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Abstract

The mature T cell repertoire has the ability to orchestrate immunity to a wide range of potential
pathogen challenges. This ability stems from thymic development producing individual T cell
clonotypes that express T cell receptors (TCR) with unique patterns of antigen reactivity. The
antigen specificity of TCRs is created from the combinatorial pairing of one of a set of germline
encoded TCR variable (V) alpha and V beta gene segments with randomly created CDR3
sequences. How the amalgamation of germline encoded and randomly created TCR sequences
results in antigen receptors with unique patterns of ligand specificity is not fully understood. Using
cellular, biophysical and structural analyses, we show that CDR3a residues can modulate the
geometry in which TCRs bind pMHC, governing whether and how germline encoded TCR Va
and VP residues interact with MHC. In addition, a CDR1a residue that is positioned distal to the
TCR-pMHC binding interface is shown to contribute to the peptide specificity of T cells. These
findings demonstrate that the specificity of individual T cell clonotypes arises not only from TCR
residues which create direct contacts with the pMHC, but also from a collection of indirect effects
which modulate how TCR residues are used to bind pMHC.

Introduction

The ability of a T cell repertoire to target the array of potential pathogen challenges stems
from individual T cell clonotypes having unique peptide and host-MHC reactivity patterns
(1). Thymocytes are equipped with TCRs during development within the thymus. The
sequence of individual TCR clonotypes is created from the pairing of one of a limited set of
Va and Vf gene segments with highly variable CDR3a and CDR3p sequences derived from
V(D)J recombination (2). Following the expression of a complete TCR the process of T cell
selection then determine the fate of developing thymocytes. Thymocytes expressing TCRs
that have weak affinity for self-pMHC complexes, and thus are capable of recognizing
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ligands presented by host-MHC proteins, undergo positive selection and are exported as T
cells to the mature repertoire (3—7). However, thymocytes are eliminated during
development if they express overtly self-reactive TCRs or TCRs that are unable to bind self-
peptide presented by host-MHC with even weak affinity (8, 9). Through the processes of
thymic selection, a repertoire of mature T cells is created that express diverse TCR
sequences, endowing the T cell repertoire with a vast breadth of antigen specificities (10,
11).

How the merging of germline encoded and randomly created sequences produces TCRs that
recognize antigen presented on host-MHC molecules has not been fully defined. Priorto T
cell selection, 5-20% of thymocytes expressing randomly generated TCRs react with cells
presenting MHC molecules (12-14). These findings demonstrate that TCR-bearing pre-
selection thymocytes are biased towards recognizing self-peptides presented by MHC
ligands. Though this MHC-bias is undoubtedly helpful in creating a mature T cell repertoire
that is reactive to cells presenting pMHC, the underlying mechanisms that drive pre-
selection T cells to recognize self-pMHC, and how this repertoire is shaped into a foreign-
antigen specific mature T cell repertoire remains controversial (15-18).

Through studying T cells isolated from mice with limited negative selection, we have
provided evidence that T cells can have a range of pMHC cross-reactivity patterns (19-21).
These and other T cell activation studies suggest that TCRs may have an intrinsic ability to
bind pMHC, which is regulated by TCR V gene pairing or CDR3 sequences (12-14, 22-24).
Structural studies have also been used to unravel how TCRs create specificity for pMHC
complexes. Most TCRs bind MHC ligands within a semi-conserved diagonal orientation,
which largely places the CDR3 loops atop the bound peptide and the germline encoded V
gene CDR1 and CDR2 residues positioned over the MHC alpha helices (25). Examination
of TCRs carrying similar TCR V genes engaged to similar MHC alleles have shown a more
limited range of TCR-pMHC docking angles (26, 27). These structural observations have
led to a hypothesis that particular germline encoded residues of TCR V genes have been
evolutionarily selected to bind MHC in conserved ways and provide TCRs with a built-in
specificity for MHC ligands (28, 29).

In contrast to the hypothesis that TCR V genes have evolved to specifically bind MHC in
conserved ways, other experiments have suggested that T cell signaling may regulate the
ligand specificity of TCRs (30-32). For example, a recent study of T cells that develop in
mice devoid of MHC ligands argues that CD4 and CD8 T cell co-receptor signaling has a
critical role in selecting T cells that can recognize MHC ligands, and in eliminating T cells
that recognize non-MHC ligands (30). Although T cell signaling during positive selection
can ensure that mature T cells express TCRs with specificity for ligands presented by host-
MHC, these models do not explain why a high-frequency of pre-selection TCRs are
preordained to recognize self-pMHC complexes.

