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Stellingen 

1 Temperature-dependent regulation of ß2m transcription and its implication on MHC 

class I cell surface expression could explain the occurrence of "winter kills" in 

aquaculture. Dit proefschrift. 

2 If ontogeny reflects phylogeny, MHC class II genes evolved before the class I genes. 

Dit proefschrifi. 

3 "PCR hell" can be heaven in science. 

4 Some things get done better after office hours ... ! 

5 The wide distribution of a PhD thesis reduces the individual scientific work to a mass 

product. 

6 When so many hours have been spent convincing myself that I am right, is there not 

some reason to fear I may be wrong ? 

- Jane Austen -

7 There is an obvious discrepancy between scientific achievements of researchers and 

their present status within the university. 

8 Nowadays we do not die anymore from dangerous things, we live so long that we die 

from things generally considered harmless ... (comment made in the Zodiac cantine 

about the soup). 

Stellingen behorend bij het proefschrift 
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Chapter 1 

General Introduction. 

Published in part in: 
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1. The Organization of the Teleost MHC 

The mammalian major histocompatibility complex is a set of linked genes spanning 4 Mb 

which encode among others products involved in antigen presentation, notably the MHC class 

I and class n genes (Campbell et al., 1993). The complex is also unique in the sense that it 

contains an unusually high density of transcribed genes. While the ß2-microglobulin gene is 

not located in the MHC of mammals, its gene product is non-covalently associated with MHC 

class I. Since the ß2-microglobulin gene may also have a common evolutionary origin with 

the other MHC genes, a discussion of its teleost representatives has been included in this 

introductory chapter. In mammals the MHC also contains several other genes such as those 

encoding complement factors and the 70 kiloDalton (kD) heat shock protein (HSP70). These 

genes, sometimes referred to as the class in genes, are located between two discrete regions 

containing the MHC class I and class II genes. This organization is different in the MHC of 

mice and rats, where one class I gene is located beyond the class n genes, which are separated 

from the remaining class I genes by the class in region as usual (Klein, 1986). 

1.1. The Teleost MHC 

The organization of the genes within the teleost MHC is unresolved at present. While 

experiments using mixed lymphocyte reactions have indicated the existence of multiple MHC 

loci in both carp and trout, as reviewed by Stet and Egberts (1991), the recent isolation of 

several teleost MHC genes now makes it possible to effectively establish segregation patterns 

of these different MHC genes. While there has been some discussion regarding the fact that 

in zebrafish (Brachydanio rerio) class n a and ß gene pairs were found clustered on the same 

genomic clones, but that they segregate away from the ß2-microglobulin gene, nothing has 

yet been published in this regard (Kronenberg et al., 1994). The HSP70 gene may be contained 

in one MHC cluster, while some of the other known MHC genes are in another, similar to 

the situations found in chickens and Xenopus. A complicating factor in this kind of analysis 

is that some of the currently known teleost MHC genes may in fact be pseudogenes or 

non-classical (see discussion below) in which case they might not be located near the classical 

MHC genes at all. More information regarding the functional status and expression patterns 

of these genes by means of serological detection of the gene products will be required in addition 

to data about the linkage groups, before a comprehensive map of the teleost MHC can be drawn. 

Given that the avian, and perhaps the amphibian, MHC regions show little of the organization 

into discrete regions found in the mammalian MHC's, it is difficult to predict what we will 



4 Chapter 1 

find in the teleost MHC. However, the fact that the heavy and light chain immunoglobulin 

genes are arranged in different fashions in cod (Gadus morhua) and rainbow trout 

(Oncorhynchus myJdss) (Daggfelt et al., 1993), and in various manners in many other species 

(reviewed in Pohajdak et al., 1993), indicate that some surprises may be found in the 

organization of the fish MHC. In the next few years the organization of the fish MHC will 

certainly be elucidated, and hopefully it will bring information that will aid us in understanding 

the evolutionary origins of the MHC and the genes within it. 

1.3. Teleost MHC Gene Structure 

Very little is known about the intron-exon organization of the teleost MHC and 

ß2-microglobulin genes, as only a few full-length genomic sequences have been obtained to 

date. The investigation of the teleost MHC has so far mostly involved the isolation of cDNA 

clones or PCR fragments containing only partial genomic sequences. The gene structure of 

the ß2-microglobulin gene is, however, better documented. The intron-exon structure of a 

gene can reveal a lot about its evolutionary origin by showing evidence of exon-shuffling or 

intron-loss. The evolutionary processes which produced MHC genes, and other genes of the 

Ig super family, from an ancient gene encoding possibly an immunoglobulin-like domain is 

still unknown. Perhaps the intron-exon structure of teleost MHC genes will provide some 

clues regarding this question. What little is known about the intron-exon structure of teleost 

MHC genes now follows, but it merely illustrates that they contain many interesting features 

and deserve further study, before firm statements can be made about their origin. 

1.3.1. ß2-Microglobulin 

Mammalian ß^microglobulin {B2m) genes contain four exons and three introns (Klein, 1986), 

as shown in figure 1A. Exon 1 contains the 5' untranslated sequences, and encodes the leader 

sequence and two residues of the mature protein. Exon 2 encodes the bulk of the mature protein 

(93 out of the 99 amino acids (aa)), while exon 3 contains a small part of the coding sequence 

(4 aa) and part of the 3' untranslated sequence. The rest of the 3' untranslated sequence is 

encoded by exon 4 (Klein, 1986). In most mammalian genes the first intron is the longest, 

for example the first intron of the human B2m gene is 4.5 kb long (Gliissow et al., 1987). 

