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Abstract
Patr-AL is an expressed, non-polymorphic MHC class I gene carried by ∼50% of chimpanzee
MHC haplotypes. Comparing Patr-AL+ and Patr-AL- haplotypes showed Patr-AL defines a unique
125kb genomic block flanked by blocks containing classical Patr-A and pseudogene Patr-H.
Orthologous to Patr-AL are polymorphic orangutan Popy-A and the 5′ part of human pseudogene
HLA-Y, carried by ∼10% of HLA haplotypes. Thus the AL gene alternatively evolved in these
closely related species to become classical, non-classical and non-functional. Although differing
by 30 amino acid substitutions in the peptide-binding α1 and α2 domains, Patr-AL and HLA-
A*0201 bind overlapping repertoires of peptides; the overlap being comparable to that between
the A*0201 and A*0207 subtypes differing by one substitution. Patr-AL thus has the A02
supertypic peptide-binding specificity. Patr-AL and HLA-A*0201 have similar three-dimensional
structures, binding peptides in similar conformation. Although comparable in size and shape, the
B and F specificity pockets of Patr-AL and HLA-A*0201 differ in both their constituent residues
and contacts with peptide anchors. Uniquely shared by Patr-AL, HLA-A*0201, and other
members of the A02 supertype are the absence of serine at position 9 in the B pocket and the
presence of tyrosine at position 116 in the F pocket. Distinguishing Patr-AL from HLA-A*02 is an
unusually electropositive upper face on the α2 helix. Stimulating PBMC from Patr-AL-

chimpanzees with B cells expressing Patr-AL, produced potent alloreactive CD8 T cells with
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specificity for Patr-AL and no crossreactivity toward other MHC class I, including HLA-A*02.
PBMC from Patr-AL+ chimpanzees are tolerant of Patr-AL.

Introduction
Major histocompatibility complex (MHC) class I molecules bind intracellular peptides and
transport them to the cell surface (1). There they interact with the receptors of natural killer
(NK) cells (2) and CD8 T cells (3), lymphocytes of innate and adaptive immunity that
defend against intracellular infection and cancer. Because of the strong and varying selection
pressures from viruses and other pathogens, the family of genes encoding MHC class I
molecules is fast-evolving and varies between species (4, 5). Common features of the MHC
class I gene family are highly polymorphic genes encoding classical class I molecules,
conserved genes encoding non-classical class I molecules, and a variety of class I
pseudogenes and gene fragments (6, 7). Polymorphism provides diversity and change in the
peptide-binding repertoire of MHC class I molecules, whereas conservation allows
consistently valuable functions to be kept and shared by all members of a species.

Although chimpanzee and human genomes share >95% sequence similarity (8, 9),
chimpanzees are less susceptible to many human diseases, including malaria, hepatitis B
virus (HBV), and cancer, as well as HIV-1 (10, 11). In this context, any difference between
the immune system genes of the two species becomes a potential candidate for contributing
to disease resistance or susceptibility. Humans have six functional MHC class I genes of
which HLA-A, B and C are highly polymorphic and HLA-E, F and G are conserved (12, 13).
Chimpanzees have orthologs (Patr-A, B, C, E, F and G) of all these genes (14, 15), and their
protein products have similar functional properties to their human counterparts (16, 17, 18,
19, 20, 21, 22).

Distinguishing the chimpanzee MHC is a seventh MHC class I gene, Patr-AL, with no
obvious human counterpart (23, 24). In comparison to the other expressed class I genes,
Patr-AL is most similar in sequence to Patr-A and HLA-A (hence the name A-like), from
which it is estimated to have diverged >20 mya, long before the separation of chimpanzee
and human ancestors 6-10 mya (23). Whereas the other human and chimpanzee MHC class I
genes are present on all MHC haplotypes, Patr-AL is present only on ∼50% of chimpanzee
MHC haplotypes (23); an even distribution suggestive of a balancing selection that
maintains MHC haplotypes with and without Patr-AL. Such selection is a general feature of
MHC variation (25). As a consequence of this distribution, a majority of chimpanzees have
Patr-AL, but, importantly, a significant minority does not. Indeed, the chimpanzee MHC
haplotype sequenced by Anzai et al (15) has Patr-A, B, C, E, F, and G, but lacks Patr-AL.
Accordingly, one objective of our investigation was to define the location and environment
of the Patr-AL gene in the chimpanzee MHC, thus defining the genes and genomic region
that humans have lost.

In previous analysis we showed that Patr-AL exhibits modest polymorphism and in this
regard resembles the non-classical HLA-E, F, and G genes (23). From a functional
perspective, however, Patr-AL can be considered as a gene having two balanced alleles with
dramatic functional difference: one makes a functional protein, the other (gene absence)
does not. Although related to MHC-A, Patr-AL differs from Patr-A and HLA-A by >40
amino-acid substitutions, including >30 in the α1 and α2 domains that form the peptide-
binding site. Thus a second objective for this investigation was to determine if Patr-AL has
peptide-binding function and with what specificity and structural nuance. Out third and final
objective, was to determine if Patr-AL has the potential to function as a histocompatibility
antigen and be recognized by T-cell receptors.
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Materials and Methods
DNA sequencing and analysis

The CHORI-251 BAC library (Children's Hospital of Oakland Research Institute, Oakland,
CA) was screened with a Patr-AL cDNA probe. Positive clones were end-sequenced to
determine their relative location in the chimpanzee MHC and clone 639P10 was selected
based on its coverage of the entire region containing Patr-AL. A shotgun library with insert
sizes of 1 to 2 kb was made using the TOPO Shotgun kit (Invitrogen, Carlsbad, CA). Two
thousand clones were sequenced by Sanger sequencing. Finishing was performed at the
Stanford Genome Technology Center (Palo Alto, CA) using pyrosequencing on the 454
platform, as previously described (26). The sequence of the region was extended by primer-
walking that generated an additional 8 kb of sequence from the overlapping BAC clone
243L17. Sequences were assembled using Staden 1.6.0 (27). The complete sequence has
been deposited with GenBank, accession number HM629932. In addition, 5′ flanking
sequences of Gogo-A*0401, Gogo-A*0501 and intron 3 of Gogo-A*0501 were amplified,
cloned, and sequenced from the gorilla Radi; similarly, the 5′ flanking sequence of the
human HLA-Y pseudogene was obtained from the B-cell line WON-M. The sequences have
been deposited in GenBank, accession numbers HM629928 (Gogo-A*0501 5′ flanking
sequence), HM629929 (Gogo-A*0401 5′ flanking sequence), HM629930 (HLA-Y 5′ flanking
sequence), and HM629931 (intron 3 of Gogo-A*0501). The primers A210_SENSE (5′
GTGGCATGATCACCATGCACTGC) and A_X2_ANTI (5′
GAGCGCGATCCGCAGGC), annealing with the 5′ flanking region and exon 2,
respectively, were used for amplification of the 5′ region and the primers G5_X3_SENSE
(5′ GTGGAGTGGCTCCGCAGATA 3′) and G5_X4_ANTI (5′
CCTCATGGTCAGAGACAGCTTGG 3′) annealing to sites in exons 3 and 4 were used for
the amplification of intron 3.

