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Abstract. Its small size and short generation time ren-
ders the zebrafish (Brachydanio rerio) an ideal verte-
brate for immunological research involving large popu-
lations. A prerequisite for this is the identification of the
molecules critical for an immune response in this spe-
cies. In earlier studies, we cloned the zebrafish genes
coding for the 3 chains of the class T and class II major
histocompatibility complex (Mhc) molecules. Here, we
describe the cloning of the zebrafish & chain-encoding
class II gene, which represents the first identification of
a class II A gene in teleost fishes. The gene, which is
less than 3 kilobases (kb) distant from one of the
chain-encoding genes, is approximately 1.2 kb long
and consists of four exons interrupted by very short
(<200 base pairs) introns. Its organization is similar to
that of the mammalian class II A genes, but its sequence
differs greatly from the sequence of the latter (36%
sequence similarity). Among the most conserved parts
is the promoter region, which contains X, Y, and TATA
boxes with high sequence similarity to the correspond-
ing mammalian boxes. The observed striking conserva-
tion of the promoter region suggests that the regulatory
system of the class Il genes was established more than
400 million years ago and has, principally, remained
the same ever since. Like the DMA, but unlike all other
mammalian class IT A genes, the zebrafish gene codes
for two cysteine residues which might potentially be
involved in the formation of a disulfide bond in the o1
domain. The primary transcript of the gene is 1196
nucleotides long and contains 708 nucleotides of
coding sequence. The gene is expressed in tissues with
a high content of lymphoid/myeloid cells (spleen, pro-
nephros, hepatopancreas, and intestine). The analyzed
genomic and cDNA sequences are probably derived
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from different loci (their overall sequence similarity in
the coding region is 73% and their 3’ untranslated re-
gions are highly divergent from each other). The genes
are apparently functional. Comparison of genes from
different zebrafish populations reveals high exon 2
variability concentrated in positions coding for the pu-
tative peptide-binding region. Phylogenetic analysis
suggests that the zebrafish class I A genes stem from a
different ancestor than the mammalian class IT A genes
and the recently cloned shark class IT A gene.

Introduction

Major histocompatibility complex (Mhc) molecules are
cell surface-expressed, highly polymorphic, hetero-
dimeric glycoproteins which present peptides to T cells
and thus initiate specific immune responses (Klein
1986; Rothbard and Gefter 1991). Mammalian Mhc
class I molecules are responsible for the presentation of
endogenously processed peptides to cytotoxic (CD8-
positive) T cells (Bjorkman and Parham 1990); Mhc
class II molecules bind peptides of proteins which
entered the cell by the endocytotic pathway and present
them to T helper (CD4-positive) cells (Lanzavecchia
1990). A mammalian class II molecule consists of one
o and P chain, the two chains being encoded in separate
DXA and DXB genes, respectively, where D stands for
class II, X for unspecified class II family, and A or B for
the o or B subclass. Each chain consists of two extra-
cellular domains, a1, o2, or B1, B2, a connecting pep-
tide, a transmembrane region, and a cytoplasmic tail.
According to the model of Brown and co-workers
(1988), capturing of peptides is the function of the ol
and B1 domains, and especially of the highly variable
amino acid residues in the peptide-binding region
(PBR).
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Mhc class 1T B genes have been cloned from a num-
ber of mammalian species (Klein 1986), and more re-
cently also from a variety of fishes (Hashimoto et al.
1990; Hordvik et al. 1993; Juul-Madsen et al. 1992; D.
Klein et al. 1993; Ono et al. 1992; 1993 a, b, d). Class II
A genes have thus far been identified in mammals
(Klein 1986) and one species of cartilaginous fish
(Kasahara et al. 1992) only. In an effort to shed light on
Mhc evolution, we have initiated studies involving sev-
eral teleost (bony fish) species. One of these species is
the zebrafish (Brachydanio rerio), which was selected
because of its short generation time, large number of
offspring, and easy genetic (classical and molecular)
manipulation (Laale 1977). In an earlier report (Ono et
al. 1992), we described the cloning and properties of
zebrafish class IT B genes; here we have set out to iden-
tify zebrafish class I A genes.

Materials and methods

Fish. Zebrafish (Brachydanio rerio) were obtained from a dealer
(Aquarium Pelz, Tilbingen, Germany), from the laboratory strain
C29 maintained at the Max-Planck-Institut fiir Entwicklungsbiologie
(Tiibingen), and from animals caught in North Bengal, India. Carp
(Cyprinus carpio) and trout (Oncorhynchus mykiss) were purchased
at a local market.

Preparation of genomic DNA. After the fish were killed, tissues were
homogenized in liquid nitrogen and then treated with proteinase K at
45° C in lysis buffer [10 mM Tris/HC, pH 7.5, 5 mM ethylene di-
aminetetraacetic acid (EDTA), 0.5% lauryl sarcosinate]. DNA was
isolated, using an automated extractor (Applied Biosystems, Weiter-
stadt, Germany).

Genomic library. The zebrafish genomic library was obtained from
Stratagene (La Jolla, CA). Inserts were cloned into the Xho I site of
the AFIX™ phage vector, used to transfect Escherichia coli (E. coli)
NM 538. The complexity of the original library was 2 x 106 plague-
forming units (PFU); the titer of the amplified library at the time of
use was 1.5 x 109 PFU/ml.