One of the most important features to note when discussing introns is phase. The phase of 

an intron is the position within the codon where it interrupts the coding sequence. A phase 

1 intron divides the codon between the first and second nucleotide, while a phase 2 intron 

divides the codon between the second and third nucleotide and a phase 0 intron divides exactly 

between codons. The introns of mammalian MHC genes are all first phase introns. 
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A) 
ß2-microglobulin 

Class II ß 

B) 
Brre-B2m 

Cyca-UA 

Brre-DXA, -DBB, 
-DCB, -DEB 

Auha Class II ß 

Brre-DAB4 

5' or 3' Untranslated 

Intron 

W Leader Peptide 

• Extracellular Domain 

Connecting Peptide & 
Transmembrane Domain 

Q Cytopl lasmic Domain 

Figure 1. (A) The possible intron-exon structures of mammalian MHC genes. Class I a represents 
the structure of mammalian classical class I MHC genes (see text). (B) The structures of the full-length 
teleost MHC genes known to date. ßrre-B2m, zebrafish ß2-microglobulin (Ono et al., 1993a). Cyca-UA, 
carp class I (vanErp etal, 1996a). Brre-DXA, zebrafish class II a (Sültmann et al., 1993). Brre-DBB, 
-DCB, -DEB, zebrafish class II ß (Sültmann et al., 1994). Auha Class II ß, a composite gene structure 
constructed from the sequences reported by Ono et al. (1993c). Brre-DAB4, zebrafish class II ß (Ono 
et al., 1992;Sültmann et al., 1994). The key below indicates which exon (or part of an exon) encodes 
each protein domain or untranslated region. Since intron/exon boundaries do not always correspond 
to protein domains there may be one or two codons from a domain in the previous or following exon. 
These have been omitted in this figure for clarity, however. Question mark indicates the position of 
the 9 bp gap in the Brre-Klra gene (see text). Since intron size can vary greatly, even within a single 
species, this figure is not drawn to scale. 
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The only teleost S2/n gene for which the intron-exon structure is known is from the zebrafish 

(Brachydanio rend) (Ono et al, 1993a). While it is much shorter than the corresponding 

mammalian genes (only 2.5 kb in total length), its structure closely resembles mammalian 

B2m genes, with one possible exception (see Figure IB). The 5' untranslated sequence and 

the sequence encoding the leader are found in exon 1, which is followed by a 1 kb intron. 

Exon 2 encodes most of the mature protein, and exon 3 contains a sequence encoding the last 

four amino acids, the stop codon and ten nucleotides of the 3' untranslated sequence. Following 

this there is a 9 base pair insertion or deletion, which the authors suggest may be an intron 

(marked by a ? in Fig. IB), followed by 13 bases of 3' untranslated sequence, then a 94 bp 

intron and an exon containing the rest of the 3' untranslated sequence (Ono et al., 1993a). 

All of the teleost B2m introns are phase 1, consistent with that of mammalian B2m introns. 

The 94 bp intron corresponds with the third intron of mammalian B2m genes, but the alleged 

9 bp intron is without precedent. It begins with a GT and ends with AG, and is absent in 

some cDNA sequences from different individuals of the same species (Ono et al., 1993a) 

and also from the only other known teleost B2m sequence (Cyca-B2m\ Dixon et al., 1993). 

As the libraries used in these experiments were from poly A+ mRNA pooled from a number 

of individuals, it was not possible to determine whether this insertion or deletion represents 

allelic variation between individuals, or has a transcriptional basis. Further evidence for allelic 

variations in teleost B2m genes was shown by Southern blot analysis of carp and tilapia DNA, 

which indicated the presence of different alleles of the B2m gene. In fact there may be multiple 

copies of the gene in carp (Dixon et al., 1993). The conclusion that the multiple bands represent 

alleles was based on the assumption that the B2m gene would only be present in a single copy 

per haploid genome as it is in mammals, but, given that there may be two MHCs in chickens 

and Xenopus, perhaps this observation indicates that there are in fact two copies of the B2m 

gene per haploid genome in fishes. In any case, there are still some interesting features waiting 

to be found in teleost B2m genes. 

1.3.2. Class I MHC Genes 

Class I MHC genes encode the large polypeptide chain which, in association with B2m, 

forms the functional class I antigen-presenting molecule. The class I a chain consists of three 

extracellular domains, as well as a connecting peptide, transmembrane domain and a cytoplasmic 

domain. The genes which encode these polypeptides are generally very conserved in structure. 

In mammals there are two types of class I MHC genes, classical and non-classical. Classical 

class I MHC genes encode polypeptides which form receptors to present intracellular peptides. 

Non-classical class I genes, however, can be distinguished from the classical genes by several 

criteria. Firstly, there is a high degree of sequence dissimilarity between the two groups, 
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secondly, non-classical genes are expressed in an erratic or tissue-specific manner, and thirdly, 

the polymorphism of non-classical genes is much lower than that of classical genes (Klein 

etal., 1994). Many of the non-classical sequences reported are in fact pseudogenes, and those 

which are expressed do present antigenic peptides, but in a limited number of tissues (Bahrain 

et al., 1994), and/or peptides of a different nature than classical class I genes, resulting in 

different activation patterns as reviewed by Shawar et al. (1994). 

Mammalian classical MHC class I genes consist of eight exons and seven introns (réf. 7, 

see Fig. 1A). Again the 5' untranslated sequence and the sequence encoding the leader peptide 

are found in exon 1. Exon 2 encodes the a, domain, and exons 3 and 4 encode the a2 and 

a3 domains, respectively. The connecting peptide and transmembrane domain are encoded 

by exon 5, and exons 6 and 7 contain sequences which encode the cytoplasmic domain. The 

final part of the cytoplasmic domain and the 3' untranslated sequence are found in the last 

exon. Once again the introns are all phase 1. The third intron is the longest, and can be up 

to 2 kb long in mouse class I genes (Klein et al., 1986). 