Large-scale sequence alignment was performed and visualized using the VISTA program
(www-gsd.lbl.gov/vista/). Local alignments were performed using MAFFT (28).
Phylogenetic analysis for the T, W, and K pseudogenes was performed using MEGA3 (29).
Analysis of divergence time for the T, W, and K pseudogenes was performed using the
MCMCtree program implemented in the Phylogenetic Analysis by Maximum Likelihood
package (PAML, (30)) calibrated by fossil-based speciation time estimates for Macaca
mulata (23-33 mya), Gorilla gorilla (10.5-12 mya), and Pan troglodytes (7-9 mya) (31, 32).

We assumed that the ancestor of PatrAL and HLA-Y was not fixed at the time of the human/
chimpanzee divergence, because neither is fixed in the modern species and the deletions in
the Patr-AL and HLA-Y haplotypes share the same breakpoints. Simulations tested if both
PatrAL+ and PatrAL- haplotypes could be retained under neutrality (i.e. in the absence of
selection to keep both of them in the population) from the time of the human/chimpanzee
divergence until present. The simulations recorded the allele-frequency change per
generation and stopped when one haplotype was lost. Forward-time population simulation
was performed using simuPOP (33), assuming a generation time of 15 years, Ne=30,000
(34), random mating, and starting haplotype frequencies of 50%. The simulations were
conservative; because reduction in population size, generation time, or unequal starting
frequencies would increase the probability of losing one haplotype, as would selection for
one haplotype.

Phylogenetic analysis of MHC-A, MHC-H and MHC-A related gene sequences MHC-A,
MHC-H and MHC-A related gene sequences were aligned using MAFFT (28) and manual
correction of the resulting alignments. The aligned sequences were then investigated for the
presence of recombinant segments using a combination of domain-by-domain phylogenetic
analyses and recombination detection methods, as implemented in the recombination
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detection program, RDP (35). Neighbour-Joining (NJ) analyses were conducted with
MEGA4 (29) using the Tamura-Nei method with 500 replicates; windows including one to
eight segments (introns and/or exons) were used. To confirm the results of the
recombination analysis, phylogenetic analyses were conducting on ten datasets representing
the full MHC class I gene sequence (with some overlap) with three methods: Maximum-
Likelihood (ML), NJ and Maximum-Parsimony (MP). NJ analyses were performed as
indicated above. PAUP*4.0b10 (36), with the tree bisection-reconnection branch swapping
algorithm, was used for MP analyses with 500 replicates and a heuristic search. ML analyses
were performed with RAxML7 (37) under the GTR+CAT model with 500 replicates (rapid
bootstrapping).

For the full-gene analysis, the final set of sequences was obtained by excluding the
recombinant sequences, the pseudogenes, as well as exon 4, encoding the α3 domain, and the
non-coding regions in the 5′ and 3′ of the gene. To complement this analysis and extend the
set of sequences that could be included, we analyzed a smaller gene segment beginning
300bp upstream of the ATG start codon and ending in exon 2. Phylogenetic analyses were
conducted with three methods, as indicated above.

Ancestral sequence reconstructions for the peptide-binding domain were performed with the
CODEML program of the PAML package (30) using the marginal reconstruction approach
and the M0 model. The tree topologies used for these reconstructions were obtained using
the ML approach described above.

Characterization of Patr-AL and HLA-A peptide pools
Soluble Patr-AL, HLA-A*0201, and HLA-A*0207 were secreted by transfected 721.221
cells (hereafter shortened to 221 cells) grown for 60 days in a Unisyn CP2500 bioreactor
(Biovest International, Minneapolis, MN) as described (38). Soluble class I protein was
affinity-purified and the peptides acid-eluted. Peptide pools were subjected to Edman
sequencing on a model 492A pulsed liquid phase protein sequencer (Perkin-Elmer,
Waltham, MA), with cysteine underivatized, to determine the peptide motif. Alternatively,
pools were fractionated by reverse-phase HPLC, and fractions analyzed using a Q-Star
QTOF mass spectrometer (PerSeptive Sciex, Foster City, CA). Sequence assignment was
performed using MASCOT (Matrix Science, London, UK).

Combinatorial prediction of the overlap between the Patr-AL and HLA-A*02 peptide pools
was performed assuming average 40% overlap between the Patr-AL pool and individual
HLA-A*02 allotype pools, and 60% overlap between HLA-A*02 allotype pools. The
binomial expansion describing the percentage of peptides unique to the Patr-AL pool
converges to 1-0.4/0.6 = 33.3%, indicating 66.6% overlap between the Patr-AL pool and the
collective HLA-A*02 pool.

Comparison of peptide-binding profiles
From the sequences of nonamer binding peptides, either deposited for 16 HLA-A allotypes
in the SYFPETHI database (39) or obtained in this study for Patr-AL, A*0201 and A*0207,
we compiled 19 allotype-specific datasets. Only peptides originating from uninfected cells
and allotypes having 5 or more peptides defined were included in the analysis. For each
dataset, peptide scoring matrices (representing the peptide-binding profile) were generated
using the PROPHECY program of the EMBOSS package (40) [Gribskov scoring scheme,
gap open and extension penalties of 500]. The matrices were built using the complete
nonamer sequences, thereby giving an unbiased estimation of the residue preference at each
of the nine positions. The 19 matrices were then used to score the peptides of the 19 peptide
datasets, using the PROPHET program of the EMBOSS package (40). Each resulting
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matrix:peptide score gives a relative measure of the ability of that particular peptide to bind
to the MHC allotype represented by that particular matrix. We reasoned that by comparing
means of the scores obtained for each of the matrix:peptide combinations we would obtain
an indication of how the peptide-binding properties of the MHC allotypes are related to each
other. To compare how the 19 different scoring matrices responded to each individual
peptide set, we tabulated the absolute difference (|D|) between every pair of mean scores that
was obtained using that peptide set. The resulting 19 tables were condensed to a single
pairwise distance table by calculating the mean |D| for each peptide:matrix combination.
Using this pairwise table as input, a neighbor-joining tree was generated with the
NEIGHBOR program of the PHYLIP package (41).

Expression, crystallization, and structure determination
Soluble Patr-AL was produced in E. coli and re-folded with β2-microglobulin and peptide
ALDKATVLL (Anaspec, Fremont, CA), as described (42). Complexes were affinity-
purified by Ni-NTA chromatography (Qiagen, Valencia, CA) using histidine-tagged heavy
chain, S200 gel filtration (Amersham, Piscataway, NJ), and MonoQ ion exchange
(Amersham). Protein was concentrated to 10 mg/ml and crystals grown by sitting-drop
vapor diffusion at 22°C, with well solution containing 22% PEG-12000, 100 mM Tris pH
8.5, 200 mM ammonium sulfate. X-ray diffraction data were collected at the Stanford
Synchotron Radiation Laboratory and processed using the HKL-3000 suite (43). The
structure was determined by molecular replacement using the CCP4 package (44). HLA-
A*1101 (PDB ID 1QVO) was used as the phasing model. Figures were created with the
PyMOL Molecular Graphics System, Version 1.3, (Schrödinger, LLC, Portland, OR).