Screening of genomic library. Replicate nitrocellulose filters (Sar-
torius, Gottingen, Germany) containing approximately 6 x 105
clones of the genomic library were screened with a cocktail of
32p-labeled (Feinberg and Vogelstein 1983) zebrafish Mhc class 1T
B probes DABI*01, DAB3*01, and Br2.1. The DABI*0l and
DAB3*01 probes were full-length cDNA clones (Ono et al. 1992);
the Br2.1 probe was a polymerase chain reaction (PCR) product
encompassing part of exon 3 (Stiltmann 1991). The screening was
preceded by prehybridization in 50% formamide, 5 x SSPE (1 x
SSPE contains 0.15 M NaCl, 0.01 M NaHzPO4, 1 mM EDTA,
pH 8.0), 0.1% sodium dodecyl sulfate (SDS), 5x Denhardt’s (1 x
Denhardt’s is 0.02% Ficoll, 0.02% bovine serum albumin, 0.02%
polyvinylpyrrolidone) at 42°C. The screening itself consisted of
hybridization under the conditions given above for 16 h after the
addition of the probe. The filters were washed with 0.5 x SSPE,
0.1% SDS at room temperature (twice for 20 min each time) and
used to expose an X-ray film (XARS5; Kodak, Stuttgart, Germany)
overnight with a DuPont Cronex intensifying screen. Single positive
clones were isolated after a second screening.
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Southern blots. Eleven micrograms of total genomic DNA were
digested with Hin dIII for 16 h and the resulting fragments were
separated by electrophoresis in a 0.8% agarose gel containing
0.5 pg/ml ethidium bromide, with the running buffer consisting of
1 x TAE (0.04 M Tris-acetic acid, 2 mM EDTA, pH 8.5). The DNA
was transferred to a Hybond N* nylon membrane (Amersham
Buchler, Braunschweig, Germany) by alkaline (0.4 M NaOH)
vacuum blotting. Hybridization was carried out in 50% formamide,
5% SSPE, 1% SDS, 5x Denhardt’s, 100 pg/ml tRNA (from
brewer’s yeast) for 16 h and was followed by washing twice with
0.5x SSPE/0.1% SDS at 40°C. The filters were used to expose an
X-ray film for 1-5 days.

Restriction mapping of genomic clones. A combination of single,
double, and partial digestions with Not I, Eco RI, Hin dIlI, Bam HI,
and Sma 1 endonucleases was used. Agarose gels were blotted as
described above and positive fragments were identified by hybrid-
ization with Mhc probes and probes located at the borders of the
polylinker of the AFIX™ vector.

Preparation of RNA. Twenty zebrafish of the C29 strain were kept
without feeding for two days, then anesthetized in 0.02%
3-aminobenzoic acid ethylester, killed, and their hepatopancreases
and spleens frozen in liquid nitrogen. Total RNA was isolated ac-
cording to the method described (Zhu and co-workers 1991).
Poly(A)t RNA was isolated using an mRNA purification kit (Phar-
macia LKB, Freiburg, Germany). Carp, trout, and cichlid fish RNA
was isolated from different organs of a single fish in a similar way.

Construction and screening of cDNA library. A TimeSaver cDNA
synthesis kit (Pharmacia LKB) was used to produce ¢cDNA and
ligate it, using Eco RI/Not I adaptors, to the Eco R site of the Agt10
phage vector (Stratagene, Heidelberg, Germany). Packaging was
carried out using an in vitro packaging kit (Stratagene) and the
recombinant phages were used to transfect E. coli NM514. The
complexity of the library was 1 x 10% PFU; the library was amplified
once to a titer of 1x 101! PFU/ml. Replica nitrocellulose filters
containing 5 x 105 clones were screened with the probe 369.1.3, a
600 base pair (bp) PCR product obtained by amplification of class II
A cDNA and encompassing a stretch from the middle of exon 3 to
the 3’ end of the 3’ untranslated (UT) region. Hybridization condi-
tions were as described above.

Northern blots. Twenty micrograms of carp RNA, isolated from
heart, spleen, hepatopancreas, intestine, pronephros, and ovary were
dried under vacuum and dissolved in RNA-loading buffer [48%
formamide, 6% formaldehyde, 5% bromophenol blue, 6% glycerol,
1x MOPS (1x MOPS contains 0.2 M 3-N-morpholinopropane
sulfonic acid, 50 mM sodium acetate, pH 6, 10 mM EDTA)]. The
RNA samples were then electrophoresed in 1% agarose denaturing
gel containing 1 x MOPS, 2% formaldehyde at 40 V for 16 hin 1 x
MOPS running buffer. The gel was stained with 0.5 pg/ml ethidium
bromide and blotted on a Hybond N+ membrane by alkaline transfer
(0.05 M NaOH) under vacuum. Hybridization was carried out as
described above.

Polymerase chain reaction. Amplification, using the cloned total
cDNA as a template, was carried out with two primers. One was a
degenerate sense-primer [TU 369: 5-TT(C/T)G(C/T)TGAT-
(G/AXG/A)ATTCT(A/TYT/CYCCTCC-3] designed on the basis of
data from Cho and co-workers (1991) and Kasahara and co-workers
(1992) and expected to anneal in the 5" half of class II A gene exon 3.
The other was an antisense primer (#1244: 5-ACAAGCTTG-
TATTTCTTCCAGGGTAA-3") annealing in the vicinity of the Eco
RI cloning site in the left arm of Agt10. Approximately 108 phages
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were added to the reaction mixture containing 1 x PCR buffer (Per-
kin Elmer, Uberlingen, Germany), 1 pM each of sense and antisense
primer, 0.1 mM each of the four deoxynucleoside triphosphates
(Pharmacia), and 2.5 units of Tag polymerase (Beckman, Fullerton,
CA). Each of the total of 40 cycles consisted of 1 min denaturation at
94°C, 1 min annealing at 50° C, followed by 2 min primer extension
at 72°C. The final extension was for 10 min at 72° C. PCR with the
genomic library was carried out under identical conditions. The
products were phenol/chloroform extracted, phosphorylated with T4
polynucleotidekinase (New England Biolabs, Schwalbach/Ts., Ger-
many) for 30 min, and blunt ends were generated by a Klenow
fragment of DNA polymerase I (BRL, Gaithersburg, MD). The pro-
ducts were separated on a low-melting point agarose gel (BRL).
Selected bands were cut out from the gel and centrifuged for 10 min
at 15000 rpm, and the DNA from the supernatant was ligated into
M13 vectors. Amplification of exon 2 from total genomic DNA of
zebrafish was obtained with TU461 (sense, 5'-GCTCAAGCTGAG-
CACAGG-3) and TU450 (antisense, 5-TTGCTCTTCTGGA-
GAGTT-3") or TU579 (sense, 5-TGAGCACAGGGATTTTGA-3")
and TU580 (antisense, 5-CTTCTGGAGAGTTGTAT-3) primers
designed on the basis of the cDNA sequences obtained. Two-
hundred-and-fifty nanograms of genomic DNA were subjected to 35
PCR cycles under the conditions described above, except for the
annealing temperature (47° C).

