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Abstract A cDNA library screening using the con-
served exon 4 of Atlantic salmon Mhc class | as probe
provided the basis for a study on Mhc class | polymor-
phism in a breeding population. Twelve different alleles
were identified in the 82 dams and sires studied. No
individual expressed more than two alleles, which corre-
sponded to the diploid segregation patterns of the poly-
morphic marker residing within the 3’-untranslated tail.
Close linkage between the Sasa-UBA and Sasa-TAP2B
loci strengthens the claim that Sasa-UBA is the mgjor
Mhc class | locus in Atlantic salmon. We found no evi-
dence for a second expressed classical or non-classical
Mhc class | locus in Atlantic salmon. A phylogenetic
analysis of salmonid Mhc class | sequences showed
domains conserved between rainbow trout, brown trout
and Atlantic salmon. Evidence for shuffling of the o4
domain was identified and lineages of the remaining o,
through the cytoplasmic tail gene segment can be
defined. The coding sequence of one allele was found
associated with two different markers, suggesting recom-
bination within the 3’-tail dinucleotide repeat itself. Pro-
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Introduction

The major histocompatibility complex (Mhc) class | and
class Il genes encode cell-surface molecules capable of
binding and presenting short peptides to T cells. In
general, the Mhc class | molecule, consisting of one o
chain and B,-microglobulin, presents peptides derived
from cytosol to CD8* T cells. The class Il molecule,
consisting of one o. and one B chain, mainly presents
exogenously derived peptides to CD4* T cells. The clas-
sical Mhc genes represent some of the most polymorphic
genes known to date, with multiple loci and a consider-
able number of alleles at each given locus. This diversity
results in each individual being able to bind and present
awide variety of peptide ligands and has direct function-
al relevance for immune responses.

Nine years after the first discovery of salmonid Mhc
sequences (Grimholt et al. 1993; Hordvik et al. 1993),
there are still many unanswered questions regarding both
number of functional loci, their polymorphic content and
their functional relevance. Some of these questions have
been addressed by studies in rainbow trout (Aoyagi et al.
2002; Hansen et al. 1999; Shum et al. 2001). Hansen and
co-workers (1999) showed that the rainbow trout class |
and class Il genes are located on different linkage
groups, as previously found for zebrafish (Bingulac-
Popovic et a. 1997; Graser et a. 1998; Takami et al.
1997). Aoyagi and co-workers (2002) demonstrated the
simple nature of trout Mhc class |, with one major poly-
morphic locus. Shum and co-workers (2001) provided
evidence for exon shuffling producing “new” alleles.
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However, the structural implication of this shuffling
remains to be investigated. The primary aim of this study
was to study the polymorphism of the major Mhc class |
locus in Atlantic salmon and to use this information to
investigate the differences in the antigen-binding groove
using computer modelling.

Materials and methods
Fish

Atlantic salmon (Salmo salar) individuals used to identify alleles
in this study were derived from a major Norwegian breeder (Aqua
Gen, Kyrksadergra, Norway) and from the Aursunda river close to
Trondheim. The cDNA library was made from one individual
from the breeding pool. The remaining sequences were detected in
another 41 dams and 41 sires belonging to one of four populations
(G-1) from this breeding pool. Twenty-five of these sires
and dams produced on average 41 offspring, each totalling 1,031
animals, which were included in the segregation analysis. An
additional 374 dams and sires belonging to another breeding popu-
lation (G-4) from the same breeder and 29 animals from a
different geographic location (the Aursunda river) were used to
investigate microsatellite marker frequencies.

Genetic linkage was investigated in Atlantic salmon from the
SALMAP project (FAIR-CT96-1591) including 21 parents tested
for marker polymorphism from which two reference families were
selected for the linkage analysis with 46 full-sib progeny each.

Nucleic acid isolation and library screening

The cDNA library was generated by oligo-dT priming of mRNA
from head kidney, which was inserted into a Lambda-ZAP vector
according to the manufacturer’s recommendations (Stratagene,
La Jolla, Calif.). An Atlantic-salmon-specific exon 4 probe was
employed to screen 200,000 cDNA clones, using low stringency
conditions, from which 24 positive signals were detected and nine
positive cDNA clones were selected for further analysis.

Messenger RNA from the 82 dams and sires was isolated from
100 mg head kidney tissue (QuickPrep micro purification Kit,
Pharmacia) and used to generate first-strand cDNA (Ready.To.Go
T-primed first strand Kit, Pharmacia) according to the manufactur-
er's recommendations.

Genomic DNA was isolated from 25 mg muscle tissue
(DNeasy Tissue Kit, Qiagen).

PCR and cloning

Allele amplifications were run on GeneAmp 9600/ 9700 machines
(Perkin Elmer, Branchbury, N.J.) with a 35-cycle profile of 94 °C
denaturation for 60 s, primer-specific annealing temperatures for
30 s and an elongation step at 72 °C for 60-90 s, depending on
length of fragment to be amplified. Per 100-y reaction mix,
100 ng template (cDNA or DNA), 5 pmol each primer and 5 units
of AmpliTaq (Perkin Elmer) were used. An Atlantic-salmon-
specific Mhc class | exon 4, from leucocyte cDNA, was generated
by polymerase chain reaction (PCR), based on primers from
conserved regions of a known salmon Mhc class | seguence
(Grimholt et al. 1993). The sense primer sequence was 5-ACC-
CCCTCCTCTCCAGTGACC-3 and the reverse primer sequence
was 5’-TTGATGAAGTCCTCCTGGAGACCCG-3'.

