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Background: Tapasin edits the MHC I peptide repertoire and is highly polymorphic in birds but not mammals.
Results: Two chicken MHC I alleles differ in peptide binding properties and participate in an allele-specific interaction with
tapasin.
Conclusion: Tapasin-MHC alleles have co-evolved by balancing interaction characteristics against MHC peptide-binding
ability.
Significance: Variations in the functional attributes of tapasin and MHC I alleles determine effective antigen presentation.

MHC class I molecules display peptides at the cell surface to
cytotoxic T cells. The co-factor tapasin functions to ensure that
MHC I becomes loaded with high affinity peptides. In most
mammals, the tapasin gene appears to have little sequence
diversity and few alleles and is located distal to several classical
MHC I loci, so tapasin appears to function in a universal way to
assist MHC I peptide loading. In contrast, the chicken tapasin
gene is tightly linked to the single dominantly expressedMHC I
locus and is highly polymorphic and moderately diverse in
sequence. Therefore, tapasin-assisted loading of MHC I in
chickens may occur in a haplotype-specific way, via the co-evo-
lution of chicken tapasin and MHC I. Here we demonstrate a
mechanistic basis for this co-evolution, revealing differences in
the ability of two chicken MHC I alleles to bind and release
peptides in the presence or absence of tapasin, where, as in
mammals, efficient self-loading is negatively correlated with
tapasin-assisted loading. We found that a polymorphic residue
in the MHC I �3 domain thought to bind tapasin influenced
both tapasin function and intrinsic peptide binding properties.
Differences were also evident between the MHC alleles in their
interactionswith tapasin. Last,we show that amismatched com-
bination of tapasin and MHC alleles exhibit significantly
impairedMHC Imaturation in vivo and that polymorphicMHC
residues thought to contact tapasin influence maturation effi-
ciency. Collectively, this supports the possibility that tapasin
and BF2 proteins have co-evolved, resulting in allele-specific
peptide loading in vivo.

MHC Imolecules help protect the host against infection and
cancer by binding and presenting peptides to cytotoxic T cells.
The peptides displayed at the cell surface are usually of intra-
cellular origin and are loaded into MHC I molecules in the
endoplasmic reticulum (ER)3with the assistance of the proteins
that constitute the peptide loading complex. The peptide load-
ing complex assembles around the peptide transporter associ-
ated with antigen presentation (TAP) with MHC I tethered to
TAP via tapasin (1), ERp57 conjugated to tapasin (2), and cal-
reticulin interacting with both MHC I and ERp57 to form a
synergistically strong network of individually weak intermolec-
ular interactions (3).
MHC I molecules are thought to load an optimal peptide

cargo in two stages, where a low affinity peptide cargo is initially
bound, probably representing the most abundant peptides in
the ER, and then exchanged for a higher affinity cargo (4). Tapa-
sin enhances MHC I peptide loading in several ways: tapasin
localizes and stabilizes unloadedMHC Imolecules at the site of
peptide import, and the interaction between tapasin and TAP
stabilizes the TAP transporter, thus increasing peptide supply.
Perhaps most significant is that tapasin increases not just the
rate and extent of peptide loading but the discrimination that
occurs between peptides for binding (5). This “editing” function
ensures thatMHC I becomes loadedwith high affinity peptides,
which allow prolonged cell surface expression (6), rather than
loadingmore prevalent low affinity peptides (5, 7). Mammalian
MHC I alleles differ in their dependence upon tapasin for high
affinity peptide loading (8, 9).Whereas alleles likeHLA-B*44:02
rely upon tapasin, alleles such as HLA-B*44:05 do not and effi-
ciently self-load their peptide repertoire (5).
Two sites of interaction have been identified between tapasin

and MHC I (3, 4, 10–12). The first involves the N-terminal
tapasin domain, which is thought to interact with a loop under-
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lying the short �2-1 helix of theMHC I peptide binding groove.
The second involves the membrane-proximal tapasin domain,
which is thought to interact with a loop in the MHC I �3
domain. The mechanism by which tapasin achieves high affin-
ity peptide selection is poorly understood but may involve sta-
bilization of MHC I conformations where iterative cycles of
peptide binding and release occur that only high affinity pep-
tides withstand. Variation in the dependence of MHC I alleles
upon tapasinmay reflect differences in the propensity forMHC
Imolecules to adopt conformations that facilitate peptide bind-
ing and exchange.
Tapasin is evolutionarily well conserved; however, the loca-

tion of the gene within the MHC and its allelic diversity differs
between mammals and non-mammals. In most mammals, the
tapasin gene is in the extended class II region, far from the
multiple MHC I loci (13). Few polymorphisms have been doc-
umented in tapasin or TAP, with no functional distinctions
between alleles (14–16). Thus, it seems likely that in most
mammals, tapasin and TAP function universally for whichever
MHC I molecules are expressed.
The best characterized non-mammalian MHC is that of the

chicken, which has been described as minimal and essential,
with the tapasin, TAP, and MHC I loci in a small and simple
region virtually never disrupted by recombination (17, 18). In
contrast to most mammals, the highly polymorphic chicken
TAP genes have distinct transport specificities that match the
peptide motif of the single dominantly expressed MHC I (BF2)
molecule (19). We have also found that chicken tapasin is
highly polymorphic and moderately divergent in sequence
(20).4 Thus, it seems likely that different chicken haplotypes use
functionally distinct combinations of TAP and tapasin alleles,
with optimal peptide loading resulting from alleles of these pro-
teins that have evolved within stable haplotypes to share com-
plementary functional attributes.
We sought to test this hypothesis by comparing the func-

tional attributes of the tapasin and MHC I alleles that are
expressed in the B15 and B19 haplotypes. The dominantly
expressedMHC Imolecules in these haplotypes, BF2*1501 and
BF2*1901, are very similar in sequence (21) (Table 1 and Fig. 1)
and bind very similar peptides on the cell surfaces (22, 23) but
are expressed in haplotypes that encode different tapasin
alleles. Thus, BF2*1501 is expressed with Tapasin*15, whereas
BF2*1901 is expressedwithTapasin*12 (the tapasin allele found

in both the B12 and B19 haplotypes).4 Intriguingly, two of the
eight polymorphisms between BF2*1501 and BF2*1901 are at
regions that are thought to bind tapasin directly. We there-
fore sought to determine how the peptide binding properties
and the ability to bind tapasin differ between BF2*1501 and
BF2*1901, the contribution that polymorphic amino acids
thought to contact tapasin have on these functional attri-
butes, and whether tapasin alleles possess different func-
tional properties.

