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In most mammals, the MHC class I molecules are polymorphic and
determine the specificity of peptide presentation, whereas the
transporter associated with antigen presentation (TAP) hetero-
dimers are functionally monomorphic. In chickens, there are
two classical class I genes but only one is expressed at a high
level, which can result in strong MHC associations with resistance
to particular infectious pathogens. However, the basis for having
a single dominantly expressed class I molecule has been unclear.
Here we report TAP1 and TAP2 sequences from 16 chicken lines,
and show that both genes have high allelic polymorphism and
moderate sequence diversity, with variation in positions expected
for peptide binding. We analyze peptide translocation in two MHC
haplotypes, showing that chicken TAPs specify translocation at
three peptide positions, matching the peptide motif of the single
dominantly expressed class I molecule. These results show that
coevolution between class I and TAP genes can explain the
presence of a single dominantly expressed class I molecule in
common chicken MHC haplotypes. Moreover, such coevolution in
the primordial MHC may have been responsible for the appear-
ance of the antigen presentation pathways at the birth of the
adaptive immune system.
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Compared with typical mammals, the chicken MHC has only
a single classical class I and class II molecule expressed at

high level (1–4). Moreover, the chicken MHC can determine
decisive resistance and susceptibility to several infectious pa-
thogens, as well as response to live and killed commercial
vaccines (5–7). We developed the hypothesis of a “minimal es-
sential MHC” to provide a molecular explanation for the in-
fectious disease associations of chickens, in comparison with
what is known for well characterized mammals (1–4, 8–11). In
this view, multigene families of well expressed class I and class II
molecules, as well as other disease resistance genes of the huge
and complex mammalian MHC, confer more or less protection
against most pathogens (leading to weak associations with in-
fectious disease). In contrast, the properties of the single domi-
nantly expressed class I and class II molecules of the small and
simple classical chicken MHC (now referred to as the “core
MHC” by some authors; ref. 12) confer resistance or suscepti-
bility to particular pathogens (leading to strong genetic associa-
tions with infectious disease). Examining iconic chicken diseases,
we found that chickens may indeed live or die by their domi-
nantly expressed class I molecule (3, 13).
However, the chickenMHC has two class I genes, BF1 and BF2

(1–4), so why are both not equally well expressed? Based on our
discovery that the transporter associatedwith antigen presentation
(TAP) genes are located between the class I genes in chicken (1, 2),
we proposed that the coevolution of linked polymorphic genes
could be the explanation (1, 2, 8–11). This concept was first de-

veloped for mouse class II genes and then used to explain the re-
lationship of rat class I and TAP2 genes (14–16).
The two TAP genes encode a heterodimer of TAP1 and TAP2,

which, together, pump peptides from the cytoplasm to the lumen
of the endoplasmic reticulum, where the peptides can be loaded
onto class I molecules (17). In humans (and most placental
mammals examined), the genes for TAPs (as well as other mole-
cules involved in antigen processing and loading) are located in the
class II region, separated by considerable physical and re-
combinational distance from themultigene family of classical class
I genes located in the class I region (18, 19).Moreover, these TAPs
are nearly monomorphic in sequence, supplying a wide variety of
peptides that are used by all alleles of the classical class Imultigene
family (20, 21).
In contrast, all the classical class I genes of the rat are located in

the extended class II region relatively close to the TAP genes (22).
The rat TAP2 gene has two allelic lineages, one of which restricts
the peptide C terminus to aliphatic amino acids whereas the other
allows most amino acids (20, 23, 24). For most rat MHC hap-
lotypes, a particular TAP2 allele is found together with class I
molecule(s) of the same peptide-binding specificity (15, 16).
In chickens, we found that the class I genes flank the TAP