Structure Analysis and Comparisons
For comparison of peptide conformation, residues 1-180 of Patr-AL were aligned using
PyMOL to the following structures (Protein Data Bank ID indicated in brackets): HLA-
A*0201-LLFGYPVYV (1HHK), HLA-A*0201 FLWGPRALV (1QEW), HLA-A*0201
ALWGFFPVL (1B0G), HLA-A*0201 GILGFVFTL (1HHI), HLA-A*0201 TLTSCNTSV
(1HHG), HLA-B*4401 (1SYV), HLA-B*4403 (1SYS), HLA-A*0101 (1W72), HLA-
A*0201 (1HHJ), HLA-B*5301 (1A1O), HLA-C*0401 (1QQD), HLA-B*2705 (1A83),
HLA-B*3501 (2CIK), HLA-E*0101 (1MHE), HLA-B*1501 (1XR9), HLA-Cw*0301
(1EFX), HLA-G*0101 (2D31), HLA-B*0801 (1M05), HLA-A*1101 (2HN7), HLA-
A*1101 (1X7Q), HLA-A*2402 (2BCK). Root mean-square distances between Cα carbons
of peptides in different structures were measured in PyMOL. For comparison of the Patr-AL
isoelectric point with those of other MHC class I, human HLA allotype sequences were
extracted from from IMGT HLA (13) (http://www.ebi.ac.uk/imgt/hla/). Non-human MHC
class I protein sequences were obtained from GenBank: Chicken, NP_001026509; rainbow
trout, BAF37937; Rhesus macaque, CAL30052; nurse shark, AAL59860; mouse,
AAB18955; goose, CAJ43115; rat, XP_001075560; dog, AAR27883; wallaby, ABC17813;
cattle, CAA63476; cat, NP_001041626; pig, NP_001090900; horse, NP_001075975.
Isoelectric points were estimated using the EMBL calculator
(http://www.embl-heidelberg.de/cgi/pi-wrapper.pl).

CTL lines
Chimpanzee peripheral blood mononuclear cells (PBMCs) were isolated from whole blood
by Ficoll gradient separation. Alloreactive CTL lines were generated by stimulating
chimpanzee PBMC, with autologous feeder cells and γ-irradiated 221 cells expressing Patr-
AL, in culture for 14 days. CTL produced during the MLR were used as effector cells in
standard 51Cr release cell killing assays against a target panel of 221 cell transfectants, each
expressing a different MHC class I allotype.
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Results
Patr-AL marks a unique genomic block absent from human MHC haplotypes

A Patr-AL cDNA probe was used to screen a BAC library made from genomic DNA of a
Patr-AL+ chimpanzee. By sequencing two overlapping BAC clones we defined a 214 kb
region that contained Patr-AL. In this region the telomeric 22 kb segment and the
centromeric 67 kb segment corresponded to contiguous sequence in the Patr-AL- haplotype
described by Anzai et al (15). In contrast, the central 125 kb region, which contains the Patr-
AL gene, had no counterpart in the Patr-AL- haplotype. Eight sequenced HLA haplotypes
(45, 46, 47) also lack this 125 kb genomic block and have the same breakpoints with the
Patr-AL+ haplotype as the Patr-AL- haplotype (Fig. 1). The absence of MHC-AL from these
human and chimpanzee MHC haplotypes almost certainly derives from one deletion event in
an ancestral MHC-AL+ haplotype, which occurred prior to separation of human and
chimpanzee ancestors >6 mya (31).

From forward simulations under neutral evolution, we estimate that the mean time required
for either loss or fixation of Patr-AL in the chimpanzee population would have been 83,300
generations (1.24 million years), a time period much shorter than that elapsing since
separation of human and chimpanzee ancestors >6 mya (31). Consistent with this
observation, only 15 of the 10,000 simulations retained both PatrAL+ and PatrAL-

haplotypes throughout the 400,000 generations that followed separation of the human and
chimpanzee lines to the present day. The simulations indicate that the probability of
retaining both PatrAL+ and PatrAL- haplotypes on the chimpanzee line under neutral
evolution was less than 1% (p=0.015). In conclusion, the observed presence of PatrAL+ and
PatrAL- haplotypes in modern chimpanzee populations is most likely due to persistent
balancing selection for both haplotype forms.

The Patr-AL genomic block is flanked by blocks containing Patr-A and Patr-H
Patr-A, the ortholog of HLA-A, lies in the centromeric 67 kb segment of the 214kb region
we sequenced, at a distance of 70 kb from Patr-AL (Fig. 1A). Flanking Patr-A are several
MHC class I pseudogenes and gene fragments (Patr-K and Patr-U upstream, Patr-W and
MICD downstream) in identical configuration to that observed in the Patr-AL- and HLA
haplotypes (Fig. 1A). Patr-AL is also flanked by pseudogenes and gene fragments, which we
term Patr-K-like (Patr-KL), Patr-W-like (Patr-WL), MICD-like (MICDL), and Patr-T-like
(Patr-TL), according to their similarities with human pseudogenes (48). Importantly, the
organization of flanking pseudogenes and gene fragments differs between Patr-AL and Patr-
A/HLA-A. Firstly, the W pseudogene is downstream from Patr-A and HLA-A, whereas WL is
upstream of Patr-AL. Secondly, the TL pseudogene downstream from Patr-AL has no
counterpart in the genomic block containing Patr-A. These differences show that the blocks
containing Patr-A and Patr-AL are not simply products from a single duplication of a
common ancestral block. Upstream of the block containing Patr-AL, lies the block
containing the Patr-H pseudogene and downstream of the block containing Patr-A is the
Patr-J pseudogene. Like Patr-AL, the H pseudogene (49) is related to MHC-A, as is the J
pseudogene, but to lesser extent (50). That the TL pseudogene downstream of Patr-AL
corresponds to the T pseudogene downstream of Patr-H and HLA-H, raised the possibility
that the blocks containing Patr-H and Patr-AL were the duplicated products of a common
ancestor (Fig. 1B).

Analysis of a gorilla MHC haplotype (GenBank accession numbers CU104658 and
CU104664), showed it aligns with the chimpanzee and human haplotypes and has the blocks
containing MHC-H and MHC-J flanking a block containing AL (Fig. 1A and 1C). Analysis
of repetitive elements, as well as MHC class I pseudogenes and gene fragments,
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demonstrated that the block containing MHC-A is absent from the gorilla haplotype while a
block syntenic to the Patr-AL block is present (Fig. 1A and 1C). Syntenic to the Patr-AL
gene itself is a gene corresponding to a previously characterized cDNA, called Gogo-Oko,
which has a divergent recombinant structure that puts it apart from other cDNA sequences
named in the Gogo-A series (51, 52). From domain-by-domain phylogenetic analysis we
now see that Gogo-Oko has segments in common with AL, H and the A2 lineage of A (Fig.
2B). That only the 5′ end of Gogo-Oko remains orthologous to Patr-AL shows the extent to
which this putative gorilla equivalent of Patr-AL has been replaced by segments of H and A.
That several gorilla Gogo-A are more related to HLA-A and Patr-A than Gogo-Oko (51)
raises the possibility that that some gorilla MHC haplotypes have retained the block
containing the A locus.