EXPERIMENTAL PROCEDURES

Production of BF2 and Tapasin-jun Proteins

BF2-fos Proteins—DNA encoding amino acids 1–271 of the
mature BF2*1501 and BF2*1901 proteins was amplified by PCR
with primers introducing 5� NdeI and 3� NcoI sites and cloned
into pET22b plasmid (Invitrogen). The Fos leucine zipper
sequence (GGSGG linker, thrombin site, and Fos leucine pep-
tide) was amplified by PCR fromHLA-B*08-fosDNA (24) using
primers introducing 5� NcoI and 3� HindIII sites and subse-
quently cloned into the BF2-containing plasmid. Site-di-
rected mutants were produced by PCR methods analogous
to those recommended in the QuikChange mutagenesis kit
(Stratagene).
BF2 Proteins—DNA encoding amino acids 1–271 of mature

BF2*1501 and BF2*1901 proteins was amplified by PCR from
BF2-fos DNA using primers that replaced the 3� NcoI site with
a stop codon followed by a HindIII site and cloned into pET22b
plasmid.
Peptide-loaded BF2 Complexes—Peptide-loaded BF2-fos or

BF2 complexeswere obtained by refolding solubilized inclusion
bodies of BF2-fos or BF2 heavy chains with chicken �2-micro-
globulin (as described (25)) and UV-labile peptide KRLIGjRY
(26) (Peptide Synthetics; j represents 3-amino-3-(2-nitro) phe-
nyl-propionic acid) as in Ref. 27.
Tapasin-jun Proteins—DNA encoding amino acids 23–397

of the primary sequence of chicken tapasin alleles (Tapasin*02,
4 A. van Hateren, C. Tregaskes, R. Carter, A. P. Williams, J. P. Jacob, T. Elliott, and

J. Kaufman, manuscript in preparation.

TABLE 1
BF2 amino acid polymorphisms
Amino acid polymorphisms between BF2*1501 and BF2*1901 alleles are tabulated.
Residues are numbered from the first residue of the mature protein and the domain
in which they are located.

Amino acid position, domain BF2*1501 BF2*1901

22, �1 Tyr Phe
69, �1 Thr Ser
79, �1 Thr Ile
95, �2 Leu Trp
111, �2 Ser Arg
113, �2 Asp Tyr
126, �2 Asp Gly
220, �3 Gln Arg

FIGURE 1. Model of BF2*1501, depicting the location of the eight amino
acids that differ between BF2*1501 and BF2*1901. The BF2*1501 struc-
ture is based upon the BF2*2101 structure (25) and is shown in a space-filling
format with polymorphic amino acids shown in green. �2-Microglobulin
(�2m) is shown in gray in a ribbon format, and peptide is shown in dark gray. a,
side view; b, view from above the peptide binding groove. Polymorphic resi-
due 22 is buried beneath the �1 helix. The side chains of residues 95 and 111
are on separate � strands with their side chains orientated toward each other.
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AM403065; Tapasin*12, AM403068; Tapasin*14, AM403069;
Tapasin*15, AM403070; Tapasin*21, AM403072 (20)) was
amplified by PCR from cDNA using primers introducing 5�
BglII and 3� EcoRI sites and cloned into pMT/BiP (Invitrogen).
The His6 tag present in the Jun leucine zipper of human tapa-
sin-jun (24) was replaced by PCR mutagenesis with an HA
epitope. The modified Jun leucine zipper sequence (GGSGG
linker, thrombin site, Jun leucine peptide, HA tag, and stop
codon) was amplified by PCR using primers introducing 5�
EcoRI and 3� XbaI sites and cloned into tapasin-containing
pMT/BiP plasmid. Stable polyclonal transfectants of S2 cells
were obtained by co-transfecting 1�g of tapasin-junDNAwith
50 ng of pCoHygro plasmid (Invitrogen) using Fugene 6 (Roche
Applied Science), and hygromycin selection. Transfectants
were adapted to Express 5 serum-free medium (Invitrogen),
and tapasin-jun expression was induced with 500 �M CuSO4.
Supernatants were harvested 3 days later and frozen with 10%
glycerol or purified immediately using anti-HA-agarose
(Sigma) and eluted either by brief exposure to glycine, pH 2.5,
with immediate neutralization or by the addition of HA pep-
tide. Tapasin-jun was purified to �95%, as ascertained by SDS-
PAGE, and was dialyzed against 25 mM Tris, pH 8, 150 mM

sodium chloride, 50mM L-arginine, 50mM L-glutamic acid, 10%
glycerol.
Biotinylated Tapasin-jun Proteins—PCR mutagenesis was

used to insert a BirA motif (GLNDIFEAQKIEWHE) between
the HA tag and stop codon of Tapasin*12-jun and Tapasin*15-
jun. To enable in vivo biotinylation, the E. coli birA gene with
the KDEL ER retentionmotif was amplified by PCR from pDis-
play birA (28) using primers introducing a 5� BglII site followed
by a Myc epitope and a 3� EcoRI site and was then cloned into
pMT/BiP. Stable polyclonal co-transfectants of S2 cells were
obtained by co-transfecting 0.5 �g of tapasin-jun DNA, 0.5 �g
of myc-birA DNA, and 50 ng of pCoHygro plasmid. Protein
expression was induced in Express 5 serum-free medium sup-
plemented with 10 �M biotin.

Fluorescence Polarization Experiments

The Affinity at Which KRLIGK*RY Is Bound by BF2-fos
Molecules—A final concentration of 0.3 �M BF2*15fos or
BF2*19fos molecules was exposed to �360-nm light for 20 min
at 4 °C. Various concentrations of KRLIGK*RY (where K* rep-
resents 5�-TAMRA-labeled lysine) peptide were then added to
aliquots of the empty BF2-fos molecules, each in a total volume
of 60 �l. Fluorescence polarizations measurements were taken
after being left at room temperature for�22 h using an Analyst
AD (Molecular Devices) with 530-nm excitation and 580-nm
emission filters and 561-nm dichroic mirror. Binding of
KRLIGK*RY is reported in millipolarization units (mP) and is
obtained from the equation, mP � 1000 � (S � G � P)/(S �
G � P), where S and P are background-subtracted fluorescence
count rates (S � polarized emission filter is parallel to the exci-
tation filter; P � polarized emission filter is perpendicular to
the excitation filter), and G (grating) is an instrument- and
assay-dependent factor.
Association Rate Measurements—For association rate mea-

surements (Fig. 2b), empty BF2-fos complexes were obtained
by exposing purified BF2-fos complexes to �360-nm light for

20 min at 4 °C. 0.375 �M KRLIGK*RY was added to 0.65 �M

empty BF2-fos complexes, and bindingwas followed. In Fig. 2, g
and h, 0.026 �MKRLIGK*RYwas added to 0.45 �M empty BF2-
fos complexes, and KRLIGK*RY binding was followed in the
presence or absence of 0.25 �M tapasin-jun proteins. In Fig. 3,
a–c, 0.1 �M KRLIGK*RY was added to 0.3 �M empty BF2-fos
complexes, and KRLIGK*RY binding was followed in the pres-
ence or absence of 0.25 �M Tapasin*21jun protein.
Dissociation Rate Measurements—For dissociation rate mea-

surements, 0.5 �M empty BF2-fos molecules were allowed to
bind 0.25 �M KRLIGK*RY, and then dissociation was fol-
lowed after the addition of a 500� molar excess of KRLIG-
KRYwith or without 0.25 �M tapasin-jun proteins. All exper-
iments were conducted at room temperature in duplicate
and used PBS supplemented with 0.5 mg/ml bovine �-glob-
ulin (Sigma).
Dissociation data from �24 h was processed in GraphPad

Prism using one-phase exponential decay non-linear regres-
sion. The rate of peptide dissociation was taken as the calcu-
lated half-life of dissociation. Tapasin specific activity was
calculated in four steps: 1) to calculate “tapasin rate enhance-
ment,” the half-life of uncatalyzed dissociation was divided by
the half-life of tapasin-catalyzed dissociation; 2) the “tapasin
bonus” was the tapasin rate enhancement minus 1 (to account
for the uncatalyzed reaction being divided by uncatalyzed reac-
tion producing a tapasin rate enhancement of 1); 3) “tapasin
catalysis,” the number of units of tapasin catalysis, was calcu-
lated assuming that one unit of tapasin allows the catalyzed
half-life to be reached in half the time of uncatalyzed dissocia-
tion; and 4) specific activity was calculated as the number of
units of tapasin activity divided by the molar concentration of
tapasin-jun. Paired two-tailed t tests (GraphPad Prism) were
performed to ascertain whether differences between groups of
resultswere statistically significant, with ap value of 0.05 denot-
ing statistically significant differences.

