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Class I major histocompatibility complex (MHC) molecules, which dis-
play intracellularly processed peptides on the cell surface for scanning by
T-cell receptors (TCRs), are extraordinarily polymorphic. MHC poly-
morphism is believed to result from natural selection, since individuals
heterozygous at the corresponding loci can cope with a larger number of
pathogens. Here, we present the crystal structures of the murine MHC
molecule H-2D" in complex with the peptides gp276 and np396 from the
lymphocytic choriomeningitis virus (LCMV), solved at 2.18 A and 2.20 A
resolution, respectively. The most prominent feature of H-2DP is a hydro-
phobic ridge that cuts across its antigen-binding site, which is conserved
in the L%-like family of class | MHC molecules. The comparison with pre-
viously solved crystal structures of peptide/H-2DP complexes shows that
the hydrophobic ridge focuses the conformational variability of the
bound peptides in a “hot-spot”, which could allow optimal TCR inter-
action and discrimination. This finding suggests a functional reason for
the conservation of this structural element.
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Introduction

from both self and non-self proteins, bind in a cleft
delimited on either side by an a-helix belonging to

Virus-infected cells utilize the proteasome to pro-
cess viral proteins; the resulting peptidic fragments
are transported to the cell surface by class I major
histocompatibility complex (MHC) molecules.'
CD8 * cytotoxic T-lymphocytes (CTLs) interact
specifically through their surface-expressed T-cell
receptors (TCRs) with the complexes between pep-
tides and class I MHC molecules (pMHCs).? Acti-
vation of the CTLs triggers a series of molecular
events that eventually result in the apoptosis of the
infected cells.

Class I MHC molecules are dimeric proteins
consisting of a heavy chain and a light chain
(By-microglobulin). Processed peptides, deriving

Abbreviations used: CDR, complementarity-
determining region; CTL, cytotoxic T-lymphocyte;
LCMYV, lymphocytic choriomeningitis virus; MHC,
major histocompatibility complex; pMHC, peptide/
MHC complex; rms, root-mean-square; TCR, T-cell
receptor.
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the o1 and o2 domains of the heavy chain.>* The C
and N termini of the bound peptides are generally
buried in the binding cleft, while their middle por-
tion can kink or arch above the cleft, exposing the
central residues and making them available for
interaction with the TCRs. Invariant anchor resi-
dues in the peptide sequence mediate binding to a
specific class I MHC molecule allele; these are
accommodated in specific pockets formed by the
polymorphic residues of the heavy chain. Conse-
quently, different class I MHC allelic products bind
different sets of peptides.®*

During the thymic selection of the TCR reper-
toire (reviewed by Goldrath & Bevan®), the thymo-
cytes that carry TCRs giving rise to low-affinity
interactions with MHC-bound self-peptides are
positively selected, and are incorporated into the
pool of mature lymphocytes circulating in the per-
iphery. In contrast, those that recognize self-pep-
tides with high affinity are eliminated. TCR
engagement with low-affinity self-antigens is
needed to ensure a pool of peripheral T-cells that

© 2001 Academic Press
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contains TCRs that can recognize MHCs bound to
non-self peptides with high affinity. This event
leads to triggering of mature CTLs. The number of
slightly different peptides presented by MHC mol-
ecules, originating from pathogens but also from
host proteins, is enormous. Consequently, TCRs
must be able to distinguish between their cognate
PMHCs and a plethora of unrelated antigens, as
well as discriminate between foreign antigens
among an overwhelming number of homologous
self-peptides. As an additional complication, the
presence of the correct anchor residues does not
ensure binding to the corresponding class I MHC
molecule.® Ultimately, the appropriate response
must be delivered.

Class I MHC molecules are characterized by an
unusual degree of polymorphism;” a large number
of different alleles are represented in a population
at significant frequency (>1%). It has been pro-
posed that heterozygosis at the MHC loci will con-
fer the ability to bind a wider array of pathogenic
peptides, thus increasing the probability of
survival® Support for this hypothesis has been
obtained by DNA sequence analysis.” In brief, in
the MHC exons coding for the antigen-binding
region, non-synonymous nucleotide substitutions
outweigh synonymous ones. In the remaining
exons, the opposite phenomenon is observed. This
pattern suggests that MHC polymorphism is
indeed guided by natural selection. The three-
dimensional structures of MHC molecules can
offer an additional level of rationalization of the
factors that direct MHC evolution.

The lymphocytic choriomeningitis virus (LCMV)
is a non-cytopathic arenavirus pathogenic for mice.
During the course of an LCMV infection, mice of
the H-2® haplotype generate a CTL response
directed mainly towards three epitopes.'® Two of
them, gp33 (residues 33-41, KAVYNFATC) and
gp276 (residues 276-286, SGVENPGGYCL), are
derived from the viral glycoprotein; the third one,
np396 (residues 396-404, FQPONGQEFI), is derived
from the viral nucleoprotein. The undecameric
peptide gp276 is an unusually long class I MHC-
restricted epitope. All three peptides contain the
anchor residue Asn in position P5, and gp276 and
np396 carry a hydrophobic residue at the C termi-
nus (P9 or P11). These two characteristics define
the class I MHC molecule H-2DP binding motif."!