Evolution of duplicated blocks and haplotypes containing H, AL and A genes
In higher primates the MHC class I gene families have expanded and diversified through
duplications, followed by deletions, of a building block of ∼50 kb containing one MIC gene
and one MHC class I gene (53). Evidence for these processes is seen in Fig. 1A. Our results
are consistent with an evolutionary model in which the modern genomic blocks containing
H, AL, and A evolved from a common ancestor by two successive duplications (Fig. 1B).
The initial duplication produced one block containing the common ancestor of AL and H,
and a second block containing the ancestor of A and a fourth unidentified gene (A† in Fig.
1B). The second duplication produced a haplotype with four blocks: three ancestral to the
modern blocks containing A, AL and H, whereas the fourth block lost the unidentified A†

class I gene and its associated U† pseudogene, as part of the deletion that gave rise to the
structure of the AL+ haplotype, with its unique set of genes and gene fragments upstream of
MHC-AL (Fig. 1B). From this haplotype, the AL- haplotype was formed by deletion of the
125 kb block containing AL, whereas the A- haplotype arose by deletion of the ∼80 kb block
containing A. Phylogenetic analysis of the hominoid T, W, and K pseudogenes is consistent
with the model (Fig. 1D) and allowed us to estimate the time of the duplications using a
Bayesian approach (30). The first duplication occurred 23.3 mya (95% confidence interval
15.9-30.3 mya), consistent with the earlier estimate of 26 mya for divergence of A and AL
(23); the second occurred 15.3 mya (95% confidence interval 11.6-23.2 mya) (Fig. 1D).

Species-specific evolution of AL gene diversity and function
To search for counterparts of Patr-AL in other hominoid species we performed phylogenetic
analyses of MHC class I gene sequences (Fig. 2). Fig. 2A shows the tree obtained with the
complete full-length gene sequences. The sequences were also divided into smaller
segments that were separately subjected to phylogenetic analysis and a summary of the
relationships observed is given in Fig. 2B by colored shading of the segments.

Most closely related to Patr-AL is orangutan Popy-A (Fig. 2A), which is orthologous to
Patr-AL throughout the gene, with the exception of a ∼10bp segment in exon 2 (encoding
residues 65-67 of the α1 domain) where Patr-AL is more related to H (Fig. 2B), a likely
consequence of gene conversion. Unlike Patr-AL, Popy-A is a highly polymorphic gene, and
for this reason was previously considered to be orthologous to HLA-A and Patr-A (54).
Since the time of the last common ancestor of chimpanzee and orangutan, the AL gene
evolved differently in the two species. In orangutan it became a polymorphic classical MHC
class I gene, whereas in chimpanzee it became a conserved non-classical class I gene.

Although complete Patr-AL orthologs were not identified in gorilla and human, both species
have MHC class I genes with segments related to AL. Exon 1 and intron 1 of gorilla Gogo-
Oko and exons 1, 2 and introns 1, 2 of a human pseudogene, HLA-Y (45, 55, 56) are
orthologous to Patr-AL. In contrast the remaining exons and introns of HLA-Y appear
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orthologous to the A locus. Of two ancient lineages of HLA-A alleles (54, 57), HLA-Y is
closer to the A2 family than the A3 family (Fig. 2B). As is the case for Patr-AL, HLA-Y is
not fixed (45, 55, 56), and neither is it represented in the eight sequenced HLA haplotypes
(45). Although the precise genomic location of HLA-Y remains unknown, linkage
disequilibrium between HLA-Y and a subset of HLA-A demonstrates its presence in the
MHC. HLA-Y has been detected on all haplotypes that have HLA-A*2901, *3001, *33,
*3401, or *6802 and on most haplotypes that have HLA-A*0203, *0205, and *31 (55, 56,
58, 59). The HLA-A alleles associated with HLA-Y are more frequent in non-Caucasian
populations and we estimate that ∼20% of the human population carry HLA-Y. Whereas AL
sequences contribute to expressed functional genes in chimpanzee, orangutan and gorilla, in
humans the AL sequences appear only present in the non-functional form of HLA-Y.

The peptide-binding specificity and repertoire of Patr-AL is like that of HLA-A*02
Patr-AL was affinity-purified from the supernatant of 221 cells secreting soluble Patr-AL
(38). Edman-sequencing showed that the peptides bound to Patr-AL were predominantly
nonameric peptides constrained by three anchor positions: P2 preference for leucine, smaller
aliphatic residues and glutamine; P3 preference for aspartate at P3, and C-terminal
preference for aliphatic residues. This motif resembles that common to several HLA-A*02
subtypes (Fig. 3A) and differs from the peptide-binding motifs of other HLA-A and Patr-A
(SYFPEITHI database, (39)) (Fig. S1).

The pool of Patr-AL binding peptides was fractionated by reverse-phase HPLC and
individual peptides were sequenced by tandem mass spectrometry. Because initial analysis
identified ALDKATVLL, a known HLA-A*0207 binding peptide (60), we systematically
compared the peptides eluted from Patr-AL with those obtained from HLA-A*0207, and
also HLA-A*0201, the prototypical HLA-A*02. Sequencing 126 abundant peptides (Fig.
S2) uncovered extensive overlap between the peptides bound by Patr-AL, HLA-A*0207 and
HLA-A*0201 (Fig. 3B, left). This was pursued by examining 849 molecular ions, each
randomly selected from one of the peptide profiles and then assessed for its presence in the
other two profiles (Fig. 3B, right).

In magnitude, the overlap between peptides bound by Patr-AL and either A*0201 or
A*0207 was comparable to that between the two A*02 subtypes (Fig. 3B, right): 52% of
Patr-AL-bound peptides also bound A*0201 or A*0207; 49% of A*0207-bound peptides
also bound A*0201. We estimate that 66% of the peptides bound by Patr-AL also bind to an
HLA-A*02 subtype, and that 40% of the peptides bound by the entire family of A*02
subtypes can bind to Patr-AL. Conversely, review of the literature and the content of the
SYFPEITHI database for MHC ligands and peptide motifs (39) showed that none of the
peptides bound by Patr-AL has been found to bind to any MHC class I allotype other than
HLA-A*02. Thus the peptide-binding function of chimpanzee Patr-AL is like that expected
of a novel HLA-A*02 subtype. Such similarity was totally unexpected, because Patr-AL
differs from A*0201 by 30 amino acid substitutions in the peptide-binding α1 and α2
domains (Fig. S3) (23), 13 of which are predicted to contact peptide (61). By contrast
substitution of tyrosine for cysteine at position 99 is all that distinguishes A*0207 from
A*0201.

Although the above analysis demonstrated considerable overlap between the repertoires of
peptides bound by Patr-AL and HLA-A*02 and failed to find any commonality with other
HLA class I, we developed an independent method to give unbiased comparison of the
peptide-binding specificity of Patr-AL with a broader range of HLA-A allotypes embracing
both the A2 and A3 ancient families of HLA-A alleles. We created a peptide-binding scoring
matrix for each of the 16 HLA-A allotypes for which sufficient information was available in
the SYFPEITHI database (39). The peptides eluted in this study from the HLA-A*0201 and
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A*0207 allotypes were also used to generate independent scoring matrices. Each matrix was
then used to score each set of eluted peptides and pairwise comparisons of the scores used to
generate a distance-tree. In this tree the Patr-AL peptide-binding specificity is clearly seen to
cluster within the group of HLA-A*02 subtypes and to be apart from the other HLA-A (Fig.
3C).