The sense primers (5-TT(CT)AT(TC)(TC)T(TG)-CTG(GC)T-
(GT)(CT)T(GA)GGA-3 and 5-CTGGGAATAGGCCTTCTA-
CAT-3') and the antisense primer (5-CAATTACCACAAGCCCG-
CTC-3') used to amplify the coding region from first-strand cDNA
were based on the cDNA sequences of p30 (Grimholt et al. 1993)
and ID8 identified in the cDNA library screening. An aternative
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sense primer based on the ICI sequence was later designed
(5-AGCCCTACATTCTTCATCTGC-3), which amplified two
additional Sasa-UBA sequences (UBA*0301, UBA*1001). The
resulting PCR fragments were inserted into a vector (TA-cloning
Kit, Invitrogen) and DNA from ten clones per individua was
isolated (QIAprep Spin Miniprep Kit, Qiagen).

The microsatellite in the 3'-untranslated tail of Sasa-UBA was
amplified using a fluorescent or radioactively labelled sense prim-
er (5-GGAGAGCTGCCCAGATGACTT-3') and a reverse primer
(5"-CAATTACCACAAGCCCGCTC-3) with 80 ng cDNA or
genomic DNA per 20-pl total reaction volume and run for 25
cycles at 54-60 °C annealing temperatures. Markers were analy-
sed using automated ABI 377 machines (Applied Biosystems,
Foster City, Cadlif.).

The Sasa-TAP2 microsatellite repeat in intron 5 (Grimholt
1997) was analysed using the radioactively labelled sense primer
sequence  5-GCGGGACACCGTCAGGGCAGT-3* and the
reverse primer sequences 5-GTCCTGATGTTGGCTCCCAGG-3
for Sasa-TAP2A and 5-CCTGATATTGTCTGCCAGATC-3" for
Sasa-TAP2B. All radioactively labelled marker analysis was
performed using 6% polyacrylamide gels with labelled M13 se-
quencing ladder and subsequent manual autoradiographic analysis.

Sequencing and handling of sequence data

Sequencing was performed on double-stranded DNA with T3, T7,
and internal primers, using automated sequencing on an ABI 377
machine with the Big Dye Terminator Kit (Perkin Elmer).
Sequence alignments and analyses were performed using the
UWGCG software (Devereux et a. 1984) and ClustalW (Thomson
et a. 1994). Phylogenetic trees were created using the neighbour-
joining method (Saitou and Nel 1987) based on nucleotide
sequences and bootstrapped trees were visualised using Treeview

(Page 1996).

Segregation and linkage analysis

The segregation of the class | alleles was assessed in 25 full-sib
Atlantic salmon families with an average of 41 offspring each. In
total, 1,031 individuals were included in the analysis. Each indi-
vidual was typed for class | using either informative markers, or a
combination of marker analysis and allele-specific PCR using
genomic DNA as template. Sequencing of the resulting products
in a least two families carrying these particular aleles was
performed to assess the specificity of each of the allele-specific
primer combinations. Each family was tested for Mendelian segre-
gation of class | aleles using a chi-square test for goodness-of-fit
between the observed and expected frequencies. Resulting chi-
square values from the 25 families were evaluated with Bonferroni
correction for multiple testing.

A linkage analysis was performed using simple sequence
repeats residing within the 3’-untrandlated tail of Sasa-UBA and in
intron 5 of Sasa-TAP2 (Grimholt 1997) in informative families
from the SALMAP family panel (John Taggart, personal commu-
nication). Additionally, a minisatellite repeat in the Mhc class Il
alpha gene was included in the analysis (Grimholt et al. 2000).
Segregation of alleles in the SALMAP families was used to link
the Mhc markers to the preliminary SALMAP linkage map.
Because of the large differences observed in the recombination
rates between sexes, sex-specific maps were constructed when
markers were informative in both dam and sire. Markers were
assigned to linkage groups using the software JoinMap version 2.0
(Stam and Van Ooijen 1995) based on the Kosambi function for
map distance calculations. A two-point linkage was used with
LOD values larger than 3.5.

Homol ogy-based modelling and visualisation

Three-dimensional models of Mhc structures were made by using
the Swiss-Model (Guex and Peitsch 1997; Peitsch 1995) web serv-
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er (http://www.expasy.ch/swissmod/SWISS-MODEL .html). This
server implements an automatic approach for model building. A
Blast (Parham et al. 1995) search against protein sequences from a
subset of the PDB database (Berman et al. 2000) is used for identi-
fication of possible similarities, SIM is used for selection of rele-
vant templates, ProModIl (Peitsch 1996) builds initial models
based on these templates, and the geometry of the models is
optimised using the Gromos96 forcefield (Scott et al. 1999). The
quality of the models was evaluated using the SwissPDBViewer
(DeepView) (Guex and Peitsch 1997) modelling program, which
can also be used for further optimisation of models, if necessary.
Atomic charges for potentialy charged groups were estimated
with Titra (Anthonsen et al. 1994), assuming a pH of 6.5. The
molecular surface and the electrostatic potential at the surface
were computed with Grasp (Nicholls et a. 1991; Nicholls and
Honig 1991), and visualisation of the models was done by using a
combination of Molscript (Kraulis 1991), Grasp and Raster3D
(Merritt and Bacon 1997).