The murine H-2D belongs to a group of class I
MHC molecules'? that have evolved a conserved
cluster of three hydrophobic residues that form a
ridge extending across the antigen-binding site.'?
We have solved the crystal structure of gp33/H-
2DP.** In the present study, we have determined
the crystal structures of gp276/H-2D" and np396/
H-2D, and we have compared them to the avail-
able three-dimensional structures of peptide/H-
2D" complexes,®~'> to elucidate the effect of the
hydrophobic ridge on the conformation of the
bound peptides, and to understand the possible
implications for TCR recognition and class I MHC
evolution.

On the basis of our structural findings, we pro-
pose that evolution has led towards conservation
of this structural feature, rather than towards
diversification, because the hydrophobic ridge
allows optimal TCR interaction.

Results

Overall crystal structures of the LCMV peptide/
H-2DP complexes

The overall conformation of the MHC complex
domains is very similar in all three structures.
When compared to the gp33/H-2DP structure,
the C* positions of the ol/a2 peptide—bindin%
superdomains of gp276/H-2D and np396/H-2D
show_ root-mean-square (rms) deviation values of
0.71 A and 0.80 A, respectively. The comparisons
of the other individual domains («3 and PB,-micro-
globulin) give rms deviations in the same range.
We observed differences in the relative orientation
of the single domains; however, this has been
observed in analogous cases.® Such variations can
be ascribed to the flexible connection between
oal/02 and o3, and to differences in crystal
packing.

Continuous and unambiguous electron density
clearly defines the bound peptides (Figure 1). A
network of hydrogen bonds connects almost all the
main-chain nitrogen and carbonyl oxygen atoms to
H-2DP atoms, and keeps the peptidic backbones in
an extended conformation (Figure 2(a)). Most of
these hydrogen bonds are conserved across the
three LCMV peptide/H-2D? complexes (Table 1).
In the previously determined structures of the
complexes of H-2D" with the influenza virus pep-
tide np366 (residues 366-374, ASNENMETM),"?
and with the Sendai virus peptide np324 (residues
324-332, FAPGNYPAL),"”” the hydrogen bonding
pattern is also the same (Table 1). The role of con-
served hydrogen bonds in the binding of peptides
of different sequence to the same class I MHC
molecule has been discussed extensively.>* As
observed previously for analogous systems, the
extensive network of hydrogen bonds between the
protein’s side-chains and the peptides’ invariable
main-chain atoms allows for high-affinity yet
sequence-independent binding.

Gp33/H-2D°

In the gp33/H-2D° structure'* there are four
complexes per aymmetric unit. When considering
only the bound peptide, the only remarkable
difference among the non-crystallographic sym-
metry-related molecules is Tyr™, which exhibits
two alternative conformations. In two of the mol-
ecules, the presence of crystal contacts forces the
Tyr™ side-chain to rotate by almost 180° around
its y; dihedral angle, when compared to the con-
formation in the other two."* This fact, together
with the high B-factor value shown by Tyr™ in the
latter molecules, indicates a high intrinsic mobility
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Figure 1. Zoomed view of the H-2DP-bound gp276 peptide structure and electron density. The gp276 type I B-turn
is shown (cyan dens1ty) together with the H-2DP residues forming the hydrophob1c ridge (blue density). The internal
hydrogen bond is shown as grey spheres. The 2F, — F. electron density map is contoured at the 1.0 o level. The

Figure was made in SETOR.'®

of this residue. We consider the second two mol-
ecules as representative of biological reality
because there is no crystal contact in the neighbor-
hood of the peptide. Residues Lys™, Tyr™, Phe™
and Thr'™ each contribute more than 10% of the
solvent-accessible surface of the peptide'* (305 A,
calculated with AREAIMOL'® using a 1.4 A radius
probe).

Np396/H-2DP
13-15

As in other peptide/H-2D" structures, a
hydrophobic ridge cuts through the H-2D binding
cleft and forces the peptidic backbone to arch
between Asn™ and the carboxy-terminal residue
Ile™, which are anchored into the D and F
pockets' in the floor of the cleft. Residues Phe™,
Phe™, GIn" and Phe™ contribute 85% of the
np396 solvent accessible surface (343 A?).

Gp276/H-2D°

To date, structural information on class I MHC-
bound peptides of unusual length is limited to the
13 residue MTEF-E peptide, complexed to the rat

Table 1. Conserved hydrogen bonds

Peptide position H-bonds®

P1 N—OH Tyr171
O—OH Tyr159

P2 N—O°! Glu63
O—NE Lys66

P4 O—N*# His155

P5 N—0® GIn70

PQ-1? O—N*! Trp147

pPQc OT1—0" Thr143

OT1-OH Tyr84
OT2—N?% Asn80

* As identified by HBPLUS" using default parameters.

® PQ-1 corresponds to residue P8 for the nonameric peptides,
and to P10 for the undecameric gp276 peptide.

¢ PQ corresponds to residue P9 for the nonameric peptides,
and to P11 for the undecameric gp276 peptide.

