
of substituted peptides, goes a long way toward explaining the
peptides presented by the chicken B4 haplotype. Four points il-
luminate principles of MHC–peptide interaction either unusual or
not found at all in humans and other mammals, each of which
leads to questions requiring further study.
First, in contrast to many classical class I molecules in humans

and mice, cells of the B4 haplotype present octamer peptides with

the motif DE2-DE5-E8 (with small amounts of hydrophobic amino

acids at peptide position 8). The structure of BF2*0401 shows that

the peptide-binding groove is flatter and shallower than those of

typical mammals, with no deep pocket B leading to the equivalent

of human residue 45. On the basis of peptide motifs determined

for certain other chicken class I molecules (such as B12, B15, and

B19) and simple wire models (and consistent with the structure of

BF2*2101 for pocket B) (14, 15, 18), this is likely to be a general

feature of chicken classical class I molecules.

FIGURE 3. IE8 bound to BF2*0401 and the posi-

tively charged pockets in the BF2*0401 groove. (A)

Interactions between IE8 and BF2*0401. Side chains of

residues involved are labeled and colored in pink for

the BF2*0401 and green for the IE8. Salt bridges and

hydrogen bonds are illustrated as dashed lines in teal.

(B) The BF2*0401 peptide-binding groove demon-

strates an entirely positive charged surface. The elec-

trostatic surface potential was generated with PyMOL.

Red is electronegative, and blue is electropositive.

Yellow arrows represent the pockets holding the anchor

residues. (C) The P2 Asp is shown as a stick in green.

Residues forming the B pocket in BF2*0401 are shown

in pink on the surface. (D) The P5 Asp and residues

forming the C pocket in BF2*0401 are shown. (E) The

P8 Glu and residues forming the F pocket in BF2*0401

are shown.

FIGURE 4. Detailed comparison of the particular

amino acid residues in the peptide-binding grooves

between BF2*0401 and BF2*2101. (A and B) Pockets

C, D, and E of the peptide-binding grooves in

BF2*0401-IE8 (A) and BF2*2101-11mer (B), respec-

tively, are highlighted, showing the size differences,

with the amino acid residues with different side chains

labeled on the surfaces. (C) Superposition of the Ca-

traces of the a1 and a2 domains in BF2*0401 (red)

and BF2*2101 (green), with the a1 helix fixed. (D)

Side chains of the amino acid residues contributing to

the binding groove in BF2*0401 (pink) are relatively

larger than their counterparts in BF2*2101 (cyan). (E)

Interactions of Arg9 with the peptides in BF2*0401-

IE8 (pink), BF2*2101-10mer (orange), and BF2*2101-

11mer (cyan), showing Arg9 in BF2*0401-IE8 adopts

a fixed conformation, unlike in BF2*2101 where the

unusually large cavity makes Arg9 mobile. The pep-

tides are viewed with the a1 helices fixed. Salt bridges

formed between Arg9 and peptide are shown as dashed

lines in pink for IE8, orange for 10mer, and cyan for

11mer. (F) Conformation of Arg9 with constrained

space in BF2*0401-IE8 (pink) compared with those

in BF2*2101-10mer (orange) and BF2*2101-11mer

(cyan). Side chains of residues around each Arg9 are

labeled and shown as sticks; clearly shown are bulky

side chains in BF2*0401.
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Second, the center of the groove is narrower compared with
BF2*2101, being filled and even overhung by the large residues
L68(69), N69(70), R152(155), and W153(156). Similarly, large
residues are found in the sequences of the dominantly expressed
class I molecules from the B6, B12, B15, and B19 haplotypes (16,

18), so this is also likely to be a feature of many chicken classical
class I molecules.
Third, three positively charged residues [R9(9), R80(81), and