Surface Plasmon Resonance (SPR) Assays

Binding studies were performed at 25 °C using a Biacore
T100, streptavidin chips, and HBS EP� buffer (GE Healthcare)
at a 30�l/min flow rate. BiotinylatedTapasin*12-jun andTapa-
sin*15-jun proteins were immobilized on different flow cells to
densities that varied between experiments in the range of
�200–1000RU.Monomeric BF2 complexeswere repurified by
size exclusion chromatography in HBS or HBS EP� buffer 1
day before SPR and stored at 4 °C. Repurified BF2 complexes
were UV-exposed for 20 min at 4 °C immediately before SPR.
Kinetic rate constants were calculated from five sequential
injections (2 min each or in one experiment 2.5 min) of BF2
proteins within the range of 0.37–6 �M. Regeneration of the
chip was performed with a 5–10-min injection of 50 �M

KRLIGKRY peptide in HBS EP� buffer supplemented with
0.5 M NaCl to remove tapasin-bound peptide-empty BF2 mol-
ecules. Sensorgrams were corrected for bulk refractive index
changes andnonspecific binding using a blank flow cell. All data
were double referenced using responses from blank injections
with running buffer. There was no evidence in any experiment
that the binding of BF2 to tapasin was mass transport-limited.
Data were processed using BiaEvaluation software (GEHealth-
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care) using “heterologous ligand” interaction model fitting,
which fit the data better than “one-to-one” interaction models.
We assume that this is because the tapasin-jun preparations
contained a small proportion of protein that bound BF2 protein
nonspecifically. The kinetic rates reported were therefore cor-
rected for this nonspecific binding as described in the legend for
Fig. 4. Unpaired two-tailed t tests (GraphPad Prism) were per-
formed to ascertain whether differences between groups of
resultswere statistically significant, with ap value of 0.05 denot-
ing statistically significant differences.

Cellular Mismatching Experiments

BF2-myc DNA Constructs—The Myc epitope with 5� EcoRI
and 3� stop codon followed by an XbaI site was created by
annealing oligonucleotides and cloned into pcDNA3.1� plas-
mid (Invitrogen). DNA encoding full-length BF2*1501 or
BF2*1901 proteins was amplified by PCR with primers intro-
ducing a 5� HindIII site and replacing the stop codon with an
EcoRI site andwas cloned into themyc-containing pcDNA3.1�

plasmid. Transfections of TG15 cells (reticuloendotheliosis
virus-transformed lymphocytes from a homozygous B15
chicken (19)) were performed using a Nucleofector (Amaxa).

Stable transfectants were cloned from single cells under G418
selection.

35S Pulse-Chases, Myc Immunoprecipitation, and Endoglyco-
sidase H Digestions—5 � 106 cells were incubated at 41 °C in a
5% CO2 incubator for 45–60 min in cysteine- and methionine-
free RPMI supplemented with 10% dialyzed FCS. Cells were
labeled by the addition of 100–200 �Ci of 35S Promix (Amer-
sham Biosciences) for 20–30 min. The chase was initiated by
10-fold dilution in prewarmed, CO2-equilibratedRPMI supple-
mented with 10% FCS, 2 mM cysteine, and 2 mMmethionine or
by brief centrifugation and resuspension in the above medium.
Aliquots were taken as indicated and lysed in 100 �l of ice-cold
radioimmune precipitation assay buffer (Sigma) supplemented
with 10 mM iodoacetamide and 4 mM 4-(2-aminoethyl) benze-
nesulfonyl fluoride hydrochloride (Roche Applied Science).
Lysates were centrifuged at 16,000 � g at 4 °C for 15 min to
remove nuclei and other subcellular structures and were then
precleared with 50 �l of 50% Sepharose 4B and rotated at 4 °C
for at least 1 h. Precleared samples were mixed with 50 �l of
washed myc-agarose (Sigma) for at least 1 h at 4 °C before
extensive washing in lysis buffer. Proteins were eluted in 100

FIGURE 2. In vitro analysis of MHC I peptide binding characteristics. a, affinity at which KRLIGK*RY is bound by BF2*15fos or BF2*19fos molecules. The
BF2-fos molecules were rendered empty by exposure to UV light and then allowed to bind different concentrations of KRLIGK*RY. Fluorescence polarization
measurements were taken after �22 h at room temperature. Binding of KRLIGK*RY is reported in mP. Unbound KRLIGK*RY is assumed to have an mP level of
50. b, binding of KRLIGK*RY to empty BF2*15fos or BF2*19fos. c, dissociation of KRLIGK*RY. Excess unlabeled peptide (Comp) or buffer (None) was added to
BF2*15fos or BF2*19fos loaded with KRLIGK*RY. d and e, comparison of catalyzed dissociation. Buffer (None) or excess unlabeled peptide with (Comp�Tpn), or
without tapasin-jun (Comp) was added to BF2*15fos (d) or BF2*19fos (e) loaded with KRLIGK*RY. Tapasin*12-jun was paired with BF2*19fos, and Tapasin*15jun
was paired with BF2*15fos. The data shown are from a representative experiment. f, the half-life of KRLIGK*RY dissociation measured over �1 day. Individual
results (dots) from 10 –11 experiments are shown with the (mean) average depicted as a bar. Details of calculations are provided under “Experimental
Procedures.” Statistically significant differences (i.e. p � 0.05) between the indicated results are bracketed. g and h, binding of KRLIGK*RY to empty BF2*15fos
(g) or BF2*19fos (h) molecules in the presence or absence of tapasin-jun. The data shown are from a representative experiment. i, tapasin-jun allele enhance-
ment of KRLIGK*RY dissociation. Dissociation assays were conducted as in d and e, using the indicated proteins. Tapasin specific activity was calculated as
described under “Experimental Procedures,” with individual results (dots) and (mean) average specific activity (bars) from four experiments.
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mM sodium acetate, pH 5.4, 0.02% SDS, 100 mM �-mercapto-
ethanol, 4 mM 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride, 10mM iodoacetamide; heated at 85 °C for 5min;
divided as indicated; and digested ormock-digested with 5mil-
liunits of endoglycosidase H (Roche Applied Science) at 37 °C
overnight. Sampleswere separated by SDS-PAGE, fixed, soaked
in Amplify (Amersham Biosciences), and exposed to phosphor
screens.