For amplification of exon 2 sequences from Southern blots,
22 ug of total genomic DNA were digested with Hin dIII, the digest
was divided into two aliquots, and each aliquot was subjected to
electrophoresis in 0.8% agarose gel. After rinsing in 0.5 M
NaOH/0.15 M NaCl and 0.5 M Tris/HC, pH 8.0, 0.15 M NaCl
(30 min in each solution), the gel was dried in a vacuum drier and cut
into two parts. One part was hybridized with the zebrafish class Il A
exon 2 probe MW1273 (a PCR product generated by using primers
TU461 and TU450) and positive bands were cut out from the second
gel. The slices were suspended in 50 pl of TE buffer (10 mM Tris
HCI, pH 8.0, 1 mM EDTA, pH 8.0) and stored at 4° C. Two to four
microliters of the supernatant were then used as template source in
PCR amplification.

DNA sequencing and analysis. DNA was purified by electrophoresis
in low-melting point agarose gels, bands were cut out from the gel,
centrifuged, and the supernatant was used for ligation into M13
vectors. A replicative form of M13 was isolated as described (Sam-
brook et al. 1989), treated with RNase A, and sequenced by the
dideoxy chain-termination method (Sanger et al. 1977) using the
Sequenase kit (Renner, Dannstadt, Germany).

Construction of dendrograms. Sequences were aligned, genetic dis-
tances between them were calculated by Kimura’s two-parameter
method (Kimura 1980), and they were arranged into matrices. A
computer algorithm [neighbor-joining method of Saitou and Nei
(1987)] was then applied to organize the sequences in such a way
that those with the shortest distances separating them became neigh-
bors. The result was depicted graphically in the form of a phy-
logenetic tree (dendrogram). Sequences were analyzed using the
GCG (Genetics Computer Group) software package, version 7.
GenEMBL was used as the database for the comparison with known
sequences.

Results

Isolation of a class Il A probe from the zebrafish. Fluid
phage suspension containing the zebrafish cDNA li-
brary was used as substrate for PCR with primers
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TU369 and #1244. Electrophoresis of the PCR-
amplified product yielded two major diffuse bands of
approximately 400 bp and 600 bp. Fragments from
both bands were subcloned in the Sma I site of the M13
phage vector and sequenced. Sequences of the smaller
fragments showed no significant similarity to any of the
known Mhc genes. In the larger fragments, however,
the sequence of the major clone (369.1.3) showed sig-
nificant similarity with exon 3 of class II A genes of
different mammalian species.

Isolation of zebrafish class I A ¢cDNA clones. Screen-
ing of the zebrafish cDNA library with the 600 bp long
insert of the clone 369.1.3 yielded 50 positive signals
on both replica filters. Thirty of the 50 clones were
selected, and, after rescreening, ten of these were
chosen for subcloning in M13. The ten clones were of
five different sizes: 0.9, 1.0, 1.3, 1.4, and 1.9 kb. Three
of the clones 1.3.4, 1.4.3, and 2.1.4, were sequenced in
their entirety and another five partially, but of these,
three turned out to have a sequence not related to the
class Il A gene. The sequences of the 1.3.4 and 1.4.3
clones are identical in the overlapping region except for
two nucleotide substitutions (G¢>A and A<T); the
sequence of the 2.1.4 clone differs from that of 1.4.3 by
57/711 substitutions in the coding region (Fig. 1). The
sequence of the 2.1.4 clone is 966 nucleotides long.
From a comparison with sequences of mammalian
class IT A genes, we deduce that it consists of 41 bp of
5’UT region, 711 bp of coding region, and 214 bp of
3’UT region. The coding region consists of 51 bp speci-
fying 17 amino acid residues of the leader (signal)
peptide and 660 bp specifying 219 amino acid residues
of the mature protein. Although there is a methionine-
specifying codon upstream from the one we identify as
the start site of translation, it is most probably not used,
because it is followed immediately downstream by an
in frame stop codon. The codon we identified as the
translation initiation site is flanked by the sequence
TGAACTATGG, which accords well with the consen-
sus initiation sequence (Kozak 1984). The size of the
primary transcript of the zebrafish class II genes has not
been determined. In a related species, the carp, the size
has been estimated as 1800 nucleotides at least (see
below). If the zebrafish transcripts were also of this
size, it would indicate that a substantial part of the 5’'UT
region is missing in the 2.1.4 cDNA clone.

The predicted length of the leader-encoding
sequence (17 codons) is among the shortest of the
class I A genes sequenced thus far but it exceeds the
length of the shortest leader sequence in eukaryotic
genes (13 codons; see von Heijne 1983). The putative
leader-sequence cleavage site of the 2.1.4-specified
protein deviates from the consensus in that it does not
have a residue with a small, uncharged side-chain at
position —1, a bulky aromatic residue at position —2,
and Gly-Pro at positions —4 and —5 (von Heijne 1983).
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11.2 PROMOTER REGION
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AAGCTTTTGTCAGTAGAAAGAAATTAAAATGCCAAGAAACAGATGTGTCATACTGAGTGGTAAATTCTGATTGGCTGAG

