAAATCAAAA TGATTGCTCA TAAAATATTT TTATGGGGGA TCTTTGATTC AGCAGCCAAT 

841 AATATTGCAG CGATAGCTGG GTTCAGACCT TCGGCGATTT TCTGGAGTGT GTGCAGTCCC 

901 GGTCTGCTCT GCTGGGACTG TCCAGATTTT TGCGCCGCCT GATCCAGTCG GCAGCCCAAG 

961 GAGATGATTT GAATGCGGGT TGCTAGAAAG ATGGGATGTT TTCATTCGCT CAGCCAGTGT 
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1021 TAGGAGTGCC CCAGATGTAC GAACACCGCG AGCGGATCTA TAATTAGCAA GGCGATAAAC 

1081 ATTTCAAAAG TGAAAAACAA CAGGCGTAGA TTTGAGCTAA CTGAGCATGT TTTTTACAAG 

1141 CCACGATCGG CCCCTTGTGT GCTCTAGAAT TCCACGATTG TATGAAGGCG ACATGGTGGT 

1201 TCAGGCTGTT TCACACGCTG CCCTTGTGGT CTGATTTAAT GGGCTCGAAT TCCATTCAAA 

1261 AGAACAAAGA AAATTACACG TAGGAACAGG ACCTTCGGCC CTCCAAGCCT GCACCGACAA 

1321 AGCTGCCTGA CTTAACTAAA ACCGCCGACC CTTCCAGGGA CCATATCTCT CTATTCCCAT 

1381 CCTATTCATG TACTTGTCAA GACGCCCTTT AAAAGTCACT ACCGTATCCG CTTCGACTAC 

1441 CTCCCCCGGC AACGAG'l'TTC AGGCACTCAC TATTCTCTGT AAAAAATCTG CCTCGTCCAT 

1501 CTTCTTTAAA CCTTGCCTCT CGCACCTTAA ACCTATACCC CCTAGCAACT GACTCTTCCA 

1561 AACTGAGAAA AAGCTTCTGA CTATCGACTC ATTCCATGCT TTTCATAACC TTGCAGACTT 

1621 CTATCAGGTC TCCCTCAAAC TCCAACGCTC CAGTCAGAAC AAACCAAGTT TGTCCAACCT 

1681 CTCATCGTAG CTAATCCCGC CCCCCCATAC CATACCTGTT AAATCTTTTC TGTACCCTCT 

1741 CCAAAGACTC CATATCCTTC TGGTAGTGTG GCGACCAGAA TTGAAAGTTA TATTCCAAGT 

1801 GCGGGCAAAC TAAGCTTCTG TAAGGTTCAC ATCAGGCTAC TTCATTCCAC GTAAAGCAAC 

1861 ATTATGTTTT AAAATCTTTT TTGCATTGAG TCTGCCACTC ACTCCCACTG G'rCCCCAAAC 

1921 TCACTGAAAA TCGTTCAATA CAAGATTCTC AGCCTAACAG TTCGGATTAA TCCCGGGTGT 