RESULTS

BF2*1501 and BF2*1901 Differ in Their Peptide Binding
Properties in the Presence or Absence of Tapasin—The ability of
differentmammalianMHC Imolecules to load an optimal pep-
tide cargo independently of tapasin varies. Alleles that are able
to self-load an optimal peptide cargo, such asHLA-B*44:05 and
B*27:05, are expressed at the surface of tapasin-deficient cells

and can present antigens effectively, whereas those alleles that
are inefficient self-loaders, such as HLA-B*44:02, require tapa-
sin in order to assemble with stable peptides and present them
at the cell surface. Nevertheless, all MHC Imolecules benefit to
some degree from tapasin, such that those alleles that can load

FIGURE 3. In vitro analysis of the peptide binding characteristics of
mutant BF2-fos molecules. a, binding of KRLIGK*RY to empty WT or double
mutants of BF2*15fos or BF2*19fos. b and c, binding of KRLIGK*RY to empty
WT or double mutants of BF2*19fos (b) or BF2*15fos (c) molecules in the
presence or absence of Tapasin*21jun. A representative experiment is
shown. d and e, dissociation assays were conducted using WT and position
126 and 220 double or single mutants of BF2*15fos or BF2*19fos with or
without tapasin-jun as in Fig. 2. Individual results (dots) and (mean) averages
(bars) from 10 –12 experiments are shown. Statistically significant differences
(i.e. p � 0.05) between the indicated results are bracketed. d, the extent to
which tapasin-jun enhanced KRLIGK*RY dissociation for each BF2-fos mole-
cule (calculated as “tapasin bonus” under “Experimental Procedures”) was
normalized to the calculated “tapasin bonus” of BF2*15fos in each experi-
ment. The same tapasin-jun allele was used for all BF2-fos molecules within
each experiment, but different tapasin-jun alleles were used in some experi-
ments, with the majority of experiments using Tapasin*21jun (mismatched
for both BF2-fos alleles), with no difference observed between tapasin-jun
alleles. The experiments that included single mutants used just
Tapasin*21jun for all BF2-fos molecules and fewer experiments: BF2*15fos
D126G � 3, BF2*15fos Q220R � 6, BF2*19fos G126D � 5, BF2*19fos R220Q �
5. It is likely that the small magnitude of tapasin bonus that BF2*15fos expe-
riences may confound the calculation of statistical significance from replicate
experiments. e, the half-life of KRLIGK*RY dissociation for each BF2-fos mole-
cule in the absence of tapasin measured over �1 day, shown as in Fig. 2f.

FIGURE 4. Surface plasmon resonance assays. a, sensorgram of 20 �M

empty BF2*1501 binding to Tapasin*15jun (with a binding level of 2000 RU)
during a 2-min injection, slow dissociation following the injection, and faster
dissociation induced by injection of 50 �M KRLIGKRY peptide coincident with
the arrowhead. All data are reference flow cell-corrected. b, sensorgram
showing binding of empty BF2*1501-Double (concentrations between 0.375
and 6 �M) to Tapasin*12jun (with a binding level of 1035 RU) as a red line, with
the fit of the “heterologous ligand” interaction model shown as a black line. c,
the “heterologous ligand” interaction model fitted to the sensorgrams
(including the example shown in b) was usually attributed to one slow, high
affinity component (component 1), and a faster but lower affinity component
(component 2), along with a “bulk effect” contribution resulting from mis-
matching of the refractive indices of the running buffer and sample. We antic-
ipate that the faster but lower affinity component (component 2) represents
the specific binding of monomeric BF2 proteins to tapasin, because this com-
ponent appears most similar to binding profiles that were modeled by 1:1
interaction models (data not shown) and with the expected affinity of the
tapasin-MHC interaction. The slow, higher affinity component (component 1)
might represent a proportion of aggregated, denatured, or inactive tapasin
protein that might bind MHC proteins nonspecifically and dissociate slowly.
The proportion of BF2 proteins that could be loaded with peptide was con-
sistent with the measured total protein concentration and was comparable
between the different BF2 proteins examined within each experiment (data
not shown). d–f, the interaction characteristics of empty WT or double
mutants (labeled dbl) of BF2*1501 or BF2*1901 binding to Tapasin*12jun or
Tapasin*15jun. The kinetic attributes measured were the association rate
constant (ka; d) and the dissociation rate constant (kd; e). The equilibrium
dissociation constant (KD; f) calculated from the dissociation rate constant
divided by the association rate constant is presented as in d and e. The data in
d–f were combined from three independent experiments with a variable
number of replicates of each protein combination performed within each
experiment (between 1 and 4 repeats). The data constitute those that were
modeled satisfactorily by the heterologous ligand interaction model, where
the fast, low affinity interaction characteristics are reported, and are pre-
sented as a bar chart with the S.D. value indicated by error bars. Statistically
significant differences (i.e. p � 0.05) between the indicated results are
bracketed.
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peptides efficiently receive a small tapasin bonus,whereas those
alleles that self-load inefficiently receive a large tapasin bonus
(5). To determine whether such a relationship also exists in
chickens, whereMHC I and tapasin appear to have co-evolved,
we compared the peptide binding characteristics of BF2*1501
and BF2*1901 in the presence or absence of tapasin in vitro.We
adapted the assay of Chen and Bouvier (24), which brings
together in vitro the luminal domains of MHC I and tapasin
using leucine zipper sequences comprising a C-terminal Fos
sequence on MHC and a C-terminal Jun sequence on tapasin.
BF2-fos proteins were refolded with a UV-labile peptide in
order to allow generation of “empty,” peptide-receptiveMHC I
after UV exposure (26). To enable the comparison of the pep-
tide binding properties of the two BF2-fos alleles, fluorescence
polarization assays were used to measure the binding to MHC
of a fluorophore-labeled peptide, KRLIGK*RY (where K*
denotes TAMRA-labeled lysine). KRLIGK*RY is derived from
the protein hsp70 and has been identified among the peptides
eluted from MHC I molecules immunopurified from B15 and
B19 cellular lysates (22, 23). We found KRLIGK*RY to bind
both BF2 alleles with nearly identical affinity (Fig. 2a).
When we measured association (Fig. 2b) and dissociation

rates (Fig. 2c), we found that BF2*15fos bound KRLIGK*RY
significantly faster than BF2*19fos and that KRLIGK*RY disso-
ciated from BF2*15fos significantly faster than from BF2*19fos,
with a half-time of around 0.6 versus 1.7 h (Fig. 2, c and f). This
difference in KRLIGK*RY dissociation characteristics was not
due to competing KRLIGKRY peptide being bound by the two
BF2-fos alleles with different affinities, because binding of
KRLIGK*RY to BF2*15fos and BF2*19fos was similarly inhib-
ited by varying concentrations of KRLIGKRY (data not shown).
Dissociation of KRLIGK*RY was only apparent when excess
specific peptide was added and not when an equal volume of
buffer (labeled none in Fig. 2c) or excess irrelevant peptide was
added (data not shown). In the absence of excess specific com-
peting peptide, polarization values remained high, suggesting
thatMHC and KRLIGK*RYwere in equilibrium of binding and
dissociation, with excess unlabeled KRLIGKRY preventing
rebinding of free KRLIGK*RY to empty MHC. Further, there
appeared to be minimal loss of peptide-binding sites through-
out these assays, suggesting that there was little dissociation of
�2-microglobulin from the MHC heavy chain. We therefore
reasoned that measuring KRLIGK*RY dissociation when spe-
cific competing peptides were added provided an indirect
measurement of peptide exchange. We then determined
whether tapasin might enhance peptide dissociation. Thus,
BF2*15fos was paired with Tapasin*15jun and BF2*19fos with
Tapasin*12jun, and dissociation of preloaded KRLIGK*RY was
compared (Fig. 2, d and e). We found that tapasin increased the
rate (Fig. 2f) of KRLIGK*RY dissociation from both BF2-fos
alleles and that this occurred to a greater degree for BF2*19fos
than for BF2*15fos.
Thus, BF2*15fos and BF2*19fos differ in a number of attri-

butes; empty BF2*15fos molecules bind KRLIGK*RY faster
than BF2*19fos, and KRLIGK*RY dissociates more readily
from BF2*15fos than from BF2*19fos. Conversely, tapasin
enhances KRLIGK*RY dissociation to a much greater extent
for BF2*19fos. Thus, aswithmammalianMHC I alleles, chicken