genes (1, 2), all of which are highly polymorphic at the nucleotide
level, with each MHC haplotype having a unique combination of
TAP1, TAP2, and BF2 genes (25, 26). In our view (1, 2, 8–11),
the large distance in the human MHC between the class I genes
and the genes encoding the antigen processing machinery result
in the evolution of monomorphic TAPs, which supply peptides to
all class I alleles and loci, thus allowing a multigene family. The
closer distance in the rat MHC allows just enough coevolution to
support one or two class I genes with some specificity in one
peptide position. However, the different organization and lack of
recombination across the chicken MHC allows the coevolution
of genes in stable haplotypes, so that the peptide-translocation
specificity of polymorphic TAPs converge with the peptide-
binding specificity of the dominantly expressed class I molecule
BF2, with BF1 receiving few if any peptides.
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Here, we show that the chicken TAP1 and TAP2 proteins do
indeed fit our speculations: both TAP1 and TAP2 proteins are
found in association with class I heavy chains, both chicken TAP
genes are polymorphic and diverse at the amino acid level, and
a functional assay for peptide translocation shows polymorphism,
specificity, and coevolution with the dominantly expressed class I
molecule in each haplotype examined.

Results
Chicken TAPs Form a Complex with Class I Molecules. We produced
mAbs against TAP1 and TAP2 peptides. By Western blot (of
membrane preparations; Fig. S1), these mAbs recognized bands
of appropriate mobility on SDS gels. Moreover, after solubili-
zation in the detergent digitonin, immunoprecipitation with mAb
to class I, TAP1, and TAP2 showed that all three components
interact (Fig. 1), as has been shown for the so-called peptide-
loading complex (PLC) in mammals (17). Surprisingly, the mAb
F21-21 directed to chicken β2-microglobulin (β2m) did not im-
munoprecipitate TAP1 or TAP2, but rabbit antisera to chicken
β2m did (Fig. 1), so it is likely that the epitope recognized by F21-
21 is hidden in the PLC. Affinity isolation by ATP-agarose also
identified all three components (Fig. S2). Thus, as in mammals,
chicken TAP1 and TAP2 are part of a PLC.

Chicken TAPs Are Highly Polymorphic and Moderately Diverse in
Sequence. We determined exon sequences of TAP1 and TAP2
genes from 16 chicken lines containing seven MHC haplotypes,
as well as cDNA sequences from nine of these lines representing

all seven haplotypes (Fig. 2 and Tables S1–S5). For both TAP1
and TAP2, all alleles align from start to stop codon without
insertions or deletions, except for differences at the 3′ end of
TAP1 (in which the last 35 nt of B12 and B19 align poorly with
the last 14 nt of the other haplotypes). The TAP1 sequences from
lines with the same MHC haplotype are identical, but sequences
from different haplotypes are unique, differing in 56 positions
among 1,735 nt of well aligned coding sequence, each with 13 to
17 nt differences from the consensus sequence. The same is true
for TAP2, with sequences from different haplotypes differing in
53 positions among 2,103 nt of coding sequence, each with 12 to
16 nt differences from the consensus sequence. Of these differ-
ences, there are 41 silent and 14 replacement changes in TAP1
(excluding the differences at the 3′ end), and 28 silent and 24
replacement changes in TAP2.
Of the 14 positions with amino acid differences in TAP1, each

allele has two or three differences from the consensus, with six
between most divergent alleles. Of the 24 positions in TAP2, each
allele has four to eight differences from the consensus, with 13
between the most divergent alleles. The variable positions are
scattered throughout the protein chains, in the tapasin-binding re-
gion of TAP2 [chicken TAP1 lack this region (26)], the membrane-
spanning domain including the proposed peptide-binding regions,
and the nucleotide-binding domain. Most of the allelic differences
are nonconservative replacements, four align with positions re-
sponsible for transport specificity in two rat TAP2 alleles (23, 24),
five align with regions of human TAPs identified by peptide cross-
linking (27), and 10 others are nearby. Thus, unlikemostmammals,
chicken TAPs are both highly polymorphic (with many alleles) and
moderately diverse in sequence, with some variability in locations
that could be functionally important.

