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Structural evidence for a germline-encoded T cell
receptor-major histocompatibility complex

interaction ‘codon’

Dan Fengl, Christopher J Bond!, Lauren K Elyl, Jennifer Maynardl’2 & K Christopher Garcia!

All complexes of T cell receptors (TCRs) bound to peptide—-major histocompatibility complex (pMHC) molecules assume a
stereotyped binding ‘polarity’, despite wide variations in TCR-pMHC docking angles. However, existing TCR-pMHC crystal
structures have failed to show broadly conserved pairwise interaction motifs. Here we determined the crystal structures of two
TCRs encoded by the variable f-chain 8.2 (V8.2), each bound to the MHC class Il molecule I-A", and did energetic mapping
of V,, and Vj; contacts with 1-A". Together with two previously solved structures of V38.2-containing TCR-MHC complexes, we
found four TCR-I-A complexes with structurally superimposable interactions between the Vg loops and the I-A a-helix. This
examination of a narrow ‘slice’ of the TCR-MHC repertoire demonstrates what is probably one of many germline-derived

TCR-MHC interaction ‘codons’.

The antigen-specific T cell-mediated immune response is initiated by
the productive interaction of an o8 T cell receptor (TCR) with a major
histocompatibility complex (MHC) molecule presenting a processed
peptide. The importance of this interaction in cellular immunity has
spurred great interest in elucidating, through analysis of crystal
structures of afTCR molecules bound to peptide-MHC (pMHC)
complexes, the molecular principles governing ‘MHC restriction’.
Studies of approximately 17 unique TCR-pMHC complexes have
succeeded in defining the following loose consensus for some struc-
ural aspects of T cell recognition: that the germline-encoded com-

=" plementarity-determining region 1 (CDR1) and CDR2 loops generally

engage the helices of the MHC, whereas the hypervariable CDR3 loops
have a more important function in engaging the peptide. Despite wide
variation in the details of peptide recognition and in TCR-pMHC
orientation geometry, the TCR ‘polarity’ over the pMHC surface
is always such that the TCR variable a-chain (V,) ‘footprint’ lies
over the MHC class Ia a2-helices or MHC class II B-helices and
peptide amino terminus, whereas the TCR Vg domain lies over the
MHC class Ia al-helices or MHC class II o-helices and the peptide
carboxyl terminus’.

One possible explanation for the invariant polarity could be that
external constraints, such as the monomorphic coreceptors CD8 or
CD4 or the invariant signaling protein CD3, impose specific steric
requirements needed for the components of the complex to ‘lock’
together as a unit to form a productive signaling complex. This is
unlikely, given the extremely wide variations in TCR-pMHC binding
geometries, which would be difficult to explain if a common

coreceptor interaction restricted the relative TCR-pMHC binding
modes. In addition, complexes incorporating both coreceptor-
dependent and coreceptor-independent TCRs, and both MHC class
Ia and MHC class II molecules, share the same polarityz. These
considerations indicate orientational freedom of or an absence of
external restriction on the TCR-pMHC interaction.

An alternative explanation for the invariant polarity is an internal
constraint; that is, an ‘engrafted’ mutual-recognition ‘code’ in germ-
line TCR and MHC genes. The structural solution reported for TCR-
MHC complexes so far is consistent with the idea that coevolution of
genes encoding TCR V segments and MHC alleles resulted in germ-
line-encoded elements in the TCR loci that are predisposed to bind to
MHC molecules®. Abundant experimental evidence suggests that
afTCRs have a bias toward MHC recognition®>. Kinetic measure-
ments of TCR and pMHC have shown low-affinity interactions
consistent with ‘pan-MHC scanning’ by the TCR%’. One model
proposes that TCRs and pMHC interact by a two-step mechanism
whereby the MHC helices first weakly associate with CDR1 and CDR2
loops and the interaction is then stabilized and MHC-bound peptide
is recognized mainly by CDR3 loops®. These immunological observa-
tions collectively give credence to the idea of a ‘primordial’ affinity
between TCR and MHC driven by conserved sets of germline-encoded
elements, which are then modulated by the MHC-bound peptide.

Given the limited repertoire of V genes and MHC molecules that
have evolved together, an important issue is whether there are
‘structural rules’ dictating TCR-MHC interactions. Recognition
‘codons’ for specific MHC haplotypes and/or alleles and TCRs
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encoded by specific types of V-gene segments may restrict and define
binding orientation. However, so far evidence for such a ‘code’ has not
emerged from the structural database, as TCR-pMHC complexes do
not seem to share obviously conserved, specific pairwise contact
motifs composed of interacting residues on both the TCR and
MHC. One explanation that has been proffered is that TCR-MHC
interactions (such as those between CDR1 and CDR2 loops and MHC
helices) are degenerate and are directed against shared structural
determinants on the MHC helix backbone and not against particular
amino acid side chains’. A further elaboration of that idea suggests
that the specificity of the TCR-MHC interaction is derived in part
from the absence of obstructive amino acids on the tops of the MHC
helices that would interfere with the approach of TCR, rather than
from the presence of specific sets of pairwise contacts'®. The idea of
‘specificity by omission’ runs counter to prevailing ideas of protein-
protein interactions. Even low-affinity ‘promiscuous’ interactions,
such as might be imagined to underlie TCR-MHC recognition bias,
are driven by exquisitely specific interatomic van der Waals and
hydrogen bonds. Molecular recognition between proteins may be
facilitated by, but is not driven by, the absence of inhibitory inter-
actions; instead, recognition is driven by the presence of direct, specific
bonding chemistries with small geometric tolerances. Thus, if the
physical and chemical principles of TCR-MHC interactions are not
different from those of other protein-protein interactions, the polar-
ized TCR-MHC binding geometry would be expected to result from
specific pairwise interactions that are evolutionarily conserved; this
principle should be discernable from structural analysis.