MHC I alleles with inferior abilities to load peptides and to
undergo peptide dissociation benefit from the greatest tapasin
bonus, and vice versa.
Tapasin Alleles Function Universally in Vitro—A possible

explanation for the difference in themagnitude of tapasin func-
tion we observed between BF2*19fos and BF2*15fos in peptide
dissociation assays (Fig. 2, d–f) could have been due to differ-
ences in tapasin allele function. To investigate this further, we
compared KRLIGK*RY binding to peptide-empty BF2-fosmol-
ecules, which were paired with either Tapasin*12jun or
Tapasin*15jun (Fig. 2, g and h). In these experiments, BF2*15fos
and BF2*19fos were UV-exposed, while KRLIGK*RY was
mixed with either Tapasin*12jun or Tapasin*15jun or with
buffer. The empty MHC molecules were then added to
KRLIGK*RY peptide mixed with buffer or with tapasin, and
fluorescence polarization measurements were taken immedi-
ately. Binding of KRLIGK*RY to BF2*1501 either in the pres-
ence or absence of tapasin reached its maximum value within
the first few min, comparable with the setup time of the exper-
iment (Fig. 2g). In contrast, binding ofKRLIGK*RY toBF2*1901
was significantly slower, and more of the binding reaction was
measured, although the earliest part of the binding reaction
occurred before the first fluorescence polarization measure-
ment was taken (Fig. 2h).We found for both BF2-fos alleles that
tapasin increased the number ofmolecules that could be loaded
with peptide but that there was no apparent difference between
the two tapasin-jun alleles in the enhancement of KRLIGK*RY
binding, although the earliest stages of peptide binding were
not observed.
We also compared the catalysis of KRLIGK*RY dissociation

of matched tapasin-jun and BF2-fos alleles to that of four mis-
matched tapasin-jun and BF2-fos pairs (Fig. 2i). Only slight dif-
ferences in function were found between tapasin-jun alleles,
which were not statistically significant. Thus, all tapasin alleles
enhance dissociation of KRLIGK*RY from BF2*19fos to a
greater extent than for BF2*15fos, with theminor differences in
tapasin activity that were observed being qualitatively similar
for both BF2 alleles. There was therefore no evidence that
matched tapasin and BF2 alleles function differently frommis-
matched alleles in vitro when the proteins are artificially
appended.
Tapasin “Contact” Residues 126 and 220 Modulate the Abil-

ity of Tapasin to Enhance PeptideDissociation inVitro—Twoof
the eight polymorphic differences between BF2*1501 and
BF2*1901 reside at positions 126 (Asp in BF2*1501, Gly in
BF2*1901) and 220 (Gln in BF2*1501, Arg in BF2*1901). In
mammalian MHC I proteins, the equivalent non-polymorphic
positions (129 and 224) are localized in or close to regions that
have been shown by site-directed mutagenesis to be important
for tapasin binding and function. To determine the extent to
which these two residues might underpin the allelic differences
in peptide binding characteristics between BF2*1501 and
BF2*1901, we exchanged them between the two BF2-fos alleles,
thereby generating the BF2*15fos D126G/Q220R mutant and
the BF2*19fos G126D/R220Q mutant, referred to hereafter as
BF2*15fos-Double and BF2*19fos-Double, respectively.
We first sought to determine whether the exchange of posi-

tions 126 and 220 might influence the rate at which the empty
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MHC molecules bind KRLIGK*RY in the absence of tapasin
(Fig. 3a). We found that empty BF2*19fos-Double molecules
bound KRLIGK*RY faster than BF2*19fos molecules. In com-
parison, we found no apparent difference in the rate that
KRLIGK*RY was bound by BF2*15fos and BF2*15fos-Double
molecules, although the initial stages of the peptide binding
reactions were not observed.
Next, these peptide binding experiments were conducted in

the presence of Tapasin*21jun, an allele that is mismatched for
both BF2-fos alleles and which functioned identically to other
tapasin alleles in the enhancement of KRLIGK*RY dissociation
(Fig. 2i). We found that in either the presence or absence of
Tapasin*21jun, BF2*19fos-Double bound KRLIGK*RY faster
than BF2*19fos, with the earlier stages of the BF2*19fos-Double
binding reaction occurring before the earliest fluorescence
polarizationmeasurement (Fig. 3b). As before (Fig. 3a), peptide
binding to empty BF2*15fos or BF2*15fos-Double molecules
was too fast to observe the earlier stages of the binding reaction,
but there was no apparent difference in the binding of
KRLIGK*RY to empty BF2*15fos or BF2*15fos-Double mole-
cules in the presence of tapasin during the stages of the peptide
binding reaction that were observed (Fig. 3c). As before, tapasin
increased the number of BF2 molecules that were loaded with
peptide. Collectively, this shows that empty WT BF2-fos mol-
ecules differ in the rates at which peptides are bound, that posi-
tions 126 and 220 can indirectly influence MHC-intrinsic pep-
tide loading rates (i.e. unassisted by tapasin), and that tapasin
increases the efficiency of MHC peptide loading.
We next conducted peptide dissociation experiments using

WT or double mutant BF2-fos molecules in the presence or
absence of tapasin (Fig. 3, d and e). We found that the double
mutation had a significant effect on the magnitude that tapasin
enhanced KRLIGK*RY dissociation for both BF2fos-Double
mutants, reducing it for BF2*15fos-Double and enhancing it for
BF2*19fos-Double (Fig. 3d). In contrast, we found that the dou-
ble mutation did not drastically change the rate (Fig. 3e) at
which KRLIGK*RY dissociated from either BF2-fos allele in the
absence of tapasin. Thus, BF2*15fos and BF2*15fos-Double
were more similar to each other than to either BF2*19fos mol-
ecule, and vice versa. These results suggest that polymorphisms
at positions 126 and 220, which have presumably arisen as a
result of co-evolution with polymorphic tapasin proteins, can
influence the peptide-editing function of the tapasin-MHC I
heterodimer.
We also created single position mutants, where either posi-

tion 126 or position 220 were exchanged between BF2-fos
alleles and measured the ability of tapasin to catalyze
KRLIGK*RY dissociation. We found that, like BF2*19-Double,
both single position BF2*19fos mutants experienced greater
tapasin enhancement of KRLIGK*RY dissociation than did
BF2*19fos (Fig. 3d). Similar to BF2*15fos-Double, we found that
the BF2*15fos position 220 mutant experienced a statistically sig-
nificant decrease in tapasin enhancement of KRLIGK*RY disso-
ciation in comparison with the WT molecule. Likewise, the
BF2*15fos position 126 mutant experienced decreased tapasin
enhancement of KRLIGK*RY dissociation in comparison with
the WTmolecule, although this difference was not statistically

significant when experiment-to-experiment variation was
taken into account.
The effect that position 126 has on tapasin functionmight be

anticipated given the proximity of position 126 to the peptide
binding groove. However, the localization of position 220 and
the influence that exchange of this residue had on tapasin func-
tion was intriguing. When considered alongside the finding
that in the absence of tapasin KRLIGK*RY dissociated signifi-
cantlymore slowly from the 220mutants of both BF2-fos alleles
in comparison withWTmolecules (Fig. 3e), we suggest there is
intramolecular communication between the �3 domain and
the peptide binding groove and that by interacting with BF2
position 220, tapasin exerts an allosteric influence on the pep-
tide binding domain.
BF2*1501 and BF2*1901 Bind Tapasin at Different Rates—