While some non-classical class I genes in higher vertebrates can have the same intron/exon 

organization as the classical genes (Steinmetz et al., 1981 ;Watts et al., 1989), it has also been 

demonstrated that, in addition to the above-mentioned differences, some non-classical class 

I genes can also have an intron/exon organisation different from that of classical genes (Bahrain 

et al., 1994;Mashimo et al, 1992;Nakayama et al., 1991;Wang et al., 1993). The exons 

encoding the 5' untranslated, leader peptide and extracellular domains are consistent, but the 

exons encoding the connecting peptide, transmembrane domain, cytoplasmic domain and 3' 

untranslated region vary considerably. For example, the cytoplasmic domain and 3' untranslated 

region can be encoded by a single exon (Bahrain et al., 1994;Mashimo et al., 1992), or the 

region encoding the connecting peptide, transmembrane domain, cytoplasmic domain and 3' 

untranslated may be contained in a single exon (Nakayama et al., 1991;Wang et al., 1993). 

These situations are similar to those found in class n a and ß genes (see Fig 1A), perhaps 

indicating a common evolutionary origin for these classes of MHC genes, or simply the loss 

of introns, a common event in gene evolution (Marchionni and Gilbert, 1986). Some of these 

sequences contain introns which are not phase 1, or sequences in the 3' untranslated region 

which are reported as introns, but since these sequences all represent pseudogenes these features 

cannot be considered as bonafide variations in MHC gene organisation (Nakayama et al., 

1991; Wang etal., 1993). 

There has been only one chicken MHC class I gene isolated to date, the B-FIV gene (Kroemer 

et al., 1990). It has a seven-exon, six-intron gene organisation; the only difference from the 

mammalian organisation is that the sequence encoding the cytoplasmic region is divided between 

two exons, not three. However the amino acid sequence derived from the cDNA clone used 



8 Chapter 1 

to obtain this genomic clone revealed a shorter than usual cytoplasmic domain. In addition, 

this genomic clone contained a putative exon between the two exons encoding the cytoplasmic 

domain. This putative exon would produce an amino acid sequence found in the cytoplasmic 

domain of the derived amino acid sequence from a similar chicken MHC class I cDNA, B-F19, 

making the cytoplasmic domain consistent with the size of those found in mammalian MHC 

class I genes (Kroemer et al., 1990). Alternative splicing events which exclude the 

corresponding exon from the resulting mRNA have been reported for these genes (Kaufman 

et al., 1994). Therefore, this clone is in fact an eight-exon, seven-intron gene (the same gene 

organisation as found in mammals, see Fig. 1A) which gives rise to two different products 

by alternative splicing. While the introns in this gene are all phase 1, they are much shorter 

than the introns of mammalian MHC class I genes, varying from 73 to 346 base pairs. The 

largest reported intron is the one which contains the putative extra exon, and therefore may 

represent two much shorter introns. 

Discussion regarding the gene structure of teleost class I genes is difficult since there have 

been no complete genomic sequences published to date. The only class I gene sequence published 

(TLAI al, later designated MhcCyca-ZAl) is that of Hashimoto et al. (1990). This sequence 

seems to be present in a genomic clone containing two regions, approximately 5 kb apart, 

with identical sequences based on hybridization and restriction analyses. The sequence analysed 

contains only three exons and two complete introns. The sequences in these exons correspond 

to exons 2, 3 and 4 of mammalian MHC class I genes, but the authors could not find an exon 

encoding the transmembrane and cytoplasmic domains or the leader peptide, despite the fact 

that they sequenced approximately 500 bp downstream and 3.5 kb upstream, respectively. 

The sequence directly before the first exon does end with a CAG splice consensus sequence. 

Although it is possible that the leader sequence is present further upstream, similar introns 

in mammalian class I genes are usually less than 200 bp. The two introns which are present 

in this clone are both phase 1, and are shorter than the mammalian equivalents ( 180 compared 

to approximately 200 bp, and 440 bp compared to an intron which is between 570 and 2060 

bp for mammalian introns 2 and 3, respectively). The fourth intron in mammalian class I genes 

is usually about 120 bp in size, but no exon was found 3' of the last exon. Unfortunately, 

the authors only sequenced some 500 bp downstream to try and identify the connecting peptide 

transmembrane, cytoplasmic, and 3' untranslated exons and corresponding introns, compared 

to the 3.5 kb that they investigated upstream. While the incomplete nature of these genes might 

indicate that they are pseudogenes, they may in fact represent non-classical class I MHC genes, 

since corresponding cDNAs have been obtained from kidney only. A limited expression pattern 

is one of the defining features of nonclassical MHC genes (Klein and O'hUigin, 1994). 

Our laboratory has recently determined the intron/exon structure of a new carp class I gene, 
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Cyca-UA (see Fig. IB, van Eip et al., 1996a). It has a unique intron/exon structure which 

consists of 8 exons and 7 introns. The introns are all phase 1, and are equivalent in size to 

mammalian genes; intron 2 is at least 1 kb, while introns 3 and 4 are both approximately 1 

kb long. The unique features in the organisation of this gene are in the exons encoding the 

cytoplasmic domain and the 3' untranslated region. Unlike mammalian class I genes the 

cytoplasmic domain is encoded in only two exons, the first encoding only 6 amino acids and 

the second encoding the rest. There is a unique intron 11 bp after the termination codon, 

following which is the exon encoding the remainder of the 3' untranslated sequence (Fig. IB). 

Introns in the 3 ' untranslated sequence are usually found in B2m genes, but not in MHC genes. 

This intron is located in a different position in the 3' untranslated region than the intron of 

B2m genes, however. It is most equivalent in position to the 9 bp gap found in the Brre-B2m 

gene, suggesting that perhaps this "gap" region originated as an intron, but has become 

nonfunctional. 