It has been especially difficult to identify conserved amino acid
interactions from sets of TCR-pMHC complexes with different TCR V
segments, MHC haplotypes and unrelated peptides. Here we address
this issue by focusing on a narrow ‘slice’ of the TCR repertoire,
specifically the interaction of multiple TCRs encoded by a single
germline element, V8.2, with a single MHC class II molecule, I-A".
Our studies examine three well characterized TCRs derived from mice
with experimental autoimmune encephalomyelitis, an intensively
studied model system used to understand autoimmunity to neural
self antigens such as myelin basic protein (MBP)!!. The immunodo-

l, .I minant encephalitogenic T cell epitope of MBP, recognized by T cells

in mice of the H-2" haplotype (PL/] or B10.PL), is the acetylated

=" amino-terminal 11-amino acid sequence (MBP1-11)!2, The T cell

response to this epitope has been studied extensively'?; it shows highly
biased TCR Vp8.2-chain usage!*!>. Salient correspondence of inter-
atomic contacts has been reported between CDR1f and CDR2 loops
and a-helices in crystal structures of the Vg8.2-containing 172.10 TCR
bound to the I-A“-MBP1-11 complex'® and the Vp8.2-containing D10
TCR bound to the I-Ak—conalbumin complex!”. We have also ana-
lyzed two more complexes of V8.2-containing TCRs bound to I-A%-
MBP1-11; the two TCRs have V, segments, joining (J) segments and
CDR3 sequences distinct from those of 172.10 and D10. However,

Table 1 V8.2 TCRs recognizing I-A

1934.4 Cl19 172.10 D10
Vody V,4.1 J,T31 V,4.1J,T31 V,2.3 J,39 V,2 J,4
VgDpJp V8.2 Dg2.1 Vp8.2 Dp2.1 Vp8.2 Dg2.1 Vp8.2 Dgl.1
CDR3a  ALSENYGNEKI  ALSENYGNEKI  AASANSGTYQ AATGSFNKL
CDR3B  ASGDASGAETL ASGDASGGNTL ASGDAGGYEQ  ASGGQGRAEQ
MHC- I-A“-MBP1-11  I-A“-MBP1-11  |-AY-MBP1-11 I-Ak—conalbumin
peptide

976

these V8.2 TCR-I-A interactions also superimposed almost identi-
cally with those of the 172.10 and D10 complexes, and a mutational
scan of the CDR1f and CDR2f loops of two different TCRs demon-
strated identical ‘energetic landscapes. Thus, four TCR complexes
show nearly identical interactions between CDR1f and CDR2f loops
and I-A. We propose that this represents an initial ‘proof-of-concept’
for the existence of conserved pairwise interaction motifs, in effect
‘codons;, for recognition between particular TCR Vg segments and
MHC haplotypes.

RESULTS

Structural overview

The 1934.4 TCR'® and 119 TCR!® both use V4.1 and V8.2 segments,
but they use different Jg segments and CDR3B sequences (Table 1).
In contrast, the 172.10 TCR* uses different V,, Jg and CDR3p
sequences. Thus, structures of the 1934.4, cl19 and 172.10 TCRs
bound to the same pMHC complex provide three ‘snapshots’ of
how differences in V;, J5, Jp, CDR3ac and CDR3f sequences, when
paired with a common Vf8.2, influence recognition of the same
pMHC complex (I-A"-MBP1-11). The D10-I-A*conalbumin com-
plex!7 affords the opportunity to compare how this common V8.2
element, paired with a distinct V, segment, recognizes a unique
pPMHC complex in which the MHC is very similar to I-A" but the
peptides are entirely different. We expressed single-chain Fv fragment
versions of 1934.4 and cl19, as well as a single-chain I-A"-MBP1-11
construct, according to published methods and crystallized the
TCR-pMHC complexes!'®2h22,

We determined the crystal structures of the 1934.4 and cl19 single-
chain V,Vg cheterodimf:rs in complex with I-A"-MBP1-11 to resolu-
tions of 2.2 A and 2.7 A, respectively (Fig. 1 and Table 2). Both TCRs
adopted the canonical binding orientation with the V, domain poised
over the amino terminus of the peptide and the Vg domain over the
carboxy-terminal end of the peptide, resulting in an approximately
diagonal docking orientation relative to the peptide and MHC
helices!. As typically noted for TCR-pMHC structures, the complexes
showed moderate shape complementarity, with values of 0.70 for the
1934.4 complex and 0.64 for the cl19 complex. The total buried
surface areas at the TCR-pMHC interface were 2,060 A2 and 2,023 A2
for the 1934.4-1-A"-MBPI1-11 and cl19-1-A"-MBP1-11 complexes,
respectively, with approximately equal contribution from the TCR
and pMHC subunits. For the TCRs, the V, domain contributed

c 17210

I-AY-MBP1-11

I-AU-MBP1-11

I-AU-MBP1-11

Figure 1 Structural overview of three experimental autoimmune
encephalomyelitis—related TCRs in complex with I-A%-MBP1-11. Crystal
structures of 1934.4 and cl19 complexes were solved in this study; the
crystal structure of the 172.10 complex has been reported beforel®. (a) The
1934.4—-|-AY-MBP1-11 complex: violet, V,; magenta, Vﬁ; green, I-AY; yellow,
MBP1-11. (b) The cl19-I-A“-MBP1-11 complex: slate, V,; blue, Vg (c) The
172.10-1-A“-MBP1-11 complex: pale cyan, V,; dark cyan, Vg.
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Table 2 Data collection and refinement statistics

1934.4-1-A'- cl19-1-AU- Unbound
MBP1-11 MBP1-11 1934.4
Data collection
Space group P4,22 P4,22 1222
Cell dimensions (A) 97.6; 97.6; 97.3; 97.3; 68.0; 73.8;
175.6 174.3 115.4
Resolution (A) 47.0-2.2 97.0-2.7 50.0-2.2
Unique reflections 42,263 23,722 13,532
Redundancy? 4.3 (4.1) 10.5(10.3) 6.0 (6.1)
Completeness (%) 100 (100) 99.8 (100) 96.1 (99.4)
I/s(1)? 23.4 (3.5) 20.5 (2.7) 22.2 (5.6)
Rinerge(%)? 10.3 (45.8) 9.2 (54.9) 6.6 (37.2)
Refinement statistics
Resolution (A) 47.0-2.2 50.0-2.7 50-2.2
Ruork (%)P 21.5 23.5 26.3
Riree (%)° 25.3 28.7 28.5
r.m.s. deviation from ideality
Bond lengths (A) 0.006 0.008 0.007
Bond angles (°) 1.37 1.31 1.39
Ramachandran plot statistics
Most favored (%) 89.2 88.1 80.3
Additionally allowed (%) 10.8 11.9 19.7
Generally allowed (%) 0 0 0
Disallowed (%) 0 0 0

Values in parentheses are for the shell of highest resolution.

