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The Structure of a Peptide-Loaded Shark MHC Class I
Molecule Reveals Features of the Binding between
B,-Microglobulin and H Chain Conserved in Evolution

Yanan Wu,*' Nianzhi Zhang,""1 Xiaohui Wei,* Shuangshuang Lu,* Shen Li,*
Keiichiro Hashimoto,Jf Johannes M. Dijkstra,* and Chun Xia*

Cartilaginous fish are the most primitive extant species with MHC molecules. Using the nurse shark, the current study is, to the
best of our knowledge, the first to present a peptide-loaded MHC class I (p)MHC-I) structure for this class of animals. The overall
structure was found to be similar between cartilaginous fish and bony animals, showing remarkable conservation of interactions
between the three pMHC-I components H chain, 3,-microglobulin (3,-m), and peptide ligand. In most previous studies, relatively
little attention was given to the details of binding between the H chain and 3,-m, and our study provides important new insights.
A pronounced conserved feature involves the insertion of a large 3,-m F56+W60 hydrophobic knob into a pleat of the 3-sheet
floor of the H chain ala2 domain, with the knob being surrounded by conserved residues. Another conserved feature is a
hydrogen bond between 3,-m Y10 and a proline in the &3 domain of the H chain. By alanine substitution analysis, we found that
the conserved (3,-m residues Y10, D53, F56, and W60—each binding the H chain—are required for stable pMHC-I complex
formation. For the 3,-m residues Y10 and F56, such observations have not been reported before. The combined data indicate that
for stable pMHC-I complex formation 3,-m should not only bind the ala2 domain but also the a3 domain. Knowing the
conserved structural features of pMHC-I should be helpful for future elucidations of the mechanisms of pMHC-I complex

formation and peptide editing.

artilaginous fish (Chondrichthyes; sharks, rays, and chime-

ras) and bony animals (Osteichthyes; bony fish and tetra-

pods) separated ~450 million years ago, and together they
comprise all extant jawed vertebrates (Gnathostomata) (1). Their
adaptive immune systems are similar, whereas they are different
from immune defenses in jawless fish (Agnatha; hagfish and lamp-
reys) and invertebrates (2—7). Similar to other jawed vertebrates,
sharks have B cells and T cells that express cell surface receptors of
the Ig superfamily (IgSF) from somatically rearranged genes in a
clonal fashion. For B cells, these receptors comprise different classes
of Abs, including IgM (2). The individual TCR chains comprise,
besides some noncanonical assemblies, the chains TCRa, -3, -y,
and -3 (2, 6). Furthermore, as in mammals, sharks have a thymus
for T cell education. The biggest differences from the mammalian
immune system, arguably, are the absence of lymph nodes and the
fact that sharks are ectotherms.

TCRaf T cells only recognize peptide Ags if presented by MHC
molecules (8, 9). In the early 1990s, we were the first to report
MHC class I and II (MHC-I and MHC-II) genes in bony fish (10)
as well as a partial MHC gene in sharks (11). Soon after, this was
followed by the identification of polymorphic shark MHC-Ila and
MHC-IIB genes by others (12—14), after which we were the first to
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determine shark MHC-I allelic polymorphism (15). High allelic
polymorphism in shark MHC-I and MHC-II was found to be simi-
lar, as in mammals, with many of the highly polymorphic residues
predicted to line the peptide-binding grooves (13—16).

In jawless fish and invertebrates, MHC genes or homologs thereof
have not been found, and cartilaginous fish are the most primitive
extant species with MHC genes (2, 7). An apparently primitive fea-
ture in sharks is that the genes for MHC-I, MHC-Iloe, MHC-IIB,
and ,-microglobulin (3,-m), which are related and whose origin
presumably involved tandem gene duplications, are still linked in
the genome (17, 18). Except for some bony fishes (19-21), probably
all investigated jawed vertebrate species possess polymorphic MHC-
I and MHC-II molecules that are known or expected to present pep-
tide Ags to TCRaf T cells. These MHC molecules are called
“classical.” However, at various times during jawed vertebrate evo-
lution, duplications of classical MHC-I and MHC-II genes generated
“nonclassical” MHC variants with a diversity of functions that are
not shared throughout jawed vertebrates (22-27). In the present
study, unless indicated differently, MHC-I and MHC-II refer to the
classical molecules. The evolutionary origin of MHC molecules,
before the establishment of classical MHC-I, MHC-Ila, MHC-IIB,
and [3,-m, is not known.
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Previously, based on conservation of MHC-1 H chain (HC) resi-
dues, we predicted that shark HC binds its smaller partner 3,-m and
the termini of the peptide ligand by similar interactions as in mam-
mals (15, 16). Similarity in the HC-to-f3,-m binding mode was also
suggested after analysis of cartilaginous fish 3,-m sequences (28, 29).
However, hitherto, there have not been studies on shark MHC mole-
cules at the protein level except for our analysis of a free (not bound to
HC) B,-m structure (30). To our knowledge, the present study is the
first to determine the peptide binding preferences of a shark MHC-I
allele and, by using X-ray crystallography, the structure of shark
pMHC-I. We also present a detailed structural analysis of the HC-to-
B,-m binding mode, as done for pHLA-A?2 in the seminal paper by
Saper et al. in 1991 (31), revealing conservation of critical binding fea-
tures throughout jawed vertebrates. Furthermore, based on mutation
analysis, the current study is, to our knowledge, the first to show the
importance of 3,-m residues Y10 and F56 for pMHC-I complex for-
mation. Whereas the importance of B,-m with HC-ala2 domain
interaction was already known (32, 33), the observed importance of
B>-m Y10 suggests that also the binding of B,-m to the HC-a3
domain is critical for pMHC-I complex formation.

Materials and Methods

Production, crystallization, and structural determination of
recombinant nurse shark pUAA and free f,-m

Preparation of proteins. DNA fragments encoding the ectodomain of nurse
shark (Ginglymostoma cirratum) classical MHC-I allele Gici-UAA*01 (17),
represented by residues 17-283 of GenBank accession https://www.ncbi.nlm.
nih.gov/nuccore/AF220063, and mature Gici-f3,-m (18), represented by resi-
dues 18—111 of GenBank accession https://www.ncbi.nlm.nih.gov/nuccore/
HM625831 with termini slightly modified as described in (30), plus an appro-
priate stop codon and flanking Ndel and Xhol restriction sites, were synthe-
sized by Shanghai Invitrogen Life Technologies, cloned after Ndel/Xhol
digestion into pET21a(+) vectors (Novagen) and expressed in Escherichia
coli strain BL21 (DE3). Recombinant Gici-UAA*01 and Gici-B,-m were
expressed as inclusion bodies and purified as described previously (34). The
Gici-UAA*01 and Gici-,-m inclusion bodies were separately dissolved in 6
M guanidinium chloride buffer to a protein concentration of 30 mg/ml.

Preparation of the nurse shark B-m mutants Y104, D534, F56A4, and
W60A. In the above-described recombinant Gici-f3,-m sequence the codons for
Y10, D53, F56, and W60 were individually mutated to alanine codons by over-
lap PCR. Primers used were as follows: for Y10A, 5'-TGCAGGTGGCGACC-
TATAAA-3’ and 5'-TTTATAGGTCGCCACCTGCA-3'; for D53A, 5'-ACC-
CAGAGCGCGCTGAGCTTT-3" and 5'-AAAGCTCAGCGCGCTCTGGGT-3';
for F56A, 5'-GATCTGAGCGCGGAAAGCGATT-3' and 5'-AATCGCTTTCC-
GCGCTCAGATC-3'; for W60A, 5'-GAAAGCGATGCGAGCTTCAAAC-3’
and 5'-GTTTGAAGCTCGCATCGCTTTC-3'. These mutants were expressed as
inclusion bodies and purified as described above.