Although the Patr-AL and A*02 specificities are clearly differentiated from those of other
HLA-A, the peptides defined in our analysis group A*0201 and A*0207 more closely
together, than is seen from analysis of the A*0201 and A*0207 binding peptides defined in
other studies (Fig. 3C). This likely reflects differences in the methods used to assay and
define the binding peptides. All our data came from sequence analysis of peptides eluted
from HLA class I secreted from 221 cells, whereas the sequences in SYFPETHI derive from
a variety of cellular and molecular methods (62, 63). For example, a study based on the
binding of synthetic peptides found that the peptide-binding repertoire of A*0207 was
largely limited to a subset of that bound by A*0201 (60), whereas in our analysis 30 of the
72 sequenced peptides eluted from A*0207 were not among the 49 peptides eluted from
A*0201 (Fig. 3B). It is also likely that the small number of nonamer sequences in
SYFPETHI representing some allotypes led to imprecision in the values for their scoring
matrices.

Patr-AL and HLA-A*02 bind peptides with similar conformation
The complex of Patr-AL bound to the ALDKATVLL peptide was crystallized and a three-
dimensional structure determined at 2.7Å resolution (Table I). Patr-AL has a typical MHC
class I structure (Fig. 4A), in which the Cα traces of the heavy chain and β2-microglobulin
superimpose with their counterparts in other HLA class I structures. Notably, the root mean
square deviation (RMSD) between Cα carbons of the Patr-AL and A*0201 chains was 0.557
Å.

Despite the common structure and peptide-binding specificity, Patr-AL is distinguished from
HLA-A*02 and all other forms of MHC class I by the unusually electropositive solvent-
accessible surface of its α2 helix. The α2 helix of Patr-AL has one lysine (position 161) and
five arginine (positions 141, 145, 151, 152, and 163) residues in addition to the three lysines
(positions 144, 146, and 176) and six arginines (positions 108, 111, 131, 157, 169, and 170)
present in A*0201 (Fig. 4B). This preponderance of positive charge is such that Patr-AL is
the only known MHC class I isoform with a basic isoelectric point (pI = 8.5) (Fig. 4C) and it
is poorly resolved by the conditions usually used to distinguish HLA-A and B variants (64).
For other MHC class I, this surface of the α2 helix binds to the Vα domain of T cell
receptors (65).

The conformation of bound ALDKATVLL peptide and its interactions with the binding
groove are well resolved in the Patr-AL structure (Fig. S4). The N-terminus is deeply buried
in the groove, and the side chain of the P2 anchor points into the B pocket between the α1
helix and the β-sheet floor. The peptide backbone then arches up to overcome an obstruction
in the peptide-binding groove caused by the bulky His70 and Tyr99 side-chains. The arch
peaks at residue P4 and then slopes down into the groove, allowing the P9 anchor to engage
the F pocket. This conformation is very similar to those observed for six different peptides
bound to HLA-A*0201 (Fig. 4D) (PDB IDs 1QEW, 1B0G, 1HHG, 1HHI, 1HHJ, 1HHK
(66, 67)).

We quantified the conformational differences between the peptides bound to Patr-AL and
other class I by calculating the pair-wise RMSDs of the peptide Cα backbones. Comparison
of Patr-AL with HLA-A*0201 gave RMSDs of 0.58-1.05 Å, well within the range defined
by the six A*0201-binding peptides (0.44-1.56 Å). In contrast, comparison of Patr-AL with
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15 other HLA class I isoforms gave RMSDs of 1.03-2.17 Å (Fig. 4E). The striking
conformational similarity of peptides bound to Patr-AL and HLA-A*02 cannot be attributed
solely to anchor residue preferences, because the distantly related HLA-B*0801, E*0101
and G*0101 isoforms share Patr-AL's preference for aliphatic anchors at P2 and P9, yet their
bound peptides deviate by 2.07 Å, 1.88 Å, and 1.95 Å from Patr-AL's, respectively.

The specificity-determining pockets of Patr-AL and HLA-A*0201 have similar architecture
despite containing non-conservative substitutions

Because the B and F specificity-determining pockets play a major role in determining which
peptides bind to MHC class I (68), we compared their architecture in Patr-AL and HLA-
A*0201 (Fig. 5). As a negative control we also examined HLA-B*0801, which has a non-
overlapping peptide-binding repertoire with Patr-AL and A*0201.

The B pockets of Patr-AL (Fig 5A left) and A*0201 (Fig 5A center) are both deep and
hydrophobic. Despite their similarities in size and shape, the two pockets differ by non-
conservative substitutions at positions 66, 67 and 70. Substitution of lysine 66 in A*0201 for
isoleucine in A*0201 appears functionally neutral, because the lysine side chain contributes
four aliphatic carbons to the wall of the pocket while the charged ε-amino group remains
solvent-accessible at the top of the groove. Serine 67 at the bottom of the Patr-AL B pocket
is similar in size to valine 67 in A*0201, but its hydroxyl group is available for hydrogen
bonding which could explain the preference of Patr-AL for glutamine at P2 (Fig. 3A, left).
Histidine 70 in A*0201 obstructs the groove's floor, like tyrosine 70 in Patr-AL. The
hydrophobic edge of the indole ring of histidine 70 faces the B pocket and preserves its
hydrophobic nature. Contrasting with these similarities, the B pocket of B*0801 differs in
size, shape and composition from its Patr-AL and A*0201 B counterparts (Fig 5A, right).
Bulky phenylalanine 67 makes the pocket shallower, and substitution of aspartate for
phenylalanine at position 9 allows tyrosine 99 to adopt a different rotamer, which disrupts
the pocket wall causing the bound peptide to sink deeper into the groove.

With the exception of position 95, all the residues lining the F pocket are conserved in Patr-
AL, HLA-A*0201, and HLA-B*0801 (Fig. 5B). At the bottom of the F pocket A*0201 and
B*0801 have valine 95, whereas Patr-AL has the larger isoleucine, which is accommodated
by a different rotamer of leucine 81. Consequently, the F pocket of Patr-AL is wider and
shallower, consistent with its increased capacity to bind peptides with C-terminal
phenylalanine (Fig. 3A). From this analysis we see that the specificity determining pockets
of A*02 and Patr-AL accomplish the same functional effect, but in different ways, using
different amino acid residues and different molecular contacts.

Evolution of the peptide-binding specificity shared by Patr-AL and HLA-A*02
MHC class I allotypes can be clustered according to their peptide-binding specificity, as
assessed by the combination of peptide anchor residues preferentially bound by the B and F
pockets of the peptide-binding site; such clusters being referred to as supertypes. HLA-A
allotypes have been grouped into six supertypes (A01, A02, A03, A24, A01-A03, and A01-
A24) (68). The A02 supertype principally consists of A*02, and the related A*69 and some
A*68 subtypes. From examining the patterns of substitution in the B and F pockets, we
discovered that A02 peptide specificity correlates simply with the amino acid residues at
position 9 in the B pocket and 116 in the F pocket (Fig. 6). Only allotypes of the A02 and
A24 supertypes can accommodate aliphatic residues in the F-pocket, a feature correlating
with presence of tyrosine at position 116. Distinguishing A24 from A02 is the capacity to
bind aromatic residues in the B-pocket, which is dependent on serine at position 9. Thus, the
A02 supertype is uniquely defined by the lack of serine at position 9 and the presence of
tyrosine at position 116. Consistent with this definition, Patr-AL has phenylalanine at
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position 9 and tyrosine at position 116, as do two of three Popy-A allotypes (Fig. 6). In
contrast, none of the 30 Patr-A allotypes has this motif, as is also true for five bonobo Papa-
A allotypes, four Gogo-A allotypes and Gogo-Oko, and two gibbon Hyla-A allotypes (69).
This correlation is only relevant in the context of the A-related genes, because many HLA-B
allotypes and some HLA-C allotypes have the combination of tyrosine 116 without serine 9
(including HLA-B*0801, Fig. 5) but do not have peptide-binding specificities similar to
HLA-A*02. Thus other residues that distinguish HLA-A from HLA-B and C (70), make
important contributions to the A02 supertype. However, in the context of A-related genes the
residues at positions 9 and 116 provide simple evolutionary switches that can introduce or
take away the A02 supertype specificity.