RT1-A%* the undecameric LCMV-derived gp276
peptide, in complex with H-2D°, represents the
second-longest peptide whose structure has been
determined. The sequence of gp276 reveals the pre-
sence of two potential anchor residues at the C ter-
minus. Most H-2DP-restricted epitopes end with a
bulky hydrophobic residue'!, which makes Leu™
the most likely candidate. Conversely, the gp33/H-
2D structure'* indicates that also Cys™ could be
accomodated in the F pocket. If that were true, the
C-terminal residue would extend out from the
binding site; this binding mode has been observed
just once so far in the case of the human HLA-A2.1
molecule in complex with a decameric peptide.”!
However, the crystal structure of gp276/H-2DP
shows that Leu™" is located in the F pocket and is
indeed the C-terminal anchor residue. The
additional length of the undecameric gp276 pep-
tide, which comprises five residues between the
two anchors P5 and P11, is accommodated by
further bulging of the peptidic chain upwards
(Figure 1), away from the floor of the binding site
and into the solvent, and towards the ol a-helix
(Figure 2(a)). The resulting conformation corre-
sponds to a hydrogen-bonded type I B-turn,*
spanning Pro™ to Tyr™ (Figure 1). In the MTF-E/
RT1-A* complex,”® the longer 13 residue peptide
assumed two alternative, highly solvent-exposed
conformations, containing one or two (I, I+2)
double turns.” In gp276, Glu™, Gly™, Gly"®, and
Tyr™ are the most solvent-accessible residues
(together contibuting over 85% of the total
347 A?). Interestmgly, the introduction of two extra
residues does not increase the gp276 total solvent
accessible surface significantly, when compared to
np396 (347 A2 versus 343 A?); and the increase is
less than 15% in comparison with gp33 (347 A2
versus 305 A?). Alternatively, when considering
only the residues between the anchors, the solvent-
accessible surface increases dramatically (242 A2
versus 172 A? and 135 A? , respectively). Gly™” and
Gly™, the B-turn central residues, are 95% and
100 % solvent-exposed, and are the only gp276 resi-
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Figure 2. Structural analysis of the H-2DP-bound peptides. The superposition is based on the C* position of the ol
and o2 a-helices delimiting the binding site. (a) Top view of the binding site, showing the LCMV peptides gp33
(yellow), gp276 (cyan), and np396 (green), together with the influenza virus peptide np366 (red), and the Sendai
virus peptide np324 (purple). Only the P6 side-chains are shown. PQ represents the C-terminal residue. The two
a-helices shown here belong to the reference np324/H-2DP structure, and the remainder of the complex is omitted for
clarity. The Figure was generated with SETOR.'® (b) Graph showing the distances of the C* positions from the refer-

ence peptide (np324); the color code is the same as in (a).

dues that are not involved in any hydrogen bonds.
Downstream of this sequence, the main chain
resumes a “standard” conformation: the C* pos-
itions of residues P9-P11 of gp276 are almost
superimposable with those of residues P7-P9 of the
nonameric peptides (Figure 2(a)), and their main-
chain atoms are held in position by homologous
hydrogen bonds (Table 1), with the only noticeable
exception of the P9/P7 pair. Therefore, in order to
compare the peptides, the last three C-terminal
residues can be denominated PR, PQ-1, PQ-2
(Figure 2(a)), starting from the residue that is
accomodated in the F-pocket and moving back-
wards towards the N terminus (nomenclature as in
reviews by Madden® and Bakalia & Collins®).

Comparison between the H-2D-bound peptides

Peptides in complex with class I MHC molecules
have been Comfared superimposing the entire o1/
o2 domains.'>* We have taken a somewhat differ-
ent approach to perform a structural comparison
between the various pMHCs. Digested protein
fragments are displayed on the cell surface by
MHC molecules in order to be scanned and recog-
nized by TCRs. This interaction must be taken into

account in the evaluation of the conformational
differences in displayed peptides. In our compari-
son of the H-2D"-bound peptides, we have tried to
analyze such differences in this structural frame-
work, by superimposing only those portions of the
MHC molecules that are known to interact with
the TCRs, based on biochemical?® % and
structural®~** studies, namely, the ol and o2 o-
helices flanking the peptide binding groove
(Figure 2(a)).

We have used the coordinates of the complexes
of H-2D" and the three LCMV-derived peptides,
gp33' (PDB code 1fg2), gp276 and np369 (this
study, PDB code 1jpf and 1ljpg, respectively), as
well as those with the influenza virus peptide
np366'® (PDB code lhoc), and the Sendai virus
peptide np324"™ (PDB code 1ce6). The structural
superpositions and the rms deviations were calcu-
lated using Lsqman.>* We first identified np324/H-
2DP as a reference structure, since it yields the low-
est average rms deviation in the pairwise superpo-
sition of the C* coordinates of the a1 and o2 helices
from the different complexes. Then, we determined
the rms deviations between the C* positions of the
peptides after aligment of the above-mentioned
helices. Given the equivalence between gp276 P9-
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P11 and P7-P9 of the other peptides (Figure 2(a)),
we compared the full length of the reference nona-
meric np324 with the first six and the last three
residues of the undecameric peptide; namely, the
P1-P6 and the (P2-2)-P<2 intervals. Overall, the five
peptides are highly superimposable and overlap
extensively (Figure 2(a)), showing rms deviations
ranging between 0.49 A (np366) and 0.90 A (gp33),
and C* displacements within 1.0 A from the refer-
ence (Figure 2(b)). The only noticeable exception is
the P6 position, thich deviates between 1.0 A
(np366) to 2.3 A (gp33) from the reference
(Figure 2(b)).