We sought to determine whether the difference in the magni-
tude of tapasin function experienced by BF2*1501 and
BF2*1901 when tapasin and BF2 proteins were artificially teth-
ered by Fos-Jun leucine zippersmight coincide with differences
in binding interactions betweenMHC I and tapasin alleles. We
reasoned that the Fos-Jun pairing is likely tomimic the anchor-
ing of tapasin and BF2 proteins to the same plane of the ER
membrane that is normally achieved by their transmembrane
domains, whereas the Gly-Ser linkers that separate the luminal
domains from the leucine zipper sequences allow the proteins
sufficient flexibility to interact in a physiologically relevant
fashion.
The binding of MHC I and tapasin has not been directly

quantitated, although binding of mammalian MHC I and tapa-
sin (or tapasin-ERp57) proteins has been demonstrated (7, 29,
30). Numerous indirect observations, such asMHC I co-immu-
noprecipitation studies with conformation-specific antibodies,
suggest that the preferred ligand for tapasin is “peptide-recep-
tive” and not “peptide-occupied” MHC I. In order to directly
quantitate the interaction between BF2 and tapasin proteins, we
conducted SPR experiments with immobilized Tapasin*12jun or
Tapasin*15jun and soluble BF2 proteins, lacking any leucine zip-
per sequence, in the fluid phase. The BF2 proteins were refolded
with a UV-conditional ligand and were rendered empty by UV
exposure immediately prior to exposing them to tapasin. We
found UV exposure to be an absolute requirement for binding of
BF2*1501orBF2*1901 to tapasinand found that injectionof ahigh
affinity peptide into the flow cell caused rapid dissociation of
tapasin-bound MHC (Fig. 4a). We calculated the half-life of the
interaction between peptide-bound BF2*1501 molecules and
Tapasin*15 to be �7.5 times faster than the dissociation rate of
peptide-empty BF2*1501 molecules. This provides further sup-
port to the hypothesis that the preferred substrate for tapasin is
peptide-receptiveMHC Imolecules.
After correcting for nonspecific binding ofMHCproteins (as

described under “Experimental Procedures” and in the legend
to Fig. 4, b and c), we compared the rates at which empty
BF2*1501 and BF2*1901 bound to and dissociated from
Tapasin*12jun or Tapasin*15jun (Fig. 4, d and e, first, second,
fifth, and sixth columns). The combined results of three exper-
iments performed at different times with different protein
preparations show that BF2*1901 bound tapasin significantly
faster than BF2*1501 (Figs. 4d and 5, a and b) but that there was
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no clear difference in the rates that empty BF2*1501 and
BF2*1901 dissociated from tapasin (Fig. 4e and 5,a and b). Reas-
suringly, the rates measured for BF2 binding to tapasin, which
are in the range of 104 to 105 M�1 s�1, appear in keeping with
estimates for the transport rate of peptides by TAP (31).
The equilibrium dissociation constants calculated from the

measured on and off rates (Fig. 4f) show that BF2*1901 bound
tapasinwith higher affinity than BF2*1501. The differences that
these BF2 alleles exhibit in on rates (ka; Fig. 4d) and equilibrium
dissociation constants (KD; Fig. 4f) were evident when these
BF2 proteins bound to either Tapasin*12jun or Tapasin*15jun.
Thus, although there was no clear evidence that matched com-
binations of MHC-tapasin alleles interact differently frommis-
matched alleles in vitro, the finding that BF2*1501 and
BF2*1901 bound either tapasin allele with a similar pattern of
interaction kinetics lends further support to the existence of an
allelic difference in the tapasin binding characteristics of these
BF2 alleles in vitro.
Exchanging Positions 126 and 220 between BF2 Alleles

Changes the Interaction between Tapasin and BF2*1901 but
Not for BF2*1501—To further characterize the allele-specific
interaction of tapasin and BF2, we measured the effect of
exchanging residues 126 and 220 between BF2*1501 and

BF2*1901 on the binding to tapasin (Fig. 4, d–f). In particular,
we wanted to know whether the effect on the magnitude of
tapasin function we observed in vitro for the double mutants
(Fig. 3d) correlated with effects on binding.
We first compared the tapasin binding kinetics of the

BF2*1901-Doublemutant to thewild-type BF2molecules (Figs.
4 (d and e) and 5 (b and d)). Interestingly, we found that
BF2*1901-Double bound to either tapasin allele with a signifi-
cantly slower on rate than was apparent for BF2*1901, being
more similar to the on ratemeasured for BF2*1501. Again there
was no difference in off rates. The decreased tapasin-binding
rate resulted in BF2*1901-Double binding tapasin with lower
affinity than BF2*1901, being more similar to the affinity with
which BF2*1501 bound tapasin (Fig. 4f). In contrast, we found
that the tapasin interaction kinetics were not as dramatically
affected by the double mutation for BF2*1501 (Figs. 4 (d and e)
and 5 (a and c)). The on and off rates measured for BF2*15-
Double binding to either tapasin allele were most similar to
those found for BF2*1501, although we found that BF2*15-
Double bound Tapasin*12 with a significantly slower on rate
than BF2*1501. In agreement with the small change in Tapa-
sin*12 binding rate and the unchanged dissociation rates, we
found that the equilibriumdissociation constants calculated for
BF2*1501-Double binding to either tapasin allele were not sta-
tistically different from those calculated for BF2*1501 (Fig. 4f).
Thus, as in the peptide-loading experiments (Fig. 3, a–c), the

exchange of positions 126 and 220 affected the tapasin binding
properties of the BF2*1901molecule to a greater extent than for
BF2*1501. It is noteworthy that despite the apparently detri-
mental alterations to the tapasin interaction properties brought
about by the double mutation to BF2*1901, BF2*1901-Double
mutants experienced greater tapasin enhancement of peptide dis-
sociation thanBF2*1901 (Fig. 3d). Similarly, although the tapasin
binding properties of BF2*1501-Doublemolecules were similar
to those of BF2*1501, BF2*1501-Doublemolecules experienced
less tapasin enhancement of peptide dissociation than
BF2*1501 (Fig. 3d). This suggests that tapasin binding proper-
ties alone do not define the magnitude of tapasin function and
that the identity of the amino acids at positions 126 and 220
significantly influences the extent of tapasin function.
InVivoMaturation of BF2*1901 Is ImpairedWhenExpressed in