Results
cDNA screening

To determine the number of expressed sequences and
design primers for a population study, an exon 4 probe
encoding the o; domain was used to screen a cDNA
library made from a single Atlantic salmon individual.
Twenty-four strongly hybridising signals were identified
per 200,000 clones screened. DNA from nine positive
clones was isolated and sequenced. Of these, four were
partial clones, with identical sequences to the other full-
length sequences. The five full-length clones had inserts
ranging from 2,167 bp (ID5, 1D6, ID8) to 2,477 bp (ID7,
IC1) with a 5’-untranslated sequence ranging from 55 bp
(ID8) to 124 bp (ID5, 1D6), an open reading frame of
1,065-1,074 bp, and a 3’-untranslated tail sequence of
1,100-1,420 bp. The clones 1D5 and 1D6 contained
identical sequences to the clones 1C1 and 1D7, with the
exception of the additional 310-bp 3’-untranslated tail
sequence in the latter two clones. The clone 1D8 con-
tained a different sequence compared with the other
clones, with 14% overall sequence divergence from the
ICI clone. The 3-untranslated tail sequences contained
12 nucleotide substitutions over a 1,100-bp range. There
are three canonical polyadenylation signals in the 3’-un-
translated tail sequences (AATAAA). The clone p30
(Grimholt et al. 1993) terminates at the same position as
the 1D5/ID6/ID8 sequences and most likely used the
polyadenylation signal at position 2157. The ICI clone
most likely used the polyadenylation signal at position
2477. The third polyadenylation signal at position 1639
was not used in any of the clones identified. An identical
dinucleotide repeat resided within the 3’-untranslated tail
of both ICl and ID8 at position 1161. The cDNA screen-
ing thus identified two different full-length cDNA
sequences and a potentially polymorphic microsatellite
marker and provided the necessary information used
to design primer sequences for the population study de-
scribed below.

Expressed Mhc class | alelesin farmed fish

First-strand cDNA was used as template for PCR ampli-
fication of Mhc class | sequences from 41 dams and 41
sires belonging to a major Norwegian breeding pool.
Fragments were cloned and sequenced. Ten clones per
fish were analysed to exclude as many artefacts as possi-
ble. Sequences potentially resulting from PCR artefacts
were tested by alele-specific PCR or ultimately by
amplification and sequencing of genomic PCR frag-
ments. A total of 11 different allele sequences were
identified in the material denoted Sasa-UBA*0201 to
Sasa-UBA* 1201 (Fig. 1). A phylogenetic analysis of the
nucleotide sequences identified in the library screening
and the population study showed that the ICI and
UBA*0301 sequences were identical (hereafter both
denoted UBA*0301), while ID8 represents a unique
alele hereafter denoted UBA*1401. The p30 clone
(Grimholt et al. 1993) was renamed to UBA*0101. The
overall nucleotide sequence diversity between the alleles
ranged from 0.16% (UBA*0401 versus UBA*1101) to
18.63% (UBA*1201 versus UBA*0901). Some of these
alleles were more frequent than others with allele
frequencies ranging from 0.01% (UBA*1101) to 0.35%
(UBA*(0801).

Dinucleotide marker

An analysis of the 3’-tail dinucleotide marker in the 41
dams and 41 sires identified considerable polymorphism,
but also some discrepancy between markers and ampli-
fied allele sequences. Some individuals showed two
different markers, but only one allele sequence. A new
sense primer was therefore designed purely based on the
UBA*0301 leader sequence to check for additional
sequences not amplified by the primary sense primers.
This enabled identification of the additional sequences,
UBA*0301 and UBA* 1001, resulting in a consistent rela-
tionship between markers and alleles with one exception.
The UBA*(0901 allele was not identified in the marker
anaysis. It was, however, identified in the cDNA
Sasa-UBA dlele amplification of sires and dams
identifying a CA repeat with divergent flanking regions,
compared with the other sequences. Segregation of
UBA* (0901 was thus tested using allele-specific primers.
The identification of the last two alleles, UBA* (0301 and
UBA*1001, using a different sense primer, resulted in
more than 80% of the animals being heterozygous for
the Sasa-UBA locus. No individual expressed more than
two different sequences.

Most marker lengths are linked to one or two alleles
only (191=UBA*0501, 193=UBA* 1001, 195=UBA* 0601
and UBA*1201, 201=UBA*0701, 218=UBA*1101),
while one marker is linked to seven different alleles
(199=UBA*0201, UBA*0301, UBA*0401, UBA*0801,
UBA*1401). The marker nomenclature relates to the size
of the amplified fragments run on a denaturing gel.
Amplification of the marker on a genomic level from



Fig. 1 Alignment of Mhc

class | amino acid sequences.
Dotsindicate identity, while
gaps introduced to maximise
alignment are indicated by
dashes. Satr-UBA sequences
(Salmo trutta) and four digit
Onmy-UBA (Oncorhynchus
mykiss) sequences are taken
from Shum and co-workers
(2001) (AF296359-AF296383).
Three digit Onmy sequences
derive from Aoyagi et al.
(2002) (AF287483-AF287492).
HLA-A2.4 o, and o, domain
included for comparison of
peptide binding region (Parham
et a. 1989); Sasa-UBA*0101
(p30) (Grimholt et al. 1993)
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Alpha 3 domain