GTGATTCTGAGGCAGTTATATGGCTCACAAGAGATAGTT

5°UT REGION

2.1.4 TATTTGATATGETGTTTACTTCAGTCCCCTCTCATTGAACT
1.4.3 AGCCGCTGTTG = = m o mmw e A-G---mmmm TA------—mmmm -
1.3.4 AGCCGCTGTT-Gm === == == === A-A----—--- TA----mmmmmmme
11.2 AGAGCTAGTAA-AC-T-AT-T--AG-GTA-GTTC-T-TPTGCCTC-CAG-AAG
CODING REGION
-17 . -10
2.1.4 ATG GAT CTG TTT GGT TTT CTG CTG ATA TTC ACT GTT ATT GTG AGT AAT AGG
1.4.3 R BTSN = mm= 0= mm= mm- —mm —ee T oo oo GT-
1.3.4 e mmm aC mmm mmm -e- T-- === =C- === —== == —om Tee ——o ——e GT-
11,2 --- -- G G-- -A- -TG --C A-C --A -CT C-T -G- --G T-- --T TC- TCA GA- GTT AAT G
INTRON 1
11.2 GTAATCGTATTTTTTTAATTACTTCATCTCTAATTTTACTTTTTGCTGCATTTGTCTTGCAGTTGTGTTCATCTCATAG
11.2 ACGATGTCTTTTGACACTTGACATGGATGATATTTTATCTGTTTCAG
EXON 2
1 10 20
2.1.4 GCT CAA GCT GAG CAC AGG GAT TTT GAC TTT ACT GGG TGT TCT GAT ACA GAG AAA GAT GAT
1.4.3 T anri SETIET SRR, . S U S A --- -- A T--
1.3.4 T T it ST (U SR A --- -- A T--
11.2 T- -TA -~T GA- --- A-- =TT A-G GAC =-A --C =<A === —== --— ==c —-G T--
30 40
2.1.4 TTG ACT GGA TTT GAT GGA GAG GAG GAG TAC CAT ACA GAC TTC ATT AGA AAA GAA GGA GTA
1.4.3 —== CAA -== === =-= === mmo co CP- —== m== Tem —mm —mm —mm e oo ST oo oo
1.3.4 --- CBAA --- --- R < . T T R,
11.2 A-A T-- -TT C-- =--= -== === —-A AP~ --= === wo= ——= ——= -G~ G-- --- CGG --- -AG
50 60
2.1.4 ATG ACA CTG CCT GAC TTT GCA GAT CCT TAC AGC TAT CCT GGA GGT TAT GAG GCT GGT GTT
1.4.3 G-~ --- GC- —== —mm mmm mem e o ATG --= --- —== === TT- ——o ——— AR~ A-- ---
1.3.4 G- --- GC- —== -== === === —o= == ATG --~ === -== === TP= ——= ——— AA- A== ---
11.2 “=- === Te- -=- —-= =—= ——= —oo oo T -C- -=~ === --T AC- --- --- CAG A--
80
2.1.4 GCT AAT ATG GAG ATC GCC ACA GAC ATT AAG GCA TAC AAC TCT CCA
1.4.3 R N —— G-~ B L LT < I
1.3.4 —mm QR mmm ee- G-~ e ¢ H T T
11.2 --- G-- TAT --A -CA -AT GTT -C- GCC --- -- ¢ - - A --A --T
84
2.1.4 GAA GAG CAA CTA
1.4.3 B T —
1.3.4 e e e e
11.2 TT- --- A-- TTG G
INTRON 2
11.2 GTGAGACTTTATACTTAGTTTTATGGTACTGCTTCTTTACAAAGTGTAAGTATATTAAATCGAGTCATATAAATCCARA
11.2 TGTTTAAGCAAAGGCAGTTATTTTTTCATCTACCTTGCTTCTTTTTTTAG
EXON 3 90 100
2.1.4 GAC CCA CCT GTG ACA TCC ATC TAT TCA GAA GAT GAA GTG GTT CTG GAT GAA AAG AAC ACA
1.4.3 --- -- i T L T Sy A
1.3.4 =-- -- T o—-m - mem mem mme mmmmee e mem eee e el e el —ol B mme —e-
11.2 ST —e- —e- CA- --T --A === -——= --- AGE --- -- T --- CAG -CA --- ATT G-A --T -AG
110 120
2.1.4 CTC ATC TGT CAT GTG ACT GGA TTC TTC CCT CCA CCT GTC AAT GTC TCC TGG ACG AAA AAC
1.4.3 e ettt et RS U PR
1.3.4 B e PPN
11.2 mmm mme mme e doo mee oo mee eem e eee eem oo “GA <= —-- == ~-A -G ---
130 140
2.1.4 AAT GAT ATC GTG ATG GAG GAC ATT AGT TTT AGC CAG TAC CGT GAC AAC AGT GAC GGC ACC
1.4.3 == === =T --- -CA --- -- T T W C AGA --~ -== =T cec -—-
1.3.4 —m= e e e -CA -me - TS N C AGA --- ~vc - —om oo
11.2 --C --@ --T --- -CA --- -GG --G -~- G-A --- --= ==T --A CCA --T -AC --T --= -- A
150 160
2.1.4 TTC AAC ATG TTC TCC GCT CTG AAG TTC ACA CCT GCT GAA GGA GAC ATT TAC AGC TGC ACA
1.4.3 T et T T RS R SRS U
1.3.4 T T TR U O
11.2 -AT --- -- T - -- T A-- --A -GA --- -- T === =T@ === === - —o- ——= —oo ——— -GT

Fig. 1. (For legend see p. 412)

However the putative leader does have the expected
hydrophobic core.

The 219 amino acid residues of the predicted mature
protein can be divided (again, based on analogy to
mammalian class II o chains) into o1 (84 residues), 02
(95 residues), connecting-peptide (11 residues), trans-