@Rmerge = IIj = /1/Ij, where I is the intensity of an individual reflection and I is the average
intensity of that reflection. PRyon = Fol-IFe/ IFol. Riree is as for Ryon, but calculated for a
randomly selected 5.0% of reflections not included in the refinement.

approximately 60% of the buried surface area in both complexes. The
peptide contribution to the pMHC buried surface area was 23% for
the 1934.4 complex and 24% for the c119 complex; these values are at
the lower end of the range noted before for TCR-pMHC complexes’.

As mentioned, 1934.4 and cl19 have the same V, segments but
differ in both Jg segments and CDR3p loops (Table 1). When we
superimposed the two TCR-pMHC complexes on the I-A"-MBP1-11

ey subunits (r.m.s. deviation, 0.34 ;\2)’ we noted that the TCRs had

similar binding footprint on the pMHC (Fig. 2a). This observa-
tion suggests that differences in CDR3f sequence are not manifest
in differences in MHC footprints of the two TCRs. The relative

I-AY
a-chain

I-AY
B-chain

Figure 2 Superposition of 1934.4, cI19 and 172.10 complexes aligned on
I-AY-MBP1-11. Violet, 1934.4 V,; magenta, 1934.4 Vy; slate, cI19 V,; blue,
cl19 Vg; pale cyan, 172.10 V,; dark cyan, 172.10 Vg (a) Side view of

the complexes superimposed on the MHC. MBP1-11 is presented as a
transparent (yellow) molecular surface with ‘ball-and-stick’ amino acids,
including the remaining residues from the leader peptide (gray). The B-helix
of I-A" is in front and the a1-helix is behind the peptide. (b) Top view of the
overlay of CDR footprints on the [-A"-MBP1-11 composite surface.
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conformations of the CDR loops were also very similar (Fig. 2b). The
1934.4 and cl19 footprints also superimposed closely with that
reported before for 172.10 bound to I-A"-MBP1-11 (ref. 16).

Diverse V,-chain footprints

The CDR1a and CDR2o loops of 1934.4 and cl19 adopted very similar
conformations and formed an overlapping network of bonds with the
I-A" B-chain helix (Fig. 3). Three residues from each of the CDR1a
loop (Ser27, Gly28 and Tyr29) and CDR2a loop (Arg48, Ser50 and
Arg51) on the TCR interface were involved in these interactions with
the I-A" B-chain helix region stretching from Arg70 to Tyr81 (Sup-
plementary Table 1 online). In both complexes, CDR1a Ser27 and
CDR2a Arg51 formed hydrogen bonds with I-A" Tyr81 and Asp76,
respectively. Although the V, footprints were nearly identical, there
were some minor differences in atomic contacts made by CDR1a and
CDR2a in the 1934.4 and cl19 complexes (Supplementary Table 1)
that may reflect subtle differences or simply the different resolutions of
the two complexes (2.2 A and 2.7 A).

The overall footprint of the 172.10 CDR1a and CDR2a loops was
similar to the corresponding footprints for 1934.4 and cl19, but the
interatomic contacts were distinct (Fig. 3). Whereas the cl19 and
1934.4 V, domains formed many hydrogen bonds with MHC resi-
dues, the 172.10 V,, formed only van der Waals contacts with I-A". Six
172.10 CDR1a and CDR2a. residues interacted with the same region
of the I-A" B-chain helix as cl19 and 1934.4, spanning I-A" residues
from Glu69 to Tyr81. In the CDRI1a loop of 172.10, Ser27 and Ala28
interacted by van der Waals forces with Tyr81 of I-AY, and Asp30
of the TCR interacted with Thr77 of I-A". These contacts were
analogous to the corresponding Ser27, Gly28 and Tyr29 interactions
made by 1934.4 and cl19. Whereas 1934.4 and cl19 formed an
extensive network of CDR2a interactions through Arg48 and
Arg51 (with I-A" residues Arg70, Ala73 and Asp76), the 172.10
CDR2o. loop contained small hydrophobic residues (Leu50 and
Val52) that formed a single van der Waals contact each with I-A"
Glu69 and Ala73, respectively. Thus, although the location of the
V, domains over the MHC are similar, their respective bonding
chemistries are distinct.

Conserved V8.2 recognition motifs
In contrast to the results reported above, 1934.4 and cl19 bound to
[-A"-MBP1-11 assumed Vg footprints over I-A" identical to those of

b CDR1a CDR2o

50
A:I5DKE

/ElA;_EDKE

30
1934.4 A:=IENIPA
c19 A

207 el g,
I-AY B YLE.BTRAELDTVCB’YN

@) 17210 NSAFDY SILSVSDK
B1 helix » 30 50

N

Figure 3 Heterogeneous interactions of CDR1a and CDR2a loops with the
|-AY B-helix. (a) Structures of 1934.4, cI19 and 172.10 from TCR-pMHC
complexes superimposed on I-AY (colors as in Fig. 1). Red dashed lines,
hydrogen bonds. (b) Interactions between TCR CDR1a and CDR2a loops
and the I-A B-helix. Highlighting indicates residues involved in interactions;
black dashed lines, van der Waals forces; red dashed lines, hydrogen bonds.
Top, interactions of 1934.4. Minor differences in interatomic contacts made
by cl19 and 1934.4 are in Supplementary Table 1.
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CDR2B CDR1p
CDR1p CDR2p
31 50 56
1934.4  NNH)XNM YSNMGAGSIEEK
cl19 NNHNNM UsNGAGSTEK
17210 NNHNNM YSYGAGSTEK
D10 NNHNNM YSYGAG
I-A KKETI---FDPQGGLQNIATGKENL
39 57 61 68

172.10 over I-A"-MBP1-11 and D10 over I-A*—conalbumin'®. The
1934.4 and cl19 CDR1f and CDR2f loops had very similar positions
and conformations (Fig. 4a—c) and formed a network of bonds with
the I-A" a-chain (Fig. 4ab), suggesting a conserved recognition
strategy for Vg8.2-encoded TCRs binding I-A MHC haplotypes
(Supplementary Table 1). The convergence of the V8.2 footprints
on I-A" contrasts with the wide variation in docking modes seen in
other human MHC class II-restricted TCR complexes (Fig. 4d).
CDRI1p Asn31 and CDR2f Tyr48, Tyr50 and Glu56 mediated inter-
actions with the I-A" o-helix in each of the structures (Fig. 4ab).
These four TCR residues interacted through both hydrogen bonds and
van der Waals contacts with three o-chain residues conserved
throughout all I-A MHC alleles (Lys39, GIn57 and GIn61)'*
(Fig. 4b). CDR2f Tyr50 is notable in that

e, in all four complexes it formed a ‘knob-in-

ole’ interaction with the I-A a-helix whereby
the aromatic side chain lay flat and parallel to
the helical axis, inserting between the GIn57
and GIné61 side chains (Fig. 4a).