Peptide synthesis. Binding affinities of nonamer peptides were predicted using
the NetMHCpan 2.8 server (http:/www.cbs.dtu.dk/services/NetMHCpan/)
(35). Nonamer peptides used in the experiments (Supplemental 1A) were syn-
thesized and purified to 90% by reverse-phase HPLC and mass spectrometry
(SciLight Biotechnology). The peptides were stored in lyophilized aliquots at
—80°C after synthesis and were dissolved in DMSO before use. For the
Ran_9Xjieq Synthetic random nonapeptide library, see Qu et al. (36).
Assembly of pGici-UAA complexes. To assemble pGici-UAA complexes,
the Gici-UAA*01 and Gici-,-m inclusion bodies and the respective peptide
(in a 1:1:3 molar ratio) were refolded according to the gradual dilution
method that we described previously (37). After 24-h refolding at 277 K and
spinning out aggregates, the protein preparation was concentrated and puri-
fied using a Superdex 200 16/60 column (GE Healthcare), followed by
Resource Q anion-exchange chromatography (GE Healthcare). The eluted
peaks were collected and tested by SDS-PAGE (38). The purified proteins
were buffer exchanged into 20 mM Tris-HCI (pH 8.0), 50 mM NaCl three
times using Amicon Ultra-15 centrifugal filter devices (Millipore) with a
molecular mass cutoff of 10,000 kDa and concentrated.

Refolding of free nurse shark [,-m. Soluble Gici-B,-m protein was pre-
pared with refolding assays as described previously with modifications in
our laboratory (30, 34). After 12 h of refolding at 277 K and spinning out
aggregates, the protein preparation was concentrated, purified, and then
buffer exchanged as described for pGici-UAA.
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Crystallization and data collection

pGici-UAA complex. The purified pGici-UAA complex consisting of Gici-
UAA*01, Gici-B,-m, and peptide pep56 (FANFFIRGL) was diluted to 10
mg/ml. After mixing with reservoir buffer at a 1:1 ratio, the purified protein
was crystallized by the hanging-drop vapor diffusion technique at 291 and
277 K. Index, Crystal Screen I/Il, and Crystal Screen Cryo I/II kits (Hamp-
ton Research, Riverside, CA) were used to screen for optimal crystal growth
conditions. After several days, crystals of the pGici-UAA complex were
observed with solution NO.38 from the Crystal Screen Cryo I kit (pH 7.5,
0.09 M HEPES sodium, 1.26 M sodium citrate tribasic dihydrate, and 10%
[v/v] glycerol) at 277 K. The crystals were first soaked in reservoir solution
containing 25% glycerol as a cryoprotectant and were then flash-cooled in a
stream of gaseous nitrogen at 100 K (39). Diffraction data of pGici-UAA
crystals were collected to a resolution of 2.3 A using beam line BL17U of
the Shanghai Synchrotron Radiation Facility (Shanghai, China). The col-
lected intensities were indexed, integrated, corrected for absorption, scaled,
and merged using the HKL2000 package (40).

Free nurse shark f,-m. Purified Gici-B,-m was diluted to 7 mg/ml and then
crystallized as described for pUAA. After several days, crystals suitable for
data collection were obtained in solution NO.39 from the Crystal Screen I
kit (0.1 M HEPES sodium [pH 7.5], 2% [v/v] polyethylene glycol 400, 2.0
M ammonium sulfate) at 291 K. Prior to data collection, the crystals were
soaked in reservoir solution supplemented with 15% (v/v) glycerol as a cryo-
protectant several seconds and flash-cooled in a stream of gaseous nitrogen
at 100 K or directly in liquid nitrogen at 77 K (30). The diffraction data of
Gici-B,-m crystals were collected on beamline NE3A at the High Energy
Accelerator Research Organization (KEK) synchrotron facility (Tsukuba,
Japan) at a wavelength of 1.0 A using an ADSC Q270 imaging-plate detec-
tor. The collected data were indexed, integrated, corrected for absorption,
scaled, and merged as described for pGici-UAA.

Analysis of stably bound peptides from a random mix of 9-aa
peptides

For analysis of peptides that were stably bound by Gici-UAA*01 from a
mix of random 9-aa peptides, a method was used that we described previ-
ously (36). In short, a Ran_9Xjiteq (XXXXXXXXX, where X is a random
amino acid other than cysteine) synthetic random nonapeptide library was
renatured with B,-m and HC using the diluted renaturation method. After
purification through gel filtration and anion exchange chromatography, the
purified pMHC-I complex solution was concentrated, and the bound peptides
were eluted with 0.2 N acetic acid and concentrated using a 3-kDa filter.
Then, the eluted peptides were sampled for liquid chromatography-tandem
mass spectrometry and de novo analysis. Finally, a sequence logo figure
(https://weblogo.berkeley.edu/logo.cgi/logo.cgi) was shown of the amino
acid distribution at positions 1-9.

Structure determination and refinement

Nurse shark pUAA (Gici-UAA*01/Gici-f>-m/pep56). The crystal of shark
pUAA belongs to the P64 space group with unit cell constants a = 125.86
A,b=12586 A, c =13247 A, a=1b=90.00°, and ¢ = 120.00° (see Sup-
plemental 1B). The structure was solved by molecular replacement using
Molrep and Phaser in the CCP4 package, with grass carp (Ctenopharyngo-
don idella) pMHC-I (“carp pUAA”; Protein Data Bank [PDB] code 5Y91)
(41) as the search model (42—44). Extensive model building was performed
by hand with Coot (45), and restrained refinement was performed using
REFMACS. Additional rounds of refinement were performed using the PHE-
NIX refinement program implemented in the PHENIX package (46), along
with isotropic atomic displacement parameter refinement and bulk solvent
modeling. The stereochemical quality of the final model was assessed with
the PROCHECK program (47).

Free nurse shark [},-m. The structure of Gici-B,-m was solved, refined, and
stereochemical quality was assessed as described for pGici-UAA, using grass
carp B,-m (PDB code: 3GBL) as the search model. Detailed statistics for
data collections and refinements are listed in Supplemental 1B.

Alignment of MHC sequences

The sequence alignment between various MHC-I and MHC-II sequences
was made with the intention to align, as well as possible, evolutionarily cor-
responding residues. Representative MHC sequences were aligned by hand
(16, 24-26) based on similarities between sequences, considerations of likely
evolutionary events, and structural comparisons of various pMHC-I and
PMHC-II (Supplemental 2). For most parts of the B-strands and helices, the
alignments are unambiguous, but in many of the loop regions, and in some
B-strand and helical regions with insertions or deletions, the best possible
alignment is uncertain. That superimposition of structures does not provide
definite clues for all parts of the alignment can be seen in Supplemental 2C.
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Secondary structures as indicated in the sequence alignment figures were
determined by DSSP software (https:/swift.cmbi.umcn.nl/gv/dssp/) (48).