In conclusion, the intron-exon structure of teleost class I MHC genes appears to correspond 

well to that found in the exon 2 to exon 4 region of higher vertebrate class I genes, but the 

structure outside these regions seems variable. While the teleost class I MHC genes reported 

to date, like avian class I MHC genes, seem to contain smaller introns than their mammalian 

equivalents this may be a reflection of the function and phytogeny of the genes discovered 

to date, since genes with larger introns are now being discovered. 

1.3.3. Class n Genes 

Class n MHC genes are classified by their products; class n a genes produce the a 

polypeptide chain of the MHC class n protein and similarly class n ß genes encode the ß chain. 

Both of these polypeptides contain two extracellular domains, designated ô  and a2 or ß! 

and ß2, and the gene organisation follows a one-extracellular-domain, one-exon format. 

Class n gene structure varies in mammals (Klein, 1986). The class n gene can contain 

four, five or six exons, separated by either three, four or five introns, respectively (see Fig. 

1A). There are however some similarities consistent with MHC class I gene structure. The 

5' untranslated sequence and those sequences which code for the leader peptide are found in 

exon 1, as usual, with the addition of 4 aa of the ß! domain in the case the ß gene. The second 

exon contains those sequences which code for either the a, or ß, domain, and the third exon 

contains sequences for the a2 or ß2 domain, depending upon which gene is examined. Class 

I a genes have a consistent intron-exon structure for the sequences encoding the connecting 

peptide, transmembrane domain, cytoplasmic domain and the 3' untranslated sequences, however 

class n genes show some variation in this region. In class n a genes these four features are 

encoded by a single exon, or by two exons, in which case the 3' untranslated is either encoded 
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by a separate exon or in an exon including a short stretch of the cytoplasmic domain (see Fig. 

1A). This previous organisation is also found in class II ß genes, which can also have the 

connecting peptide plus transmembrane region, the cytoplasmic domain and the 3 ' untranslated 

regions encoded by separate exons. In class II a genes the first intron is the longest, usually 

greater than 1 kb, while the other introns are much smaller. In class II ß genes, both the first 

and the second introns are usually greater than 1 kb and can be up to 5 kb in size. The 

remaining introns are generally smaller than 1 kb. Consistent with other MHC genes, both 

in class n a and ß genes the introns are phase 1. 

No avian MHC class n a genes have been isolated to date, but five MHC class II ß genes 

have been cloned (reviewed by Zoorob et al., 1990). These genes all have the same intron-exon 

structure, which is one of the 5-exon/4-intron structures found in both mammalian MHC class 

11 a and ß genes. In the case of chicken MHC class n ß genes the last exon contains sequences 

encoding both part of the cytoplasmic domain and the 3'-untranslated sequences (see Fig. 1 A). 

The introns are once again much shorter than those found in mammalian genes, and are all 

phase 1. Intron 1 is the largest, but is usually only around 200 bp long. 

The first teleost MHC class II genes discovered are still incomplete (Hashimoto et al., 1990). 

The TLAIIß-1,(renamed Cyca-YB, which should be designated Cyca-DYB), sequence shows 

exons encoding ß, and ß2 domains separated by a 190 bp, phase 1 intron. While the introns 

contain the correct splice sequences, extensive sequencing in both directions of this clone have 

once again, similar to the class I gene, shown no exons encoding leader sequences or connecting 

peptide/transmembrane/cytoplasmic domains. In this case, this clone may actually represent 

a pseudogene, since cDNAs produced from this gene have not been reported to date. 

Teleost MHC class n gene structures do appear to be consistent with those of mammalian 

class II genes, however, Sültmann et al. (1993) have reported a full-length class n a gene 

from zebrafish (MhcBrre-DXA) which shows a four-exon/three-intron structure, similar to 

mammalian class II a genes (see Fig. 1 A and B). The first exon encodes the 5' untranslated 

region and the leader peptide, the second and third the a, and a2 domains respectively, and 

finally the last exon encodes the connecting peptide, transmembrane domain, cytoplasmic 

domain and the 3' untranslated region. The three introns are again relatively short, being 126, 

129 and 174 bp long, respectively. This gene is organized in a manner completely consistent 

with mammalian genes. 

Ono et al. (1993b) have also described four genomic sequences which imply a six-exon/five 

intron class II ß gene in the cichlid fish Aulonocara hansbaenschi (MhcAuha-Class II ß; Fig. 

IB). It is not the typical six-exon, five-intron structure shown in Fig. 1A, however. The 5' 

untranslated region, leader peptide and 3 aa of the ß, domain are apparently encoded by a 

single exon, as is the remainder of the ß, domain. The connecting peptide, transmembrane 
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region, cytoplasmic domain and 3' untranslated region seem to be split between two exons, 

with the intron dividing the sequences encoding the cytoplasmic domain in two. The genomic 

clones only include 11 bp of the 3' untranslated region, however, so there is a possibility 

that another intron could be located further downstream. The unusual thing about this gene 

is the fact that the ß2 domain encoding region is split into two exons. The introns which 

correspond to those of mammalian genes are all phase 1, but the intron which divides the 

sequences encoding the Auha class II ß2 domain in this unique way is phase 2. Since it is in 

an odd position, it does not correspond to an intron in any other MHC gene, and, most 

importantly, it differs from them in phase. Therefore, it almost certainly represents a recent 

intron gain, and most probably was not present in the ancestral class II ß gene as alternatively 

suggested by Ono et al. (1993&). While this structure appears to be consistent for this species 

(the authors describe at least two different loci), partial genomic sequences from the two 

cyprinid fish, carp and zebrafish, show the more classical one-extracellular-domain, one-exon 

structure. Like mammalian class n ß genes, the second intron is just over 1 kb, however, 

like the avian class II ß genes, the first intron is 200 bp or less. 