The ridge formed by the three aromatic residues,
Trp73 from the ol-helix and Trpl47 and Tyrl56
from the o2-helix, is a distinctive feature of H-
2DP."® The two tryptophan residues reach out from
either side of the cleft, and expose their N?! atoms
to the solvent. The tyrosine residue lies on the floor
of the cleft, pointing its hydroxyl group towards
the tryptophan residues in the center of the cleft. In
combination with the highly conserved® hydrogen
bond between Trpl47 and the PQ-1 main-chain
carbonyl oxygen atom, the presence of two other
potential hydrogen-bond partners offers alternative
binding modes to the peptides. The two LCMV
peptides gp276 and np396, as already observed for
gp33,'* fully exploit this hydrogen-bonding poten-
tial (Figure 3(a)). The main-chain carbonyl oxygen
atoms of the peptide residues P6 from all three
LCMV-derived antigens bind to Trp73 N*!, the PQ-
2 main-chain carbonyl oxygen atoms bind to the
Tyr156 hydroxyl group via a conserved water mol-

ecule, and PQ-1 binds to Trp147 N*! (Figure 3(a)).
This hydrogen bonding network is different from
that observed (Figure 3(b)) in the previously deter-
mined structures with np366 from influenza
virus,” and np324 from Sendai virus."> Despite
having the same architecture of the ridge, the
main-chain carbonyl oxygen atom of P6 is free,
and Trp73 N¢' hydrogen bonds PQ-2; the hydro-
gen bond between Trpl47 N°!' and PQ-1 is con-
served also in this case (Figure 3(b)).

In previous crystallographic analyses of the H-
2DP binding cleft and of another class I MHC mol-
ecule, H-2L9* which possesses the same triad of
aromatic residues, the hydrophobic nature of the
ridge has been emphasized. In contrast, the com-
parison among the available H-2DP complexes
shows that its polar, hydrophilic characteristics are
important determinants of the conformation of the
bound peptides.

The surface hydrophobicity and hydrophilicity
of a protein can be calculated and visualized using
the program HydroMap.*® The resulting hydropho-
bicity maps provide an intuitive, but nonetheless
rigorous aid for the analysis of the interactions
between proteins and ligands. Figure 4 shows the
prominently hydrophilic nature of the solvent-
exposed portion of the ridge. On the other hand,
this feature alone cannot account for the different
conformation of the five peptides bound to H-2DP.
On the o2-helix side of the ridge there is the E
pocket,”” a shallow, hydrophobic patch delimited
by Ser150, Alal52 and His155 on the sides, and
closed on the bottom by Trp147 and Tyr156. In the

Figure 3. Alternative hydrogen-bonding patterns in the hydrophobic ridge region. The H-2DP residues forming the
hydrophobic ridge are shown, together with the bound peptides. (a) Binding mode observed in the LCMV peptide
complexes. The gp33 complex is depicted in yellow, the gp276 in cyan, and the np396 in green. The hydrogen bonds
and the conserved water molecule are shown as grey spheres. (b) Alternative binding mode, adopted by the np366
complex (red), and the np324 complex (purple). The hydrogen bonds are shown in grey. The Figure was made in

SETOR.'¢
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His-155

Figure 4 (legend opposite)

case of gp33 (Figure 4(a)), the aromatic ring of
Phe® lies in the E pocket, and is in van der Waals
contact with Alal52 and His155. This interaction
pulls the P6 C* towards the o2-helix. In the
extreme case of np324 (Figure 4(b)), Pro™ instead
occupies the E pocket, close to Ala152. Tyr™ stacks
on top of His155, which is rotated around its y,
dihedral angle by almost 90° with respect to the
gp33 structure. As a result, the C* of Tyr™ is now
pushed towards the ol-helix. np366 (Figure 4(c))
represents an intermediate situation, with Met"™
interacting with His155, but leaving the E pocket
vacant; consequently the C* of Met"® is positioned
closer to the center of the cleft. In the np396 struc-

ture (Figure 4(d)), neither Gly™ nor GIn™” interact
with this portion of the molecular surface of H-
2D". The C* of Gly™ almost ovelaps with that of
gp33 Phe (Figure 2(a)). Finally, the interactions of
P6 and PQ-2 with the hydrophobic E pocket are
also crucial in determining the local conformation
of the longer gp276 peptide (Figure 4(e)): Pro™
stacks against His155, which retains the same con-
formation as in the gp33/H-2D® structure, and
Tyr™ comes in close proximity with Ser150 and
Alal52. As a consequence, the two intervening
residues, Gly"” and Gly™® are forced upwards and
towards the ol1-helix.
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Figure 4. Surface representation of the hydrophobic
ridge region in the different peptide/H-2D" complexes.
Hydrophobic areas are represented in green, and hydro-
philic areas in blue. The labels indicate the positions of
the H-2D® residues that are discussed in the text. (a)
gp33; (b) np324; (c) np366; (d) np396; (e) gp276. The
hydrophobicity and hydrophilicity were calculated with
HydroMap,36 and rendered on the molecular surface
generated in GRASP.*”