Calculations and generation of illustrations

Peptide-contacting residues were identified using the program CONTACT and
were defined as residues containing an atom within 4.0 A of the target partner
(43). Structural illustrations and the electron density-related figures were gener-
ated using the PyMOL molecular graphics system (http://www.pymol.org/), and
the same software system was used for making structural superposition figures by
using the program “super’ and to calculate dihedral angles of the pep56 backbone
using the program “Measurement - Dihedrals”. PDBePISA software (http://
www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver) (49) was used for interdomain
contact analysis and for measuring the exposed surface areas (= accessible surface
area minus buried surface area) of the peptide ligands. The PDB accessions of the
PpMHC-I structures shown as representative structures are: Carp UAA, grass carp
(C. idella) UAA, 5Y91; frog UAA, African clawed frog (Xenopus laevis) UAAg,
6A2B; chicken (Gallus gallus) BF2*#0401, 4EOR; HLA-A2, 3PWN; mouse (Mus
musculus) H2-Ag7, 1F3J; HLA-DR1, 1AQD. For comparisons of a large number
of pMHC-Is, structures with the following PDB accession numbers were ana-
lyzed: HLA-A*0101 (4NQV), HLA-A*0201 (3PWN), HLA-A*0203 (30X8),
HLA-A*0206 (30XR), HLA-A* A0207 (30XS), HLA-A* 0301 (3RLI),
HLA-A*1101 (1X7Q), HLA-A*2402 (2BCK), HLA-A*6801 (4HX1),
HLA-A*6802 (4HWZ), HLA-B*0701 (3VCL), HLA-B*0801 (1MOS5),
HLA-B*1402 (3BVN), HLA-B*1501 (1XRS8), HLA-B*1801 (4JQV),
HLA-B*2705 (1HSA), HLA-B*2709 (1UXW), HLA-B*3501 (1A9E),
HLA-B*3505 (4JRX), HLA-B*3508 (3VFR), HLA-B*3901 (402C),
HLA-B*4103 (3LN4), HLA-B*#4402 (1M60), HLA-B*4403 (IN2R),
HLA-B*4405 (1SYV), HLA-B*4601 (4LCY), HLA-B*5101 (1E27),
HLA-B*5201 (3W39), HLA-B*5301 (1A10), HLA-B*5701 (2RFX),
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HLA-B*5703 (2BVO), HLA-C*0801 (4NT6), HLA-C*CW3 (1EFX), HLA-C*
CW4 (1IM9), H-2#*Db (IWBX), H-2#Dd (3E6H), H-2*Kb (3TID), H-2*Kd
(IVGK), H-2#*Kk (1ZT1), H-2*Kw_M7 (3FOL), H-2*Ld (ILD9), RTl1-Aa
(IED3), RTl-Ac (IKJV), Mamu-Al (1ZVS), Mamu-Bl7 (3RWC),
SLA-1¥0401 (3QQ3), BoLA-N*1801 (3PWU), BF2#0401 (4E0R), BF2%2101
(3BEV), Xela-UAA (6A2B), Ctid-UAA (5Y91), Gici-UAA (6LUP).

Protein structure accession numbers

The coordinates and structure factors for the Gici-UAA*01/Gici-B,-m/
FANFFIRGL complex and for free Gici-,-m have been deposited in the
PDB under accession numbers 6LUP (http://www.rcsb.org/structure/6LUP)
and 6LUO (http://www.rcsb.org/structure/6LUO), respectively.

Results
Formation of stable shark pMHC-I complexes consisting of HC,
P>-m, and a compatible nonamer peptide

Stable nurse shark pMHC-I complexes, as known for pMHC-I of
other species, were formed as heterotrimers of HC (Gici-UAA*01),
B,-m, and a nonamer peptide with compatible sequence features, as
revealed by chromatography after in vitro refolding (Fig. 1A, 1B; Sup-
plemental 1A). Peptide ligand alanine substitution analysis, based on
the sequence of stably binding peptide pep56 (FANFFIRGL) (Supple-
mental 1A), showed selective requirements at peptide positions P3,
PS5, P6, and P9 for forming stable pMHC-I (Fig. 1A, 1B). Mass spec-
trometry analysis of peptides that, in vitro, from a random mix of 9-aa
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C Sequence logo of random peptides in stable peptide/HC/B,-m complexes

bits

FIGURE 1. Peptide-sequence dependency of shark pMHC-I complex building. (A) Formation of pMHC-I complexes consisting of shark Gici-UAA*01,
B>-m, and either pep56 nonamer peptide, an alanine-substituted pep56-derived nonamer, or no peptide (control) was assayed by size exclusion chromatogra-
phy (gel filtration). (B) The stability of the isolated pMHC-I complexes was subsequently analyzed by anion exchange chromatography. (C) In another exper-
iment, random nonamer peptides were incubated with Gici-UAA*01 and 3,-m, and the sequences of the peptides that remained stably bound in pMHC-I
complexes were analyzed by mass spectrometry and their sequence logo was determined.
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peptides were stably integrated into pMHC-I complexes revealed
selection at peptide position P9 (preferred residues were L or V) and,
to a lesser extent, at position P2 (preferred residues were A, V, or L)
(Fig. 1C). The combined results suggest that at especially position P9
the peptide ligand residue is being selected for, whereas selection at
some other positions may depend on the within-peptide context.

The overall structure of pep56/Gici-UAA*01/ y-m (shark pUAA) is
similar to pMHC-I of other species

By X-ray crystallography, the structure of the pep56/Gici-UAA*01/
B,-m complex was determined at a resolution of 2.3 A (Supplemental
1B) and is referred to in the current study as “shark pUAA.” Similar to
pMHC-Is of other species, shark pUAA a1 and a2 domains together
build a pseudo-symmetric structure, forming a closed groove that con-
sists of two anti-parallel right-handed helical structures on top of a
B-sheet in which a peptide ligand is bound (Fig. 2A). The a3 and B,-
m domains form IgSF domain structures of the C1 category and each
contains two antiparallel B-pleated sheets (50-52). Notable is the
asymmetric organization of the a3 domain versus the 3,-m domain
relative to the ala2 domain (also known as the peptide binding
domain) (Fig. 2A), as known for other pMHC-Is (51).

With the elucidation of shark pUAA, pMHC-I structures are now
known for a variety of placental mammals (36, 51, 53), including
chickens and ducks (54-56), the amphibian African clawed frog
(57), the bony fish grass carp (41, 58), and the nurse shark (Fig.
2Ba). Superposition of representative pMHC-I structures reveals the
overall similarity of shark pUAA with pMHC-Is of bony animals
(Fig. 2Bb) and indicates that this type of structure was established
more than 450 million years ago (Fig. 2Ba) (1). The biggest differ-
ence among pMHC-I structures concerns the orientation of the o3
domain (Fig. 2Bb), as observed previously (41, 54), and this is also
the domain with the most internal variation (Supplemental 1C,
2Bb).
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Sequence comparisons

Shark MHC-I sequences are compared with other representative
MHC-I and MHC-II molecules for which the structures are known in
Supplemental 2A with underlining and numbering of -strand and
helical structures. A larger set of representative MHC sequences are
aligned in Supplemental 2B. Interesting conservation patterns are
highlighted by color shading and help to recognize the residues that
are specific for MHC-I. Residue numbering throughout this study
follows the numbering for human HLA-A2 and ,-m as done by
Saper etal. (31).

Groove pockets and orientation of the peptide ligand in shark pUAA

Fig. 3A-D shows the orientation of pep56 within the elucidated
shark pUAA structure, and its backbone ¢ and s torsion angles are
listed in Fig. 3E. As commonly found for peptide ligands in other
pMHC-Is, the side chains of the pep56 N-terminal and C-terminal
residues (P1 and P9) are in upward and downward orientation,
respectively (Fig. 3A). The pep56 backbone conformation follows a
main theme found for peptide ligands in most, although not all,
pMHC-Is (59). That is to say, the N-terminal four residues (P1-P4)
and the C-terminal three residues (P7-P9 in case of shark pUAA)
form extended left-handed helix type conformations, reminiscent of
poly-L-proline type II helices (60), whereas the orientation of the
middle region (P5-P6 in case of shark pUAA) shows extensive var-
iation between pMHC-Is (e.g., 61, 62). In shark pUAA, as common
among pMHC-Is (59, 63), the P4—P8 stretch is elevated (Fig. 3A,
3B) and provides the bulk of the exposed peptide surface area (Fig.
3D). In shark pUAA, the pep56 conformation appears to be stabi-
lized by two sets of intramolecular interactions, namely, by polar
contacts between the P3-N side chain carbonyl group and the P4-F
and P5-F main chain amino groups, and by contact between the P4-
F and P5-F aromatic rings (Fig. 3F).