Several lines of evidence suggest that CDR3 sequences may strongly contribute to
regulating how TCRs engage pMHC ligands. The CDR3 residues often contribute a large
portion of the TCR binding site, with some TCRs engaging pMHC ligands with minimal
contribution of CDR1 and CDR2 residues (18, 33, 34). Furthermore, MHC proteins are the
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most polymorphic genes in humans (35), and differential TCR V gene pairing creates TCRs
that express different amino acid residues within CDR1 and CDR2 loops at common sites of
contact with the MHC (2, 28). Perhaps as a way to accommodate this variability, a strict
bifurcation of CDR1- and CDR2-MHC and CDR3-peptide residue contacts does not occur,
with CDR3 residues contributing to MHC as well as peptide contacts and the VV-gene
encoded CDR1 and CDR2 contributing to both peptide and MHC contacts (18). Thus CDR3
sequences may play a primary role in creating both peptide and MHC specificity.

Studies exploring how TCRs generate specificity for pMHC ligands primarily have focused
on identifying how direct contacts between the TCR and the pMHC contribute to the
binding reaction. Here, we investigate a variety of indirect effects, whereby residues distal to
the binding interface can have profound affects on MHC-TCR binding specificity. We
demonstrate that CDR3a residues can affect the overall geometry in which a TCR engages a
pMHC ligand, thereby indirectly affecting how different TCR Va and TCR Vp residues
interact with pMHC residues. We further demonstrate that a CDR1 residue located outside
of the TCR-pMHC binding interface can modulate the peptide specificity of T cells. Thus, in
addition to providing direct pMHC contacts, TCR V gene and CDR3 residues create indirect
effects that modulate TCR-peptide and TCR-MHC interactions.

Material and Methods

Mice and peptides

C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). H-2Ab1~/~
(MHC class Il-deficient) mice were purchased from Taconic (Germantown, NY). Mice
expressing the YAe62 TCRp chain (21) were maintained in a pathogen-free environment in
accordance with institutional guidelines in the Animal Care Facility at the University of
Massachusetts Medical School. The 3K peptide is FEAQKAKANKAVD, numbered P-2 to
P11; FMRKA is FEAFMARAKAAVD; QKKLK is FEAQKAKALKAVD; QTKRG is
FEAQTAKARGAVD; RCKST is FEARCAKASTAVD; SKKRP is FEASKAKARPAVD;
YTRRT is FEAYTARARTAVD.

Viral infection, generation of T cell hybridomas and transfectants, and TCR cloning

Mice were infected with 5 x 10° pfu Vac:1AP-3K. Responding CD4 T cells were isolated by
positive selection using antibody affinity columns (Cederlane) and converted into
hybridomas as previously described (36). 13.B1, 13.D5, 14.A6, 14.C6 and T cell
hybridomas were constructed from MHCW! YAe TCRp Tg mice (21). To clone TCR chains,
RNA was isolated from T cell hybridomas, converted to cDNA, and PCR screened for
rearranged TCRa chains using a set of degenerated PCR primers corresponding to all mouse
Va gene families. Identified rearranged TCR Va genes were PCR cloned from the 1AP-3K-
specific hybridomas and fused to the TCR Ca region, using the following PCR primers:

Va2 - GGGGGCTCGAGAGGAATGGACACGATCCTGACAGCA
Ca - CTGGTACACAGCAGGTTCCGGATTCTGGATGT

The J809.B5, J809.G3, J809.H1, 2W1S 20.4, YAe62 and 75-55 hybridomas and cloned
TCRs were previously published (19, 21). To generate T cell hybridoma transfectants,
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TCRa or TCRp chains were cloned into MSCV based vectors with an IRES element
containing resistance genes for puromycin or neomycin, respectively. Retroviral vectors
were cotransfected with the pCLEco accessory plasmid into the Phoenix packaging line
using Lipofectamine 2000 (Life Technologies, Carlsbad, CA). The TCRa/B-deficient T cell
hybridoma 5KC-73.8.20 was transduced with retroviruses expressing the TCR constructs
using spinfection (1000 x g, 2hrs) (37). T cell hybridoma transfectants were selected in
1mg/mL neomycin or 0.8ug/mL puromycin for 1 week and stained with anti-TCRf antibody
(H57-597) to ensure equivalent levels of TCR expression.