Variability among other class |
MHC-bound peptides

We have structurally evaluated the variability of
peptides bound to other murine as well as human
class I MHC molecules, using the same procedure
as for H-2DP. In H-2KP, the murine class I H-2K
molecule belonging to the H-2" haplotype, residues
73 and 156 are serine and tyrosine, respectively,
and the floor of the peptide-binding cleft is rela-
tively flat. The coordinates of H-2K" in complex
with two octameric peptides, VSV-8** (PDB code
2vaa) and OVA-8% (PDB code 1lvac), and one
nonameric peptide, SEV-9%* (PDB code 2vab) were
used. The reference structure is VSV-8/H-2K?, and
the first four and the last four residues of each pep-
tide were used. In this case, the graph showing the
C* displacements does not indicate any outliers
(Figure 5(a)).

Several crystal structures are available of the
human class I MHC molecule HLA-A (allele
A*0201) in complex with different peptides. Due to
the presence of threonine 73 and leucine 156, this
molecule also has a flat peptide-binding groove.
Six different nonameric peptides were selected:
HIV-1 gp120* (PDB code lhhg), HIV-1 RT 476-
484% (PDB code 1hhj), HTLV-1 Tax** (PDB code
1hhk), HIV-1 RT 309-317* (PDB code lakj), HER-
2/neu GP2*' (PDB code 1qrl), and p1049** (PDB

o
£

r2.0

Distance from reference (A)

Distance from reference (A)

Figure 5. Variability analysis of class I MHC-bound
peptides. (a) H-2KP-restricted epitopes: C* displacements
from the reference peptide (VSV-8). Filled circles, SEV-9;
filled triangles, OVA-8. (b) HLA-A*0201-restricted epi-
topes: C* distances from the reference peptide (p1049).
Filled circles, HIV-1 gp120; filled squares, HIV-1 RT 476-
484; filled triangles, HTLV-1 Tax; open circles, calreticu-
lin leader peptide; open squares, HIV-1 RT 309-317;
open triangles, HER-2/neu GP2.

code 1b0 g). Also included was the decameric cal-
reticulin leader peptide?® (PDB code 2clr), which
binds between P1 and P9 in register with the short-
er ones. Figure 5(b) describes the C* distances from
the reference peptide (p1049/HLA-A*0201), and
shows that the variability is spread across the cen-
tral residues (P4 to P6).

Discussion

TCR recognition of pMHCs

Vital to the proper development and functioning
of the T-cellmediated cellular immunity is the
capability of TCRs to bind and differentiate among
ligands. The selection of the TCR repertoire in the
thymus, and the survival and proliferation of naive
and memory T-cells in the periphery (reviewed by
Goldrath & Bevan®), are based on the ability of
TCRs to interact specifically, but with low affinity,
with pMHCs.**** Using an H-2DP-restricted anti-
gen in transgenic mice,® it was demonstrated how



1066

Zooming in on the Hydrophobic Ridge of H-2D°

the fate of CD8 " T-cells is determined by the
engagement of their TCRs with different com-
plexes. Naive T-cells were shown to require the
presence of self-peptides bound to the restricting
H-2D" for survival, and were activated by the
interaction with the correct antigen/H-2DP
complex. Memory T-cells survived independently
of the nature of the MHC molecule, and prolifer-
ated in the presence of the right antigen complexed
to H-2D".**> A single TCR must therefore be able to
discriminate between self and non-self, as well as
between different antigens.

Before crystal structures of ternary TCR/pep-
tide/MHC complexes were available, mapping of
the TCR contacts on the pMHC surface® had deli-
neated the topology of the TCR/peptide/MHC
interaction, showing how the complementarity-
determining regions (CDRs) 1 and 2 from the o
and B TCR subunits interacted with the relatively
conserved o-helices of the MHC molecules. The
most variable TCR loops, namely the CDRo3 and
B3, interact with the central part of the MHC-
bound peptides. Recently, the structure determi-
nation of several ternary complexes, involving
both murine*®?*>** and human®?°*! MHC mol-
ecules, allowed the direct visualization of this bind-
ing mode, which assigns the discriminatory
function to the o3 and B3 loops. In all cases, the
TCR is oriented diagonally with respect to the
PMHC surface, with the o subunit contacting the
complex on the peptide N-terminal side, and the B
subunit over the C-terminal one. The interaction
with the peptide is always limited to a very few
residues.