In Fig. 3C, the “pocket” regions A-F are indicated for shark
PUAA, based on the locations of those pockets in pHLA-A2 (31, 62),

B Shark pUAA is similar to pMHC-I structures of other species
(b) Superposition
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FIGURE 2. The overall structure of nurse shark pep56/Gici-UAA*01/B,-m (shark pUAA) is similar to pMHC-I structures of other species. (A) Shark
pUAA structure with HC and 3,-m depicted in a cartoon format and pep56 in a spheres format. (Ba) Phylogeny (1) of species for which pMHC-I structures
have been determined plus elephant shark. The timescale is in millions of years ago (MYA). Elephant shark was only added to the tree to help estimate the
age of residues specific to MHC-I in cartilaginous fish (see Supplemental 2B). (Bb) Superposition of representative pMHC-I structures shown without their
peptide ligands and with the shark pUAA domains colored as in (A). For PDB accession numbers, see Materials and Methods.
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A  Pep56 configuration

sideview

C Binding groove pockets

view from above

E Pep56 backbone torsional angles
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A bed of tryptophans

sideview

D Exposed surface areas of pep56 residues
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F P3-P4-P5 interactions
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FIGURE 3. Peptide pepS6 (FANFFIRGL) configuration in shark pUAA. (A) Side view of pep56 (red) in the shark pUAA peptide binding groove; side
chains of groove al (yellow) and a2 (green) residues are highlighted in a sticks format. (B) This figure highlights the space occupied by the tryptophans
W70, W73, and W147. (C) Shark pUAA shown from above with pep56 in a red cartoon/sticks format and HC in a transparent surface format with colors
indicating electrostatic potential, F152 is additionally shown in a sticks format with green for C atoms. (D) Shark pUAA shown from above in a transparent
surface format with unique colors for the pep56 residues, which are also shown in a cartoon/sticks format; surface areas contributed by the individual pep56
residues are indicated in A% (E) ® and W torsional angles of pep56 in shark pUAA. (F) Stretch of pep56 shown in a sticks format with side chains of P4-F
and P5-F additionally shown in a transparent spheres format. Stacked ring-type contact between P4-F and P5-F, and polar contacts between the P3-N side
chain carbonyl group and the P4-F and P5-F main chain amino groups, may stabilize pep56 configuration.

as commonly done in pMHC-I literature (54). However, in contrast to
many other pMHC-Is, shark pUAA does not have an E pocket acces-
sible for accommodation of a P7 side chain, and the pep56 P7 side
chain rotates upward (Fig. 3A-D). The absence of an accessible E
pocket can be explained by a large phenylalanine in the a2 domain
helix (F152) that points into the groove (Fig. 3C).

The C-terminal end of the peptide ligand in shark pUAA is elevated
higher than commonly found among pMHC-Is and lays on a ridge
consisting of the bulky residues W73 and W147 (Fig. 3B), with only
the latter conserved among MHC-I sequences (Supplemental 2Ba).
Fig. 3B also highlights tryptophan W70, as it makes for a shallow
hydrophobic C pocket that binds P6-I. The shark pUAA residues
W70, W73, and F152 are not conserved among reported nurse shark
UAA sequences (64) and appear to represent allelic pocket variation
(Supplemental 2D). Available information suggests that at position 70
the MHC-I alleles in the -cartilaginous nurse shark, banded

houndshark, and clearnose skate tend to possess either a large trypto-
phan or a small alanine or serine (Supplemental 2Ba, 2D). This is dif-
ferent from the polymorphism typically found at position 70 in
tetrapod species (16, 57) and probably causes distinct allelic differ-
ences in C pocket sizes, the reason for which is unclear.

High allelic polymorphism previously reported for shark MHC-I
(15, 64) largely maps, as predicted (15), to the peptide binding
groove as determined in the current study (Supplemental 2D).

Conserved hydrogen bond networks for binding peptide ligand
termini

A set of MHC-I residues typically participating in hydrogen bonding
networks with the peptide ligand main chain termini (65) are well con-
served throughout classical MHC-I sequences, including those of sharks
(15, 16, 64, 66). The best conserved of these residues are Y7, Y59,
(R/Y)84, T143, K146, W147, Y159, and Y171 (Supplemental 2Ba),
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but the relatively well conserved (E/N/Q)63 and (D/N/S)77 also tend
to participate in such hydrogen bonding (65, 67). Among these resi-
dues, especially the orientations of Y7, Y59, T143, Y159, and Y171
are very well conserved (Fig. 4A) (41, 65), and four of these five resi-
dues are tyrosines that form part of the A pocket (Fig. 4Ab) where the
P1 side chain experiences relatively few restrictions because it points
out of the groove. The Y7 side chain can reach from al domain
B-strand S1 to the A pocket because there is no interference by a side
chain from the conserved MHC-I—specific residue G26 in B-strand S2
(Fig. 4Aa). The A pocket is also characterized by the rather well-con-
served MHC-I-specific residue W167 that blocks the groove (Fig.
4Aa). In contrast to the A pockets, the F pockets show more plasticity
in agreement with their engulfing of several possible amino acid side
chains, and the plasticity of the F pocket can involve considerable var-
iations in the orientations of the above-listed conserved peptide-bind-
ing residues (e.g., K146 in Fig. 4Aa) (62, 68, 69).

The conserved hydrogen bond networks for binding the peptide
ligand N and C termini are shown individually for shark pUAA and
other representative pMHC-I structures in Fig. 4B, exemplifying
some variation in the binding of the peptide ligand C terminus (note
that the resolution of the elucidated frog pUAA structure is not high
enough for identifying water molecules in the A pocket hydrogen
bond network) (57). Unlike the situation in most pMHC-Is, in shark
pUAA the N77 side chain does not form a hydrogen bond with the
peptide main chain (Fig. 4B), seemingly because the respective part
of the peptide is elevated by the W73 residue (Fig. 3B). Whether
the differences for binding the peptide ligand C terminus shown in

A Conserved pMHC-I groove properties
(a) Superposition of representative pMHC-Is

Shark UAA Carp UAA Frog UAA Chicken BF2*0401

Y59

(b) Conserved tKrosmes
in the A pocke

(7% g
superposition of ys9
many pMHC-Is Q / s Y59 ;ﬁ}
S e/ > /
Py e
= /& /
I} v;m‘f N Y171 ‘-
' g Y159 Pl\
views from above X
Zo W167

159 14

(c) Frog UAA (9 aa peptide)

(e) HLA-A2 (9 aa peptide)
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Fig. 4B represent different tendencies per species, or mostly reflect
HC-allelic and peptide ligand differences, can only be answered
after more pMHC-I structures per species have been studied.

Impressively conserved interactions between [$,-m and the ala2
domain

The contact area between ,-m and the ala2 domain in shark
pUAA shows many features that are found throughout pMHC-Is but
have received little attention. The most impressively conserved fea-
ture is the insertion of a (3,-m FB56+WB60 (the “B” represents
B,-m) large hydrophobic knob into a pleat of the ala2 domain
B-sheet floor, a binding structure involving many residues and sev-
eral hydrogen bonds. Another rather well-conserved interface fea-
ture, although not well conserved in precise orientation, concerns
hydrogen bond contacts between the side chains of 3,-m DB53 and
al domain (K/R)48.