B15 Cells but Is Restored by Exchanging Positions 126 and 220—
Our in vitro analysis showed that BF2*1501 andBF2*1901 differ
(a) in their ability to self-load peptide cargo, (b) as substrates for
tapasin-catalyzed peptide dissociation, and (c) in the kinetics
and affinity of their interaction with tapasin in vitro. BF2 posi-
tions 126 and 220 influenced (a) the magnitude that tapasin
enhanced peptide dissociation from both BF2 alleles, (b) the
interaction of BF2*1901 with tapasin and, (c) the ability of
BF2*1901 to load peptide cargo without tapasin. We therefore
sought to determine the impact that mismatching tapasin and
BF2 alleles has on BF2 peptide loading in vivo, and in particular
we wondered whether exchanging positions 126 and 220 has a
greater impact on BF2*1901 peptide loading than on that of
BF2*1501, as suggested by the in vitro fluorescence polarization
and SPR assays. Thus, we assessed the transport through the
secretory pathway of newly synthesized myc-tagged BF2*1501
and BF2*1901 molecules or their respective double mutants

FIGURE 5. Comparison of the modeling of the wild-type and double
mutant sensorgrams via the heterologous ligand interaction model. a,
BF2*1501; b, BF2*1901; c, BF2*1501-Double; d, BF2*1901-Double. The top
panels show the binding of the indicated protein (concentrations between
0.375 and 6 �M) to Tapasin*12jun (with a binding level of 1035 RU) as a colored
line, with the fit of the “heterologous ligand” interaction model shown as a
black line. The bottom panels show how the total binding was attributed
between the two components and the bulk effect. The binding of component
2 is taken to represent the specific binding of monomeric BF2 proteins to
tapasin as discussed in the legend to Fig. 4 and under “Results.”

Allele-specific Peptide Loading of Chicken MHC I Molecules

32804 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 45 • NOVEMBER 8, 2013



expressed in B15 cells that endogenously express Tapasin*15
and BF2*1501 molecules. Previous work has shown that the
trafficking of stable MHC I molecules through the cis-Golgi
network indicates that they are loaded with high affinity pep-
tides resulting from peptide editing (5).
We first compared the maturation of BF2*15myc, BF2*19myc,

and BF2*19myc-Double (Fig. 6a). We found that whereas
BF2*15myc matured efficiently, BF2*19myc matured very
inefficiently. In comparison with BF2*19myc, we found that
BF2*19myc-Double showed significantly improved trafficking
through the secretory pathway, approaching that seen for
BF2*15myc. The improved maturation of BF2*19myc-Double
is probably a consequence of an improved ability to self-load
peptide cargo (Fig. 3a) and the greater catalysis of peptide dis-
sociation that tapasin mediates (Fig. 3d). The impaired matu-
ration of BF2*19myc molecules expressed in B15 cells suggests
that BF2*19mycmolecules were unable to load an optimal pep-
tide cargo efficiently, presumably being unable to bind to or
receive benefit from tapasin in vivo. Instead, it seems that
BF2*19myc molecules were forced to rely on their inefficient
ability to load an optimal peptide cargo (Fig. 2).
We next compared thematuration of BF2*15myc, BF2*19myc,

and BF2*15myc-Double (Fig. 6b). We found that BF2*15myc-
Double displayed slightly impairedmaturation (Fig. 6b) in com-
parison with BF2*15myc. This is consistent with our observa-
tions that BF2*1501-Double has similar self-loading and
tapasin binding properties to BF2*1501 but that tapasin
enhanced peptide dissociation from BF2*15fos-Double to a
lesser extent than from BF2*15fos.
Collectively, our analysis of the maturation of BF2myc mol-

ecules expressed in B15 cells shows that the maturation of mis-
matched BF2 molecules can be severely compromised. We
found a greater effect of mismatching alleles in vivo than in
vitro, suggesting that allelic differences in tapasin binding
and/or function are most apparent in a physiological environ-
ment. Importantly, we found that BF2 positions 126 and 220

have a significant influence on BF2 maturation. This may be
attributable to the effect these residues have both on the ability
of tapasin to enhance peptide dissociation and on the intrinsic
peptide binding properties of BF2*1901 molecules. We suggest
that polymorphisms at these positions have evolved to “fine
tune” the function of the tapasin-MHC I heterodimer and can
also influence the intrinsic peptide binding properties of the
BF2 allele.

DISCUSSION

The effect of tapasin on MHC I peptide loading and editing
has been intensively researched (1, 5–7, 24). Studies of mam-
malian MHC I molecules show that some MHC I alleles are
more effective at loading an optimal peptide cargo indepen-
dently of tapasin, and thus there is diversity in the extent
that tapasin enhances peptide loading. Our comparison of
BF2*1501 and BF2*1901 showed that this is also the case in the
chicken MHC, where BF2*1501 is more effective than
BF2*1901 at loading peptides and undergoing peptide dissoci-
ation without tapasin, and consequently BF2*1501 benefits less
from the action of tapasin. Thus, BF2*1501 and BF2*1901 bear
certain similarities in their loading properties to HLA-B*44:05
and B*44:02, whichmay define the extremes of tapasin depend-
ence in mammals. This suggests that efficient self-loading and
significant tapasin enhancement of peptide loading are funda-
mentally opposing characteristics of MHC I function. There
may have been several evolutionary pressures that led to MHC
I alleles varying in their dependence on tapasin to achieve opti-
mal peptide loading. For example, MHC alleles with the ability
to self-load efficiently may have arisen in response to viral sub-
version of tapasin (32, 33). However, it is also clear that patho-
gen sequence diversification has driven increased MHC I poly-
morphism (34). Therefore, it is possible that tapasin has
facilitated diversification of the MHC I peptide binding groove
by allowing “new” MHC alleles to function even when the
amino acid changes that allow them to present new epitopes

FIGURE 6. Comparison of maturation of BF2*15myc, BF2*19myc, BF2*19myc-Double (a), or BF2*15myc-Double (b) in TG15 cells. Only the bands
corresponding to BF2myc molecules are shown from a representative experiment. EHS, molecular weight of endoglycosidase H-sensitive, or immature, BF2
molecules; EHR, molecular weight of endoglycosidase H-resistant, or mature, BF2 molecules. The maturation of BF2*15myc and BF2*19myc molecules has
been compared in more than eight experiments using two different clones, and their maturation has been compared with that of BF2*19myc-Double in at least
two experiments using two different clones and with that of BF2*15myc-Double in two experiments. Comparable results were observed in each experiment.
The graphs depict the rate and extent of the acquisition of resistance of the BF2myc molecules to endoglycosidase H digestion averaged from two
experiments.