Of particular interest for our discussion is the
role of the peptide residue P6 in the process of
TCR recognition. In the case of the murine com-
plexes (2C/dEV8/H-2K"* 2C/SIYR/H-2K"*? and
BM3.3/PBM1/H-2K"33), which contain octameric
antigens, the P6 side-chain is always involved in
hydrogen bonds with the TCR. The complexes
between the human molecules and the nonameric
Tax peptide (A6/HLA-A2/Tax,® and B7/HLA-
A2/Tax*) show only a van der Waals interaction
between the TCR and the main-chain carbonyl
oxygen atom of Pro™, whose side-chain is buried
in the MHC antigen-binding cleft. In the complex
between A6 and the HLA-A2-bound P6A mutant
of the Tax peptide,® a low-affinity antagonist for
the TCR, an enlarged cavity has been observed at
the TCR-pMHC interface; this cavity is occupied
only partially by a water molecule bound to the
Ala™ main-chain nitrogen atom. The loss in TCR
affinity has been attributed to this interface
defect,*® which demonstrates the sensitivity of the
PMHC recognition by TCRs also in the absence of
a direct interaction.

+ http:/ /imgt.cines.fr (Initiator and coordinator:
Marie-Paule Lefranc, Montpellier, France).

The hydrophobic ridge in class |
MHC molecules

The analysis presented here of the crystal struc-
tures of the complexes between H-2D° and the
three LCMV peptides, and their comparison with
those with the influenza virus' and the Sendai
virus'® peptides, shows that the hydrophobic ridge
that cuts across its antigen-binding site is a distinc-
tive structural feature of H-2DP. Of the three resi-
dues that form the ridge, Trp73, Trpl47, and
Tyr156, only Trp147 is highly conserved among all
MHC class I molecules (see the Kabat database?’),
while Tyrl56 occupies one of the most variable
positions among the H-2 gene products (Kabat
database*’). Nonetheless, it is always present, in
association with Trp in position 73, in a sub-group
of class I MHC alleles'?, which includes L9, L9, D9,
and DP.

Interestingly, this triad of residues (Trp73,
Trp147, Tyrl56) is not exclusive to MHC molecules
encoded by the D region of the mouse H-2 com-
plex (H-2D and H-2L loci). The ridge is also found
in the K region,* as well as in the Q region.*” The
latter encodes for “non-classical” class I MHC mol-
ecules. Conversely, no known example exists for
the human HLA complex, as seen in IMGTY, the
international ImMunoGeneTics database.” Trp147
is conserved also in the HLA complex, but neither
a Trp in position 73, nor a Tyr in the highly vari-
able position 156, have been observed to date. This
finding confirms the absence of the hydrophobic
ridge in the HLA molecules. Instead, a comparable
ridge, formed by the protrusion of hydrophobic
residues in the peptide-binding groove, is found in
the rat RT1-A? molecule.?’ In this case, three differ-
ent residues, Tyrl52, Trp70, and Tyr9, intersect
and divide the groove at its midpoint.

An evolutionary hypothesis

The unusually high level of sequence similarity
observed between the MHC class I molecule H-2L¢
and a number of different MHC class I H-2D and
H-2L gene products,” suggests the existence of an
Ld-like family of molecules. Furthermore, an anal-
ysis of the primary structure conservation among
the L%-like family members demonstrates both a
tight evolutionary relationship,” and the existence
of a selective advantage in maintaining an Ld-like
structure.”®> The analysis of the class I MHC anti-
gen-binding domains,'? using an average distance
method, which groups the most similar sequences,
demonstrated the presence of a cluster of evolutio-
narily related MHC alleles, namely L4 19, DY, and
DP. All these alleles, which are members of the Ld-
like family, have both Tyr156 and Trp73, and thus
possess the hydrophobic ridge.

The possibility that the maintenance of the ridge
could confer an evolutionary advantage has been
suggested, on the basis of sequence®” and structur-
al information.”> The new structural data shown
here, together with the comparative analysis of all
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known H-2DP-bound peptides, allow us to sub-
stantiate this hypothesis.

Although crystal structures of ternary complexes
involving H-2DP are unavailable, the emerging
principles of pMHC recognition by TCR delineated
above should be applicable also to this molecule.
The protrusion of the bound peptides between P5
and P, caused by the hydrophobic ridge, could
correspond to an increased importance of this area,
which represents the most significant fraction of
the peptides’ solvent-accessible surface (44 % for
gp33, 50% for np396, 62% for np366, 70% for
gp276, and 72 % for np324). This effect is observed
in the modelled ternary complex between the 2C
TCR and QL9/H-2L%.> The bulge in the C-term-
inal portion of the QL9 peptide, induced by the
hydrophobic ridge, enhances the pMHC/TCR
interaction by increasing the number of contacts
with the QL9 C terminus. The binding-groove of

of the interaction between MTF-E/RT1-A? and the
2C, A6, and B7 TCRs?*® shows close contacts invol-
ving the protruding portion of the 13 residue MTF-
E peptide. In the H-2D" complexes, the bound pep-
tides” main chain is allowed to follow different
paths between the two anchors, due to the alterna-
tive hydrogen bonding network. The localization
of the H-2D"-bound peptide variability around P6
(Figure 2(b)) might translate into optimal TCR dis-
crimination between antigens and between self and
non-self, and could justify the conservation of the
hydrophobic ridge in different class I MHC alleles.