The constellation of contacts between the
Vg8.2 and I-A helix we found here was
indeed mediated by amino acid side chains
rather than being directed mainly by the
MHC helix backbone. However, compared
with other receptor-ligand interfaces, the
TCR-MHC interfaces noted here were some-

a CDR30.

what structurally unique and did encompass CDR30.
some features presciently suggested in pub-
lished studies”!%23, Side-chain interactions MBP1-11
did not occur between the extended tips of
residues on the a-helices and residues on the

CDR3p

CDR loops. Instead, the CDR loops seemed
to penetrate, or interdigitate, between side
chains of the helix. The ‘landing pads’ on the
MHC helices for both V, and Vg CDR loops
are devoid of large side chains, and steric
inhibitions that would obstruct the close
approach of a TCR. Such gaps in the

978

CDR3B b

99 101
ENYGNEK

Figure 4 Recognition ‘codon’ between V8.2 and I-A. (a) Similar hydrogen-
bonding network for four superimposed V8.2-containing TCR complexes
with I-A (I-Ak from the D10 complex and I-AY from the 1934.4, cl19 and
172.10 complexes): magenta, 1934.4; blue, cl19; cyan, 172.10; yellow,
D10; red dashed lines, conserved hydrogen bonds between TCR CDR1pB

and CDR2p loops and the I-A al-helix. (b) Shared interactions between

the V8.2 CDR1 and CDR2 loops in a and the I-A al-helix. Highlighting
indicates all TCR and MHC residues involved in interactions; residues not
highlighted are designated as contacts. I-A residues in green are conserved
across various I-A allotypes (I-AY, I-AK, I-Ad, [-AP, [-A9, |-A" and I-Af).

Red dashed lines, hydrogen bonds; black dashed lines, van der Waals
interactions. For several TCR and MHC residues (such as D10 CDRf
Asn30), the assignment of hydrogen bond or van der Waals interaction is
ambiguous because of the resolution differences of the structures; in such
cases, the interaction is designated here as van der Waals. (c) Top view of
the TCR CDR1p and CDR2p loop footprints (dashed red circle) on the pMHC
composite surface. (d) Divergent footprints of other MHC class Il-restricted
TCRs aligned on |-AY: the HA1.7 TCR footprint (orange) from the crystal
structure of HA1.7 bound to HLA-DR1-HA (Protein Data Bank accession
code, 1FYT); the 3A6 TCR footprint (red) from the crystal structure of 3A6
bound to HLA-DR2a-MBP87-99 (Protein Data Bank accession code, 1ZGL);
the Ob.1A12 TCR footprint (slate) from the crystal structure of Ob.1A12
bound to HLA-DR2-MBP85-99 (Protein Data Bank accession code, 1YMM);
and the E8 TCR footprint (gray) from the crystal structure of E8 bound to
HLA-DR1-TPI (Protein Data Bank accession code, 2INA).

a-helices may enable the CDRI1 and CDR2 loops to bind in such
a way as to allow maximum contact of the CDR3 loop with the
MHC-bound peptide.

Peptide recognition mediated by main-chain contacts

As with the 172.10 TCR!S, interactions of the 1934.4 and cl19 TCRs
with peptide were mediated entirely by the CDR3 loops, with no
involvement of germline-encoded V,, and Vg residues. Also as with the
172.10 complex, most peptide contacts were not specific for 1934.4
and cl19 CDR3-loop side chains; in contrast, main-chain atoms of
CDR3 loops engaged in interactions with peptide side chains (Fig. 5).
That observation may be due at least in part to the presence of glycine
residues at the tips of the CDR3o and CDR3f loops. The 1934.4

CDR30. CDR3p

2 ¥4 6
GASQYRPSQ

GDAGGG-—-Y
96 99 104

Figure 5 Main-chain interactions dominate contacts between TCR CDR3 loops and MBP1-11. Yellow,
peptide; red dashed lines, hydrogen bonds; black dashed lines, van der Waals interactions. TCR amino
acids are designated by one-letter amino acid code followed by position number; peptide amino

acids are designated by position (P) number, followed by the one-letter amino acid code. Below,
two-dimensional projections of the CDR3-peptide contacts. (a) The 1934.4 complex. (b) The cl19
complex. (c) The 172.10 complex.
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Figure 6 Large CDR3 conformational changes in the bound versus free
structures of 1934.4. Light gray, 1934.4 V, and Vp chains; green, I-AY;
yellow, MBP1-11; magenta, ligand-bound CDR loops; dark gray, non-ligand-
bound CDR loops. (a) Top view. (b) View into the TCR combining sites.

CDR3f-loop main-chain atoms formed hydrogen bonds with the
glycine residue at peptide position 3 (P3-Gln) and P5-Arg and formed
van der Waals interactions with P3-Gln, P5-Arg and P6-Pro side
chains. The 1934.4 CDR3a loop formed two main-chain hydrogen
bonds with the peptide main chain (P1-Ala and P3-Gln) and van der
Waals interactions with P1-Ala and P3-Gln side chains. CI19 inter-
acted with the same peptide residues but lacked the hydrogen bonds to
P3-Gln and P5-Arg mediated by Gly99 of the 1934.4 CDR3f loop. This
limited use of the full side-chain capability of the CDR3 loops to
recognize the peptide is, to our knowledge, unique to these three TCR
complexes (Fig. 5 and Supplementary Table 1). Despite this apparent
structural degeneracy, scans for peptides able to bind 172.10 TCRs
showed an exquisite specificity for P3-Gln, P5-Arg and P6-Pro peptide
side chains!®. Thus, the 1934.4 and cl19 structures confirm that TCRs
can be very specific in the face of main-chain interactions with peptide.