1981 CCAAAATAAC CATACTGTTG CGAGAATTCC GCCAGTAATA ATCCACCCTG ATTGTTACTG 

2041 GATCACATAG TAACAAACAT CAAGGATGAG CAGGATATTT GCTTTGTCGG AAATTACGGT 

2101 TCATTTTCTT CCTATCCAAT CAGTTGTTTT GGAATGTCTC AGAATACGTT GCCAGGTTTT 

2161 TGACTATCGT TGTGGACTTG TTCAGATTGC TACTGGTTCT GTGATTGTCA GTGAGTTGTA 

2221 ATAGAACAAA ACGTGGGGAT TACTGCCATT TTTATTGATT CATGGGATAT GATCAGAAAG 

2281 CATTTGTAAC AGGTACACCA CAGAGGAGTT AAGAA'rTTTT GGCCAAGGAA AGGCGGTATA 

2341 GTTCTACTTT GGTATGCTGT GTAACTTGAT GGGGATTTAC CAACTGGTGA TGCTGCCTTG 

2401 CATCTGCTGC GAGTGAGTTC GTCCAGTGGA AGACATGGCT GGTTTGAAAG CTCTTGTCAG 

2461 AATTGCGGCA GTGTACCTTA TAAATATGCA CACTGTAGCC CTGTGCGTCA GTGAGGGAGG 

2521 AAAGCAATAT AATATATTCG CAGAATCATC GAATGATATA TCTTTACAAC ATTGTTACAA 

2581 TCTACTTGGC CAATCGTGTC TGCACTGGTT CACAAGGAAC AATCCAACAA TTAATAATTA 

2641 GCCTTTCGAT TTACACTGTA TGTGCGTTTA TGAGTTCACT AATTTGCCAA TAACAGCCTT 

2701 TCCGGCAATA GGTTCCACAT CCCCTAAACC CTCTGGTTGA AATTATTCCC TTCGAATCTC 

2761 CGCTAAACCT TCTACTTCCA ACGCTAAATC CAACTCCCGT TC'l'TATCGGC CCCTCAACCA 

2821 TTGGCAATAC TGTTTTCCGA TCCATTCTGC CCGGACACCT CAGGATATTA TGCCTTCAAC 

2881 TAGATTTCCC TTCAGCCTCG TCTGTTCCAA AGAAAAGGGC AATCCAATAC TTACTTAGAA 

2941 CTAAATATTC CATTTCAGCC GACATCCc'rc GAGATCTCCC TGTACTCGCT CCCCTACAAT 

3001 TACATTTTTC CTATGCACCT TTCCAGCGGT CTCAGCATAA CCTCCAAGCT GTAACAATCT 
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3061 CTACCTCGCC ACATAAATGT AAGTGCCTCA CATGCCTTCT TTGCTACCAT ATCCACTTGC 