Our comparison shows that a flat binding
groove, like that of the human HLA-A*0201, can
allow for considerable conformational variability of
the bound peptides (Figure 5(b)). The equally flat
binding groove of the murine H-2K® does not
(Figure 5(a)). The solution adopted by the L%-like
molecules seems effective. It is likely that the

human HLA molecules have evolved alternative
strategies to permit improved TCR discrimination.

the rat RT1-A* contains a hydrophobic ridge,*
albeit in a different position; homology modelling

Table 2. Data collection and refinement statistics

gp33 gp276 np396
Space group P2, P4;2,2 c2
A. Cell parameters
a (A) 92.53 56.17 91.12
b (A) 124.77 56.17 109.95
c (A) 99.56 277.95 57.74
o (deg.) 90 90 90
B (deg.) 103.03 90 90
v (deg.) 90 90 122.88
Molecules per asymmetric unit 4 1 1
B. Data collection
Resolution limit (A) 2.75 2.18 2.20
Outermost shell (A) 2.81-2.75 2.23-2.18 2.25-2.20
Unique reflections® 51,494 (3422) 24,648 (1569) 23,164 (1278)
Redundancy? 2.7 (2.3) 8.6 (6.9) 32(24)
Completeness?® (%) 90.8 (88.4) 99.8 (98.3) 95.6 (79.7)
Average I/c* 11.7 (2.0) 22.1 (9.0) 16.7 (2.3)
Riperge™® (%) 8.0 (38.6) 8.2 (29.3) 6.4 (34.3)
C. Refinement
R-factor® (%) 23.6 21.1 228
R (%) 27.6 26.2 28.8

No. water molecules 114 206 33

rmsd bonds (A) 0.009 0.010 0.009
rmsd angles (deg.) 1.46 1.49 1.41
D. Average B values (A?)

All protein atoms 45.9 32.8 51.9
MHC 46.2¢ 32.7 52.1
Peptide 34.8¢ 374 429
Water 36.0 35.6 39.2
E. Ramachandran plot regions®

Most favoured regions (%) 86.4 90.6 85.2
Additional allowed regions (%) 11.1 8.8 14.2
Generously allowed regions (%) 2.0 0.6 0.6

Disallowed regions (%) 0.4 0.0 0.6

2 Numbers in parentheses refer to the outermost resolution shell.

b Rinerge = i Zillna — (D |/ 2 il mar where (L) is the average of the intensity [;,, over j=1,...,N observations of symmetry-
equivalent reflections hkl.

¢ R-factor = (Z;yl|F,| — IFll)/ ZulF,l, where |F | and |F,| are the observed and calculated structure factor amplitudes, respectively.

9Rfee is the same as R-factor but is calculated using 10 % of the reflections that were excluded from the refinement.

¢ This value refers to all four molecules in the asymmetric unit.

f Calculated with PROCHECK.>”
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Simple mathematical considerations™ proved
that T-cells must be extremely cross-reactive to
ensure a complete coverage of the full universe of
foreign peptides. This occurs to the extent that
each single TCR could react with approximately
10° different pMHCs.>* The “‘molecular trick”
played by the Llike molecules could be one of
many that are used to enhance the differences
between MHC-bound peptides and, ultimately,
might help achieve discrimination between
ligands.

Materials and Methods

The peptides were synthesized and purified by Chiron
Technologies (Clayton Victoria, Australia) to 95 % purity
and analyzed by mass spectrometry. The plasmids
encoding the H-2D" heavy chain and B,-microglobulin
were obtained from Dr J. C. Sacchettini (Department of
Biochemistry, Albert Einstein College of Medicine, New
York).

Expression and purification of the peptide/H-2D®
complexes

The gp33/H-2D"'* was refolded in a buffer containing
0.8 M L-arginine, 200 mM Tris-HCl (pH 8.0), 2 mM
EDTA, 5 mM reduced glutathione (GSH), 1 mM oxi-
dized glutathione (GSSG). The two complexes containing
the gp276 and np396 peptides were refolded in 1.0 M L-
arginine, 100 mM Tris-HCl (pH 8.0), 2 mM EDTA. For
the former complex, 5 mM GSH and 1 mM GSSG were
added; for the latter, 0.2 mM GSH and 0.8 mM GSSG.
All the complexes were purified by anion-exchange chro-
matography, dialyzed against 150 mM NaCl, 20 mM
Tris (pH 8.0), and concentrated using Centricon centrifu-
gal filter devices (Millipore) at 4°C. The final solutions
used for the crystallization experiments contained a 1:1
molar ratio of peptide/H-2D", at a total protein concen-

tration of 5.9 mg/ml (gp33/H-2DP), 10.6 mg/ml
(gp276/H-2D"), or 6.1 mg/ml (np396/H-2D°). The
protein  concentrations were determined spectro-

photometrically.>

Crystallization

Crystals of the three complexes were grown by the
hanging drop vapor diffusion method, by mixing 2 pl of
protein solution with 1 pl of reservoir solution at 4°C.
As reported,’® in the case of gp33/H-2D" the reservoir
solution contained 0.1 M ammonium sulfate, 20 % PEG
4000, 0.1 M Hepes (pH 7.4); for gp276/ H-2D° and
np396/H-2DP it contained 0.2 M ammonium phosphate,
25% PEG 8000, 0.1 M Tris-HCI (pH 6.4). The reservoir
solutions also contained 0.02% (w/v) sodium azide.
Large single crystals were obtained in a few weeks.