membrane (23 residues), and cytoplasmic (6 residues)
domains (Fig. 2). The length of the zebrafish ol
domain is the same as that of the human DR o1 domain
(Lee et al. 1982) but is three residues shorter than the
length of the human DQ o1 domain (Auffray et al.
1984). In comparison to mammalian class II o
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170 179
2.1.4 GTG AAA CAC AGA TCC ATT CAAR GGG CAA CCC AAC ACC AAA ACA TGG
1.4.3 --- -- C =m= mme = mmm oo - C —mm mmm e -
1.3.4  —me - T e R
11.2 --- - C === -A- A== C-= Gu- ***% oG oo C-A ==T === G-= --- G
INTRON 3
11.2 GTGAGATTATTTTTTTGTTGTTATATTGTTACATATCCTTGTAATTCTGTACAAAATAATTGACATTGTGGACAAAGTA
11.2 AACAACTACTGGTAACGAAAACAACACCATTTAAAAATGAATAATCTGTGGTCCATTGCACATTACATAATTATAAATG
11.2 AGCTTTTATGTTTCAG
EXON 4:
CONNECTING PEPTIDE 190 TRANSMEMBRANE REGION
2.1.4 GAG GTG GAC GTT GAG CTG CCC AGT GTT GGT CCA GCA GTG TTC TGT GGA GTG GGT CTG GTT
1.4.3 I Tl N e L I T T
1.3.4 e ey S T T
11.2 -A --- -- A === =CT A-= === === mm= mmm mmm mmm oo ommm mmm oo mee e oo T
210 CYTOPLASMIC REGION
2.1.4 CTG GGG CTG TTG GGA GTT GCT GCT GGA ACT TTC TTC CTC ATT ABA GGA AAC AAC TGC AAC
1.4.3 T T T T
1.3.4 e e T TR
11,2 —mm e ae- Qe mmw mwm mam mme eee 22@ =~ wee e wmB m== —m= —m= —-m oo T
220
2.1.4 TGA
1.4.3 ——-
1.3.4 -
11.2 -A-
3'UT REGION
10 20 30 40 50 60 70 8
2.1.4 CAGCTTTGATTTACACATGAACACAATCTTTATTCAGTAATTCTGATTCTGTGTACTGCTATTTAACATCTTTCCTTAA
1.4.3  mmmm e o e e e b ——
1,304 mmmm e e e e e e e e [\ —
11.2 A-AAAA--GCA-TA-A-CCGTA-ATGCA--ACAATT-GTCC-TGA-ARACA-ACTT~CTCT-GA--ACATG--TAAA-G
110 120 130 140 150 1
2.1.4 TGTTTGTAAAATTGTGTTTTGTCTCTAAAAACAAAATGTGTGCCAAACCATATTTGGTGGGATACAATAAAATATTGTT
1.4.3 ~---- A---C----mmmmmm - GTTCT-T--CA-
1.3.4 ----- A== = Cmmmmm oo GTTCT-T--CA-
11.2 A----A-CTTGC-T-AAAA--AAAGAT-TTGGC-T--ARA-TAA - TCATTGCACATA-T-C-AT- - T-TTTTCCACA -
60 170 180 190 200 210 220 230
2.1.4 TTACTACACATTTACTCAACAAGATGATGGTAGTAGGAAAAAAAAAAAAAAARARA
1.4.3 ---AATATA-AGG-TAT--TTTTTAA-CAAT-AA-TATTGT-
1.3.4 -~ -AATATA-AGG-TAT--TTTTTAA - CAAT~AA-TATTGTTTACTACACATTTACTCAACAAGATGTTGGTAGTAGGA
240 250 260 270 280 290 300
1.3.4 ARAGTGTGTGTGTCTGTGTGTGTGATAATGATAATGAAAGTTACCATACARATTATTAGCCATTCATACAGTTATGGGA
320 330 340 350 360 370 380 390
1.3.4 ATGTAGTTCTCAGGATATTTAGATTCCATAGCTTTTAGGTTAGATGAATATTTTCTTCACCATAAACTTAATCATGACA
400 410 420 430 440 450 460 470
1.3.4 AARACTGTTCTTTTTTCAGTTATTTGCCCTAACTAAACGACACATAAAATATCTTCACAAAATGGTTGTTGATTTGTTT
480 490 500 510 520 530 540 550
1.3.4 TTGGTAAGTAAATGCACTTETCCTTAGAAGTAAACAGTCACACAAACACACATGTATGCACCATTAAATTGTTCCATTA
560 570 580 587
1.3.4 AATAATTTTTGTTTCCGGAAAAAAAAAAAARAAA

Fig. 1. Nucleotide sequence of three cDNA clones (2.1.4, 1.3.4, and 1.4.3) and one genomic clone (11.2) of zebrafish Mhc class I A genes. 2.1.4
is used as a reference; identities with the reference sequence are indicated by dashes (—). Exon boundaries in 11.2 were determined from the
position of putative splicing signals. Promoter clements in the 5'UT region and potential polyadenylation signals in the 3"UT region are
underlined. The sequences were submitted to the GenBank nucleotide sequence database. Accession codes are 1.19445 (2.1.4), 119446 (1.4.3),

1.19450 (1.3.4), and 119451 (11.2).

sequences (excluding DMA), the zebrafish sequences
suffered a two-residue deletion at positions 21 and 22
(in the numbering system used in Figure 2) and two
one-residue insertions at positions 56 and 58. The nurse
shark class II & chain shows only one residue insertion
at position 58 (Kasahara et al. 1992); both insertions are
shared by zebrafish @ and mammalian DMo. chains
(Cho et al. 1991; Kelly et al. 1991).

Another feature shared by zebrafish oo and DM«
chains is the presence of two cysteine residues 52 (ze-
brafish o) or 54 (DMo) residues apart. In the model of

the o chain three-dimensional structure proposed by
Brown and co-workers (1988), the two cysteines are
close enough to each other to form an intradomain
disulfide bond, in the zebrafish o chain, Cys 13 (zebra-
fish numbering) would be located near the first loop of
the P-pleated sheet, and Cys 66 in the o-helix. These
are also approximately the positions at which cysteines
have been found in all class II B chains thus far ana-
lyzed (reviewed in Klein 1986). The nurse shark
class IT o chain lacks these two cysteine residues
(Kasahara et al. 1992). The overall amino acid
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Fig. 3. Restriction map of the genomic clone 11.2. The length of the clone (in kb pairs) is indicated by the horizontal line, orientation of the
genes by arrows, and exons by filled (DXA) or shaded (DXB) rectangles. Restriction endonucleases used in the mapping are indicated on the
lefi-hand side. Vertical lines indicate positions of restriction sites. UT, untranslated region; 1,2,3,4 exons.
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Fig. 4. Sequences of regulatory elements in the promoter region of the zebrafish class Il A gene (lower sequence) compared to the sequence of
mammalian class II A genes (Benoist and Mathis 1990; Cogswell et al. 1991). Individual elements are boxed, distances between them are
indicated in bp. Identities with the top sequence are indicated by dashes (-).

sequence similarity between the zebrafish and mamma-
lian (DM excluded) o chains is 29%. Several residues
are shared by all or most of the known o chains
(Fig. 2).

The 02 domain of the zebrafish sequence is one
residue longer (position 178) than the mammalian DN,
DP, DQ, and DR o2 domains. The zebrafish sequence
shares a potential glycosylation signal at positions
124—-126 with the mammalian o chains, with the ex-
ception of DMa (Fig. 2). The shark sequence also lacks
the glycosylation signal at this position. With the ex-
ception of DPA2, the mammalian DNo, DPa, DQq:,
and DR chains have a second glycosylation signal in
the ol domain. The zebrafish o chains lack this signal,
as do all known class II B chains. The sequence similar-
ity between the zebrafish and mammalian o2 domains
(excluding DMa) is 36%. At a number of positions, o2
residues (including the cysteines at positions 113 and
169) are fully conserved among all the known ¢ chains
(Fig. 2).