Allele-specific Peptide Loading of Chicken MHC I Molecules

NOVEMBER 8, 2013 • VOLUME 288 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 32805



might destabilize the peptide-receptive protein and render the
new MHC allele unable to self-load. Tapasin may therefore
allow the spread of such MHC alleles to confer survival advan-
tage. Thus, although BF2*1501 and BF2*1901 are quite similar
in sequence and in peptide-binding specificity, our findings
suggest that these alleles have evolved to use different pep-
tide loading mechanisms; whereas BF2*1901 appears to have
evolved to benefit from the loading enhancement that tapa-
sin affords, BF2*1501 appears to have evolved to self-load
efficiently.
Interestingly, we found that in the absence of tapasin, the rate

at which KRLIGK*RY dissociated from the position 220
mutants of both BF2 alleles was significantly diminished in
comparison with the WTmolecules. However, we did not find
such alterations for the double position 126 and 220 mutants.
This suggests that a functional relationship exists between posi-
tion 220 and the peptide-binding domain and position 126 in
particular, which helps to define intrinsic peptide binding prop-
erties. It seems likely that �2-microglobulin may also partici-
pate in this intramolecular communication (35). Also support-
ing the concept that peptide binding properties are collectively
defined by the whole MHC molecule is the finding that
exchanging positions 126 and 220 improved the rate at which
empty BF2*19fos-Double molecules bound peptide without
tapasin.
Our in vitro analysis of the double mutants suggests that BF2

positions 126 and 220 exert significant influence on the ability
of tapasin to function. We found that tapasin enhancement of
KRLIGK*RY dissociation was greatest for both BF2-fos alleles
when the residues derived from BF2*1501 were present (i.e.
BF2*15fos and BF2*19fos-Double) and that both positions 126
and 220 independently contribute to influence the extent of
tapasin function. The finding that tapasin function was influ-
enced by BF2 position 220 strongly suggests that the mem-
brane-proximal interaction between tapasin and BF2 allows
tapasin to exert allosteric control of the peptide binding groove
in order to enhance peptide dissociation. We suggest that the
membrane-proximal MHC I-tapasin interaction allows the
MHC I peptide binding domain to become more ordered and
more readily adopt conformations conducive to enhancing
peptide dissociation. This finding is consistent with previous
observations, including the ablation of tapasin-jun function for
the HLA-B*08fos E222K mutant (24), which collectively sug-
gest that even when artificially tethered, the membrane-proxi-
mal tapasin-MHC interaction is of key significance. Interest-
ingly, there is a prominent cluster of polymorphisms in the
immunoglobulin domain of chicken tapasin that may influence
this membrane-proximal interaction in an allele-specific man-
ner (20).4

Our analysis of empty BF2 molecules binding KRLIGK*RY
showed that tapasin increased the number of peptide-loaded
BF2 molecules, consistent with functions attributed to tapasin
previously (5, 7, 29, 36, 37). We did not find any evidence that
tapasin catalyzed the rate at which peptides were bound by
empty BF2 molecules, although we were unable to observe the
earlier stages of the peptide binding reactions where catalysis
may bemost evident. It was, however, clear that tapasin allowed
peptide binding reactions to reach equilibrium earlier. Com-

bined with the finding that dissociation of KRLIGK*RY from
BF2 molecules was catalyzed by tapasin, we suggest that tapa-
sin-mediated peptide editingmay result from tapasinminimiz-
ing the time that MHC molecules are unreceptive to peptide
loading combined with increasing peptide dissociation rates,
allowingmany peptides to be sampled, consistent with the pro-
posed “two-step” loading process (4).
Direct binding assays confirmed that peptide-deficientMHC

I molecules are the preferred substrates of tapasin. Binding
affinities between empty BF2 molecules and tapasin varied
between 0.1 and 1.5 � 106 M, depending on the combination of
alleles. Thus, the tapasin-MHC I interaction is relatively weak,
consistent with suggestions from previous studies and the
requirement for leucine zipper sequences to be used in vitro
(24). We found BF2*1501 and BF2*1901 differ in their interac-
tions with tapasin, with empty BF2*1901 molecules binding
tapasin faster than BF2*1501, forming higher affinity interac-
tions than empty BF2*1501 molecules. If the peptides that
become bound by MHC I molecules are of high affinity, pep-
tide-loaded MHC I molecules are poor substrates for tapasin,
and such molecules will quickly dissociate from the peptide
loading complex. However, if peptides are bound and then rap-
idly released, empty MHC I molecules either remain bound by
tapasin or rebind tapasin to start another cycle. Thus, MHC I
alleles like BF2*1901 that bind tapasin with fast interaction
kineticsmight experiencemore peptide sampling cycles, allow-
ing greater potential for tapasin to catalyze peptide exchange.
Our analysis of the maturation of myc-tagged BF2molecules

expressed in B15 cells showed that BF2maturation can be com-
promised by the mismatching of tapasin and BF2 alleles. The
impaired maturation of BF2*19myc molecules was surprising,
given our in vitro results, suggesting that tapasin alleles func-
tion in an allele-dependent way in vivo and/or that BF2-tapasin
alleles interact in an allele-dependent manner in vivo. It is
tempting to speculate that allelic differences in tapasin binding
or function may only become apparent when tapasin is conju-
gated to ERp57, although chicken tapasin lacks a residue equiv-
alent to cysteine 95, to which ERp57 conjugates in mammals
(17). Importantly, we found that exchange of positions 126 and
220 between BF2 alleles influenced maturation efficiency. This
in vivomismatching of tapasin andBF2 alleles and the influence
of BF2 positions 126 and 220 on maturation efficiency provide
the best support for the notion that chicken tapasin and BF2
proteins have co-evolved, resulting in allele-specific peptide
loading.
We suggest that in different MHC haplotypes, the tapasin

and BF2 alleles have co-evolved to balance a number of func-
tional attributes in different ways. Thus, in haplotypes like B19,
where theMHCalleles have poor self-loading ability andwhose
amino acids at positions 126 and 220 confer poor tapasin func-
tionality in comparison with their BF2*1501 counterparts,
these BF2 alleles appear to have evolved to rely upon tapasin for
efficient peptide loading; thus, theseMHC I alleles bind tapasin
quickly and with high affinity. This therefore allows plentiful
opportunity for tapasin to load and edit the peptide cargo. In
contrast, in otherMHChaplotypes, such as B15, where the BF2
alleles are intrinsicallymore efficient at loading an optimal pep-
tide cargo and whose amino acids at BF2 positions 126 and 220
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confer greater tapasin functionality, there is likely to have been
less pressure for the tapasin and BF2 interaction to evolve to
interact rapidly andwith high affinity, and there is less scope for
tapasin to enhance peptide loading efficiency.
In conclusion, the BF2 alleles of the B15 and B19 haplotypes

have different intrinsic peptide binding properties. These BF2
alleles also differ in their interactions with tapasin and in the
extent that they benefit from tapasin. Our comparison of WT
BF2 molecules and position 126 and 220 mutants shows that
these polymorphisms are relevant for tapasin function and can
profoundly influence binding to tapasin. We found BF2 posi-
tion 220, located in theMHC I �3 domain, to be a key determi-
nant of both intrinsic peptide binding efficiency and the ability
of tapasin to function, suggesting that tapasin exerts allosteric
control onMHC I peptide binding properties through this site.
We found that when tapasin and BF2 alleles were mismatched
in vivo that MHC I maturation could be severely impaired but
that exchange of polymorphic tapasin contacts at positions 126
and 220 between the BF2 alleles alleviated this impairment.
Collectively, we believe that this evidence supports the notion
that efficient peptide loading of chickenMHCI requires tapasin
and BF2 alleles from the same haplotype, as previously pro-
posed (17, 23), which have co-evolved to balance tapasin-BF2
interaction characteristics against MHC I peptide binding
properties.
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