Sasa-UBA*0101
Sasa-UBA*0201
Sasa-UBA*0301
Sasa-UBA*0401
Sasa-UBA*0501
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Sasa-UBA*0701
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Sasa-UBA*0901
Sasa-UBA*1001
Sasa-UBA*1101
Sasa-UBA*1201
Sasa-UBA*1401
Sasa-UBA*1501
Satr-UBA*0101
Satr-UBA*0401
Satr-UBA*0501
Satr-UBA*0901
Onmy-UBA*101
Onmy-UBA*201
Onmy-UBA*301
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Fig. 1 (continued)
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these individuals, identified different fragment sizes
resulting from an intron of 124 bases within the ampli-
fied region. The marker sizes on a genomic level thus
ranged from 314 to 340 bases. An additional breeding
population belonging to the same breeder (G-4) was also
typed for the Sasa-UBA marker. Two additional markers
were identified using genomic DNA (310 and 312) and
the marker alele frequencies were quite different. In our
population (G-1) the 322 marker is dominant, while in
the new population (G-4) the 318 marker is by far the
most frequent. Marker analysis of the 29 fish from the
Aursundariver also identified two new markers (334 and
336).

Two animals from the Aursunda river containing the
310 and 336 markers not found in the G-1 population
(310/318 and 336/336) were chosen for further investi-
gation of expressed Mhc class | cDNAs. Two different
alele sequences were identified from each individual.
The homozygous 336/336 animal had one alele
completely identical to Sasa-UBA*0801, which in the
G-1 population is linked to a 322 marker. The other
alele in this animal had not been found previously and
was designated Sasa-UBA*1501. In the animal with
310/318 markers, the two identified expressed sequences
had sequence similarities to Sasa-UBA*0901 and
Sasa-UBA*1101.

Amino acid sequences

Comparison of the deduced amino acid (aa) sequences
with Mhc class | aa sequences from other vertebrates
identified a leader peptide of 18-19 aa, an a,; domain of
87-89 aa, an o, domain of 93 aa, an o3 domain of 91 aa,
a connecting peptide (CP) of 9-13 residues, a transmem-
brane region of 24 aa, and a cytoplasmic region of 29 aa
(Fig. 1). The o, domain has by far the highest number of
variable aa positions (71) when compared with the o,
domain (48) and the o,; domain (12). The o, domain is
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also the only domain, apart from the CP, that varied in
length. The sequences UBA*0101 (p30), UBA*0201,
UBA*0301, UBA*0501, UBA*0801, UBA*0901 and
UBA*1001 al have two amino acids less than the
remaining o, domain sequences. The CP through cyto-
plasmic region has six variable amino acid positions,
disregarding the UBA*0901 sequence, which contains a
four-residue deletion in the CP, as well as many variable
positions not identified in any of the other Sasa-UBA
sequences. There is one cysteine located in the leader
sequence of the UBA*0301 aa sequence. In the o,
domain there is one cysteine at aa position 79 in the
sequences UBA*0401 and UBA*1101 (all positions
relating to UBA*0101 sequence, Fig. 1). All the o, and
05 domains contain two cysteines each at aa positions
98, 162, 198 and 256, with the exception of UBA* 1101,
which has an additional cysteine at position 96. The
potential glycosylation site NQS or NQT at aa position
84 is conserved in all sequences.

Phylogenetic analyses

Based on the data generated by Shum and co-workers
(2001) and Aoyagi and co-workers (2002), a phylogenet-
ic analysis was performed using individua o, o, and o,
domain sequences from Atlantic salmon, rainbow trout
and brown trout. The sequence identity between salmon-
id aa domain sequences ranges from 25% to 100% for
the o, domains, from 51% to 100% for o, and from 75%
to 100% for a5 The sequence identity solely between
Atlantic salmon domains range from 38% to 81% identi-
ty for o, domain aa sequences, from 66% to 100% for
the o, domains and from 88% to 100% for the oy
domains. Sasa-UBA*1001 has only 30% identity to the
o, domain of Sasa-UBA*0201 and 25% sequence identi-
ty to Satr-UBA*0501 representing the most distant o,
domains. Among the most divergent o, domains are
those of Onmy-UBA*(0701 and Sasa-UBA*0901 with
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Fig. 2 Phylogenetic tree of individual ol (a) and o2 (b) domains
based on salmonid amino acid sequences aligned in Fig. 1. Genet-
ic distance is indicated at the bottom, while the reliability of the
cluster analyses are tested by bootstrap confidence limits and indi-
cated as percent success per 1,000 bootstrap trials with values
above 70% presented on nodes. See legend to Fig. 1 for sequence
references and accession numbers

only 51% sequence identity. For the o; and o, domains
(Fig. 2a, b), the Sasa sequences intermingle in between
the Onmy and Satr sequences. For the o; domain, Sasa
sequences define separate clusters, with the exception of
Sasa-UBA*0901, but the bootstrap values are low
rendering the o, domain tree somewhat questionable
(data not presented). The CP, transmembrane and cyto-
plasmic tail sequences of the Atlantic salmon sequences
are much more conserved than those of rainbow trout
and brown trout (Fig. 1).