The connecting-peptide segment of the zebrafish o
chain is two residues shorter than the corresponding
segments of the DN, DPa, DQo, and DRa chains,
and one residue shorter than those of the DMo: and the

shark o chains. The sequence similarity among the
various chains is very low in this region.

The transmembrane domain of the zebrafish o chain
is of the same length as that of the mammalian o chains.
The motif GXXXGXXGXXXG (X being a hydropho-
bic residue) is shared by the zebrafish and mammalian
o chains. The G residues of this motif have been postu-
lated by Cosson and Bonifacino (1992) to form the face
of an o-helix that interacts with the corresponding
phase of the B chain in the of heterodimer. However, at
position 198, where mammalian ¢ chains have a nega-
tively charged residue (Glu), the zebrafish and the
shark o chains have uncharged residues (Pro and Gly,
respectively). The Glul98 has been postulated by Cos-
son and Bonifacino (1992) to interact with the posi-
tively charged Lys at the corresponding position of the
B chain.

The cytoplasmic domain of the zebrafish o chain is
only six amino acid residues long and thus one of the
shortest cytoplasmic tails of the class Il proteins on
record (Klein 1986). It shares Lys and Gly at posi-
tions 222 and 223 with some of the mammalian o
chains, but otherwise the sequences are very different
from one another.
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285 —= Fig. 5. Northern blot of RNA from

different carp tissues hybridized with
the cDNA probe 2.1.4. The sizes of
the ribosomal RNA are indicated by
arrows. Lane numbering: 1, heart; 2,
intestine; 3, spleen; 4, hepatopan-
creas; 5, pronephros; 6, ovary.
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Fig. 6. Southern blot of total genomic DNA from nine zebrafish
individuals. (Lanes 1,2,3,8,9, wild-type; 4, albino; 5, albino x
frankei; 6, frankei; 7, homozygous laboratory strain; 10, trout (On-
corhynchus mykiss); 11, cichlid (Melanochromis auratus); 12, carp
(Cyprinus carpio). The DNA was digested with Hin dUI and hy-
bridized with the cDNA probe 2.1.4. Sizes of the marker in kb pairs
are indicated by arrows.

The 3'UT region of the zebrafish clone 2.1.4 has a
polyadenylation signal AATAAA 145 bp downstream
from the termination signal, followed by a poly(A) tail
45 bp downstream of the polyadenylation signal. The
1.4.3 sequence, which is 12 bp longer in the 5'UT re-
gion but otherwise very similar to the 2.1.4 sequence,
loses its similarity just before the polyadenylation sig-
nal of the latter; it contains a potential polyadenylation
signal 40 bp downstream of this point.

Isolation and characterization of a genomic fragment
bearing the zebrafish class Il A gene. Screening of the
zebrafish phage library with the class II B gene probe
cocktail yielded several DXB gene-bearing clones (H.
Siiltmann, W. Mayer, and J. Klein, in preparation). One
of these clones, 11.2, also hybridized with the class IT A
cDNA probe. Further characterization of the 11.2 clone
revealed that it contained one class II B and one
complete class IT A gene, the two genes being arranged
in a head-to-tail orientation (Fig. 3). The class IT A gene
occupied a segment of the clone approximately 1.2 kb
in length. This segment was sequenced and the disposi-
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tion of exons and introns was determined by the pres-
ence of putative splicing signals (Breathnach and
Chambon 1981) and by homology with zebrafish
class I A cDNA sequences. The zebrafish A gene con-
sists of four exons interrupted by three relatively short
introns (126 bp, 129 bp, and 174 bp in length). The
distance between the A and B genes is less than 3 kb.

Comparison with the consensus sequences (Kozak
1984) led to the identification of two putative transcrip-
tion initiation sites, one of which is more conserved
than the other. Assuming that the more conserved one is
the true initiation signal, the primary transcript could be
expected to be 1196 nucleotides long and to contain
708 nucleotides of coding sequence. The putative
exon 1 consists of 52 bp of 5'UT region, 51 bp of
sequence coding for the 17 amino acid residues of the
putative leader peptide, and 7 bp coding for two amino
acid residues of the ol domain. The 246 bp of exon 2
code for the remainder of the ol domain, the 282 bp of
exon 3 code for the 02 domain, and the 132 or 240 bp
of exon 4 code for the connecting peptide, the trans-
membrane region, the cytoplasmic domain, and the
3’UT region (there are two polyadenylation signals in
this particular sequence, one 10 bp and the other 118 bp
downstream from the stop codon and it is is not clear
which of the two is used). Sequencing upstream from
the transcription-initiation signals revealed the pres-
ence of at least four regulatory elements: the X-box
(14 bp), the X2-box (9 bp, partially overlapping with
the X-box), the Y box (10 bp), and the TATA box
(4 bp; see Fig. 4). The distance between the X- and
Y-boxes is 21 bp and that between the Y- and the
TATA-boxes is 19 bp; the TATA box is separated from
the transcription initiation signal by 19 bp of sequence.
The zebrafish class II A gene is thus rather compact, a
characteristic which it shares with other fish Mhc
class II genes already characterized (Ono et al. 1992,
19934, b).

The overall sequence similarity between the coding
sequence of the genomic clone and that of the cDNA
clone is 73%. The similarities of the individual exons
are as follows: exon 1, 53%; exon 2, 69%; exon 3,
74%; and exon 4, 89%. The 3’UT regions of the two
sequences differ strikingly from each other, suggesting
that the cDNA and genomic sequences might be
derived from different class II A loci.