To track how the A02 specificity has evolved, we performed ancestral sequence
reconstructions at positions 9 and 116. Our goal was to assess if the shared peptide binding
specificity of A*02 and Patr-AL had been maintained since the time of their common
ancestor or if it has periodically been lost and regained. The phylogenetic tree in Fig. 7A
examines both positions 9 and 116, whereas that in Fig. 7B concentrates on position 9. The
common ancestor of Patr-AL and HLA-A is predicted to have had phenylalanine 9 and
tyrosine 116, the combination retained by Patr-AL. Thus we predict this ancestor had the
A*02/AL peptide binding specificity. In contrast, the last common ancestor of all forms of
HLA-A had the combination of serine 9 and tyrosine 116. Thus, we predict that A*02/AL
binding specificity was lost during the early evolution of the HLA-A locus and then regained
in the common ancestor of the A*02 and A*68 allotypes. Subsequently it was lost by the
majority of A*68 allotypes but retained by A*02. Both this analysis and the structural
differences in the B and F pockets indicate that the common peptide-binding specificity of
Patr-AL and A*02 has a dynamic evolution in which it is periodically lost and regained
through substitution at positions 9 and 116.

Patr-AL is recognized by T-cell receptors and influences the T cell repertoire
Because Patr-AL is not fixed in the chimpanzee genome (23) individual chimpanzees can
either have or lack Patr-AL. To see if Patr-AL functions as a T cell alloantigen, peripheral
blood mononuclear cells (PBMC) from three Patr-AL- chimpanzees were stimulated with
class I-deficient 221 cells transfected with Patr-AL. Vigorous cellular proliferation yielded
CD8+ CTL lines that killed 221 cells transfected with Patr-AL, but not untransfected cells or
cells transfected with Patr-A (Fig. 8A, left panels). As a control, PBMC from three Patr-AL+

chimpanzees were similarly cultured with Patr-AL-expressing 221 cells. This stimulation
gave less proliferation and the T cells produced did not kill Patr-AL-expressing 221 cells
(Fig. 8A, right panels). This result shows that Patr-AL is recognized functionally by T cell
receptors and induces self tolerance in Patr-AL+ individuals. It also implies that Patr-AL is
expressed in the thymus where it participates in negative selection of the T-cell repertoire.

The CTL raised against Patr-AL were tested for their capacity to kill 221 transfected cells
expressing a variety of Patr-A and HLA-A allotypes, including HLA-A*0201. The CTL
were exquisitely specific for Patr-AL, showing no reactivity with 221 cells expressing any
other form of MHC class I. This was not so surprising a result given the extensive sequence
divergence of Patr-AL in the upper faces of the α1 and α2 helices that interact with TCR
(23), particularly the uniquely electropositive face of the Patr-AL α2 helix predicted to
interact with the TCRα chain (71).

Discussion
Coding-region sequences group HLA-A alleles into six families, roughly corresponding to
the broad serological types, derived from two ancient lineages. The A3 lineage comprises
the A9, A80, and A1/A3/A11 families, the A2 lineage comprises the A2, A10, and A19
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families (54, 57, 72). Patr-A, the chimpanzee ortholog of HLA-A, has only A1/3/11 family
alleles of the A3 lineage (73). This restriction reduces Patr-A diversity compared to HLA-A,
whereas Patr-B and C, are more diverse than human HLA-B and C. Because chimpanzee
genomes are overall more diverse than human genomes (8, 74, 75), this unusual reversal for
MHC-A suggested that pathogen-mediated selection has favored preservation of A2 lineage
alleles on the human line and/or their extinction on the chimpanzee line (76).

On examining non-coding sequences, notably intron 2 that separates exons 2 and 3 encoding
the MHC class I peptide-binding site, de Groot et al (77, 78) detected lower diversity in
Patr-A, B and C than in their human orthologs. This pointed to chimpanzees experiencing
general reduction in MHC class I diversity during the selective sweep, which did not affect
other gene systems. Another potential consequence of the sweep was fixation in chimpanzee
of the deletion that recombined MICA with MICB to give the chimeric MICA/B gene (15,
79). The sweep was estimated to have occurred after separation of human and chimpanzee
ancestors 6-9 mya, but before chimpanzee subspeciation ∼1.5 mya. de Groot et al speculated
that the selective sweep was caused by a simian ancestor of HIV-1, which could explain
why modern chimpanzees are more resistant to HIV-1 infection than humans (78).
Circumstantial evidence suggests HIV-1 has adapted to HLA-A*02 during the current
epidemic and that T cells responding to viral antigens presented by A*02 are ineffective (80,
81, 82). Even with the application of modern medicine this situation is expected to lead to
reduced A*02 frequencies in human populations and the possibility of its extinction in some
of them. de Groot et al proposed that comparable adaptation of pathogen to A2 lineage
alleles led to their extinction in ancestral chimpanzee populations.

The peptide-binding specificities of HLA-A allotypes have been grouped into 6 supertypes:
A01, A02, A03, A24, A01-A03, and A01-A24 (68). Extending the analysis to chimpanzee
MHC class I identified examples of the A01, A03 and A24 supertypes but no equivalent to
the A02 supertype (21, 83, 84, 85), an absence correlating with the loss of A2 lineage MHC-
A alleles. Our investigation shows that chimpanzee Patr-AL, the product of a non-classical
MHC class I gene situated near Patr-A in the MHC, not only has the A02 supertype but
binds a peptide repertoire that overlaps extensively with that of HLA-A*02. Worldwide,
HLA-A*02, the most frequent HLA-A allotype, comprises >250 subtypes, most differing
from A*0201 by one amino acid substitution (http://www.ebi.ac.uk/imgt/hla/ (13)). Here we
compared Patr-AL, with widespread A*0201 and A*0207. A*0207 is local to East Asian
populations, where it achieves gene frequencies up to 23%, comparable to Caucasian
A*0201 frequencies.

Although Patr-AL differs from A*0201 by 30 residues in the peptide-binding domains,
including many that modulate HLA class I function (61, 70, 86, 87), the perturbation this has
on the peptide-binding repertoire is little different from that achieved by the single
substitution distinguishing A*0207 from A*0201. Key features shared by Patr-AL and
A*02, and which distinguish A02 from other supertypes, are presence in the F pocket of
tyrosine 116 and absence from the B pocket of serine 9. Patr-AL and HLA-A*02 have very
similar three-dimensional structures and conformations of bound peptide. However, the
anchoring interactions of peptide residues 2 and 9 with the B and F pockets, respectively,
differ significantly in detail because of non-conservative substitutions in the residues lining
these pockets in Patr-AL and HLA-A*0201.