Supplemental 3A and 3B list all residues that according to PDBe-
PISA software analysis are part of the ala2-to-3,-m interfaces of
shark pUAA and representative pMHC-Is of carp, frogs, chickens,
and humans, whereas Fig. SA—-C depicts the interactions between
these domains in the shark pUAA structure. The dominant contact
of B,-m to HC concerns the binding of the (3,-m stretch comprising
positions 53-60, which includes B-strand S4b and most of the
S4S5-loop, to a pleat in the ala2 B-sheet with which the position
53-58 stretch of B,-m stretch runs parallel; for convenience, in the
current study, this ala2 pleat with HC residue 9 as a top ridge resi-
due is named the “pa9 pleat” (pa for peptide binding domain «l),

B Conserved pMHC-I hydrogen bond networks

(a) Shark UAA (9 aa peptide)

(b) Carp UAA (9 aa peptide)

Y59 Q63
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FIGURE 4. Evolutionary conservation of groove properties and peptide ligand binding modes. (A) Conserved groove properties. (Aa) Superposition of repre-
sentative pMHC-I ala2 domain structures (peptide ligands not shown) with the side chains of (relatively) well-conserved A and F pocket residues or of the resi-
dues at their corresponding positions highlighted in a sticks format; only these side chains are given molecule-specific colors. (Ab) The A pocket region of the
figure as in (Aa) but with superposition of many additional pMHC-Is (gray only; for PDB accessions numbers, see Materials and Methods) and only highlighting
the well-conserved residues Y7, Y59, Y159, and Y171. (B) Conserved pMHC-I hydrogen bond networks. For the individual pMHC-I molecules (Ba—Be) super-
imposed in (Aa), the peptide ligand main chains and the HC residues Y7, Y59, (E/Q)63, (D/N/S)77, (R/Y)84, T143, K146, W147, Y159, (G/W)167, and Y171
are shown in a sticks format, together with an important water molecule (red sphere) in the A pocket and polar contacts. Boxed in (Ba) are those residue posi-
tions that, although not necessarily in all pMHC-Is, are common in pMHC-Is for forming a hydrogen bond network with the peptide ligand.
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The B,-m to alaz2 interface involves many
A Orientation of 3,-m relative to the pa9 pleat conserved residues C The B,-m FB56 + WB60 knob inserts into the pa9 pleat

Shark UAA Shark UAA Shark UAA

\\
)
3 y-m
view from above: o3 domain not shown 2 N sideview through pa9 pleat; a3 domain not shown
! view from below; a3 domain not shown
D Dominant interactions at the §,-m to c.1a2 interface, superposition E .
Enlarged view of the DB53- (K/R)48
Shark UAA Carp UAA Frog UAA Chicken BF2*0401 HLA-A2 interactions shown in (D)

polar contacts are shown with dashed lines
colored individually per different pMHC-I

sideview; a3 domain not shown

FIGURE 5. Evolutionary conservation of features at the interface between ,-m and ala2 domains. (A) Orientation of 3,-m relative to the pa9 pleat. The
shark pUAA B,-m and ala2 domains are shown in a transparent cartoon format with some of the interacting residue side chains highlighted in a sticks for-
mat and the main chain atoms of peptide ligand residues P1 and P9 highlighted in a spheres format. The major contact site involves the 3,-m stretch DB53-
to-WB60 and the ala2 domain pa9 pleat (yellow for the top ridge residues, green for the lower ridge residues) with polar contacts at the DB53 and WB60
ends. (B) The shark pUAA ala2-to-,-m interface involves many residues with conserved identities or characteristics, especially at the pa9 pleat contact
region and a therewith continuous contact region that includes a2 domain T94 and 3,-m PB32, PB33, and (F/Y)B62. Many of the indicated residue names
are shaded with non-white colors, which are based on estimated conservation patterns as explained in Supplemental 2B: black, inherited from a presumed
MHC homodimer ancestor; dark blue, ancestral to the I-al+,-m/Ila lineage; purple, ancestral to the I-a2+1-a3/IIB lineage; light blue, characteristic for
the I-a1+B,-m lineage; and pink, characteristic for the I-a2+1-a3 lineage. The ala2 domain is indicated in a surface format with only yellow for pa9 pleat
top ridge residues (the ability to see yellow in this figure is evidence of the pleat being open) and element coloring for the other ala2 domain residues with
red, blue, and gold for O, N, and S atoms, respectively; dark and light green for the C atoms of the residues of the pa9 pleat “pa8” and “pal0” lower ridges,
respectively; and white for the other C atoms. The 3,-m domain is shown in a cyan transparent cartoon format with side chains of highlighted residues in an
element color sticks format. The black and white striped area depicts the contact region between the ala2 and a3 domains. Residue S125 does not directly
contact [3,-m but represents a conserved property of the pa9 pleat (Supplemental 2Ba). (C) The 3,-m FB56+WB60 residues (shown in an individual, element
color spheres format) insert into the pa9 pleat, which can easily be seen from this angle with the ala2 domain shown in a ribbon format [side view from the
a2-helix side; coloring as in (B)] and the side chains of the pa9 pleat pa8 and pal0 lower ridges in a sticks format. For the yellow-colored residues at the top
ridge of the pa9 pleat, the side chains are not shown, as they all point upward and do not form part of the contact site. (D) Superposition, based on superim-
posing of ala2 domains, of shark pUAA and representative other pMHC-I structures. Coloring similar to (C), except for using different colors for the indi-
vidual 8,-m domains. There is a high level of positional conservation of Q96, D122, FB56, WB60, and (F/Y)B62, including polar contacts of WB60 with
Q96 and D122 (see also Supplemental 4A); that is, except in frogs, in which E122 bends away and makes a polar contact with S136. In comparison, at the
(A/K/R)48 and DBS53 side of the B,-m-to-ala2 interface more variation is observed. (E) Enlarged view, compared with (D), of the region with DB53 and
(A/K/R)48, with dashed lines colored per individual structure indicating polar contacts between DB53 and (K/R)48 residues.

and in Fig. 5 its top ridge and lower ridge residues are highlighted where text-box colors relate to patterns of conservation (compare
with yellow and green, respectively. Along this contact region many with Supplemental 2B). At one end of the 3,-m B53-B60 stretch,
B-m and ala2 residues with conserved identities or features are DB53 forms a salt bridge with a1 domain R48, and at the other end
found, most of them specific for MHC-I as highlighted in Fig. 5B of the stretch WB60 forms hydrogen bonds with a2 domain Q96
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and D122 [already reported for pHLA-A2 by Saper et al. (31)]. The
B,-m molecule sweeps to under the “al helix half” of the ala2
domain and the B,-m to ala?2 interface additionally involves bind-
ing of B,-m FB62 and S2S3-loop (including PB32 and PB33) to
the a1l domain B-strand S1 C-terminal end plus S1S2-loop, and a
direct contact between FB62 and the pa9 pleat (Fig. 5A, 5B, 5D; Sup-
plemental 4A). The most pronounced (3,-m to ala2 interaction is the
insertion of the large hydrophobic knob consisting of 3,-m FB56 and
WB60 into the pa9 pleat (Fig. 5C) [already noted in pHLA-A2 by
Saper et al. (31)]. Fig. 5D shows that this dominant interaction, includ-
ing the Q96-WB60 and D122-WB60 hydrogen bonds, is conserved in
large detail between shark pUAA and other representative pMHC-Is,
although in frog pUAA the D122-WB60 hydrogen bond is absent and
an S136-E122 polar contact is found instead. Among pMHC-Is, also
the (F/Y)B62 orientation is well conserved (Fig. SD). Furthermore,
besides the residues highlighted in Fig. 5D, a relatively large set of
additional 3,-m and ala?2 residues near the FB56+WB60 and (F/
Y)B62 contact sites show conserved identities or characteristics,
although displaying more variation regarding the precise orientation
of residues (compare Fig. 5B with Supplemental 2B, 4A).