R111(114)] point up from the b-strands that make up the floor of
the binding groove, along with another [R152(155)] pointing in
from the a2 helix. The resulting groove is extremely positively
charged, which should explain the negatively charged peptide
motif determined from B4 cells. Although there are mammalian
class I molecules with negatively charged anchor residues (notably
H-2Kk, HLA-A1, B37, B38, B40, and B44), BF2*0401 is the only
class I molecule reported with more than one negatively charged
anchor residue. Moreover, it is the only class I molecule reported
with a negatively charged anchor residue in the C-terminal position.
Indeed, the constitutive proteasome specificity in mammals is altered
to the immunoproteasome by replacing constitutive components,
which include a peptidyl-glutamyl peptide-hydrolyzing activity, with
the inducible proteasome components, which cleave poorly after
acidic residues (39, 40). Inducible proteasome components have not
yet been identified in chickens, but if they do exist it is likely that
they cleave after acidic residues, at least in the B4 haplotype.
Fourth, perhaps the most important point to come out of this

analysis is the fact that the peptide-binding specificity found by
renaturation assays is wider than the peptide motif from B4 cells.
Because the specificity of the TAP molecule from the B4 haplotype
matches the peptide motif (18, 19), it is clear that the B4 TAP
is restricting the peptides that reach the endoplasmic reticulum
to load onto class I molecules. In contrast, TAP genes in typical
mammals have no functional polymorphism, instead pumping
a wide range of peptides from which the particular class I mole-
cules present select the peptides to bind (41, 42). In rats, there are
two allelic lineages of the TAP2 gene that affect the translocation
specificity of peptides depending on the C-terminal amino acid. In
this species, it is reported that the peptide-binding specificity of
the class I molecule(s) converge with the translocation specificity
of the TAPs (41, 43). Thus, the restriction of peptides by the
translocation specificity of TAP alleles in chickens has never been
described in mammals. The other components in the Ag processing/
presentation pathway may also contribute to the restricted B4 hap-
lotype peptide repertoire, which need further exploration.
The fact that at least some alleles of the polymorphic chicken

TAP molecules restrict the peptides loaded onto the dominantly
expressed class I molecule has some profound implications. It may
be that the grooves of many chicken class I molecules are generally
shallower than those in typical mammals, with the peptide-binding
specificities correspondingly less fastidious. Moreover, more and
different peptides might be presented by a dominantly expressed
class I molecule in an MHC heterozygote compared with a ho-

FIGURE 5. Electrostatic potential surface of the BF2*0401 groove

compared with those of other MHC class I structures. Comparison of the

electropotential surface of BF2*0401 (A) with those of BF2*2101 (B),

HLA-B*0801 [(C) PDB code: 1M05], HLA-A*1101 [(D) PDB code:

1QVO], HLA-A*0201 [(E) PDB code: 1S9X], HLA-Cw*0401 [(F) PDB

code: 1IM9], H-2KK [(G) PDB code: 1ZT1], H-2Dd [(H) PDB code: 1BII],

H-2Db [(I) PDB code: 1JPG], and H-2Kd [(J) PDB code: 1VGK], dem-

onstrating the unique positively charged peptide-binding groove in

BF2*0401, which has not been seen in any other known class I MHC

structures. The figures were generated with PyMOL. Red is electronega-

tive, and blue is electropositive. The grooves are illustrated as a1 helix on

the top of each image.

Table II. Binding assays of BF2*0401 with IE8 and its mutants

Parent peptide IE8: DDE +++
Single-substitution peptides P2E: EDE +++ P2A: ADE +

P5E: DEE +++ P5A: DAE +++
P8D: DDD +++ P8A: DDA ++

Double-substitution peptides P2E5E: EEE ++ P2A5E: AEE 2 P2E5A: EAE 2
P2E8D: EDD + P2A8D: ADD 2 P2E8A: EDA 2
P5E8D: DED + P5A8D: DAD 2 P5E8A: DEA 2

Triple-substitution peptide P2E5E8D: EED 2 P2A5E8D: AED 2
P2E5A8D: EAD 2 P2E5E8A: EEA 2