We demonstrate that chimpanzee Patr-AL binds peptides like HLA-A*02 and is of the A02
supertype. Neither Patr-AL nor HLA-A*02 is fixed and their gene frequencies are
comparably high. HLA-A*02 and Patr-AL are both alloantigens that interact with the αβ
receptors of CD8 T cells and will induce T-cell tolerance when expressed as self MHC class
I. Thus Patr-AL has the potential to contribute to chimpanzee immunity by presenting
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peptide antigens to CD8 T cells. Although Patr-AL binds many of the same peptides as
HLA-A*02, Patr-AL specific T cells do not recognize HLA-A*02 and other MHC class I
allotypes, which we attribute to the numerous non-conservative substitutions that distinguish
Patr-AL from other MHC class I in the upward face of the class I molecule that contacts T
cell receptors. Further differentiating Patr-AL from HLA-A*02 and other MHC-A, is its
much reduced polymorphism, lower levels of gene and cell-surface expression, and a more
restricted tissue distribution (23). In aggregate these differences argue for chimpanzee Patr-
AL and human HLA-A*02 having qualitatively different functions.

Although losing the ancient A2 lineage of MHC-A alleles, the chimpanzee has not lost the
peptide-binding specificity of the A02 supertype. In considering the overall reduced
diversity of chimpanzee MHC class I compared to human MHC class I, Patr-AL stands out
as a factor that chimpanzees have and humans lack. Clearly Patr-AL survived the selective
sweep postulated by de Groot et al (77, 78), and conceivable is that its function was
beneficial and has been a target for positive selection, as is consistent with our
demonstration that Patr-AL has been subject to balancing selection. In this scheme of things,
absence of a human equivalent of Patr-AL could make humans more susceptible to HIV/
AIDS.

HLA-A*02, Patr-AL and orangutan Popy-A last shared a common ancestor 14-30 mya. We
predict this ancestor had phenylalanine 9 and tyrosine 116, the combination retained by Patr-
AL and one of three Popy-A allotypes (Popy-A*03) (69). Thus it is likely that functional
MHC class I of the A02 supertype was maintained throughout the evolution of Patr-AL on
the chimpanzee line. That is not the case for the human line, because ancestral HLA-A had
serine 9 and tyrosine 116, which lacks the A02 supertype. Acquisition of phenylanine 9 by
A*02 was an event specific to human evolution. Thus the A02 supertype appears to have
been eliminated at some point during human evolution and then regained much later. This
provides potential precedent in human history for a pathogen-mediated selective sweep that
eliminated MHC-A allotypes of the A02 supertype. Since then the A02 supertype evolved
anew and was driven by selection to high frequency in the modern human population. Future
epidemiological studies should determine if the current epidemic of HIV/AIDS is acting to
reverse that trend and reduce the frequency of HLA-A*02 and the A02 supertype.
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Figure 1. The MHC-AL+ haplotype arose through two MHC class I block duplications and one
deletion, and gave rise to other hominid MHC haplotypes through deletion of either the MHC-A
or MHC-AL blocks
(A) Compares the genomic organization of the chimpanzee AL+A+ haplotype to human
(GenBank ID BA000025) and chimpanzee AL- A+ haplotypes (GenBank ID BA000041),
and to the gorilla AL+A- haplotype (GenBank IDs CU104658, CU104664). Genes,
pseudogenes, gene fragments, and informative repetitive elements are shown. (B) Model for
the evolution through duplication and deletion of MHC haplotypes containing the H, AL, and
A genes. U† and A† are hypothetical paralogs that have yet to be indentified in any hominoid
species or on any sequenced MHC haplotype. (C) Shows the sequence similarity between
the chimpanzee AL+A+ haplotype and both the human AL- A+ (upper panel) and gorilla
AL+A- (lower panel) haplotypes. A sliding window of 100 bp was analyzed. Positions of the
AL and A genes are indicated. (D) Shows a neighbor-joining phylogenetic tree of the
genomic segments containing the pseudogenes related to HLA-T, HLA-W, and HLA-K that
was used to estimate the time of the two key duplication events. Arrows show the nodes
used for maximum likelihood time estimates of the duplications.
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Figure 2. Patr-AL is orthologous to orangutan Popy-A and to 3′ segments of human HLA-Y and
gorilla Gogo-Oko
(A) Phylogenetic reconstruction was performed using neighbor-joining, maximum-
likelihood, and maximum-parsimony methods. Shown is the neighbour-joining tree, with
midpoint rooting and black, grey and white circles indicating ≥95, 80 and 60% bootstrap
support, respectively, with all three methods. For the analysis exon 4, encoding the α3
domain, and the non-coding regions in the 5′ and 3′ of the gene were excluded. (B)
Schematic showing the phylogenetic relationships between the MHC-A, MHC-H and MHC-
AL and related MHC class I gene sequences. Equivalent segments between or within species
share the same colors. These conclusions are based on the results from domain-by-domain
phylogenetic analyses, and recombination detection methods (see Methods). HLA-A2 and
HLA-A3 refer to the two major lineages of HLA-A alleles. *, MHC-A/AL group. **,
outgroup to both MHC-A and -AL. Mamu, Macaca mulatta; Popy, Pongo pygmaeus; Patr,
Pan troglodytes; Gogo, Gorilla gorilla.

Gleimer et al. Page 20

J Immunol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Extensive overlap between the repertoires of peptides bound by Patr-AL and HLA-
A*02
(A) Distribution of amino acid residues at the three anchor positions of the bound peptide:
position 2 (P2), position 3 (P3), and the C-terminus. Proportions were calculated from the
amino-acid sequences of 126 binding peptides for Patr-AL, HLA-A*0201 and HLA-
A*0207. (B) Overlap of the peptide repertoires bound by Patr-AL, HLA-A*0201 and HLA-
A*0207. The peptides binding to each MHC class I are defined by the differently colored
circles: Patr-AL, red; A*0201, blue; and A*0207, green. The four overlapping regions
between the circles defines the peptides bound by all three MHC class I and by the three
combinations of two of them. On the left under ‘Sequenced peptides’ is shown the analysis
for the peptides for which the amino-acid sequences are known. On the right under
‘Molecular ions’ is shown a second, independent study in which peptides were defined by
the weight of their molecular ions. (C) Neighbor-joining phylogenetic tree to compare the
peptide-binding specificities of Patr-AL, A*0201, and A*0207 as defined in our analysis
(green and boxed), with those previously defined for A*0201, A*0207, A*0214 (green) and
sixteen other HLA-A allotypes obtained from the SYFPEITHI database (39). The number of
peptides in each dataset is shown in parentheses following the allotype name.
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Figure 4. Despite their distinctive molecular surfaces, Patr-AL and HLA-A*0201 bind peptides
in similar conformation
(A) Ribbon diagrams of the crystallographic structure of the complex of peptide
ALDKATVLL (colored red) bound to Patr-AL. The upper diagram is a top view showing
the peptide bound by the α1and α2 domains. The lower diagram is a side view showing all
four extracellular Patr-AL domains.(B) Compares the distribution of electropositive residues
on the top face of Patr-AL (PDB ID pending) and HLA-A*0201(PDB ID 1HHK). The upper
diagrams show the position of positively-charged residues; those unique to Patr-AL colored
yellow. In the lower diagrams, Poisson-Boltzmann electrostatic potentials of Patr-AL and
HLA-A*0201 are projected onto solvent-exposed surfaces and colored from red (-5.0) to
blue (+5.0). (C) Compares the isoelectric point of Patr-AL to those of other cellular proteins.
The bimodal black-shaded distribution represents all cellular proteins (88), the grey bar
shows the range of isoelectric point for MHC class I other than Patr-AL. The isoelectric
points of Patr-AL and HLA-A*02 are indicated by the lines. (D) Visual comparison of the
conformation of peptide bound by Patr-AL and HLA-A*020. The left panels show least-
squares superimposition of Patr-AL and HLA-A*0201 peptide-binding domains, which
results in close alignment of peptide Cα backbones and similar side chain orientations. The
positions of peptide residues and pockets B and F are indicated. The right panels show
alignment of the Patr-AL bound peptide backbone with its counterparts in six structures of
different peptides bound to HLA-A*0201 (PDB IDs 1HHK, 1QEW, 1B0G, 1HHI, 1HHG,
1HHJ). (E) Quantitative comparison of the conformation of peptide bound to Patr-AL and
HLA class I. RMSDs of the Cα backbone for Patr-AL bound peptides fall within the range