Tissue distribution. To find out in which tissues the fish
class Il A genes are transcribed, we carried out northern
blot analysis. The small size of the zebrafish (the adult
has a length of no more than 5 cm), which would make
it difficult to isolate RNA from some of the organs,
compelled us to use carp RNA instead. Carp belongs to
the same Cyprinidae family as the zebrafish, and the
zebrafish class II A probes crosshybridize readily with
carp DNA. In the northern blot, the zebrafish class 1T
A probe (cDNA probe 2.1.4) hybridized with carp
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Fig. 7. Amino acid sequences translated from exon 2 PCR product nucleotide sequences. The products were obtained with TU579/TU580
(85.3) and TU450/TU461 (all others) primers. Identity with the top sequence (2.1.4) is indicated by dashes (-); asterisks in 158.1 are deletions
probably due to a PCR artifact. Individuals 158, 159, 167, 170, and 171 were caught at different locations in North Bengal, India; individual
MW1273 originated from a laboratory strain. S4 and S5.3 are amplification products from a 3 kb Hin dIII fragment of a genomic Southern blot;
G1 and G17 were amplified from a zebrafish genomic library (Stratagene). Several of the sequences were found repeatedly in different clones
from one PCR. Numbering of residues corresponds to that used in Figure 2.
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Fig. 8. Dendrogram based on genetic distances between protein
sequences from the nurse shark (Gici), zebrafish (Brre), mouse
(H-2), pig (Susc), rat (RT1), and human (HLA). Genetic distances
were determined from percent sequence identity between proteins.
Numbers on each node indicate frequency with which this node has
been recovered per 100 bootstrap replications in a total of 500
replications. References for the individual sequences are: H-2Ma,
Cho and co-workers (1991); Susc-DQA, Hirsch and co-workers
(1990); Rtl.Ba, Barran and McMaster (1987); H2-EAd, Hyldig-
Nielsen and co-workers (1983); for the remaining sequences, refer-
ences are as in Figure 2.

RNA isolated from spleen, hepatopancreas, prone-
phros, and intestine; it failed to hybridize with RNA
isolated from heart and ovaries (Fig. 5). This distribu-
tion of tissue expression is the same as that observed for
the class I B genes (Ono et al. 1992) and it correlates
with the relative abundance of lymphoid/myeloid cells
in the different organs. Like those of mammals (Klein
1986), fish class II genes are presumably primarily
transcribed in lymphoid cells. The northern blots
showed three hybridizing bands, two strong ones

approximately 1800 and 2500 nucleotides in length,
and a weaker one approximately 4500 nucleotides in
length.

Variability of class I A genes. To determine how poly-
morphic the zebrafish class II A genes might be, we
isolated genomic DNA from individual fishes of differ-
ent origin and used it for Southern blot and PCR analy-
sis. In the former method, we isolated DNA from nine
individuals, digested it with the Hin dIII restriction
endonuclease, blotted the digests onto filters, and hy-
bridized the blots with the cDNA probe 2.1.4. Included
in the blots were also digests from carp, trout, and
cichlid fish. In the zebrafish, the number of hybridizing
fragments ranged from one to eight and all individuals
gave different hybridizing patterns (Fig. 6). Crosshy-
bridization (two bands) with the carp DNA was also
obtained but no hybridization was observed with DNA
of the trout (family Salmonidae) or of the cichlid fish
(family Percidae). The variation in intensity and num-
ber of hybridizing bands among the zebrafish suggested
the existence of several class I A loci and the occur-
rence of haplotype polymorphism in this species.
Crosshybridization of the zebrafish probe with DNA
from carp indicated relative sequence conservation be-
tween the fish class I A genes of these species.

In the PCR analysis, we amplified DNA from six
zebrafish, subcloned the amplification products, and
sequenced the inserts of the subclones. The primers
used for the amplification annealed to the 5" end
(primers TU461 and TU579) and 3’ end (primers
TU450 and TU580) of exon 2, so that the product of
specific amplification was approximately 250 bp in
length. Altogether we obtained 15 sequences, eight of
which proved to be different from one another (Fig. 7).
The sequence similarity of the individual subclones
ranged from 84%-98% (excluding identical
sequences) and this translated into a range of 72%—
97% amino acid sequence similarity. When combined,
the sequences of the PCR products and of the cDNA
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ClassIIB DMA Zebrafish DXA Shark DXA  Mammalian A

(DN, DP, DQ, DR)

2 AA deletion in signal in 02 domain;
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2 AA deletion in Xsignal
connecting peptide?

1 AA deletion in o1 domain

Loss of disulfide bond in .1 domain
1 AA deletion in a1 domain
1 AA deletion in 02 domain

Loss of N-glycosylation signal in 0.1 domain
Acquisition of N-glycosylation signal in 2 domain
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Position

clones can be divided into six groups with intragroup
similarity of 93%-97% and intergroup similarity of
67%—-91%. The groups roughly correlated with the
place of origin of the DNA donors, suggesting that at
least part of the observed variability may represent
allelic polymorphism.

Discussion

There are two approaches to analyzing evolutionary
relationships among molecules such as the class II o
chains. The first involves comparing the sequences and
either determining similarities among them or recon-
structing the history of substitutions as far as possible
and then expressing the results of the analysis in the
form of a dendrogram, using one or several of the
algorithms available for this purpose (Nei 1987). In
Figure 8 we used the neighbor-joining algorithm of
Saitou and Nei (1987) to obtain a dendrogram depicting
possible phylogenetic relationships among the class II
o chains analyzed thus far. The phylogenetic tree re-
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-Acquisition of N-glycosylation signal in o1 domain

Fig. 9. Cladogram depicting the individual events in the evolu-
tion of the Mhc class I A genes as inferred from amino acid
sequences (AA). For explanation, see text.

Fig. 10. Wu-Kabat variability plot of Brre class IT
o] domain amino acid sequences from Figure 7.
Variability score (ordinate) is given by the num-
ber of different amino acid residues/frequency of
the most common residue for each site (Wu and
Kabat 1970). Horizontal axis shows position of
each site; the numbering corresponds to that used
in Figure 2. Solid bars indicate residues corre-
sponding to the PBR of the mammalian class II o
chains (Brown et al. 1988).

veals that DMa (thus far known from mammals only;
Cho et al. 1991; Kelly et al. 1991) emerges first, fol-
lowed by zebrafish class II o, nurse shark class II o,
and mammalian DN, DP, DQ, and DR o chains. This
topology is confirmed using class I 3 chain as an out-
group (not shown).