Regarding orientation, the salt bridge between (3,-m DB53 and
al domain R48 reported for pHLA-A2 by Saper et al. (31) is rela-
tively poorly conserved (Fig. 5E) (70), and frog pUAA does not
even possess a basic residue at that al position; however, the side
chain of the highly conserved DB53 probably can form a hydrogen
bond contact with an o1 domain (K/R)48 residue side chain in most
pMHC-Is (Fig. SE; Supplemental 2B).

A highly conserved contact between [-m and the a3 domain

Supplemental 3C and 3D list all residues that according to PDBe-
PISA software analysis are part of the a3-to-B,-m interfaces of
shark pUAA and are representative pMHC-Is of carp, frogs, chick-
ens, and humans. Among these interactions, only the hydrogen bond
between (3,-m YB10 and o3 P235 and a stacked ring contact of
P235 with B,-m (F/H/Y)B26 are well conserved (Fig. 6) (31, 70).
Among pMHC-Is, there are differences in the number of polar
a3-to-f3,-m interactions (Supplemental 3D) and variation in the rela-
tive positions of the a3 domain B-strands S4 and S5 (Supplemental

A Superposition

Enlarged view of the YB10, (F/H/Y)B26,
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4Ba). Other than B,-m YBI10 and (F/H/Y)B26, and o3 residue
P235, there are additional interface residues with interesting conser-
vation patterns (Supplemental 3Bb), although none of them is per-
fectly conserved, and their structural orientations are compared in
Supplemental 4Bb.

Evolutionary developments from pMHC-I in primitive jawed
vertebrates toward mammalian pMHC-1

Some shark pUAA structural motifs that are different from mamma-
lian pMHC-Is probably represent a more primitive state, as can be
assessed by comparison of MHC sequences (Supplemental 2B) and
pMHC-I and pMHC-II structures. We dedicated a separate paper to
a detailed pMHC-I with pMHC-II comparison (71) and will only
summarize a few findings of I-II comparisons here. None of the
changes within pMHC-I evolution from shark to human appears to
be very dramatic, but they are nevertheless interesting. 1) The o3
domain orientation in primitive pMHC-Is is more similar to that of
the corresponding II-32 domains in pMHC-IIs (Supplemental 4C).
2) The peptide-binding residue R84 in primitive MHC-I was
replaced by Y84 in higher vertebrates (Fig. 4B), as already observed
by others (66, 72). 3) In the a1 domain H1 helix region of MHC-I
in placental mammals a single residue was deleted, probably at posi-
tion 54a (Supplemental 2Ba), which appears to have resulted in the
H1 a-helix as found in, for example, shark pUAA being replaced
by a more tightly wound 3,¢-helix structure (73) to compensate for
the loss of chain length (Fig. 7A; Supplemental 2Aa, 2Ba). 4) Q49
found in the MHC-I al domain of primitive animals was lost in
Rhipidistia (lungfishes plus tetrapods) (Supplemental 2Ba) and in
shark pUAA appears to stabilize the A pocket side of the groove by
making polar contacts with Q32 and R48 main chains (Fig. 7A). 5)
The S1S2-loop bends downward in the MHC-I a1 domain of primi-
tive animals, whereas in mammals the loop bends upward, leading to
a decreased interaction between HC and 3,-m at this position (41, 54)
while forming an R14-D39 interloop salt bridge within the a1 domain
(Fig. 7B) (31). 6) In pMHC-I of placental mammals the S2-continuous
part of the a2 domain S1S2-loop was repositioned to above the S1-
continuous part, and the S4-continuous part of the a2 domain S3S4-
loop was repositioned to above the S3-continuous part, while residues

C Residues YB10, (F/H/Y)B26, and P235 per individual pMHC-
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FIGURE 6. Evolutionary conservation of features at the interface between 8,-m and a3 domains. (A) Conserved ,-m-to-a3 interactions between YBI10,
(F/H/Y)B26, and P235, with polar contact between YB10 side chain and P235 main chain and a ring-ring contact between P235 and (F/H/Y)B26, as shown
by superposition (based on superimposing of 3,-m) of shark pUAA and representative pMHC-Is (A and B) and by individual presentation of the residue sets
in a spheres format (C). For YB10 and (F/H/Y)B26 only the side chains plus Ca are shown, whereas for P235 all atoms are shown. (B) is an enlarged view

of a part of the superposed structures shown in (A).
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FIGURE 7. Shark pUAA features that may be primitive in comparison with mammalian pMHC-I. (A) In comparison with mammalian pMHC-I such as
pHLA-A2, shark pUAA possesses an extra residue at position 54a, allowing a more loosely wound a1 domain H1 helix. The shark pUAA Q49 residue (side
chain shown in a sticks format) makes polar contacts with the main chains of the positions 32 and 48 residues (only their main chains are shown in a sticks
format). The W51 and W60 side chains are shown for orientation. (B) The o1 domain S1S2-loop bends differently in pMHC-Is of primitive and higher verte-
brates, as shown by comparison between shark pUAA and pHLA-A2 (Ba), and between multiple pMHC-Is (Bb). The highly conserved R14 and D35 in mam-
malian MHC-I form a stable salt bridge (dashed yellow lines), which locks the acl domain S1S2-loop and S3S4-loop together; this (Figure legend continues)
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(L/F)109 and L130 were acquired forming a hydrophobic couple in
contact range of each other (their distance in the depicted pHLA-A2
structure is <4 A) (Fig. 7C) and of other hydrophobic residues (Sup-
plemental 4D). 7) An interacting T85 and W139 pair of residues is
found in shark pUAA (Fig. 7D), which may or may not be ancestral
given their distribution among MHC-I and MHC-II peptide binding
domain sequences (Supplemental 2Ba). Steric hindrance is expected
to prohibit compatibility of shark W139 with the (F/Y)85 residue
found in more evolved species (Fig. 7D), but whether the evolutionary
changes at positions 85 + 139 had a functional effect can only be
speculated. In pHLA-A2, Y85 makes a polar contact with D137,
which is common among mammalian pMHC-Is (for sequence conser-
vation patterns, see Supplemental 2Ba). 8) Ancient B,-m may have
possessed TB65 and (K/R)B66 (Supplemental 2Bb), as found in shark
pUAA where the side chains of these residues make interstrand con-
nections through polar contacts with the (3,-m HB26 side chain and
residue B37 main chain, respectively (Fig. 7E). The shark (,-m
RB66-to-residue B37 interaction connects the two 3,-m (-sheets, as
do the corresponding KB66-to-residue B37 interactions in carp and
frogs B,-m (Fig. 7E). However, in carp and frog [3,-m, different from
shark 3,-m, the TB65 residues do not form polar contacts with the B26
residue side chain (Fig. 7E). 9) Ancient I-a3 may have possessed (K/
R)245 (Supplemental 2Bb) as found in shark pUAA where the R245 side
chain makes a polar contact with a3 V215 main chain connecting the
two B-sheets (Fig. 7F). HC residue 245 corresponds with [3,-m residue
B66 (compare Fig. 7E and 7F; Supplemental 2Bb), and, since at the corre-
sponding position in MHC-II IgSF domains (K/R) residues are rare (Sup-
plemental 2BDb), they may have been acquired independently in primitive
B,-m and I-a3. 10) Ancient pMHC-I presumably possessed [-a3 domain
T206, as the residue is common in MHC-I of cartilaginous fish, ray-
finned fish, and coelacanth (Supplemental 2BDb). In shark pUAA and carp
pUAA, this threonine seems to help to attach the I-a3 domain S4S5 loop
by an intradomain polar contact with the N236 side chain (Fig. 7G). Addi-
tionally, T206 makes an interdomain polar contact with the (3,-m residue
B12 main chain (Fig. 7G), and so contributes to HC-to- 3,-m binding.
There are also MHC-I motifs that are specifically shared among
Elasmobranchii and Holocephali, or only among Elasmobranchii,
which may have been established in a cartilaginous fish species after
cartilaginous fish separated from bony animals (Supplemental 2B).