Gleimer et al. Page 22

J Immunol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



observed for HLA-A*0201 peptides, and are significantly lower than for peptides bound to
non-A*02 HLA class I. structures. The details of the allotypes and peptides compared are in
supplementary Fig. S5.
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Figure 5. Patr-AL and HLA-A*0201 (1HHK) but not HLA-B*0801 (1M05) share binding site
architecture despite non-conservative changes in specificity-determining pockets B and F
The architecture of (A) the B pocket and (B) the F pocket in the structures of Patr-AL, HLA-
A*0201 (1HHK) and HLA-B*0801 (1M05) in complexes with peptide are compared.
Peptide is shown in red. Top panels, stick representations of side chains forming the pockets
are shown in gray; bottom panels, molecular surfaces of the pockets are shown. Residues
and approximate positions of the B and F pockets are indicated.
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Figure 6. The A02 supertype can be simply described by the residues at positions 9 and 116 of
the peptide binding domain
Shown are the supertypes defined by Sidney et al (68), the characteristics of the residues
accommodated by the B and F pockets and the amino acids found at the key residues of
these pockets for all allotypes. All allotypes assigned to a supertype were aligned and the
amino acids present at the key residue positions were determined; they are shown using the
single letter code. Only A02 and A24 can accommodate aliphatic residues in the F pocket, a
feature correlating with the presence of tyrosine at position 116 of the peptide-binding
domain (highlighted green in the figure). They differ in the residues that can be
accommodated in the B pocket, with A24 able to accommodate aromatic residues, a
distinction that correlates with the presence of serine at position 9 of the peptide-binding
domain (highlighted purple).
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Figure 7. Evolution of the A2 peptide-binding specificity at the HLA-A gene
Combination of residues at positions 9 and 116 of the MHC-A and -AL peptide binding
domain correlates with the presence or absence of the A2 peptide specificity (summarized in
Fig. 6). Panel A shows the results of ancestral sequence reconstruction for both positions on
the phylogenetic tree shown in Fig. 2. To complement this analysis, and extend the set of
sequences that could be included in the analysis, we generated a phylogenetic tree on a
smaller gene segment beginning 300bp upstream of the ATG start codon and ending in exon
2 (supplemental Fig. S6) and used this tree for ancestral reconstruction of position 9 (panel
B). (A) The identities at positions 9 and 116 from the ancestral sequence reconstruction are
shown for thirteen nodes. The branches of the tree and the names of the sequences are
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colored according to peptide specificity (green for A02 and purple for non-A02): for the
branches, peptide specificity is based on the residues predicted at positions 9 and 116. For
contemporary allotypes, the specificities were obtained from Sidney et al. (68) (underlining
indicates ‘observed’ specificities). For each sequence the residues at positions 9 and 116 are
shown to the right. The amino acid changes that occurred along three branches are given in
boxes: positions colored in blue represent peptide-binding sites (89), residues colored in red
along the HLA-A2 branches represent residues found in Patr-AL, while residues colored in
red along the Patr-AL branch represent HLA-A*0201 residues. Underlined residues have
p>0.95. #, specificity is based on Patr-A*0301. (B) Identity of position 9 from the ancestral
sequence reconstruction is shown for all nodes. For each sequence the residue at position 9
is shown to the right. Serine is colored purple, all others are green. Names of MHC class I
with A02 peptide specificity are green. Underlined residues have p>0.95. *, non-serine
residue (p=1.0).
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Figure 8. Patr-AL is an alloantigen that stimulates highly specific CD8 T cells
(A) Stimulating PBMC from Patr-AL- chimpanzees with Patr-AL expressing transfected
221 cells led to the generation of Patr-AL specific CD8+ cytotoxic T cell lines (CTL). As
shown for CTL produced from PBMC of three individual Patr-AL- chimpanzees (left
panels), these T cells killed 221 target cells expressing Patr-AL but not 221 cells expressing
either Patr-A*0401 or untransfected 221 cells. In contrast, when PBMC from three Patr-AL+

chimpanzees were stimulated with 221 cells expressing Patr-AL, no CTL reactive with Patr-
AL were produced (right panels). Patr-AL is thus seen to be an alloantigen for Patr-AL-

individuals and to generate T cell tolerance in Patr-AL+ individuals. (B) Shown are the
results of cytotoxicity assays performed with Patr-AL specific CTL from one individual
chimpanzee and transfected 221 target cells expressing a range of human and chimpanzee
MHC-A allotypes. The CTL are exquisitely specific for Patr-AL, exhibiting no significant
cross-reactivity with any of the MHC-A variants tested. Assays shown were performed with
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an effector:target cell ratio of 2.5. Data in A and B are shown as mean ± SD for triplicates
and represent at least two independent experiments.
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Table I

Summary of crystallographic analysis.

Data collection and processing

 Space group P4322

 Cell dimensions

  a, b, c (Å) 116.08, 116.08, 82.41

  α, β, γ (°) 90, 90, 90

 Rmerge 0.134 (0.694)

 Mean I/σI 18.2 (3.5)

 Total number of observations 205551 (28445)

 Total number of unique observations 16014 (2294)

 Completeness 99.9% (100%)

 Redundancy 12.8 (12.4)

Refinement

 Resolution limits (Å) 50-2.70

 Reflection σ cutoff I > 0 σ

 Reflections (total / test) 15812 / 771

 R / Rfree factors 0.226 / 0.282

 Number of atoms 3197

 RMSD bond length (Å) 0.008

 RMSD bond angle (°) 1.38

 Average B factor

  MHC heavy chain (A, 2256 atoms) 49.27

  Light chain β2m (B, 833 atoms) 47.47

  Peptide (C, 66 atoms) 43.22

  Water (42 atoms) 44.12

PROCHECK statistics

 Residues in most favored regions 86.6%

 Residues in additional allowed regions 12.8%

 Residues in generously allowed regions 0.6%

 Residues in disallowed regions 0.0%
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