Translocation Specificity of Cells from Different Chicken Haplotypes
Differs. We set up peptide translocation assays like those de-
veloped for mammals (20) using cell lines derived from chicken
hemopoietic cells transformed with reticuloendotheliosis virus
(REV). The peptides to be transported were synthesized based
on sequences of self peptides isolated from chicken class I
molecules, modified to include a tyrosine for iodination and an
N-linked glycosylation site.
We found that chicken cell preparations support endogenous

glycosylation of the iodinated peptides, indicative of being trans-
located into the lumen of the endoplasmic reticulum. This acti-
vity had the characteristics of TAP-mediated transport as defined
for mammalian TAPs, such as dependence on ATP, intact mem-
branes and peptide concentration, and saturability. Most impor-
tantly, cells of a particular haplotype would transport peptides
known to bind class I molecules of that haplotype, but not those of
a different haplotype (Fig. 3A). Thus, unlike in most mammals,
peptide transport in chickens is haplotype-specific.

Translocation Specificity of B4 Cells Mirrors the Motif of the
Dominantly Expressed Class I Molecule. For the B4 haplotype,
there are two classical class I genes, with the BF2 gene encoding
the dominantly expressed (or major) class I molecule, but cDNA
for the BF1 (or minor) gene barely detectable (3, 4). The pep-
tides isolated from class I molecules on erythrocytes have a dis-
tinctive motif, mainly octamers with exclusively Asp or Glu found
in both positions 2 and 5, and Glu (with small levels of hydro-
phobic amino acids) found in the final position. This motif is
consistent with binding to the BF2 (major), which has positively
charged residues in the binding site, but not the BF1 (minor)
molecule, which does not (1, 3). Interestingly, compared with the
other chicken TAP sequences, the B4 TAP1 sequence has pos-
itively charged residues in three positions (8), two in proposed
peptide-binding regions (Fig. 2 and Tables S1–S5).
We examined inhibition of transport of an iodinated B4 in-

dicator peptide in permeabilized UG5 cells by synthetic peptides
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Fig. 1. Chicken class I, TAP1, and TAP2 molecules interact in cells. Digitonin
lysates of membranes from UG5 cells were analyzed by Western blot with
mAbs to chicken class I heavy chain (F21-2), TAP1 (F1-11), or TAP2 (F1-3),
either directly (lanes labeled “lysate”), or after immunoprecipitation (IP)
with mAb to chicken class I heavy chain, β2m (F21-21), TAP1, and TAP2.
Specific bands are indicated by arrows; exposure of film was chosen based
on strength of signal (class I for 20 s, TAP1 for 20 min, TAP2 for 2 min),
resulting in different levels of background bands. S, standards (apparent
molecular mass, kDa).
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based on the self peptide sequence but with Ala or Ser
substituted in each position. Peptides with Ala at positions 2, 5,
and 8 did not inhibit transport of the iodinated peptide, showing
that they are not transported, whereas peptides with Ala or Ser
in the other positions did inhibit transport (Fig. 3B). We then
used charge-swap peptides to examine the specificity of binding
for those positions, and found that only peptides with Asp or Glu
at positions 2 and 5, and with Glu (but not Asp) at position 8,
inhibited transport (Fig. 3C). Thus, the specificity of transport
mirrors the class I peptide motif of the BF2 (major) molecule in
this haplotype (Fig. 3D).

Translocation Specificity of B15 Cells Matches the Motif of the Single
Class I Molecule. In the B15 haplotypes we have examined, only
the BF2 gene is functional, with the BF1 gene being disrupted (3,
4). The peptides isolated from class I molecules on B15 eryth-
rocytes are mainly octamers and nonamers with exclusively Lys

and Arg at position 1, exclusively Arg at position 2, and over-
whelmingly Tyr (with very low levels of Phe and Trp) in the final
position (1, 3).
We used TG15 cells to examine inhibition of transport of an

iodinated B15 indicator peptide by 57 synthetic peptides based
on the self peptide sequence, but each with a different amino
acid (all but Cys) substituted in positions 1, 2, or 8 (Fig. 4 A–C).
The only significant inhibition was by peptides with Lys or Arg
(and, at a lower level, Ile and Ala) in position 1, Arg in position
2, and Tyr, Phe, Trp (and, at a lower level, Leu and Ile) in the
final position. Thus, the translocation specificity mirrors the
peptide motif (Fig. 4D).