The structure of the zebrafish class n b gene has recently been elucidated. Sültmann and 

co-workers, have recently submitted the sequences of six genomic clones called Brre-DAB4, 

Brre-DBB, Brre-DCB, Brre-DDB, Brre-DEB, and Brre-DFB to the Genbank and EMBL 

databases (Sültmann et al, 1994). Only four of these sequences represent complete genes, 

and one of these, Brre-DBB, is presented as probably being a pseudogene. The Brre-DCB 

and Brre-DEB genes have four exons and three introns. The connectingpeptide, transmembrane 

domain and cytoplasmic domain are all encoded by a single exon. The introns are relatively 

short, being between approximately 100 to 400 bases long, consistent with the reported length 

of intron 1 of this gene obtained from PCR experiments (Ono et al., 19936). This gene structure 

is found in class n a genes in higher mammals, but not class II ß genes (see Fig. 1). The 

fourth full length clone, Brre-DAB4, which corresponds to both of the previously reported 

alleles, Brre-DAB4*01 and Brre-DAB4*03 (Ono et al., 19936), has a five-exon, four-intron 

organisation, in which the cytoplasmic domain is encoded by two exons. Again the introns 

are shorter than 400 base pairs. This gene structure is consistent with those found in higher 

vertebrates, as shown in figure 1. All of the introns in these Brre class n ß genes are phase 

1. The variation in intron number present in the zebrafish class n ß genes probably reflects 

the ongoing process of intron loss in some loci (Marchionni and Gilbert, 1986). 

A new carp class n ß gene (Cyca-DAB) has been described as cDNA (Ono et al., 1992). 

One of the cDNA clones (Cyca-DAB*02) has retained intron 3, which was only 173 bp long, 

separating exon 3, which encodes the f^ domain, from the remaining transcribed sequence. 
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Table 1. A list of the teleost MHC cDNA full length sequences known until 1995, including the 
GenBank accession number, EMBL code, reference and the scientific common names used to 
derive the gene designations are included. 

Sequence 

ßi-microglobulin 
Brre-B2m 

Cyca-B2m 

Class I 
Brre-UA 
Cyca-UA 
Sasa-p23 
Sasa- p30 

Class II a 
Brre-DXA1*2.\A 
Brre-DXA 1* 1.4.3 
Brre-DXAl* 1.3.4 
Mosa-A-S5 
Mosa-A-S8 
Mosa-A-S9 
Mosa-A-R2 
Mosa-A-R5 
Mosa-A-Rl 
Mosa-A-S7 

Class II ß 
Auha-M-23\a 

Auha-M-23lb 
Brre-DAB1*0\ 
Brre-DAB2* 01 
Brre-DAB4* 01 
Cyca-DAB* 01 
Cyca-DAB*02 
Mosa-C-l 
Mosa-C-2 
Mosa-C-22 
Mosa-R-4l 
Mosa-S-i 
Mosa-S-2 
SUM-DC 144 
Sara-DC 157 
Sasa-DC22 

Accession 
Number 

L05383 

L05536 

L07605 
L07606 

LI9445 
LI9446 
LI9450 
L35062 
L35063 
L35064 
L35065 
L35066 
L35067 
L35072 

L13222 

L13223 
L04805 
L04808 
L04819 

L33962 
L33963 
L33964 
L33965 
L33966 
L33967 
X70165 
X70166 
X70167 

EMBL Reference 
Code (see 

BRB2MICA 

CCB2MGLB 

SSMHIA 
SSMHIB 

BRMHCAA 
BRMHCAB 
BRMHCF 
MOZMHCIIAA 
MOZMHCIIAB 
MOZMHCIIAC 
MOZMHCHAD 
MOZMHCIIAE 
MOZMHCIIAF 
MOZMHCIIAG 

AHMCH2BA 

AHMCH2BB 
BRMHDABAA9 
BRMHDABAD 
BRMHDABAO 

MOZMCIP 
MOZMCIPA 
MOZMCIPB 
MOZMCIPC 
MOZMCIPD 
MOZMCIPE 
SSMHC144 
SSMHC157 
SSMHC22 

footnote) 

1 

2 

3 
4 
5 

6 

7 

8 

10 

4 

11 

Brre-

Cyca-

Sasa-

Mosa-

Auha-

Scientific and 
common name 

Brachydanio rerio 
(zebrafish) 
Cyprinus carpio 
(common carp) 

Salmo salar 
(Atlantic salmon) 

Morone saxatilis 
(striped bass) 

Auloncara 
hansbaenschi 
(African cichlid) 

(1) Ono et at., 1993«; (2) Dixon et ai., 1993: (3) Klein et al.. 1996; (4) van Erp et al.. 1996«; 
(5) Grimholt et al., 1993; (6) Sültmann et al. 1993; (7) Walker and McConnell, 1994: 
(8) Ono et al., 1993c: (9) Ono et al., 1992; (10) Ono et al., 19936; (II) Hordvik et al., 1993 
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Intron 1 has been obtained by PCR, and like in the chicken and cichlid genes, it is shorter 

than the mammalian equivalent, being only 208 bp. A study currently underway in our 

laboratory using PCR to amplify the peptide binding region of Cyca-DAB alleles, has also 

revealed that introns may not necessarily be short in teleosts. The first intron in one of our 

alleles, Cyca-DAB*04, is 665 bp long. In the Cyca genes both intron 1 and 3 are phase 1, 

as expected. 

2. Teleost MHC protein sequences 

Although from several teleost species a number of MHC sequences have been reported, 

the majority of those sequences registered on the database (EMBL) are PCR fragments. 

However, the number of complete genomic or cDNA sequences to date are still relatively 

small. A list of teleost full-length cDNAs is shown in Table 1. We have deliberately restricted 

ourselves to the listing of these sequences only, because the first clue to functionality of the 

teleost MHC genes is that these genes are actively transcribed, and are spliced into proper 

mRNAs. 