CDR3 loop conformational change after ligation
Given the apparent structural degeneracy of the CDR3-peptide inter-
actions in this series of TCRs and the finding that four complexes
assumed identical V8.2 domain—mediated interactions with I-A
molecules, we investigated the function of CDR3 conformational
plasticity in the binding of these TCRs to the pMHC complexes. To
o address this issue, we solved the crystal structure of one of the
@non-ligand-bound TCRs, the 1934.4 single-chain V,Vg heterodimer,

="to a resolution of 2.2 A (Table 2) and compared its CDR3 loop

structure with that of the crystal structure of the same TCR bound
to pMHC (Fig. 6a). Superposition of the non-ligand-bound and
I-A"-MBP1-11-bound 1934.4 TCRs showed similar global conforma-
tions (r.m.s. deviation, 1.21 A2). However, whereas the CDRI
and CDR2 loops underwent only minor conformational adjustments
after pMHC ligation, the movement of the CDR3 loops was greater.
The tip of the CDR3 loop moved 6.6 A toward the peptide, such that
Gly99 of CDR3P could form hydrogen bonds with peptide residues
P3-GIn and P5-Arg. Although this movement would bring the two
CDR3 loops in closer proximity, potential steric clashes were avoided,
as the CDR3a loop moved toward the amino terminus of the peptide
and underwent a conformational change to make contacts with
P1-Ala and P3-Gln (Fig. 6b). The conformational changes noted in
1934.4 are consistent with the unfavorable binding entropy and
anomalously large heat capacity measured before for this TCR-
pMHC interaction and suggest that the CDR3 conformational change
presents an energetic barrier to pMHC binding?*.

The conformational changes reported above suggest several conclu-
sions. First, although the CDR3-peptide interactions seem to have a
rather nonspecific structural chemistry in terms of pairwise amino
acid contacts, there are strict conformational requirements for the
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recognition of peptide by a CDR3 loop. In particular, CDR3p of 1934.4
was ‘bent’ inward such that it buried the peptide surface area extending
from peptide position 3 to position 5. This extensive surface coverage
probably imposes specific shape complementarity requirements on the
peptide that are ‘read out’ by CDR3. Second, the conserved network of
interactions that constitute the Vg8.2-I-A interaction motif persisted
despite the energetic cost and mechanical torque of the CDR3 con-
formational change during binding. Thus, in this case, the germline-
encoded contacts seem to exert a slight energetic dominance relative to
the adaptive, recombined elements of the TCR-pMHC interface.

Analysis of germline-encoded TCR-MHC contacts
It is possible that this conserved Vg8.2-I-A interaction motif is the
structural manifestation of an innate, germline-encoded ‘bias’ of the
TCR Vp8.2 domain for the I-A B-chain helix. If this were the case, we
reasoned that the energetic footprint of V8.2 would likewise be
conserved, whereas the energetic footprint of the different V,
domain-I-A interactions would be more heterogeneous. To test this
hypothesis, we generated a series of alanine substitutions in CDR1 and
CDR2 loops of 172.10 and 1934.4 and measured the contribution of
each side chain to I-A binding by surface plasmon resonance (Fig. 7
and Supplementary Fig. 1 and Supplementary Table 2 online).
Alanine-scanning mutagenesis is a commonly used technique to
measure the relative contributions of side-chain interactions to
macromolecular interfaces®. This technique has been applied during
the analysis of many TCR-pMHC interactions and has been used to
make substitutions on both the TCR and MHC sides of the inter-
faces®2072%, We used alanine-scanning mutagenesis but did not make
CDR3 substitutions, as our goal was to assess the germline-encoded
TCR-MHC contacts.

We assessed the footprints of 1934.4 and 172.10, as these TCRs have
different V,, segments. Each bound to I-A"-MBP1-11 with moderately

+ + o+ o+ o+

1.54

AAGeq (kcal/mol)

O N N DD P &
R ORI Qﬁo\(oo
172.10

b 14
+ + o+ o+ + + + o+

AAGeq (kcal/mol)
o O O o
ohvr o ®

D QD O NN R o
SPEL L ES L
1934.4

Figure 7 Effects of substitutions of CDR1 and CDR2 on the interactions

of 1934.4 and 172.10 with IA%-MBP1-11. Left, change in free energy
(AAGegq) associated with binding to I-A“-MBP1-11 induced by substitutions
(horizontal axes) in 172.10 (a) and 1934.4 (b). Gray bars, V, mutants;
black bars, Vg mutants; + (above bars), free energy changes of over 2.0 kcal/
mol (a) or 1.2 kcal/mol (b). WT, wild-type. Right, maps of substituted amino
acid residues on the structure of each TCR-pMHC complex. Colors indicate
the energetic contribution (change in free energy) of the amino acid to
TCR-pMHC binding: red, 1.2 kcal/mol or more; yellow, 0.6-1.2 kcal/mol;
green, 0.6 kcal/mol or less.
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Figure 8 Recurrent involvement of aromatic residues in the CDR2p recognition strategy of different MHC class | and class Il helices. CDR2 residues Tyr48
and Tyr50 are presented on five TCR-pMHC complexes. (a) 1934.4—1-AY. (b) 2C-H-2L9 (ref. 30). (c) 2C-H-2KP (ref. 23). (d) HA1.7-HLA-DR1 (ref. 31).
(e) AHINN12.2-HLA-A2 (ref. 2). Top, interactions of Tyr48 and Tyr50 with MHC helices; middle, contact maps as primary sequences; bottom, surface

representations of shape complementarity.

weak affinity (254 pM and 6.6 pM, respectively; Supplementary
Table 2b). This weak affinity, reflected in slow ‘on rates’ and fast ‘off
rates) is characteristic of most TCR-pMHC interactions’. We chose
residues for substitution in each of the CDR1 and CDR2 loops based
on the side chain—mediated contacts seen in the complex structures
(Supplementary Table 2a and Supplementary Fig. 1) and substituted
nine residues in each TCR (four in V, and five in V). In addition to
the series of alanine substitutions, we substituted Tyr50 in each CDR
chain with phenylalanine to gauge the relative contribution of the
hydroxyl moiety versus the phenol ring at this position. As with the
unsubstituted TCRs, all 20 substituted TCRs were soluble and were
expressed at high yields with a periplasmic secretion construct?. All
alanine mutants were monomeric on a S75 gel filtration column and
eluted together at the same position as the unsubstituted TCR (data
o ot shown).