Discussion
In this article, we report an extremely high level of allelic poly-
morphism for chicken TAP1 and TAP2 genes, with each MHC
haplotype having different alleles. The translocation of peptides

Fig. 2. Variable residues are found throughout chicken TAP1 and TAP2 sequences, but some are in positions involved in peptide binding in mammals.
Alignment of sequences and structural assignments are from ref. 26. Dashes indicate identity with human TAP1 sequence; dots indicate gaps introduced to
optimize alignment. Residues shaded in red are variable in chicken TAP sequences reported in this article (allelic residues above the line for TAP1 and below
the line for TAP2); those in black (positions 373–420 and 453–487 in human TAP1 and positions 301–389 and 414–433 in human TAP2) are regions that
crosslink with bound peptide (27); and those in blue align with positions 217, 218, 262, 265, 266, 374, and 380 of the rat TAP2 sequence shown to be involved
in determining peptide specificity (23, 24). Predicted transmembrane regions are shown as tildes above the alignment for TAP1 and below the alignment for
TAP2, and residues in the tapasin-binding region are shown in italics. Nucleotide-binding domain structural features are indicated, with α-helices indicated by
forward slashes and β-strands indicated by tildes above the line. WA, Walker A motif; WB, Walker B motif; C, C or signature motif; Q, Q loop; g, γ-phosphate
interaction; a, adenine interaction; r, ribose interaction; s, serine in C motif.

8398 | www.pnas.org/cgi/doi/10.1073/pnas.1019496108 Walker et al.

www.pnas.org/cgi/doi/10.1073/pnas.1019496108


into the endoplasmic reticulum is also extremely specific, with
each MHC haplotype transporting a different set of peptides
specified in at least three peptide positions, the same as the
dominantly expressed class I molecule. These properties are like
those originally described for the rat (15, 16), but are far
more extreme.
As hypothesized (1, 2, 8–11), coevolution of TAPs and class I

genes can explain the fact of a single dominantly expressed class I
molecule in the chicken. In general, the convergence of peptide-
translocation specificity and the peptide-binding specificity of the
dominantly expressed class I molecule means that other class I
molecules will not receive peptides efficiently unless they have
the same peptide-binding specificity. If a class I molecule does
not receive peptides efficiently, it will not have the opportunity to
present antigen or be recognized by T cells at a high level.
Therefore, there will be little pressure over evolutionary time to
maintain expression of such class I molecules, which will then
become minor genes or pseudogenes, as is found for the BF1
locus (3, 4).
The coevolution of class I andTAPgenes found in chicken likely

represents the ancestral situation. Despite wide variation in the
genomic structure of the MHC of nonmammalian vertebrates,

many if not most share salient features with the chicken MHC,
including a single classical class I gene (or more, of which only
one is well expressed with high polymorphism) adjacent to one
or more polymorphic TAP genes (reviewed in ref. 9; more recent
reports include refs. 28–31). Indeed, the same features are found
in at least one marsupial (32), so it would appear that genomic
rearrangements occurred in the lineage leading to the placental
mammals, most likely an inversion bringing the class III region
in between the class I and class II regions, with the class I antigen
processing genes (TAPs, tapasin, and inducible proteasome
components) left behind in the class II region (10, 11). However,
secondary evolutionary changes may also have taken place in
some placental mammals, as seems clear for the rat. Similarly,
changes to the ancestral configuration may have taken place in
some vertebrates outside of the placental mammals, such as the
Tammar wallaby, the great reed warbler, and the swallow (33–
35), allowing a multigene family of class I molecules.
The results in this article highlight how genomic organization

can affect gene function, and may also teach us about the origin
of the MHC (10, 11). Originally, the ancestral genes for class I,
TAP, and other molecules involved in antigen loading must have
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the peptide motif of the dominantly expressed class I molecule. (A) Peptide
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(labeled B4) and by Ala/Ser swap and charge swap variants (as identified
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translocation of peptides with specificity of the major (BF2) but not the
minor (BF1) class I molecule in the B4 haplotype. Plus sign, minus sign and
empty circles indicate positive, negative, and hydrophobic residues, re-
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had different functions, and had to coevolve to work together.
For instance, the ancestor of the TAP genes presumably pumped
substrates for some purpose other than supplying peptides for
class I molecules, and evolved to bind tapasin and to supply
peptides to class I molecules. This evolutionary process would be
most efficient if the genes were physically linked without high
levels of recombination between them. Thus, the coevolution
between alleles now demonstrated for the chicken TAPs and
class I genes is conceptually like the process that must have oc-
curred between the ancestral genes in the primordial MHC.