T cell hybridoma activation assay

10° T cell hybridomas were incubated with 3 x 10* fibroblasts that express MHC, B7.1 and
ICAM-1 for 24 hrs, and their supernatants were screened for IL-2 content using an HT-2 cell
based bioassay (19). In some experiments, T cell hybridomas were incubated with MHC-
expressing fibroblasts presenting titrating amounts of soluble peptides, or with 108 spleen
cells expressing various MHC alleles. The IL-2 assays were performed three times and had a
maximum value of IL-2 release of 1,000Units/mL. ECsq values were calculated by fitting to
a log(agonist) vs response variable slope (four parameter) curve (GraphPad, Prism).

Production of soluble and membrane bound MHC-peptide and TCR proteins

Soluble and biotinylated pMHC and TCRs that were used in the MHC display library
experiments were produced using the baculovirus expression system and purified as
previously described (21, 38). Multivalent fluorescent TCRs were prepared as previously
described (20). Briefly, biotinylated anti-Ca mAb ADO304 was complexed with
AlexaFluor647-streptavidin. The complex was purified by size exclusion chromatography
using a superdex200 column. Fluorescently labeled ADO304 was mixed with a
concentration of soluble TCRs that saturated the antibody binding sites. The membrane
bound IAP-3K variant baculoviruses have been previously described (20, 21). Soluble TCRs
used for SPR experiments and crystallography were expressed in E. coli and refolded as
previously described (27, 39). The TCRs produced in E. coli were murine TCR Va and TCR
VB domains fused to the human Ca and CB domains carrying an engineered disulfide bond
to improve folding yield and protein stability. TCRa and TCRp chains were expressed as
inclusion bodies in the Rosetta2 (DE3) strain of E. coli (EMD Millipore, Darmstadt,
Germany). Soluble TCRs were produced by refolding mixtures of denatured TCRa and
TCRP chains isolated from inclusion bodies (21). The refolded TCRs were further purified
by FPLC size exclusion and ion exchange chromatography.

SF9 cells expressing IAP-3K variants with TCR multimers: Staining, analysis and peptide
identification

Fluorescently labeled soluble TCR multimers were used to stain SF9 cells expressing
IAP-3K, IAP-3K variants or IAP-library peptides as previously described (20, 21). SF9 cells
were infected with baculovirus expressing membrane bound 1AP-peptide complexes for 3
days using an MOI of 1-3. Following three days, 10° virus infected cells were washed and
then stained with 20ug/ml TCR staining reagent and anti-IAP (mAb 17-227) for 2 hours at
27°C. Stained cells were then washed and immediately analyzed by flow cytometry. Each
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staining experiment was performed three independent times. To maximize the
reproducibility of TCR multimer staining fluorescence, the experiments were repeated on
subsequent days using the same prep of TCR multimers and the same flow cytometer and
settings. For each TCR:IAP-3K pair, a standard curve relating the MFI of TCR multimer
staining to the SPR measured equilibrium affinity was created using the least squares
method of curve fitting with a Boltzmann sigmoidal fit (GraphPad, Prism) (21). The
standard curves were then used to generate AAG data for the interaction of TCRs with
residues of IAP-3K. Staining of less than 5% of WT staining was considered non-binding
and assigned the maximum AAG value, as determined by SPR.

To identify novel IAP-peptide complexes recognized by Va2* Y31A substituted TCRs, SF9
cells were infected with an IAP-random peptide library at a multiplicity of infection of <1.
Fluorescently labeled soluble TCR multimers carrying the Va2* Y31A substitution were
used to stain the infected SF9 cells. SF9 cells that were positively stained with the TCR
multimers were FACS cell sorted, and then incubated with additional SF9 cells to expand
the virus secreted from the sorted cells. A second round of library enrichment was
performed, followed by cloning the baculovirus by limiting dilution. SF9 cells infected with
expanded viral clones were tested for I-AP expression and TCR recognition. The peptide
sequence encoded in baculovirus clones that were recognized by the TCRs of interest were
determined by PCR sequencing.