Some Sasa sequences have identical oy, o, Or og
domains (Fig. 2a, b). Sasa-UBA*0601, UBA*(0701
and UBA*1201 share identical o4 domains, as do
Sasa-UBA*0101 and UBA*0501. UBA*0201 and
UBA*0301 have identical o, domains. For the oy
domain, the sequences UBA*0101, UBA*0401,
UBA*0601, UBA*1201 and UBA*1401 are completely
identical, as are the o, domains of UBA*0201,
UBA*0301, UBA*0501 and UBA*0801. As a matter of
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fact, the entire region encompassing the a.,, o5 and trans-
membrane/cytoplasmic  domains of UBA*0201 and
UBA*0301 are completely identical (Fig. 1). The oy
domain from the two sequences identified in the 310/
318 marker animal from the Aursunda river were identi-
cal to Sasa-UBA*0201 (Aur22#2) and Sasa-UBA*0401
(Aur22#4) (data not presented). The rest of their
sequences from o, through cytoplasmic domain were
identical to Sasa-UBA*0901 (Aur22#4) and Sasa-
UBA*1101 (Aur22#4). For the anima homozygous for
the 336 marker, one allele sequence was entirely new,
and designated Sasa-UBA* 1501, while the other showed
complete aa sequence identity to UBA*0801.

Linkage and segregation analyses

Based on both male and femae recombination the
Sasa-UBA, Sasa class || o and Sasa-TAP2 markers were
assigned to three different linkage groups (Fig. 3). An
expected linkage disequilibrium was observed between
Sasa-UBA and Sasa-DAA (class Il o), which is consis-
tent with previous studies in other teleosts (Bingulac-
Popovic et a. 1997; Graser et a. 1998; Hansen et al.
1999; Takami et a. 1997). The Sasa-TAP2B marker
co-segregated with the class | region, while the Sasa-
TAP2A locus resides within a different linkage group.
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Fig. 3 Linkage of Sasa-UBA, Sasa-DAA, Sasa-TAP2A and Sasa-
TAP2B to three linkage groups and their respective markers
(SsaNVH) on the preliminary SALMAP map. Linkage groups are
here denoted LG-Mhcl, LG-Mhcll and LG-Tap. When possible,
comparative male (M) and female (F) linkage groups were con-
structed. Distances between markers are given in centiMorgans

The calculated Sasa-TAP2B recombination freguencies
were based on marker segregation in offspring from one
sire only, since the microsatellite marker contained limit-
ed polymorphism. In the male and female map the Sasa-
TAP2A marker showed varying distances and a different
order relative to the flanking SALMAP markers
(LG-TapM/F; Fig. 3).

Segregation of the different Sasa-UBA aleles was
assessed in 25 families with an average of 41 offspring
each for discrepancies between observed and expected
number of individuals carrying paternal and maternal
class | alleles. Bonferroni correction for multiple testing
indicated that no families showed segregation distortion.
This detailed segregation analysis confirms that the iden-
tified alleles belong to one locus.

Protein modelling

Four protein sequences were selected for model build-
ing: Sasa-UBA* 1401, UBA*0301, UBA*0101 (p30) and
UBA*(0901. These sequences represent a significant part
of the sequence diversity in the data set, as they are
found in separate clusters in the phylogenetic tree (data
not shown). The model building was successful, for all

four sequences several templates with approximately
37% sequence identity could be found, and this is
normally sufficient for building good quality models.
The superimposed backbone traces of the antigen
binding region for these models is shown in Fig. 4a. The
electrostatic profile of the molecular surface at £10 kT/e
for each model is shown in Fig. 4b, using the same
orientation asin Fig. 4a.

The superimposed backbone traces of the Mhc models
(Fig. 4a) show that the antigen binding sites most likely
are structurally conserved with respect to backbone
trace. This is not surprising, as the sequence identity
from pairwise alignment is between 68 and 79% for
these four sequences. Although the sequence identity is
lower for the antigen binding region, where most of the
sequence diversity is found, it is still within the range
where structural conservation of the backbone normally
is assumed (Sander and Schneider 1991). Some structur-
al variation is seen in loop regions, which does not affect
the conformation of the binding cleft. The two-residue
insertion of UBA*1401 between residues 86 and 87
(UBA*0101 numbering, Fig. 1) is found in one of these
loop regions, and the four-residue deletion of UBA*(0901
in the CPisjust outside the modelled region, these indels
will therefore not affect the general conformation of the
backbone. It is, therefore, reasonable to assume that the
models are robust with respect to backbone conforma-
tion, and that most of the relevant structura diversity in
the antigen-binding region can be analysed by looking at
side chain variation.

The electrostatic profiles of these models (Fig. 4b)
show very clear differences, and these differences can
most likely be associated with specificity of antigen
binding. The electrostatic properties have to be analysed
with some care. The explicit charges of potentially
charged residues are assigned by Titra based on certain
assumptions about accessibility and local environment.
Also, the actual effect of a specific charge depends upon
solvent accessibility, hydrogen bonding and the local en-
vironment in general. Therefore the electrostatic proper-
ties at a detailed level are sensitive to the quality of the
model. These models have been optimised by a molecu-
lar mechanics approach, which normally removes unre-
alistic interactions. However, this does not guarantee that
all side chain orientations or interactions are optimal, or
as seen in the true structure. Therefore the electrostatic
models should be analysed by looking at general fea-
tures, rather than individual interactions.