Data collection and processing

Prior to data collection, the crystals were transferred
into a buffer containing the reservoir solution enriched
with 20% (v/v) glycerol, and flash-frozen in a stream
of liquid nitrogen at a temperature of 100 K. As
described,'* the gp33/H-2D" data were collected to a
maximum resolution of 2.75 A, using an Enraf Nonius
CuKoa rotating anode X-ray source, equipped with
double focusing mirrors (MacScience). The gp276/H-2D"

and np396/H-2DP data were collected to a maximum
resolution of 2.18 A and 2.20 A, respectively, on the
Swiss-Norwegian Beam Lines, Station BMIA, at the
European Synchrotron Radiation Facility (ESRF) in
Grenoble, France.

The data were processed and scaled using the HKL
suite of programs (Denzo and Scalepack®). Data stat-
istics are presented in Table 2.

Structure solution

The structure determination was carried out using the
molecular replacement method with the program
AMoRe,*® using as a search model the p1027/H-2DP
complex*? (PDB code 1bz9), after removal of the p1027
peptide.

As described,' in the case of gp33/H-2D the struc-
ture solution indicated the presence of four complexes in
the asymmetric unit. After finding two strong cross-
rotation function peaks, the subsequent translation func-
tion search detected a total of four strong peaks, which
corresponded to four molecules; two of them had inde-
pendent orientations, while the other two were related to
the first pair by simple translation. Rigid-body refine-
ment of the four solutions from the rotational and trans-
lational search gave a correlation coefficient of 57.4 %,
and an R-factor of 48.8 %.

A similar procedure was used for the structure deter-
mination of the other two peptide/H-2DP complexes, but
in this case only one complex per asymmetric unit was
present. Single solutions were found and, after rigid-
body refinement, the correlation coefficient and R-factor
were 53.0% and 46.6% for gp276/H-2D°, and 81.1%
and 39.0 % for np396/H-2DP.

Refinement

The relative orientation of the heavy chain and f,-
microglobulin was optimized by performing indepen-
dent rigid-body refinement of the two subunits with
CNS.*» Cycles of structure refinement in CNS, utilizing
the maximum likelihood target, were alternated with
manual rebuilding of the model in O.°° All observed
data (|F| > 0.0 o) at the full resolution range were used,
and anisotropic B-factor correction and bulk solvent cor-
rection were applied. Torsion angle simulated annealing
at 5000 K was utilized in the early stages of refinement.
Model fitting in O was carried out using cross-validated
o-A-corrected® 2F, — F_ maps. The presence of the pep-
tides and their conformations were confirmed by using
F, — F_ difference maps. Each peptide was introduced in
the respective structure as a poly-alanine model, after
the R, and Ry, factors had decreased below 28 % and
30%, respectively; the appropriate side-chains were
introduced in later stages.

For gp33/H-2DY'* strong non-crystallographic sym-
metry restraints (300 kcal mol~! A~2) were applied to the
four molecules in the asymmetric unit. The restraints
were later released for the residues that showed different
orientations or backbone conformations in the four mol-
ecules, due to interactions with non-crystallographic
symmetry-related mates. Grouped B-factor refinement
was initially performed using one value per residue, and
towards the end of refinement two B values per residue
were refined, one for the backbone atoms and one for
the side-chain atoms. The 4-fold non-crystallographic
symmetry average maps produced with the program
DM®? were used throughout the model-building process.
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The final R, and Ry, values were 23.6 % and 27.6 %,
respectively (Table 2).

In the earlgl stages of refinement of gp276/H-2D and
np396/H-2D", two B-factors per residue were refined; at
the end, individual B-factors were refined. The final
Ryorc and Ry, values for gp276/H-2DP were 21.1 % and
26.2%, respectively, and for np396/H-2DP they were
22.8% and 28.8%. The crystallographic statistics are
summarized in Table 2.

Calculation of hydrophobicity maps

The surface hydrophobicity was calculated with
HydroMap.*® The procedure comprises two steps: first,
the binding energy of a non-polar spherical probe to the
protein is evaluated, taking into account both the electro-
static and the van der Waals contibutions to the binding.
Second, the binding energy is rendered on a molecular
surface produced in GRASP,* and color-coded: green is
used for the most hydrophobic regions, white for the
intermediate, and blue for the hydrophilic ones.

Selection of pMHCs for comparative analysis

For the structural comparisons, the peptides were
chosen according to the following criteria: (a) the pre-
sence of canonical anchor residues, as defined in the
SYFPEITHI database;*® (b) the presence of unmodified
amino acids; and (c) the presence of the wild-type
sequences.

Protein Data Bank accession codes

Coordinates have been deposited in the PDB with
codes 1jpf and ljpg.
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