3121 TCAGCCGCTT TCAGGATCTG TGGACATGCA TTTTCTGTTC ACTAATTTCT CTACATTTCA 

3181 TGGCATTGAC CCATTTATAC AGTGTACTTG CTTGTCTTGA CGTTCCTGAA ATGCAGTTCC 

3241 TTACACTTCT CCGCATTTAA TTCCATTTGC CGCTGTTGCA TTTATCTGAC TAGTCCATTG 

3301 TTGTCTTCCT GCATTATCCA GTTTTCTTCG TTCGCAACCA CGCTGCCAAA TTTGTATAAT 

3361 CTAACAACAA TCATAGAGGT ACTCATTGAT ATACGGACCC TTTGCTTCCT GCATCTGAAC 

3421 CAATTTCGGA TCAAACCTGT TCATCCAATT TGTGAACTTA ACAAGAGCCT TGTTAATATC 

3481 CATGTAGACT ATACCAAAAA TATTGTGGTC ATTCACCGCT CATACTACCT GCTCAGAAAC 

3541 ACCAATTCAT GCTGGTGGGT TGAGATTTTC CGCCAGCAAA GTCGTGATCG CTGTATTTGA 

3601 TTATGCCGCG TTTATTCCAT TCGTTCTCCC TTTAGTGAGG TTAGGTTCAC TAGTCTATAA 

3661 CTATGCTACC CCCCTTTAGC CCTGTCACAA CTTCATCAGT CATCCTGTCT CCGAGAGTCA 

3721 AGCCTGCTCC AGGCACGATT GGAAAATTGT AGTCATGGTC TCTTCCCTTC TCAATCTTCC 

3781 TTTCCTTGAT TTTTTTTATT TTTTCTTCAA GTCATTTATT GATTGAACTA TGTTGCGGTG 

3841 AAATGGGTTG CATGAGGCAA AAAGGGGAAA AAAAAGCTAT TGAATATTTT AATTGTTACA 

3901 TTAACAAATC AGATCTGGTG AAAATGCCAG CGTAAAAATA ATTCACTTAA GTCCGCTGCC 

3961 GTTTAAATAG AAGTTGATCT TCACACCTGC TCATCAATGC AAACATTTGA GATTATCCAG 

4021 CGAAACATTC GGGGGCGCAG GGAGAAGATA CAAGTTTTGA AATAAGGGCT GGCGGCATTT 

4081 GTCTGCCGAC TCAGTTTCAA CATCCAAATT ACATTTCAAA AAATAAGACG AATTTCTCGC 

4141 TCGAAAGACA ATCGATTTTT AGACCGACAG CGACAAGCCT CATACTGTTG TTGTAGCTGA 

4201 CATAATACCG CAATGTCAGG GCGAATTGTA AAAGGTTAGT CTTATCCTTT TAGTTTGAAA 

4261 TGAATATTCA TATCTGAACC ATTTCTTCGA TGCCTTACAA TATCTTAACG TATTTACTGA 

4321 GCGATTCCCC ATTGATAGAT GTGGTAGATG GTAACTTAAG TAGTAAATAG TCACTTAAAG 

4381 AGACAAGATT CTGATACAAC GCCCTTTCAG CTTTGCGAAT ATCGACTAAT GACAAAAGAA 

4441 AGAAAATGCA AACTTTCATT GACTTAGCGC CGACCACGAC CTCAGAACGT CCTCACAATT 

4501 AGGTGTTTGT GATGAAGAAT CATTCTTCAA ATGTCAGAAT CATGGATCCG CTATCTAAGC 

4561 ACAGTAAGAC CTCACACTCC ATCTGCTTTG GCGACAAGGC TGTGCGAGAT AAATAATTAT 

4621 GAGGACATGT TTGGTTTATT ACTGGCCTAT TGAGGCTGTC GTTAGGTTAT GTTGTTATAT 

4681 ATTAGAATTG TTTACAATAT TTATTAGAAA CTCTTCCTCT TAGCTGTAAC AAATCGTTTG 

4741 TGACACTCCA CTCGGAAAAA ATGTCTCCAA AAATTTCCAT TGCGACAGGA AGTTATTTGT 

4801 TAAGA'rTTAC GCTACATCGT TGGTCTGGGC GGGACACGGT GTGAAGCCGT GGCAAAGAAT 

4861 GTACACAAAC CCAAATATCA GTCCAGTATG TAGGACTTGC GTCAGATAAG TGTAAATGGT 

4921 GACAGAAGCA AACAACCGAT TTCATTATTT AGAATTGAGT TTTTTGAATT GCAAGATACA 

4981 GAAATGTTGC GGTCAGCATA AGTTCTAATG TTGACCCCAA ATTCTGAGTG ATTAGCGTTA 

5041 TTCTGAAATT CTCGGTGGTC GCGACGCTGG CTTGGGCAGC GTTGCCTCAG ATCACAAGTG 
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5101 GATGCACTGA ACCTCCCGTC TTATTTTTCT CTTTAATATT TCAAACTCCA CTATTTCCTT 