All four Sasa-UBA* 0301, UBA* 1401, UBA* 0901 and
UBA*0101 protein models show characteristic electro-
static properties in the antigen-binding cleft. Sasa-
UBA*0301 has an overall negatively charged binding re-
gion, whereas UBA*1401 and UBA*0101 are mainly
positively charged. There are some differences between
Sasa-UBA*1401 and UBA*0101 as well; UBA*1401
seems to have some explicit strong positive charges in
the actual binding cleft, whereas UBA*0101 seems to
have a more diffuse positive charge. Sasa-UBA*(0901
seems to have mixed properties, where half of the bind-
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Fig. 4 a Superimposed backbone traces of the four Mhc models.
The models of Sasa-UBA*1401, Sasa-UBA*0101 and Sasa-
UBA*0901 have been superimposed on the Sasa-UBA* 0301 mod-
el by minimisation of the residual means squared (rms) at 53 cor-
responding Co. positions in the o-helices forming the antigen
binding cleft (helix 1 and 2 in the a; and o, domains, respective-
ly), excluding the central irregular part of the lower helix (he-
lix 2). The four models are coloured individualy (Sasa-
UBA*0301 — green, Sasa-UBA*1401 — blue, Sasa-UBA*0101 —
cyan, Sasa-UBA*(0901 — yellow), except for the sections re-mod-
elled by loop building during automatic modelling, which are
shown in red. Most of these loop regions are outside the binding
cleft. A cutting plane has been inserted behind the central 3-sheet
structure, masking most of the o5 domain from the display. b Pre-
sentation of the electrostatic charges of the peptide binding groove
of four allele sequences. Sasa-UBA*0301 top left, Sasa-
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UBA* 1401 top right, Sasa-UBA* 0101 below left, Sasa-UBA* 0901
below right. Negatively charged residues are shown in red, while
positively charged residues are shown in blue. Positioning of resi-
dues as presented in Fig. 4a and Fig. 4c. See text for details.
¢ Schematic presentation of the structural backbone of the Sasa-
UBA*0101 (p30) peptide binding groove. Positions with Sasa-
UBA positive and neutral amino acids are shown in blue, positions
with negative and neutral amino acid are shown in red and those
with positive, negative and neutral amino acids are shown in yel-
low. Positions with variability index higher than seven are shown
as squares (var;=number of different residues in a given position
divided by the frequency of the most common residue (Parham et
al. 1988). Conserved positions assumed to be involved in binding
of peptide N and C termini are shown as grey circles. Regions
with insertions/del etions are indicated by arrows
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ing region is negative, the other half is positive. In all
structures, a positive charge is seen towards the occluded
end of the binding cleft. Thisis atotally conserved argi-
nine (R82); it is found in all sequences analysed in this
study.

In order to understand the variation in electrostatic
properties at a single-residue level the residues most
likely to be important for this variation were identified.
The four models are based on a total of 13 template
structures, and al of these structures have been deter-
mined with bound peptide. By using the CSU (Contacts
of Structural Units) program (Sobolev et al. 1999) all
side chains in contact with the peptide were identified in
all these structures. This gave atotal of 45 potentia con-
tact residues, which could be related to corresponding
positions in the models by using the sequence alignments
from the model building. Out of these 45 positions it was
found that 20 positions are totally conserved within the
four modelled sequences, and 12 of these are totally con-
served also in the full set of sequences described here.
An additional nine positions have only non-charged resi-
dues, and although they will contribute towards variation
in, for example, hydrophobic properties, they are less
important for electrostatic variation. The remaining 16
positions can be separated into three groups, ten posi-
tions with neutral or negative residues (V15, N17, D28,
D54, Q56, N61, D77, Q81, E111, W113), four positions
with neutral or positive residues (Q40, 164, K66, W94),
and two positions with negative, neutral and positive res-
idues (Q69, R154) (Fig. 4c). There is a cluster of two to
three residues at the bottom of the binding cleft (D116,
E118, potentially D119) that may be important for defin-
ing the electrostatic component of peptide binding. Some
variation is also seen aong the o-helices forming the
ridges of binding cleft.

Discussion

The deduced aa sequences have all the characteristics of
functional Mhc class | molecules. An o, domain without
conserved cysteines, the conserved cysteines in the o,
and o,; domains, a glycosylation site in the o.; domain, as
well as a CP, a transmembrane and a cytoplasmic tail
sequence. The UBA*0901 allele encodes a shorter CP, as
seen in some Mhc class | sequences of other salmonids
(Fig. 1). In other vertebrates, the CP segment is assum-
edly involved in the association of Mhc class | molecules
with calnexin and the suggested kinetic association of
class | molecules with calnexin is likely to contribute to
the different maturation rate between several class |
aleles (Carreno et al. 1995; Qian and Chen 2000). This
is one potential explanation for the observed variability
in the salmonid CP.

Twelve different Sasa-UBA alleles were identified in
82 dams and sires with overall sequence diversity rang-
ing from 0.1% to 18%. The polymorphic marker residing
within the 3’-untranslated sequence showed diploid
Mendelian segregation patterns in all 25 families stud-

ied, and o,-allele-specific PCR in families with uninfor-
mative markers identified a stable inheritance of marker
versus coding region. The linkage analysis shows a close
linkage of the Sasa-UBA and Sasa-TAP2B loci, as previ-
oudly identified for the major class | region in rainbow
trout (Hansen et a. 1999), supporting the claim of Sasa-
UBA representing the main MHC class | region in Atlan-
tic salmon. The Sasa-TAP2A could be linked to a second
uncharacterised class | locus although we have no data
supporting this. The microsatellite in the 3'-tail sequence
segregates in a diploid manner and no animals display
more than two different expressed sequences. Perhaps
we did not amplify these alleles because their expression
is repressed or they have very distant nucleotide se-
guences, thus avoiding detection by PCR and hybridisa-
tion. Assuming there is a second Mhc class | region in
salmonids, it seems to play a different or minor role in
the immune system similar to that found in both chicken
and frog (Flagjnik et al. 1999; Kaufman et al. 1999). The
final verdict on the number of functional Mhc class |
genesin Atlantic salmon will have to come from detailed
physical mapping of the Mhc and/or Mhc-related re-
gions.