The TCRa footprints were the most divergent energetic features of
172.10 versus 1934.4 (Fig. 7). Whereas each of the V, CDR1 and
CDR?2 contacts between 1934.4 and I-A" were critical, substitution of
only two of the 172.10 V,, contacts resulted in substantial losses in
binding free energy (Supplementary Table 2b). Given the sequence
and structural differences, we could not make a strict residue-for-
residue comparison, so we chose residues on CDR1a and CDR2a
from each TCR that seemed structurally equivalent and important for
pMHC binding, as indicated by hydrogen bonding, formation of van
der Waals contacts and burial of surface area with I-A" (Fig. 3 and
Supplementary Fig. 1). Asp30 of 172.10 formed two van der Waals
interactions with Thr77 of the I-A" B-chain; however, substitution
of Asp30 with alanine increased the affinity of the TCR-pMHC by
—0.7 kcal/mol (Fig. 7), presumably due to a fourfold increase in the
association rate (Supplementary Table 2b). Thus, Asp30 may slightly
impede TCR-pMHC association through electrostatic repulsion.
In contrast, substitution of Tyr29 of 1934.4 with alanine, which
made comparable contacts with the MHC helix by packing between
Thr77 and Tyr81, with the aromatic ring making van der Waals
contacts with Thr77, completely abrogated TCR-pMHC binding.
The increase in packing interactions mediated by Tyr29 relative to
Asp30 is concordant with a greater energetic contribution of Tyr29
(Supplementary Table 2b).
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For 172.10, the contribution of CDR2a involved the packing of
Leu50, Ser51 and Val52 (Fig. 3 and Supplementary Fig. 1). Substitu-
tion of Leu50 or Val52 with alanine removed favorable van der
Waals interactions and completely abrogated binding (Fig. 7 and
Supplementary Table 2b). In contrast, substitution of Ser51 with
alanine had only a slight effect on affinity, indicating that the
hydroxyl group is probably not important. CDR2 of 1934.4 packed
against a similar region along the I-A" B-chain helix as that of 172.10
did; however, the loop conformation of 1934.4 CDR2a is more
extended, allowing for more side-chain contacts. The extended loop
structure and greater number of contacts correlated with a greater
energetic contribution for 1934.4 CDR2 than for 172.10, as substitu-
tion of any of the 1934.4 CDR2 residues completely abolished
pMHC binding.

In contrast, and consistent with the observed structural similarities,
the relative ‘energetic landscapes’ for Vj interactions between pMHC
and both 172.10 and 1934.4 were nearly identical (Fig. 7 and
Supplementary Table 2b). Only two of eight residues in CDRI1f
(Asn30 and Asn31) directly contacted I-A". Of these, Asn30 imparted
the only moderately large energetic difference between 172.10 and
1934.4. The basis of this energetic difference is not apparent from the
crystal structures. In both structures, Asn30 forms side chain—
mediated van der Waals bonds with His68 of I-AY, and the extent
of this interaction is nearly identical for the two structures.

The conserved energetic footprint of CDR2p for 172.10 and 1934.4
was the most salient feature of all the V8.2 structures. For both 172.10
and 1934.4, Tyr48, Tyr50, and Glu56 formed a dense hydrogen-
bonding network with I-A" residues GIn57, Lys39, and GIn61. This
resulted in ‘knob-in-hole’ packing of Tyr50 into a cleft on the top of the
a-helix of I-A" formed by the gap between GIn57, Leu60 and Gln61
(Fig. 4 and Supplementary Fig. 1). Glu56 of the TCR formed a
hydrogen bond with Lys39 and Asn57 of I-A". This oriented GIn57 of
I-AY, allowing a hydrogen bond to form between the amide nitrogen
and the hydroxyl oxygen of CDR23 Tyr48, which stacked against the
aromatic ring of CDR2f Tyr50. Substitution of Tyr48, Tyr50 or Glu56
with alanine eliminated TCR-pMHC binding, supporting the conclu-
sion that each residue is crucial for the energetics of TCR-pMHC
complex formation (Supplementary Table 2).
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We sought to determine whether this ‘knob-in-hole’ packing
(Fig. 8a) of the Tyr50 phenol ring was uniquely important in the
MHC interface. This was of particular interest because Tyr50 also
made a hydrogen bond between the side-chain hydroxyl group and a
main-chain carboxyl group. To study this, we also substituted Tyr50
with phenylalanine. Both the hydroxyl group and the phenol ring were
crucial for binding, and the alanine substitution had a greater effect
than the phenylalanine substitution (Fig. 7). The phenylalanine
substitution in 172.10 reduced the binding energy by 0.77 kcal/mol
and resulted in a slightly slower ‘on rate’ and a faster ‘off rate’ The
corresponding substitution in 1934.4 was more notable, as it caused a
drop of 1.18 kcal/mol in the binding energy. From these results, it is
difficult to assess the extent to which this hydrogen bond acts to
properly orient the phenol ring to allow efficient packing against the
MHC a-helix.

Our alanine-scanning analysis demonstrated that the V8.2 domain
has a common energetic footprint in the two TCR-pMHC complexes
that is specific to the amino acid side chain (Fig. 7). This strengthens
the argument for the existence of a conserved, pairwise Vg-pMHC
interaction motif. However, the contribution of V,, cannot be ignored,
as these contacts remain energetically critical in both complexes, albeit
to different degrees.