5161 TAGATCAGAT TTTATTTCTA TGTTTCTGTC CGTGCAGGGG AAAAAGGAAA ATCTTTTCAG 

5221 GTTGTACATG TTCCAGAAAC TAGAGTCCCG GCCTTTATGC ATTTGGCATC AATAAGACTC 

5281 CACTATATAA AATCTATACA TTCTTGTAGA ATAATACCGA TTAAAAAAAG ACAATCTGAA 

5341 GAAGGTGAAA CAACGATTCA GTCATTTATG CCGATTTTTA ATGGACGTGC GATCCTTGTC 

5401 TCTACTTTCC AGGTCCACGG AACCCCACTG TGTCTGTCCT TCCGCCTTCA TCGGATCAAA 

5461 TCACAGCGAA GAACATGGCG ACCCTGGTGT GTTTGGTGAG CGGTTTTAAC CCGGGAGCTG 

5521 CGGAGATTGA ATGGACTGTA GATGGCAGCG TCAGAGGGAA TGGGGTTGAG ACCAGTCGGA 

5581 TCCAGCAGGA GGCGGACAAC ACGTTCAGTG TGAGCAGTTA TCTGACTCTG TCAGCCTCAG 

5641 AGTGGAACTC ACACGAGCTT TACTCCTGTG TGGTCAAACA CGAGACTCAA GCAAACCCGC 

5701 TTCGTACAAG CATCTCCAGA TCCAGCTGTA TGTGATTCAT GCATCTbATG CATTTTTCTG 
** **** 

5761 TTCTGCCGTT AGTAAhGTTT CATTTCAGAb TAbATTCCGC bAATAbTAGA ATATTTCbAA 

5821 CATCTCATCA CAGTTTGTAG CAGATCGGTT GATTCAbTTC GTTTCATTTT ATCTGTGTTC 
* ***** 

5881 ACCCTCAbTG GACCAGAGCT TCAbTGTAbT GTTATTGATA TTGCTGCGTA ATAAAATCAT 

5941 TATACCGTTA TCTCGACCGA TGTTCTGTTA ATCTTCTTCT CCCCTTAAAA ACAATTAATG 

6001 ATAGCATTCT AAAGGGAATT AAATGATGAG ATTATATTGT GATATTCTGC ACATTCTTTT 

6061 AAAAGCCAAT GACACCCAGA CACAACAAGG AGATGATCGA TGACATTAAA TTAACACCAT 

6121 GAAGTAATAT TGCAACATTT TTTTAAATGG ACCTAGTTAT ATTCTGCCAT TGTAATGAAC 

6181 TGTGTCTCGA GATTCACAAG AATACACTAA CGGGCAGACA TTTCTAATCC GCCTGGTTAC 

6241 AAATATGCAG GGCAAACTCC GTCACTGCCT CATTTTTTAA TGCAGCAGAT GCCATACGGG 

6301 TTCTGGTACA GCGAGTCATT CTTTTAATAT ACTGTCCGAT TACTTGAATT GGCCTATAAT 

6361 GATTATATTG AAGGAGGCGC TTTACTAACA AAGGAGACAA ATGTCGATTC CTGAGGATCA 

6421 TTTCTGGAAT GAGGTTATTT TGCCGATCGA ATTGAGGGTT AGAGTGATTC ATAAACATAG 

6481 AACCATAGAA ACATAGAAAA TTACAGCTCA GAAACAAGCC TTTTGGCCCT TCTTGTCTGT 

6541 GCCGAACCAT TTTTTGCCCA GCCCCACTGA CCTGCAATTG AAACATATCC CTCCACACCC 

6601 CTCTCATCCA TGAACCCGTC CAAGTTTTTC TTAAATGTTA AAAGTGACAA AGTGACATGT 

6661 CGGCAGATCA GGTTAAGTTC TGGAGGCACT GAAAACTGGC TGACTCTTCG GTATTCATAG 

6721 ATAACAAAGT GAATTGACCA GTGAATTC 



LB media 1 liter 

5 g NaCI 

APPENDIX F: BACTERIAL CULTURE MEDIA 

10 g Bacto-tryptone 

5 g Bacto-yeast extract 

pH 7.5 

Autoclave to sterilize 

Super broth media 1 liter 

10 g NaCI 

35 g Bacto-tryptone 

20 g Bacto-yeast extract 

0.5 ml 10 M NaOH 

Autoclave to sterilize 

Terrific broth media 1 liter 

Bacterial media (900 ml) 

12 g Bacto-tryptone 

24 g Bacto-yeast extract 

4 ml glycerol 

Phosphate buffer (100 ml) 

12.54 g K2HP04 

2.31 g KH2P04 

Autoclave 2 solutions separately then mix when cool. 
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NZCYM media 1 liter 

22g NZCYM powder 

pH 7.5 

Autoclave to sterilize 

Antibiotic Stock Solutions 

Ampicillin - 25 mg/ml in water, filter sterilized. 

Tetracycline - 12.5 mg/ml in 1: 1 mixture of ethanol/water. 
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