Surface Plasmon Resonance

Equilibrium affinity and binding kinetics for TCRs binding to IAP-3K and APLs were
obtained by surface plasmon resonance on a BlAcore 3000 instruments (BlAcore AB,
Uppsala, Sweden). For equilibrium affinity experiments, approximately 1,000-8,000 RU of
soluble, biotinylated pMHC was captured on the surface of a biosensor flowcell by via
streptavidin linker. Soluble TCR was injected for 120 sec. at various concentrations in the
range between 0.39 - 100uM. All samples reached equilibrium binding within 60 sec. The
complex was allowed to dissociate for 5 min between injections, followed by a 60sec pulse
of 0.1% SDS to remove any TCR still bound to the flow cell. Data points were collected at
0.5 sec intervals. Raw data were corrected for the bulk signal from buffer and TCR by
performing identical injections through a flow cell in which an irrelevant H2-DP + peptide
complex was immobilized. The data were analyzed with BlAcore BlAeval software.
Scatchard analyses of the equilibrium data were used to determine the dissociation constant
(Kq) for 14.C6, J809.B5, and amino acid substituted TCR and pMHC. No detectable binding
was observed for some TCRs binding various IAP-3K peptide variants. In these cases the
minimum possible Kq was estimated as (>2501M) assuming a maximum possible
equilibrium signal of 50RU with the highest concentration of TCR variants tested (100uM)
and an Rmax of 5000 RU, i.e. the maximum predicted signal if complete binding of 1AP-3K
to TCR occurred.

The Kinetics of soluble, monomeric TCRs binding to immobilized pMHC complexes were
analyzed by surface plasmon resonance using a BIAcore 3000 instrument and analyzed with
BlAcore BlAeval 4.1 software (BlAcore AB, Uppsala, Sweden). Approximately 500 RU of
soluble pMHC was captured on the surface of a biosensor flowcell by via streptavidin linker.
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TCRs were injected at 20uL/min for 60sec through the biosensor flow cell at concentrations
that ranged from 3-50uM. All samples reached equilibrium binding within 10 sec. The
complex was allowed to dissociate for 60 sec between injections. As a control for bulk fluid
phase refractive index the TCRs were also injected through a flow cell with an immobilized
irrelevant H2-DP + peptide complex. Data points were collected at 0.1 sec intervals and fit to
a 1:1 Langmuir binding model to determine the dissociation rate (Kof) and t1» of the TCR-
pMHC complex. The kinetic data were used to determine the dissociation rate and the
association rate (k,) was calculated from the Kp and ky (kz=ky/Kp).

Crystallization and Data Collection

TCR:MHC complexes were preformed by mixing the proteins at equimolar concentrations
at 12mg/mL. Crystallization trials for all complexes were carried out using the hanging-drop
vapor-diffusion method with a 1:1 protein to buffer ratio at room temperature. Single
crystals were obtained for the J809.B5-1AP3K complexes with 100mM sodium cacodylate,
100mM sodium citrate (pH 5.8) and 10% (w/v) PEG4000, conditions similar to our
previously reported lower resolution J809.B5-1AP3K structure. Crystals of the J809.B5
Y31A-1AP3K complexes were formed in 100mM sodium cacodylate, 100mM sodium citrate
(pH 5.4) and 8% (w/v) PEG4000, and crystals of the the 14.C6-1AP3K complex formed in
100mM sodium cacodylate, 200mM sodium citrate (pH 5.5) 10% (w/v) PEG 4000 and 0.5%
(w/v) n-octyl-B-D-glucoside. J809.B5-1AP3K and 14.C6-1AP3K crystals generally formed in
2-3 days, while the J809.B5 Y31A-1AP3K crystals formed within a four weeks. For data
collection, crystals were transferred to crystallization buffer containing 25% (w/v) glycerol
and were flash-cooled by plunging into liquid nitrogen. X-ray diffraction data were collected
from a single crystal at 100°K with 1.10 A radiation at the National Synchrotron Source X25
undulator beamline at Brookhaven National Laboratory. Diffraction data were indexed,
integrated, and scaled with HKL2000 (40). Unit cell parameters and data collection statistics
are shown (Table I1). A crystal structure for the 809.B5-1AP3K complex (PDB 3RDT) has
been previously reported for lower resolution data (21).