Generality of the CDR2p strategy for recognition of MHC

In the four V8.2-I-A complex structures, both Tyr48 and Tyr50 were
in similar conformations, with Tyr50 oriented parallel to the MHC
a-helix and packed into a depression between side chains on the
I-A" o-helix (Fig. 8a). We found that similar conformations of these
TCR residues were also present in CDR2f of the Vg8.2-containing
2C-H2-KP structure (Fig. 8b) and 2C-H2-19 structure (refs. 28,30;
Fig. 8c), although these two complexes do not accommodate Tyr50
with such ‘knob-in-hole’ complementarity or form the same amino
acid side-chain helix contacts as the V8.2-I-A complexes. Notably,
analysis of human and mouse Vg regions has shown tyrosine to be the
most common residue used at positions 48 and 50 (43% and 28% of
all mouse and human Vg regions, respectively). Of the TCR-pMHC
complex structures solved so far, both AHIII12.2-HLA-A2 (VP8.1)?

esidue at position 50. AHIII12.2 also has a tyrosine at position 48,
whereas HA1.7 has a phenylalanine, which is aromatic, in this
position. In both cases, these two aromatic residues (at positions 48
and 50) are used to contact the MHC helix?>3!, with the CDR2 loop
of AHIII12.2 adopting an interaction mode very similar to that noted
for the VB8.2 TCRs. Assignment of the CDR2B-MHC motifs noted
here (Fig. 8b—e) as ‘codons’ will depend on the persistence of these
contacts in additional TCR-pMHC complex structures sharing these
Vpand related alleles of MHC. Thus, the chemical and conformational
flexibility of aromatic residues on CDR2f seems to be exploited by the
TCR to form multifarious yet specific contacts with a spectrum of
MHC helical surfaces.

l, .I (Fig. 8d) and HA1.7-HLA-DR1 (VB31.1)?! (Fig. 8e) have a tyrosine

DISCUSSION

Here we have presented structural and mutational data supporting the
idea that TCRs containing a particular germline-encoded element,
Vg8.2, form amino acid-specific, conserved interactions with the
helical residues of I-A. Our observations emphasize the idea that
sets of TCR-MHC interaction motifs, in effect ‘codons’ of MHC
restriction, arose through coevolution. The addition of two more
V8.2 TCR-pMHC complexes to the pre-existing set of 172.10 TCR-
pMHC complexes'® and D10 TCR-pMHC complexes!” further con-
firms that hypothesis, which has been suggested by biological data but
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so far has remained unsubstantiated by structural data. These results
collectively represent a systematic analysis of interactions between a
single TCR V domain with a highly related subset of MHC molecules.

Our study sheds light on the invariant orientational polarity of
TCRs bound to MHC molecules. In each of the complexes analyzed
here, the Vp8.2-I-A interactions persisted even though the V,
domains differed. Thus, it is likely that the Vg ‘codon’ determined,
or at least strongly influenced, the rotational orientation. This inter-
pretation is in accordance with the V8.2 bias noted in TCRs derived
from the experimental autoimmune encephalomyelitis system!®.
These TCR complexes may be ‘VB—centric’, whereas TCRs derived
from other systems may be ‘Vy-centric, meaning that the TCR
orientation and polarity may be dictated by a V, ‘codon’. However,
the idea of a “Vp-centric’ TCR is not meant to imply an energetically
inert V, chain. That was not the case here, as many V,, substitutions
were still detrimental to V8.2 TCR-pMHC binding, albeit to sub-
stantially different degrees than for Vg and to substantially different
degrees for distinct V8.2 TCR-pMHC complexes.

If MHC bias is dictated by evolutionarily conserved recognition
motifs, or ‘codons), then the observed polarity in all known TCR-
PMHC structures is probably a reflection of either selection for
V,, segments that recognize the a2- and B-helices of MHC, selection
of Vg segments that recognize the al- and o-helices of MHC, or both.
Given the generally random pairing of TCRa and TCRp, the variable
effect each chain-pairing combination may have on MHC binding
chemistry and the extreme diversity of antigenic peptides that could
‘edit’ or influence the binding geometry of each TCR-pMHC inter-
action, we speculate that each V segment may encode several possible
structural ‘codons’ that can be used when binding a particular MHC.
As seen in the KB5-C20-pBM1-H-2K® and BM3.3-VSV8-H-2K"
complexes®>?, a given Vg domain has several possible ‘landing
spots’ on a given MHC helix and probably ‘chooses’ which to use
according to the V,, it associates with or the peptide it contacts.
However, an important principle is that the number of ‘codons’ is
probably finite, given that V-domain—-MHC contacts evolved together
with a mutual specificity.

In principle, a table could be constructed of TCR-MHC interaction
‘codons’ that define the contacts between each V segment and each
MHC haplotype or allele. Conceptually, compilation of this list
could begin by study of a particular V, or Vg segment paired with a
range of Vg or V, segments, respectively, and comparison of the
binding of each pair to the same MHC haplotype presenting both
common and unique peptides. To some extent, a few of these
structures are available in the present TCR-pMHC structural database.
The A6 and B7 TCRs both share a common Vg12.3 segment, and
complex structures are available for both bound to HLA-A2-Tax*4%,
Notably, these crystal structures show a common V-segment footprint.
However, it is not in the shared Vg segment; in contrast, it involves the
V4, chain, specifically homologous residues at the tip of CDR2a. The
structures of KB5-C20-VSV8-H-2K®, and BM3.3-pBM1-H-2KP,
both of which share a common Vp2 segment>>33, have few shared
Vp contacts. This is probably because of differences between the
antigenic peptide (VSV8 for KB5-C20 and pBM1 for BM3.3). The
‘blurring’ of the interaction motifs in these complexes makes it
apparent that for the ‘codons’ to emerge most distinctly, it will be
important to hold all components of the interacting partners (V genes,
MHC alleles and peptides) constant, or at least similar, while varying
one V segment at a time.

Several Vp8.2-containing TCR structures have been determined in
complex with different MHC—peptide complexes?>*°, but such simi-
larities in binding have not been reported. One reason that we
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‘visualized” this particular V8.2-1-A ‘codon’ with such clarity in these
TCRs may be that the CDR3-peptide interactions were struc-
turally degenerate in nature and were dominated by main-chain
interactions from CDR3; there was no contact of CDR1 or CDR2
with peptide. This relative dearth of side-chain interactions and
competing influences of CDR1 and CDR2 may have resulted in a
minimum of peptide-mediated ‘editing’ of the TCR footprint on the
MHC. Data obtained with TCR—peptide-MHC class I complexes
involving the same TCR and the same MHC but structurally distinct
peptides have shown that subsections of a conserved, optimal V,Vg
‘landing spot’ can be reused to adapt to nonoptimal peptides*®. That
is, different peptides probably influence a TCR to use one of several
possible binding ‘codons’ that result in binding affinities and kinetics
optimal for peptide recognition, scanning and/or TCR signaling. The
MBP-specific TCRs may have converged on a low-energy ‘codon’
relatively unperturbed by peptide. It has been noted from the initial
structures of I-A—peptide complexes how structurally degenerate the
peptide sequences are, with a preponderance of small side chains!®.
When the peptide is more prominent or bulged, V-domain contacts
may have less of a effect on influencing orientation”. Certainly there
are examples in which TCR-peptide energetic contacts ‘trump’ any
innate bias in either the Vg or V, chain?38,