All of the teleostean MHC protein data that can be discussed are deduced from cDNA 

sequences. However, this still gives the opportunity to compare some of the their main features 

with established protein characteristics of human Mhc molecules, such as HLA-A2, which 

includes the 02-microglobulin molecule, and HLA-DR1 composed of at least one a and one 

ß chain. 

2.1. ^-microglobulin 

The first ̂ -microglobulin cDNA reported was that of the carp (Dixon et al., 1993), which 

was followed by its identification in two other Cyprinid species; zebrafish (Ono et al., 1993a) 

and large African Barbel (Dixon et al., 1995e)- Alignment (Fig. 2) of the deduced protein 

sequences revealed that the cyprinid ^-microglobulin molecule is only 97 residues long, 

compared to the 99 residues in avians and mammals. Based on overall sequence similarity 

to mammalian ^-microglobulin, the predicted three dimensional structure of the fish 

^-microglobulin molecule is that of the barrel-shaped immunoglobulin domain, consisting 

of seven anti-parallel beta-strands in two pleated sheets. The beta-strands are connected by 

loops of variable length. There is a high degree of conservation between the different cyprinid 

species, especially in those regions which form the seven beta-strands. Most differences are 
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found in the loops connecting the betastrands. More important, however, is the observation 

that the majority of the residues which form the contact points between ^-microglobulin and 

the class I molecule, as deduced from H1A-A2 (Bjorkman et al., 1987; Saper et al., 1991), 

are identical between the three species. This suggests a co-evolution of the class I and 

^-microglobulin molecules in cyprinid fish. 

Thus, although the teleostean fish possess ^-microglobulin encoding mRNAs, it is not 

established whether these molecules do associate themselves with class I molecules in a fashion 

that, in conjuction with a peptide bound in the groove, is thought to be necessary for the 

assembly and stabilisation of the class I molecule (Townsend et al., 1990). It remains to be 

investigated whether the poikilotherm nature offish affects the biochemistry of this assembly. 

2.2. Class I alpha chain 

The first full-length class I cDNA reported was that from the Atlantic salmon (Sasa-p3Q; 

Grimholt et al., 1993). In cyprinids the only full-length cDNAs characterized are those in 

the common carp (Cyca-UA ; Van Erp et al., 1995a) and zebrafish (Brre-UB ;Takeuchi et al., 

1995), which belong to a different lineage than the previously isolated partial cDNAs from 

Cyca-ZA, -ZB and ZC (Okamura etal.,\ 993). The deduced protein sequences of these cDNAs 

have been aligned, including an almost full-length class I sequence from the coelacanth Lach-UB 

(Betz et al., 1994), to illustrate some of the conserved structural and functional characteristics 

(Fig. 3). 

Binding of peptides in the groove formed by the a, and a2 domains of class I molecules 

involves six binding pockets designated A-F, of which A and F contain as conserved residues 

mainly tyrosines interacting with the amino- and carboxyl-terminus of the peptide (Saper et 

al., 1991). Most of these are conserved in the teleostean molecules, with the most prominent 

exception being the tyrosine (Y) at position 82, which is replaced by arginine (R). However, 

the coelacanth class I protein sequence clearly differs from the consensus in the peptide-binding 

residues. Known contact pairs between ̂ -microglobulin and class I domains involving residues 

Q91, D118, and Q236 are very well conserved compared to human and mouse contact pairs 

(Fremont et al, 1992). 

During antigen presentation, the interaction between the MHC class I molecule and the 

T-cell receptor (TCR) is stabilized by the interaction of the CD8 co-receptor, which binds 

to an exposed loop, containing many acidic residues (Salter etal.,\ 990). A similar homologous 

stretch of mainly acidic residues is found at position 217-223, containing mainly aspartic acid 

(D) and glutamic acid (E) residues. However, in the coelacanth this conserved feature is not 

so prominent, indicating that, based on the low similarity between the respective class I 

molecules, the CD8-binding region in this species might be located in a different position. 
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The connecting peptide and transmembrane region are, apart from containing many hydrophobic 

residues, not as conserved as that of the class n a and ß chain transmembrane regions. Clearly, 

the reason for this is that only the a chain of the class I heterodimer has to span the cell 

membrane, instead of both a and ß chain in the case of class n molecules (vide infra). There 

are many other conserved residues, such as the cysteines (C96, C160, C197 and C255) forming 

the intra-chain disulfide bridges, residues involved in the formation of salt-bridges (D28/H3, 

H88/D115), the N-linked glycosylation site (N(Q/H)(T/S); 84-86), and a phosphorylation 

site (S325) in the cytoplasmic region, all of which are characteristic of functional class I 

molecules (Kaufman et al., 1994). In addition, many other conserved residues with unknown 

function can be identified. 

Thus, the teleostean class I proteins as shown are potentially capable of functioning as 

classical class I peptide-presenting heterodimers. Studies on one hallmark of MHC class I 

molecules, i.e. the high degree of polymorphism as seen in humans (Parham et al., 1995), 

is still in its infancy in fish. So far, only in Atlantic salmon (Grimholt et al., 1994) and pink 

salmon (Katagiri et al., 1995) is there evidence for variability of class I genes. In both instances 

similar findings, revealing surprisingly low variablity at the polymorphic sites in either a, 

or a2 domains, were obtained from limited analyses of stocks with different geographical origins. 

The fact that in the majority of polymorphic sites only two different residues were found might 

indicate that both species have gone through a recent genetic bottle-neck. Clearly, there is 

a need for systematic studies on class I polymorphism in commercially interesting species, 

as this polymorphic marker can be used in conjuction with microsatellite markers to detect 

correlations with polygenic immunological traits. 