Mutation of shark $,-m YB10, DB53, FB56, or WB60 inhibits stable
PMHC-I complex formation

The four residues YB10, DB53, FB56, and WB60 are highly con-
served among [3,-m sequences and participate in conserved interac-
tions with HC (Figs. 5, 6). To investigate the importance of these
four residues for pMHC-I complex formation, in shark 3,-m each
of them was substituted individually for an alanine. Complex forma-
tion using wild-type or mutant (3,-m together with HC (Gici-
UAA#*0101) and peptide pep56 was analyzed using gel filtration for
the renaturing protocol product (Fig. 8A), followed by anion-exchange
chromatography for the isolated pMHC-I complexes (Fig. 8B). Fig. 8A
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FIGURE 8. Assembly and stabilization assay of shark pMHC-I com-
plexes consisting of Gici-UAA*0101, pep56 peptide, and wild-type or
mutant B,-m, after in vitro refolding. Curves for the wild-type (positive
control) and four mutant B,-ms (YB10, DB53, FB56, and WB60 mutated
to alanine) are shown with individual colors. (A) Gel filtration chromato-
grams of the refolded products obtained using a Superdex 200 10/300 GL
column. Aggregates, correctly refolded pMHC-I complex, and excess 3,-m
are indicated using a blue solid box, red solid triangle, and blue solid circle,
respectively. The heights of the pMHC-I complex peaks are indicative for
the efficiencies of the respective [3,-m mutants to support pMHC-I complex
formation. (B) Anion-exchange chromatography results for the isolated
pMHC-I complexes. A higher peak indicates better stability. The results
reveal that the four residues YB10, DB53, FB56, and WB60 of shark B,-m
are critical for stable pMHC-I complex formation.

suggests that all four 3,-m mutants had some ability to participate
in pMHC-I complex formation, although at a much lower level than
wild-type B,-m, whereas Fig. 8B shows that none of these com-
plexes was stable.

Discussion

The present study closes an important gap in knowledge of the evo-
lution of pMHC-I structures by elucidating a pMHC-I structure in
cartilaginous fish. Arguably, it is also the first study to extensively
compare the overall structures of divergent pMHC-Is. Previously,

salt bridge does not exist in non-mammalian vertebrates, and their a1 S1S2-loops bend toward B,-m. (C) The a2 domain S1S2- and S3S4-loops bend differ-
ently in pMHC-Is of primitive and higher vertebrates, as shown by comparison between shark pUAA and pHLA-A2 (Ca), and between multiple pMHC-Is (Cb).
The conformation of the S1S2- and S3S4-loops in eutherian mammal pMHC-I a2 domains involves a hydrophobic interaction (dashed red lines) between the
MHC-I-specific residues (F/L)109 and L130. (D) The T85-W139 pair in shark UAA may be ancestral. Transparent spheres presentation of the shark pUAA
W139 and pHLA-A2 Y85 residues reveals that steric hindrance would probably prohibit coexistence of these two residues. In pHLA-A2, Y85 makes a polar
contact with D137. Residues (R/Y)84 and T143 are highlighted for orientation. (E) Polar contact between (K/R)B66 side chain and position 37 main chain in
B2-m of primitive vertebrates, and polar contact between shark TB65 and HB26 side chains. The sticks format highlights residue side chains for positions B26,
B65, and B66, and the residue main chain for position B37. (F) The polar contact between (K/R)245 side chain and position 215 main chain as seen in the shark
pUAA a3 domain probably is a primitive pMHC-I feature. The sticks format highlights the residue side chain for position 245, and the residue main chain for
position 215. (G) Polar contacts of T206 side chain with N236 side chain and 3,-m position 12 main chain as found in shark pUAA and carp pUAA probably
are primitive pMHC-I features. The sticks format highlights residue side chains for positions 206 and 236, and the residue main chain for position B12.
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the most comprehensive analysis of pMHC-I structural organization
had been the study by Saper et al. (31), whereas later structural stud-
ies mostly concentrated on the peptide binding domains. The most
important contribution of the current study to the general under-
standing of pMHC-I structures probably is our analysis of the H
chain with B,-m interactions. At the HC-to-3,-m interface three
major binding patches can be distinguished, represented by the con-
served B,-m residues YB10 (Fig. 6), DB53 (Fig. SE), and
FB56+WB60 (Fig. 5C). The combination of (3,-m residues PB32,
PB33, and (F/Y)B62 could be considered as part of an additional,
evolutionary older, binding patch with less pronounced binding fea-
tures, or as part of the “FB56+WB60” patch with which it is con-
tinuous (Fig. SA-D; Supplemental 3A, 3B, 4A, 4E). All three major
binding patches, each including intermolecular hydrogen bonds
(Figs. 5, 6; Supplemental 3B, 3D), were already analyzed in detail
for pHLA-A2 by Saper et al. (31) and, although in lesser detail,
described for mouse pH2-Kb by Fremont et al. (61) in 1992. In
2013, Hee et al. (70) compared chicken and mammalian pMHC-I
structures and noted the conservation of the three patches but did
not show the structures of the YB10 or FBS6+WB60 patches.
Nonetheless, Hee et al. (70) did present a detailed analysis of the
DBS53 patch, showing that B,-m DBS3 and al R48 residues form
salt bridges in the investigated chicken and mammalian pMHC-I
structures, although in various orientations (as we confirmed; Fig.
SE). However, to our knowledge, since the analysis of pHLA-A2 by
Saper et al. (31), there have been no reports describing that the [3,-
m FB56+WB60 hydrophobic knob penetrates a pleat of the ala2
floor (Fig. 5C). This pleat penetration, whereby both FB56 and
WB60 make direct contact with the main chains of the residues at
the pleat top ridge, appears to be perfectly conserved among
pMHC-Is (Fig. 5D; Supplemental 4A) and was not found in
pMHC-IIs (74). Essentially, in general, previous studies have not
been fully aware that many of the interactions originally observed
for binding of B,-m to ala2 in pHLA-A2 by Saper et al. (31) are
(rather) well conserved throughout pMHC-Is. Those conserved inter-
actions at the B,-m-to-ala2 interface involve the (rather well) con-
served residues o1 F8, T10, V25, Q32, and (K/R)48; a2 T94, Q96,
M98, Q115, (A/G)117, D122, and (A/S/T)125; and B,-m PB32,
PB33, DB53, (M/L)B54, (A/G/S)B55, FB56, WB60, and (F/Y)B62
(Fig. 5; Supplemental 2, 3A, 3B, 4A).

In stark contrast to the ala2-to-B,-m interfaces, the a3-to-f3,-m
interfaces of shark pUAA and other pMHC-Is are not characterized
by a multitude of conserved interactions. However, an interaction
involving ,-m residues YB10 and (F/H/Y)B26, and a3 residue
P235, is well conserved (Fig. 6; Supplemental 4B). The conserva-
tion of the hydrogen bond between the YB10 side chain and P235
main chain (Fig. 6B) was noted previously upon analysis of chicken
and mammalian pMHC-Is (70).