Other-substitution peptide P5F: DFE 2 P5Y: DYE 2 P5R: DRE 2

In the in vitro refolding assay, if an elution peak representing the peptide–BF2*0401 complex appears in gel filtration, the
peptide is defined as being able to bind to BF2*0401, with +++ indicating that the refolding efficiency was comparable to that of
wild-type IE8 and the complex was stably eluted under anion-exchange conditions, ++ indicating that the refolding efficiency
was ∼50–60% that of IE8 and the complex partially dissociated under anion-exchange conditions, + indicating that the refolding
efficiency was much lower than that of IE8 and the complex was not stable under anion-exchange conditions, and – indicating
no refolded product.
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FIGURE 6. Refolding of BF2*0401 and b2m with IE8 and its mutants. Peptide-induced assembly and stabilization assay of BF2*0401 molecules by

in vitro refolding. (A) Gel filtration chromatograms of the refolded products. Peak 1, peak 2, and peak 3 represent the aggregated H chain, the correctly

refolded BF2*0401 complex (45 kDa), and the extra b2m, respectively. The refolding efficiencies are represented by the relevant concentration ratio and

height of peak 2 for IE8 and each mutant. A high peak 2 refers to the better efficiency of the peptide to help the MHC renature. Otherwise, if little or no

peak 2 is observed, the peptide cannot be considered to stabilize the complex, and therefore is treated as a nonpresenting peptide. The IE8 mutants are listed

in Table II. (B) Results of further stabilization assays of the refolded complexes by anion exchange. Under the anion-exchange conditions, complexes of

IE8, P5A, P2E, P5E, and P8D can be eluted normally at an NaCl concentration of 15–17% (peak 1). With the peptides of P8A, P2E5E, P2A, P5E8D, and

P2E8D, the refolded complex proteins can be partially dissociated at an NaCl concentration of 18–20% (peak 2), implying less stability.
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mozygote, adding a new dimension and power to the notion of
MHC heterozygote advantage compared with typical mammals.
Indeed, this may explain the peptide motif reported for the

BF2*1301 molecule (identical in sequence to BF2*0401) trans-
fected into RP9 cells that are derived from a B2/B15 heterozygote
chicken (44). This motif looks like the BF2*0401 motif, but with
a penultimate acidic residue often followed by a C-terminal hy-
drophobic residue. These results are easily understood if, in the

absence of the appropriate TAP molecule, peptides with a C-
terminal hydrophobic residue were translocated into the endo-
plasmic reticulum, but only peptides with the requisite acidic
residues bound to the BF2*1301 molecule, with the C-terminal
hydrophobic residue hanging out the end of the groove, as has
been seen occasionally in structures of human class I molecules
(45). Further experiments are needed to understand the general
principles of this coevolutionary interaction.

FIGURE 7. Thermostabilities of

BF2*0401 complexes and their struc-

tural bases. (A) The thermostabilities

of BF2*0401 with IE8 peptide and its

substitutions (P2E, P5E, P8D, P5A,

P8A, P2EP5E) were tested by CD

spectroscopy. The temperature was

increased by 1˚C/min. The curves

for the unfolded fractions were de-

termined by monitoring the CD

value at 218 nm. Shown here are the

fitting data to the denaturation

curves using the Origin 8.0 program

(OriginLab). The Tms of different

peptides are indicated by the gray

line at 50% fraction unfolded. (B)

The structural alignment of the

peptides of P8D, P5E, and the cog-

nate peptide IE8. The C-terminal

portion of the peptide P8D descends

to the F pocket 1.25 Å, and the

middle part of the peptide P5E rises

up 1.22 Å. (C and D) Residue P8

Asp in peptide P8D [(D), green]

forms the similar salt bridge and

hydrogen bonds as P8 Glu in the

structure of peptide IE8 [(C), pink].

(E and F) P5 Glu in peptide P5E [(F),

yellow] forms the similar salt bridge

and hydrogen bonds as P5 Asp in the

structure of peptide IE8 [(E), pink].
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Finally, the structure of BF2*0401 (along with the peptide-
translocation motif of TAP in B4 cells) leads to a truly fastidi-
ous motif at the cell surface for presentation of peptides to T cells.
Thus, there are generally few peptides presented by the class I
molecule of B4 cells, leading to susceptibility to pathogens whose
sequences contain no protective peptide with the right motif. In-
deed, B4 (and B13) haplotypes are generally reported to confer
susceptibility to a variety of infectious pathogens. However, these
haplotypes are not rare in the chicken populations, so there must
be some selective pressure leading to their relatively high gene
frequency. Whether this is due to selective breeding, to resistance
conferred to some important (strains of) pathogen(s), or to some
other selective pressure is the subject of ongoing investigations.
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