2.3. Class II alpha chain 

In only three species class II a chain full-length cDNA sequences have been reported: 

zebrafish (Brre ;Sültmannera/., 1993 ), striped bass (Mosa ; Hardee etal., 1995) and common 

carp (Cyca ; Van Erp et al., 19956). The deduced protein is structurally organized in a fashion 

similar to that of the mammalian class n a chains (Brown et al., 1993), with the exception 

that the a, domain, similar to the a2 domain, now also has two cysteines (CI3 and C67) which 

are able to form an intra-chain disulphide bridge (Fig. 4). These cysteine residues are not found 

in shark (Kasahara et al., 1993), which suggests that the teleostean ax domain originates from 

an ancestral class II ßl domain. In addition, it implies that on two separate occasions, once 

in the elasmobranchian fish and once in the tetrapods, the two cysteines have been lost. The 

exception to this is the HLA-DMa molecule, which has retained the two cysteines. Non-

polymorphic residues involved in peptide binding are, with some conserved substitutions, 

present. The putative N-linked glycosylation site located only in the a2 -domain differs between 
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cyprinids (NVS; 119-121) and striped bass (NVT; 128-130). 

The transmembrane region is extremely well conserved between the teleostean species. 

Moreover, this conservation of residues forming the a-helix interaction is seen throughout 

almost all known class n a chain sequences (Kaufman et ai, 1994), and is thought to be 

essential for the formation of aß dimers (Cosson and Bonifacino, 1992). 

Polymorphism of the at domain, when observed, could be used to infer functional peptide 

binding characteristics. Although at this point it is difficult to distinquish between loci and 

alleles, which may account for some of the variability observed, it is clear from studies in 

both zebrafish and striped bass that allelic polymorphism is present at positions shown to be 

involved in peptide binding. It should, however, be noted that in mammals class II a chain 

genes can be mono- or oligomorphic, and still be functional. Thus, further proof awaits detection 

of peptide-loaded aß heterodimers capable of stimulating T cells. 

2.4. Class II beta chain 

Undoubtedly, genes encoding the MHC class n ß chain are the best studied MHC genes 

in fish judging from the total number of sequences reported (Dixon et al., 1995). However, 

only for common carp ( Ono et al, 19936; VanErpefaZ., 1996/?), zebrafish (Ono et al, 1992), 

Atlantic salmon (Hordvik et al., 1993), rainbow trout (Glaman, 1995), an African great lake 

cichlid (Ono et al., 1993c), and striped bass (Walker and McConnell, 1994) are the protein 

sequences derived from full-length cDNAs available for analysis (Fig 5). The molecule displays 

the usual structure seen in other class II ß chain molecules, namely two extracellular domains, 

and connecting peptide, transmembrane and cytoplasmic regions. Both extracellular domains 

have two cysteines forming intra-chain disulphide bridges. Initially, the regions surrounding 

these residues have been used to deduce PCR primers to obtain MHC sequences (Hashimoto 

et al., 1990). However, in retrospect it is clear from the alignment of the fish sequences that 

other conserved regions in the ß2 domain would have been more suitable. These include the 

residues 136-140, which are part of the region shown to affect CD4 binding to class n in 

humans (König et al., 1992). Other conserved features include two invariant peptide-binding 

residues, which in HLA-DR are W 061 and N 082, but in fish in most instances the tryptophan 

(W) is replaced by an asparagine (N). Residues involved in salt bridges (R/K67, E71) and 

turns (G44 and G49), important in the structural integrity of the domain, are also conserved. 

The N-linked glycosylation sites seem to vary in position with the fish species. In the salmonids 

and cyprinids the site is probably located at residues NST (36-38), while in the Atherinomorpha 

residues NST ( 12-14 ) are most likely used for this purpose. However, similar to the situation 

in the class n a-chain genes, the most consistent conserved feature is the transmembrane region, 

where residues involved in the alpha-helix are extremely well conserved throughout evolution. 
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The key characteristic to functionality of class n ß chain sequences is their polymorphism. 

The polymorphic residues are mainly located in the PBR at more or less fixed positions, whereas 

other positions are monomorphic and are important for maintaining the structural integrity 

of the molecule. Assignment of polymorphic residues is only possible when comparison of 

a number of alleles of any given gene is available. In order to ensure comparison of only alleles 

of the same gene and not alleles of different genes, it is essential to include introns in the 

analyses in those cases in which the relationship of the different genes is unclear. As a result 

of not including an identification of true alleles, it has been concluded that in studies on class 

II polymorphism in fish only isotypic variability has been identified (Kaufman et al., 1994). 

We are currently analysing class n ß-chain genes from members of a large African barbel 

(Barbus intermedins ) species flock (Dixon et al., 1995e). This species flock inhabits Lake 

Tana in Ethiopia, which is the origin of the Blue Nile. Based on eco-morphological 

characteristics 13 different morphotypes can be distinguished (Nagelkerke et al., 1994). From 

selected morphotypes, representing fish under differentpathogen loads, we are analysing intron 

1 and exon 2 sequences of the class II ß-chain genes by PCR using primers based on Cyca-DAB 

sequences. A number of unique sequences have been characterized, and based on intron 

comparisons these sequences clearly belong to the same locus. The availability of a substantial 

number of sequences allows the determination of the polymorphic residues involved in peptide 

binding (Fig. 6). This analysis clearly shows that the highest variability is concentrated in 

those positions that are thought to be involved in peptide binding. Similar findings have been 

reported for the zebrafish and cichlids, although in these studies it is unclear whether alleles 

of the same locus are compared (Ono et al., 1992; Ono et al., 1993c). Studies in Atlantic 

salmon indicated that, although a large number of different sequences are obtained from Sasa-

DB, at each polymorphic position the variability was low (Grimholt et al., 1994). Again, as 

in the Sasa class I sequences, in most instances only two different amino acids were present. 
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3. Rationale and aims of this thesis 