By alanine substitution analysis, we determined that the four con-
served residues of shark 3,-m that make the most pronounced inter-
actions with the H chain, that is, YB10, DB53, FB56, and WB60,
are critical for stable pMHC-I complex formation (Fig. 8). The
importance of WB60 for pMHC-I complex formation had previ-
ously been reported for human (3,-m (33), and the importance of
DB53 had been suggested by a reduction in the stabilizing ability of
human (,-m on murine pMHC-I after this residue was mutated
(32). However, to our knowledge, we are the first to analyze the
importance of the YB10 and FB56 residues for pMHC-I complex
formation, which illustrates how relatively little attention has been
given in previous studies to the interactions between (3,-m and H
chain. The observed importance of YB10 is especially interesting
because it suggests that (the mode of) binding of 3,-m to not only
ala2 (32, 33) but also to the a3 domain is important for stable
pMHC-I complex formation. To our knowledge, the latter has not
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been shown in such a direct manner before, although it was estab-
lished that the presence of the a3 domain is necessary for 3,-m to
support peptide binding by the ala2 domain (75) and that a change
in the a3 domain could affect both binding of 3,-m and the presen-
tation of pMHC-I at the cell surface (76).

The pMHC-I refolding experiments with nurse shark Gici-
UAA*0101 showed that 9-aa peptide ligands could be bound
depending on their P2 and P9 (Pg) residues, and possibly their intra-
peptide folding properties (Figs. 1, 3; Supplemental 1A), which is
reminiscent of findings for other species and can be HC-alle-
le—dependent (77, 78). Preference for a hydrophobic anchor residue
at the peptide C-terminal position (P,), as found with leucine or
valine in the case of Gici-UAA*01 (Fig. 1), is common among
PMHC-I complexes in mammals and other jawed vertebrates (e.g.,
36, 55, 57, 77, 79, 80), although for some MHC-I alleles other P,
preferences have been observed (77, 79). Selection for peptide P2
and P9 residues is consistent with the shark pUAA binding groove
having B and F pockets for binding the P2 and P9 side chains (Fig.
3C), and the overall orientation of the pep56 peptide ligand and the
organization of the groove pockets in shark pUAA are reminiscent
of pMHC-I structures known for other species (Figs. 3, 4). Sets of
residues for binding the peptide ligand termini, especially for bind-
ing the N terminus in the A pocket, are impressively conserved
between shark pUAA and other pMHC-Is (Fig. 4). Conservation of
A and F pocket organization throughout pMHC-Is of widely
diverged jawed vertebrates has been noted before (41, 54). Some
unique features were also observed (e.g., Fig. 3B, 3F), but at least
some of those appear to be HC-allele-specific or peptide-specific
rather than general characteristics of pMHC-I in sharks.

Several evolutionary changes from shark to human pMHC-I could
be distinguished, such as the replacement of the R84 residue involved
in peptide ligand main chain binding for Y84 (Fig. 4B) (66), a change
in a3 domain orientation (Supplemental 4C) (41, 54), and a few other
structural changes (Fig. 7). Additionally, some sequence features could
be distinguished that were specifically established in cartilaginous fish
(Supplemental 2B). These animal-clade—specific pMHC-I differences,
all of which seem relatively minor, can probably not be explained at
the functional level yet because the precise mechanisms of pMHC-I
complex formation and peptide editing are still unknown. Notably,
with regard to the R84 residue in primitive vertebrates (66), Xiao et al.
(56) found for a chicken pBF2%1201 structure that the R84 side chain
was rotated outward and so allowed the peptide ligand to extend one
residue beyond the F pocket, whereas the structure appeared to be sta-
bilized by a hydrogen bond between the R84 side chain and the P, car-
boxyl group. The authors speculated that this organization may be
common in pMHC-Is of primitive vertebrates (56). However, even
among chicken pMHC-Is such extensions beyond the F pocket are not
very common (79), whereas in mammalian pMHC-I extensions are
more common than originally thought (81). Furthermore, in mamma-
lian pMHC-Is the Y84 residue side chain can also rotate away from the
F pocket and then allow peptide extensions, although unlike in chicken
pBF2*1201 this was found to be accompanied by a shift in the a1
domain helix orientation [summarized in Xiao et al. (56)]. In summary,
there is probably not enough evidence yet to conclude that the evolu-
tionary exchange of R84 for Y84 had an important impact on the
modes of peptide binding. In the current study we only investigated
nonamer peptides, but in the future we hope to also analyze the binding
of longer peptides to shark MHC-I.

A big question in pMHC-I science is how the synergistic binding of
B>-m, HC, and peptide (82, 83) can be explained mechanically.
Whereas [3,-m is stable when alone, HC on its own is unstable (e.g.,
Fig. 1) and only structures of HC together with B,-m and peptide
ligand, or HC together with (3,-m and tapasin (aka TAP binding pro-
tein [TAPBP]) or TAPBPR (TAPBP-related, aka tapasin-like), are
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known (84-87); hence, it is not understood how [3,-m affects HC at
the structural level. The precise conservation of several of the major
interactions at the HC-to-3,-m interfaces (Figs. 5, 6) strongly suggests
that 3,-m binding is about a mechanism and not just about binding.
This is further supported by mouse HC having a higher affinity for
human B,-m than for mouse B,-m (88), as it reveals that nature has
not opted for 3,-m with the highest possible HC affinity. We speculate
that in B,-m—free HC the pa9 pleat may be closed by coverage of side
chains of residues at the pleat lower ridges, as found in pMHC-II (74),
and that the binding of 3,-m may open the pa9 pleat and promote pep-
tide ligand binding through a cascade of unknown interactions. In this
regard, it is interesting that tapasin and TAPBPR, the genes of which
are found throughout jawed vertebrates (Ref. 3 and GenBank acces-
sion numbers XP_007910636 and XP_020375342), may keep the HC
binding groove open not only by providing a “scoop loop” (a kind of
peptide dummy) for binding the F pocket region but also by direct
interactions with the conserved residues Q115, D122, and WBG60,
which reside at the HC-to-B,-m interface, at least in the case of
TAPBPR (84-86, 89, 90). Although the 3 hairpin in TAPBPR that
mediates the latter set of interactions has been portrayed as “jack hair-
pin,” as if it helps with conformational changes observed in the acla2
domain (86), we speculate that its primary function may be the stabili-
zation of the HC-to-(3,-m binding while maintaining the insertion of
the FB56+WB60 knob into the pa9 pleat.

Besides shark pUAA, we also determined the structure of free
shark ,-m and compared it with free 3,-m structures elucidated
for other species (Supplemental 4E). Whereas the orientations of
B>-m FB56 and WB60 residues are remarkably conserved within
pMHC-I structures (Fig. 5D), they show considerable variation
between the free (3,-m structures. This makes discussion of a pos-
sible “induced fit” mechanism, which might trigger structural
changes in the HC, complicated. Nevertheless, there are indications
for the involvement of (,-m in “tuning” the peptide binding
groove—rather than being a simple “lock” for the pMHC-I com-
plex—as, for example, shown by a recent study of our group in
carp. Namely, in two carp pMHC-I structures with identical HC
and peptide, but with different, naturally occurring, paralogous {3,-
m variants, the peptide was bound in a different conformation
(58). This finding in carp was not unexpected, since earlier reports
had found that naturally occurring allelic variation in mouse ,-m
is associated with differences in peptides presented by MHC-I (91)
and T cell stimulation (91, 92).

In summary, our study shows that pMHC-I complexes of highly
divergent jawed vertebrate species share a near-perfect conservation
of relatively large parts of the peptide binding groove and the ala2-
to-B,-m interface, and a small patch at the a3-to-f3,-m interface.
This suggests that not much changed in pMHC-I mechanisms
and functions after the evolutionary separation of cartilaginous fish
and bony animals. Future studies should unravel how the conserved
structures interact mechanically to support peptide binding and
editing.
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