Materials and Methods
Animals and Cell Lines. The chicken lines used in the present work have been
described (4). The RECC-UG5 cell line (a gift of H. Hunt, Avian Disease and
Oncology Laboratory, East Lansing, MI) was originally made (36) from bone
marrow cells of a G-B1 bird [MHC haplotype B13, considered identical to B4
in the classical MHC (37)] infected by the highly transforming T strain of REV
(REV-T). The cell lines TG15 and TG21 were made (as in ref. 38) by in vitro
REV-T transformation of Concanavalin A-activated splenocytes from H.B15
and H.B21 birds at the Basel Institute for Immunology, respectively, and bear
T-cell markers.

Antibodies and Biochemical Analysis. ThemAb to class I heavy chain (F21-2) and
β2m (F21-21) were raised against chicken erythrocytes (39). The mAb to TAP1
and TAP2 were raised against peptides representing the C termini of chicken
TAP1 (P350; DWGQQGAPGEGDRG) and TAP2 (P351; LRTRGGPYSRLLQH). Pep-
tides glutaraldehyde-coupled to purified protein derivative and mixed with Al
(OH)3 and incomplete Freund adjuvant were used to immunize bacillus
Calmette–Guérin-primed BALB/c-NMRI mice four times before final boosting
and fusion with SP2/0 myeloma cells.

REV-transformed cells were cultured in RPMI 1640 (supplemented with
glutamine, kanamycin, and 10% FCS) at 37 °C and at 5% CO2. Cells were spun
down and resuspended in 1 mL cold freeze–thaw buffer [1 mM MgCl2 in PBS
solution with 0.1 mM 4-(2-amino ethyl) benzenesulfonyl fluoride (AEBSF;
Pefabloc; Roche)], frozen and thawed twice, and centrifuged at 13,300 rpm
at 4 °C for 1 h in a Haereus Fresco 17 microfuge (Thermo Scientific). The
pellet was solubilized on ice for 30 min in digitonin lysis buffer [150 mM
NaCl, 1 mM MgCl2, 10 mM TrisCl, pH 8, with 1% digitonin (Calbiochem) and
0.1 mM AEBSF] to give 108 cell equivalents per milliliter and centrifuged as
described above for 10 min, and the supernatant was used immediately or
frozen in aliquots.

Aliquots of lysate were incubated with mAb adhered to protein G–
Sepharose (Amersham Biosciences) for 1 h to overnight on ice and washed
three times with cold digitonin IP wash buffer (1 vol digitonin lysis buffer:
9 vol 150 mM NaCl, 50 mM TrisCl, pH 8). The immunoprecipitates as well as
other aliquots of lysate were incubated at room temperature with SDS
sample buffer (2.5% SDS, 50 mM TrisCl, pH 8, 20% glycerol, 0.1% bromo-
phenol blue) and electrophoresed on 12% polyacrylamide gels using
Laemmli buffers and the Mini-Protean Tetra Cell system (BioRad). Markers
were MagicMark XP Western Standard (Invitrogen).

The gels were incubated for 5 min with rotation in 25 mM Tris, 192 mM
glycine, 20% methanol, 0.0375% SDS, and then transferred in the same
buffer to Hybond-C Extra (Amersham Biosciences)-supported nitrocellulose
membranes for 30 min using the Trans-Blot SD semidry transfer apparatus
(BioRad). Membranes were blocked overnight with 150 mM NaCl, 0.1%
Tween 20, 3%milk powder, 50mMTrisCl, pH 8, incubatedwithmAb for 1 h at
room temperature to overnight at 4 °C, washed with 150 mM NaCl, 0.1%
Tween 20, 50 mM TrisCl, pH 8, and then incubated with secondary antibody
(anti-mouse IgG Fc-specific HRP-conjugated, absorbed with human, horse,

and bovine serum proteins; Sigma) in the block buffer for 30 min at room
temperature before washing again. The membranes were incubated with ECL
reagent (Amersham Biosciences) and exposed to XAR-5 film (Konica Minolta).