The second approach is to reconstruct the branching
sequence of phylogeny through an analysis of derived
characters, that is characters shared by two or more taxa
under consideration but absent in earlier ancestors
(Wiley et al. 1991). The result is a cladogram as
depicted in Figure 9. The hierarchies of the class I a
chains in the dendrogram (Fig. 8) and the cladogram
(Fig. 9) are the same. The characters taken into con-
sideration in the construction of the cladogram are the
presence and disposition of cysteine residues that could
form a disulfide bond in the ol domain, the loss of
amino acid residues in the a1, o2, and connecting-pep-
tide domains, and the presence or absence and the dis-
position of N-glycosylation sites in o1 and a2 domains.
The consistency of the cladogram with the dendrogram
is, of course, not surprising, because two of the three
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characters on which the former is based are determined
by the sequence used to construct the latter (deletions
were not taken into account in the construction of the
dendrogram). Since, however, the characters used in
the cladistic analysis may be functionally more impor-
tant than many of the substitutions entered in the den-
drogram analysis, the consistency does add weight to
the implied phylogeny of the class II & chains.

The phylogeny of the o chains does not contradict
the implied evolutionary history of studied organisms,
with one important exception: the Chondrichthyes (car-
tilaginous fishes), represented by the nurse shark
(Kasahara et al. 1992), appeared on the evolutionary
scene before the Osteichthyes (bony fishes), here repre-
sented by the zebrafish (Carroll 1988). The discrepancy
must be an indication that the genes for the zebrafish
and shark class II « chains are not orthologous. We
postulate, therefore, that the bony fishes either still have
a gene orthologous to the known shark class II A gene
or that they had such a gene which was subsequently
lost. Similarly, the cartilaginous fishes must have had
(and perhaps still have) another, more “primitive”
class I1 A gene which encodes an o chain more similar
to the known zebrafish ¢ chain than the one known thus
far. The postulated additional class 11 A genes in the
bony fishes and the cartilaginous fishes may differ to
such an extent from the genes already identified in
representatives of these taxa that they are not detected
by crosshybridization with available probes. All the
known mammalian class II A genes, with the exception
of DMA, appear to be derived from a common ancestor
which emerged after the separation of fish and tet-
rapods. The DMA gene appears to be very ancient, as
has been postulated by Cho and co-workers (1991) and
Kelly and co-workers (1991).

The zebrafish DXA genes described in this com-
munication are probably functional. We base this con-
clusion on three observations. First, we found no ob-
vious defect in the entire sequence of the genes, which
includes the regulatory region. The genes are ap-
parently transcribed in selected tissues and cells (prob-
ably lymphoid and myeloid, as indicated by the north-
ern blot experiments) and the short introns are ap-
parently spliced out correctly from the primary tran-
scripts (as indicated by the presence of canonical splic-
ing signals). Second, the DXA loci are polymorphic and
the bulk of the variation is concentrated in exon 2. The
Wu-Kabat plot of variability in the sequenced genes
(Fig. 10) reveals that variability is highest in exon 2 at
positions predicted by Brown and co-workers (1988) to
code for amino acid residues of the PBR. Although
PBR variability is not an absolute requirement for
functionality of o chain-encoding class II genes (the
mammalian DRA genes are not polymorphic but func-
tonal; see Carson and Trowsdale 1986), when it does
occur, it is indicative of functionality. Third, the ratio of
nonsynonymous (at the PBR-encoding part) to synony-
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mous substitutions of the zebrafish DXA genes is great-
er than one and can be as high as seven for some gene
pairs (data not shown). This observation suggests that
balancing selection is effecting preferential retention of
nonsynonymous substitutions in the PBR (Hughes and
Nei 1988). Presence of balancing selection is, in turn,
indicative of functionality.

In mammals, the families of class II loci (DO, DP,
DQ, DR) apparently emerged after the separation of
marsupial and placental mammals more than 120 mil-
lion years (my) ago, but most probably at the time of the
great radiation of placental mammals 65 my ago
(Schneider et al. 1991). Only the DM family might be
more ancient (Cho et al. 1991; Kelly et al. 1991). The
fact that the different gene families possess similar
regulatory elements in their promoter region [reviewed
by Benoist and Mathis (1990) and Cogswell et al.
(1991)] indicates that the elements were established
more than 65 my ago. Our observation that very similar
regulatory elements are also found in a representative
of the teleost fishes suggests that the basic organization
of the class II gene promoter region was established
before the fish-tetrapod split over 400 my ago. The
similarities in the class II regulatory region between
teleost fishes and mammals include the presence of the
same elements (boxes), the same order of the boxes, the
same spacing between the boxes, and high sequence
similarity of homologous boxes in the two taxa. The
conservation of the spacing supports site-directed mu-
tagenesis experiments which demonstrate reduction of
promoter activity in mutants with altered stereospecific
alignment of the boxes (Vilen et al. 1991). The correct
spacing of the regulatory elements is believed to be
necessary to orient the boxes two turns apart on the
same face of the DNA double helix for correct attach-
ment of the DNA-binding proteins. Our data indicate
that the promoter is among the most conserved regions
of the class II genes.

One striking difference between the organization of
the zebrafish and mammalian class IT A genes is in the
length of the introns. Short introns have now been
documented for the zebrafish class II A (this com-
munication), the zebrafish (Ono et al. 1992; H. Siilt-
mann, W. Mayer and J. Klein, unpublished data), carp
(Ono et al. 1993 d; Hashimoto et al. 1990), and cichlid
(Ono et al. 1993b) class II B, and for the zebrafish
class I B (Ono et al. 1993¢) and carp class I A (Hashi-
moto et al. 1990) genes. Although introns several kb in
Iength are common in the Mhc genes in mammals (re-
viewed by Klein 1986), in all the fish MAc genes stud-
ied so far, nearly all the introns are less than 1 kb long
and most are less than 100 bp long. This difference
between fish and mammals may not be limited to the
Mhc genes (e. g., Muller-Schmid et al. 1992; Hong and
Schartl 1992; Huang et al. 1992; Ber and Daniel 1992;
Scott et al. 1988; Sterrer et al. 1990; Wilson et al. 1991;
Liu et al. 1990; Chang et al. 1991; Chiou et al. 1990;
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Adam et al. 1991) but could reflect a principal differ-
ence in the organization of the genomes in the two
vertebrate classes (Bernardi and Bernardi 1991). A
practical consequence of this observation is that molec-
ular characterization of fish genes is relatively easy
compared to that of mammalian genes.
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