The Cyprinidae is the group of teleost fish from which the largest amount of information about 

the MHC genes has been gathered in the past few years. In the common carp (Cyprinus carpio) 

representatives of the ß2m, class I and class n genes have been identified and to a certain extent 

characterized. However, the functionality of the molecules encoded by these genes is still a 

question. Up until this point the only way to address this question was to study the genomic 

organisation, and the expression into mRNA of these genes, and their transcription products, 

to predict, based on the nucleotide sequence, if they would be transcribed and translated into 

functional molecules. However, this approach has obvious limitations. An alternative is to 

get more information about MHC genes by studying their transcription patterns. By comparison 

with other vertebrates, it can be expected that MHC class I and class n genes may be transcribed 

in a tissue and cell type specific way. The first candidate for these type of analyses was the 

class n Cyca-DAB gene, from which the full-length cDNA sequence was known. In all animals 

studied so far, the expression of class n molecules, is known to be restricted to certain cell 

types. It is a property of MHC class n-positive cells to process and present exogenous antigen 

to T lymphocytes, and these processes have been indirectly demonstrated in fish. Therefore, 

the transcription of the Cyca-DAB in several lymphoid tissues and cell types was studied in 

order to obtain an insight into the function of these genes in fish (Chapter 2). Although such 

analysis provided information on the tissue and cell type specific distribution of the transcription 

of the carp class n gene, it did not address the question of the function of the molecule proper. 

No class n antibodies are available yet to study the function in more detail. However, with 

the successful production of polyclonal antibodies against recombinant Cyca-B2m and Cyca-UA 

proteins, it was possible to evaluate the levels of expression of carp class I molecules. 

Ectothermic animals such as carp do not regulate their body temperature, and it has been shown 

that the immune response of fish kept at low temperature is severely impaired. However, the 

mechanisms of temperature-dependent suppression of the T-cell response has never been studied 

at the MHC level. Therefore, the study of the cellular expression of Cyca-B2m and Cyca-UA 

molecules, in combination with analyses of Cyca-B2m and Cyca-UA transcription in carp 

kept at different temperatures, was carried out (Chapter 3). The expression and tissue 

distribution of MHC molecules during ontogeny is known to differ from the adult situation. 

For the normal development of the cytotoxic T-cell repertoire during ontogeny, the distribution 

of class I appears to be essential. The early appearence of MHC molecules in carp was 

supported by allograft rejection observed in 3 week old larvae. With the knowledge of class 

I molecules cellular distribution in the adult carp, the expression of Cyca-UA and Cyca-B2m 
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molecules on several cell types present in carp lymphoid organs was evaluated during ontogeny 

(Chapter 4). Since no antibody was available for class n ß and the class n a sequences it 

was only possible to study the expression of both class n (Cyca-DAB, Cyca-DXA) and class 

I molecule encoding genes (Cyca-UA, Cyca-B2m) during ontogeny at the transcription level. 

By these means it was also possible to investigate the transcription of carp MHC genes at very 

early stages during the development of the larvae (Chapter 5). In the last chapter (Chapter 

6) results are brougth togther in a comprehensive discussion on the putative role of carp MHC 

molecules in initiating an immune response, which is critically dependent on developmental 

aspects and cellular distribution creating adequate microenvironments, and environmental factors 

such as temperature. 
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Summary 

In all vertebrates studied to date, the expression of Mhc class n genes is known to be 
restricted to a limited number of tissues and cell types. In order to have a better 
understanding of the function of the equivalent genes in teleost fish, the distribution of 
Mhc class n ß transcripts (Cyca-DAB) in the common carp (Cyprinus carpio L.) was 
investigated. RNA was isolated from tissues and leucocytes, cDNA was produced, and 
amplification of the Cyca-DAB genes was carried out by PCR. Of the organs with known 
immunological function, the highest level of Cyca-DAB transcription was found in the 
thymus. Despite their expected different cellular organization, total blood, head kidney, 
spleen and the second segment of the gut had similar Cyca-DAB expression levels. No 
class n transcripts were detected in the skeletal muscle. The studies carried out with 
leucocytes isolated from the lymphoid tissues point to a direct correlation between the 
levels of expression and the numbers of surface immunoglobulin positive (slg+) cells 
present in the different cell fractions. However, thymus leucocytes did not follow this 
correlation since the highest level of class n expression was found in a thymocyte fraction 
that contained very low numbers of Ig+ cells. In PBL the Ig+ cells were highly positive 
whereas the Ig" were weakly positive. Adherent leucocytes were shown to be class n 
positive, although adherent cells from PBL show a lower level of expression compared 
to those from the spleen and head kidney. 

Key Words: Carp MHC, Class n , tissue distribution, Cyca-DAB, cDNA, PCR 

Introduction 

The structure and function of Mhc class I and n proteins is well documented and has been 

extensively studied especially for the few higher vertebrates generally used as experimental 

animals (reviewed by Klein, 1986). The importance of Mhc molecules is their involvement 

in antigen presentation (Bjorkman et al., 1987; Brown et al., 1993), and it is widely accepted 

that in general the Mhc class I molecule is involved in presentation of endogenous antigen 

to cytotoxic T cells whereas Mhc class E presents exogenous processed antigens to T helper 

cells (McCluskey, 1991). 

Experimental data on acute allograft rejections, mixed lymphocyte reactions and in vitro 

antibody responses have long supported the existence of Mhc molecules in teleost fish (Stet 

et al., 1991). However, attempts to isolate Mhc proteins have not been successful so far. With 

the adoption of another strategy, based on the comparisons of known Mhc sequences and the 

use of polymerase chain reaction (PCR), evidence for genes encoding Mhc antigens in fish 

was first reported by Hashimoto et al. in 1990. Later, due to the use of similar molecular 

techniques, genes encoding the a chain of MHC class I and the ̂ -microglobulin, as well as 

the a and ß chain of MHC class II molecules were isolated and sequenced for a number of 