TAP cDNA and Gene Sequences. RNA was isolated from spleen and/or bone
marrow of the nine Compton chicken lines using the mRNA Direct kit (Dynal),
and reverse transcribed using an oligo-dT primer and SuperScript II (Invitrogen)
according to manufacturer’s instructions. Full-length TAP1 and TAP2 cDNA
were amplified over 30 cycles (15 s at 94 °C, 30 s at 60 °C, and 2 min at 68 °C,
with a final extension time of 10 min at 68 °C) from 2 μL of the cDNA pre-
parations using 20 pmol of each primer [c1447 (ATCGGGCTCGAGATGGGG-
AAGATGGGCGCGG with Xho I site underlined) and c1449 (CATCGGTACCC-
CACCCCCTGCCCTCCCCA with Kpn I site underlined) for TAP1 from B12
and B19; c1464 (ATCGGGCTCGAGATGGGACGATGGGCGCGG with Xho I site
underlined) and c1449 for TAP1 of B2, B4, B14, B15, and B21; c821 (CCCAA-
AGCTTAGCCATGGCGATGCCGCCCTACATTCTGC with Hind III site underlined)
and c822 (ATGGGTCGACGTGCTGTAGCAGCCGGCTGTAGGGTCCG with Sal I site
underlined) for TAP2 from all haplotypes] and Platinum Pfx polymerase
(Invitrogen) with 1× enhancer according to manufacturer’s guidelines. Pro-
ducts were purified by agarose gel electrophoresis and MinElute columns
(Qiagen), digested with appropriate restriction enzymes, and cloned into the
expression vectors pCIpac (TAP1) and pcDNA6-V5/His (TAP2). DNA sequencing
was performed on both strands of multiple clones using an ABI 377 automated
sequencer (Applied Biosystems).

Peptides. Peptides were synthesized in-house using Fmoc chemistry and ex-
tensively purified by reverse-phase HPLC. For iodination, 20 nmol peptidewas
mixed with 50 μL PBS solution, 20 μL 2 mg/mL chloramine T (Sigma), and
1 mCi 125I at room temperature for 2.5 min, quenched with 20 μL 2 mg/mL
sodium metabisulphite, and separated from free iodine by desalting on
a Sephadex G10 column with peptide specific activities around 5 × 107 cpm/
nmol as measured by a γ-counter.

Transport Assay. For the transport assay (40), cells were harvested, washed
twice with PBS solution, resuspended in ICT buffer (78 mM KCl, 4 mM MgCl2,
8.37 mM CaCl2, 10 mM EGTA, 1 mM DTT, 1 mg/mL BSA, 50 mM Hepes, pH 7)
and divided into aliquots of 5 × 106 cells. Each sample was treated with 2 μg
(1,500 hemolytic units) streptolysin O (Institute for Molecular Medicine and
Hygiene, Johannes Gutenberg University) at 37 °C for 40 min to per-
meabilize the cells, washed twice in ice-cold ICT buffer, and resuspended in
750 μL ICT buffer. Radioactive transport peptide (1 μL, with or without
competitor peptide) and ATP to 2 mM final concentration were added, and
samples incubated at 41 °C for 5 min. Then cells were lysed by addition of
400 μL 1% Triton X-100, 150 mM NaCl, 50 mM TrisCl, pH 8, with 1 mM AEBSF
and 1 mM iodoacetamide on ice for 10 min, and the subcellular debris was
removed by centrifugation as described above for 10 min at 4 °C. The su-
pernatant was added to 50 μL 50% Con A–Sepharose (Sigma) in 1% Triton
X-100, 150 mM NaCl, 50 mM TrisCl, pH 8, and rotated at 4 °C for 2 h. The Con
A–Sepharose was washed three times with 1 mL 0.1% Triton X-100, 150 mM
NaCl, 50 mM TrisCl, pH 8, and counted in a γ-counter. Samples were in
triplicate with necessary controls. Transport peptide without iodination was
titrated into the transport assays to determine the IC50 value. This amount of
peptide (generally 1–20 ng) was then used in subsequent competition assays
for all peptides.
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