The phylogenetic analyses, including sequences from
rainbow trout, brown trout and Atlantic salmon, identi-
fied clusters containing all three salmonid species. The
seguence similarity among the three salmonid species is
particularly profound for o, domains (Fig. 2a). The
relationship between o, domains is more obscure as
represented by weaker bootstrap values (Fig. 2b). For the
0.3 domains through cytoplasmic tail, the Satr and Onmy
sequences share more similarities between themselves
than to Atlantic salmon (data not presented). The diver-
gence between rainbow trout and brown trout/Atlantic
salmon is estimated to be 1520 Myr (Devlin 1993;
McKay et al. 1996), whereas brown trout and Atlantic
salmon are estimated to have diverged between 2.5 and
6 Myr (McVeigh et a. 1991). None of the aligned
sequence data support a closer relationship between
Salmo trutta and Salmo salar, but the selected fish may
represent a biased sample.

Two studies in rainbow trout (Aoyagi et a. 2002;
Shum et a. 2001) identified more polymorphic positions
in the second exon than in the third as found in the
Norwegian Atlantic salmon alleles. A Canadian study of
the Mhc class | polymorphism in salmonids revealed a
much lower variability both concerning number of
aleles, as well as the sequence diversity between them
and identified more exon 3 than exon 2 diversity (Miller
and Withler 1998). Lineage definition is difficult in
salmonids, since some alleles are completely identical in
one domain and then highly divergent in others. Shum
and co-workers (2001) suggested recombinational
shuffling of the o, domain as a possible explanation
using recombination signals in the still unidentified
second intron sequence. Thus, o, domains would be
shifted between different o, through cytoplasmic region
sequences increasing the number of different antigen
binding domains available to the population. Of the 32



Onmy and Satr sequences included, 19 sequences share
eight different o, through o; domains, but have highly
divergent o, domains. This is also found in Atlantic
salmon sequences, with two pairs of sequences with
virtually identical o, through cytoplasmic tail regions
identified in the G-1 population (*0201/*0301,
*1401/*0401) and two additional pairs identified in the
two Aursunda animals (* 0901/aur22#4, * 1101/aur22#2).

The sequence conservation seen in the o; domain is
extended to the remaining part of the sequence. Only 12
variable nt positions are present over a 1,100-bp region
in the 3’-untranslated tail sequences of Sasa-UBA*(0101,
Sasa-UBA*0301 and Sasa-UBA*1401, sequences that
appear as quite divergent in the phylogenetic analysis of
their coding regions. The Sasa-UBA*0101 and the Sasa-
UBA* 1401 sequences have only six variable nt positions
between them. Why such limited sequence diversity in a
region that is not traditionally under selective pressure?
Perhaps sequence conservation in the 3’ region is a
prerequisite for recombination or gene conversion
events, both phenomena assumed to promote variability
in warm-blooded vertebrates (Carrington 1999; Yoshino
et a. 1995). The identification of the Sasa-UBA*(0801
allele in the Aursunda population linked to a new marker
suggests this marker is indeed involved in recombina-
tion. In higher vertebrates, microsatellite are suggested
to assist in or even promote the recombination events
(Pardue et al. 1987). Such unexpected sequence conser-
vation in the 3-untranslated regions has also been
observed in carp (Van Erp et a. 1996) and chicken (Jim
Kaufman, personal communication). If or how it affects
the coding region and how recombination within
Sasa-UBA would influence functionality of its linked
TAPs are both unanswered, but no less intriguing
guestions.

The calculated genetic distances on the linkage group
LG-Tap revealed large sex-specific differences in recom-
bination rates. Based on male recombination,
Sasa-TAP2A clusters with five other markers covering a
region of only 0.6 cM, while female recombination rates
give a linkage group spanning 10.5 cM, with only one
SALMAP marker segregating with Sasa-TAP2A (Fig. 3).
The compressed male map distances seen on LG-TapM
versus LG-TapF is typica for salmonid linkage maps,
and are believed to arise from multivalent formations
occurring in male meiosis, which affects regions proxi-
mal to centromeric positions (Sakamoto et al. 2000).
These sex-specific differences in recombination rates
may also affect the evolution of specific genes such as
the Mhc.