The elements of the MHC restriction ‘codon’ for V8.2 TCRs
described here may reflect more fundamental rules governing the
association of proteins. The observation that Tyr48 and Tyr50 of
CDR2B had similar conformations in different Vg complexes is
reminiscent of the canonical conformations of CDRs in antibodies®
and the ‘preferential’ use of specific amino acids, most notably
tyrosine and serine, in antibody combining sites?. It has been
speculated that the bias toward tyrosine and serine in antibodies
reflects the chemical flexibility inherent in these residues and their
ability to make productive associations with both polar and aliphatic
residues. That idea is supported by the results of a series of phage-
display experiments in which antibodies of high affinity and specificity
for many protein antigens were generated in which the CDR amino
acid composition was limited to tyrosine and serine*!. The V8.2
‘codon’ described here may exploit that same chemical flexibility to
l, .I allow productive associations with multiple MHC molecules. Studies
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ave noted the similarity between CDR conformations in TCRs

=" and canonical conformations of antibody CDRs*2. CDR2 of V8.2

was reported to be most similar to the 42-3 conformation of CDR2

in antibody heavy chains. Thus, in a way similar to antibodies,

germline-encoded TCR CDR loops may have evolved a chemical

and conformational optimum to satisfy the opposing requirements

of specific but cross-reactive recognition of a diverse spectrum of
MHC surfaces.

METHODS

Protein preparation. MHC class II molecule I-A", with MBP1-11 attached to
the amino terminus of the Pl domain, was expressed and purified as
described?!. The stabilized (4Y) version of the peptide, which binds I-A* with
high affinity because of burial of the 4Y MHC anchor but is recognized by
TCRs in a way identical to recognition of the wild-type peptide, was expressed.
Three residues from the artificial leader peptide remained at the amino terminus
of the peptide after secretion and were visible in the electron density map?!. The
1934.4 TCR construct design, protein expression and purification initially
followed the same strategy used for the 172.10 TCR?2. Crystals for non-ligand-
bound 1934.4 diffracted to a resolution of 2.2 A; however, large single crystals of
the 1934.4 complex diffracted to a resolution of only 7-8 A To improve the
resolution, two modifications were made to the 1934.4 expression construct. First,
the three residues located at the carboxyl terminus of the V, domain, Thr-Ile-Lys,
were substituted with GIn-Val-Val, the counterpart sequence of 172.10. This
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modification eliminated potential crystal packing ‘clashes’ that may have been
induced by the long side chain of lysine residue. Second, the histidine tag was
moved from the carboxyl terminus of Vg domain to the amino terminus of the V,
domain, and a tobacco etch virus protease site was included between the histidine
tag and the amino-terminal residue of the protein. Protein was extracted by
osmotic shock and was purified by sequential immobilized metal affinity, anion
exchange and S75 size-exclusion chromatographic steps. The amino-terminal
histidine tag was removed by overnight digestion at 4 °C with a 1:100 mass ratio of
tobacco etch virus protease before size exclusion. These two modifications were
also engineered into the cl19 TCR construct.

Crystallization. All crystals were grown at 22 °C by the ‘sitting-drop’ technique
with a ratio of 1:1 for protein/reservoir drop. Large single crystals of unbound
1934.4 single-chain TCR were grown from 1934.4 (30 mg/ml) in 0.8 M mono-
sodium dihydrogen phosphate, 0.8 M mono-potassium dihydrogen phosphate
and 0.1 M HEPES, pH 7.5. For the TCR-pMHC complexes, a 1:1 molar
ratio of TCR-pMHC was mixed at a concentration of 20 mg/ml. Large single
crystals of both 1934.4 and cl19 complexes grew in 0.2 M potassium sodium
tartrate tetrahydrate, 0.1 M succinic acid, pH 7.0, and 16% (wt/vol) poly-
ethylene glycol 3350.

Data collection, structure determination and refinement. All data sets were
collected at beamline 11-1 at the Stanford Synchrotron Radiation Laboratory.
Data were indexed, integrated and scaled with HKL2000 software*>. Non-
ligand-bound 1934.4 was ‘cryo-cooled’ in the presence of 15% (wt/vol) ethylene
glycol in reservoir buffer. The structure was determined by molecular replace-
ment with the MOLREP program (CCP4 suite)** with the a-chain of 1934.4
(ref. 45) and the B-chain of 172.10 (ref. 16) as the search models. The structure
was then built with COOT software*® followed by refinement with the crystal-
lography and nuclear magnetic resonance system*”. For the 1934.4 complex, the
crystal was ‘cryo-cooled’ in reservoir buffer plus 15% (wt/vol) glycerol and a
data set at 2.2 A was collected. The 1934.4 complex was solved by molecular
replacement with the PHASER program?®, with 1934.4 and the binary I-A%-
MBP1-11 complex?! as the search models. The structure was built with COOT
software followed by refinement with the crystallography and nuclear magnetic
resonance system. The molecular graphics program PyMol*® was used to make
the structure figures.

Surface plasmon resonance. The affinity and kinetics of the binding of soluble
single-chain TCRs and variants to I-A"-MBP1-11 were analyzed by surface
plasmon resonance. I-A"-MBP1-11 was expressed with a carboxy-terminal
BirA peptide from baculovirus-infected Hi Five cells (Invitrogen) by published
methods?%. Approximately 800 and 2,000 resonance units of biotin-tagged I-A%
were captured on the surface of a BIAcore SA chip preimmobilized with
streptavidin. Single-chain TCRs or variants were injected for 60 s at various
concentrations in the range of 1-200 uM. The complex was allowed to
dissociate for 1 min between injections. The background response was
measured by simultaneous injection over a control surface containing immo-
bilized nonclassical MHC molecule T22, and these values were subtracted to
yield the binding response. BIAevaluation (Version 3.0; BIAcore), assuming a
1:1 Langmuir binding model, was used for all data fitting.

Accession codes. Protein Data Bank: 2PXY, 2731 and 2Z35.

Note: Supplementary information is available on the Nature Immunology website.
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