Presently there are no crystallographic models of fish
Mhc molecules and no data on peptide specificity,
leaving us with computer modelling and comparison to
those of the human analogous. Due to the insertions/
deletion in the salmonid o, domain, the position and thus
numbering of Sasa-UBA residues analogous to the HLA-
A residues become dlightly different. The positioning of
the conserved Y84 in HLA-A2 is similar to a completely
conserved R82 in salmonids, as well as chicken, lizard,
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frog and shark (Kaufman et al. 1994), which is most
likely involved in binding the negatively charged
C-terminus of the antigen peptide (Fig. 4c). Modelling
Atlantic salmon class | peptide binding grooves exhibit-
ing quite different electrostatic charges most likely influ-
ence the kind of peptides they are capable of binding.
The insertions/deletions between residues 86 and 87
(UBA*0101 numbering) in the a,; domain are buried in a
loop probably not affecting peptide binding, while the
two additional amino acids between reside 54 and 55
may have an effect. The structures of Sasa-UBA*0101
and UBA*1401 in the residue 53-56 region are also
different (Fig. 4a). An analysis of the Sasa-UBA o1 posi-
tions with a variability index of seven or more [var;
(Parham et al. 1988)] identify 17 positions with an
average var; of 15 (numbering according to UBA* 0101,
23, 30, 31, 33, 42, 50, 52, 53, 55, 60, 61, 63, 65, 66, 69,
71, 81). In the o, domain only three such highly variable
positions are identified with an average var; of nine (94,
111, 154). A similar analysis of the Onmy sequences
aligned in Fig. 1 showed nine o, positions (23, 30, 33,
42, 50, 53, 61, 65, 68) and three o, positions (84, 111,
150) with var;=11. The dlight differences between the
Sasa and Onmy variability profiles are most likely
attributable to random variation in a small sample. For
comparison, the highly variable HLA-A, B, and C
positions are 9, 24 (23), 45 (42), 62 (60), 65 (63), 66
(64), 67 (65), 70 (68), 71 (69), 74 (72), 77 (75), 80 (78)
in the oi; domain and 95 (92), 97 (94), 114 (111), 116
(113), 156 (154), and 163 (161) in the o, domain all with
var;=13 (numbering according to HLA-A2 in alignment
Fig. 1, Sasa-UBA* 0101 numbering in parenthesis).

The structures of the peptide-binding specificity
pockets of human and mouse Mhc class | molecules have
been widely analysed (Madden et a. 1991; Matsumura
et a. 1992; Saper et a. 1991). The composition and
shape of the six pockets designated A—F differs among
individual alleles and this structural polymorphism is
thought to contribute to the peptide binding specificity of
different class | molecules. Deep, but highly conserved
pockets at each end of the groove bind the amino (pocket
A, residues 7, 59, 159, 171) and carboxy! termini (pocket
F, residues 84, 143, 146, 147) of the peptides, thus
dictating the orientation of peptide binding. The compar-
ative positions in salmonid class | sequences (positions
7, 57, 82, 140, 143, 144, 157, 169; Sasa-UBA*0101
numbering) are identical and invariable with the
exception of the human Y84 being replaced by an
arginine in the salmonid sequences. Apart from pockets
A and F, each of the remaining pockets vary in both size
and depth between different human and mice class |
molecules. Pocket B, mostly determined by the size and
chemical nature of residues at positions 7, 9, 24, 34, 45,
63, 66, 67, 70 and 99, is a major pocket in many class |
molecules and accommodates the anchor residues of the
second amino acid (P2) of the peptide.

Information about general sequence variation in Mhc
sequences was extracted from the Kabat Database
of Sequences of Proteins of Immunological Interest
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(Johnson and Wu 2001) by using the Variability web in-
terface. Several variability plots were generated, both for
the complete database (1,042 sequences) and for subsets
selected by species [e.g. human (394 sequences), mouse
(177 sequences) or Atlantic cod (28 sequences)]. In each
plot, positions showing a variability clearly above a
loosely defined “noise level” were identified, and com-
pared to the variable positions indicated in Fig. 4c. In
particular, positions 63, 66, 94, 111 and 153 were always
identified as highly variable, and to some extent
positions 42 and 60. These positions correspond approxi-
mately to binding pockets B and E, and this variation is
most likely essential for achieving a broad repertoire in
antigen binding. Most of the additional variability
observed in Fig. 4c may be associated with other known
binding pockets, in particular pockets A and C. One
possible exception is the high variability observed
in positions 50-55. This region is generally not used for
antigen binding, and high variability in this region seems
to be unique to this data set, compared with sequences
available in the Kabat database. It is known that Mhc
class | molecules can bind peptides that are too long to
fit into the actual binding pocket, and that such peptides
may extend out of the pocket (Collins et al. 1994).
Additional variation close to binding pocket A may mod-
ulate binding of such antigens, through direct interaction
with the antigen or by modified flexibility of the helices
defining the binding cleft. It is aso known that the
natural killer cell receptor may bind to Mhc class| in this
region (Tormo et a. 1999; PDB code 1qo3). Natural kill-
er cells are capable of lysing virally infected cells and
are in part regulated through interactions with the Mhc
class | molecule. Knowledge about cytotoxic cellsin fish
is limited, but channel catfish has been shown to possess
an array of different cytotoxic cells, some potentially
resembling the human NK cells (Shen et a. 2002). A
rapid screening of the zebrafish and pufferfish genome
databases also show multiple sequences with similarity
to receptor molecules traditionally used to discern NK
cells. An automatic screening of the 3D structure (1go3)
for protein-protein interactions, using the Protein-Protein
Interaction Server (Jones and Thornton 1996), identified
residues 47 and 50-56 as involved in receptor binding in
this region. It is therefore possible that the observed
variation is associated with modulation of protein-
protein interactions taking place in this area.

In conclusion, we have identified highly divergent
alleles belonging to the major Mhc class | locus of
Atlantic salmon, Sasa-UBA. Shuffling of o, domains
between alleles was identified and the microsatellite
marker residing within the 3’-untranslated tail seems to
participate in recombination events. Modelling the anti-
gen-binding groove identifies both structure and charge
differences between alleles, suggesting major differences
in peptide repertoire. A polymorphic region unique to
salmonid sequences was identified, potentially represent-
ing an NK-receptor interaction site.
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