Structure determination

Initial phases were obtained by molecular replacement using Phaser (41) and the lower
resolution J809.B5:1AP3K structure 3RDT as the search model. One MHC and one TCR per
asymmetric unit were found with the J809.B5 and the J809.B5Y31A complexes, while 2
TCRs and MHCs per asymmetric unit were found for the 14.C6 complex, consistent with
the expected unit cell composition using a Matthews analysis. Initial NCS averaged maps of
the 14.C6 complex were generated using RESOLVE. Refinements for 14.C6 constrained the
same NCS operators in RESOLVE: pMHC a1p1, MHC a282, TCR-Vaf, TCR-Ca, and
TCR-Cp but was relaxed in later cycles of refinement (42).

Density for all MHC and TCR domains and peptide was observed clearly in the composite
omit maps using CNS (43), and used as a guide for model building. Cycles of automated
rigid body, coordinate position, atomic displacement factor, and TLS refinement using
Phenix (44) were alternated with manual model building using Coot (45). Analysis of the
J809.B5Y31-1AP3K dataset using Xtriage (Phenix) revealed an estimated 10% twin fraction
(Britton and H Test) with twin law -h, -k, I. The dataset used for refinement was altered
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taking the twin operator into account using Detwin (CCP4i). Molecular replacement and
model refinement followed similar steps as outlined for the J809.B5 and 14.C6 IAP3K
complexes. The final models include coordinates for TCR extracellular domains
(alpha3-201, beta2-239), MHC IAP extracellular domains (alpha 1-179, beta 6-191) and all
13 residues of the 3K peptide. No density was observed in any of the crystals for the linker
(GGGGSLVPRGSGGGGS) tethering the peptide to the N-terminus of the beta subunit.
Final refinement statistics are shown in (Table I1).

Structure analysis

The two molecules within the 14.C6 asymmetric unit are highly similar (RMSD of 0.853 or
0.492 if the TCR C-doamins are removed), especially within the binding interface including
the CDR3 loops. The only observable difference between the two structures within the
binding interface occurs at residue R50. In molecule one and molecule two, two different
rotomers are found. In molecule one, the R50 side chain interacts with the MHCp residue
E69 (<4.0A between the two side chains). In molecule two, the R50 side chain does not
appear to interact with this side chain, the R50 side chain is >4.0 A distance away from any
E69 side chain atoms. However, alanine scanning experiments show that energetically, the
MHCp E69A substitution coordinates approximately1.0 kcal/mol free energy (see Fig. S1).
This indicates that the TCR R50-MHC E69A interactions are important for binding.
Therefore, we used molecule one for generating the figures in the manuscript. Structural
alignments were done using LSQMAN (46). The structure of the 14.C6 complex was
aligned with the J809.B5 complex using coordinates of the MHC a8 helical domains and the
3K peptide. The angle of engagement was calculated from the p5 Ca atom to the center of
mass (Pymol, Delano Scientific) for each TCR. Surface and interaction areas were
calculated using the PISA server (47). Coordinate statistics, and atom-atom distances were
evaluated using Phenix and NCONT from the CCP4i Suite (48).

Accession Numbers

Results

Coordinates and structure factors for the J809.B5 TCR-I1AP-3K, J809.B5 Y31A TCR-
IAP-3K, and the 14.C6 TCR-1AP-3K complexes will be available from the Protein DataBank
under accession numbers 4P23, 4P46, and 4P5T (www.rcsb.org/).

CDR3a residues can affect the geometry in which TCRs bind pMHC

To examine the influence of CDR3a sequences on TCR-MHC interactions, the IAP-3K-
reactive TCRs J809.B5, J809.H1 and 14.C6 were studied. These three TCRs carry the
identical TCRp and TCR Va2.8 sequences, differing only in the CDR3a sequence (Table 1).
Alanine scanning mutagenesis experiments indicate that these TCRs differentially require
several MHC residues for binding and for T cell expressing these receptors to undergo
activation (Fig 1, Fig. S1 and Table S1, S2). These MHC residues include potential sites of
TCRB-MHC contact (21, 26, 27, 49). For example, the activation threshold (ECsq value) of
J809.B5 T cells responding to the 3K peptide is reduced 100-fold and greater than 1,000-
fold when APCs express IAP carrying alanine substitutions at the 1APaQ57 and aQ61
residues, respectively. In contrast, the response of J809.H1 and 14.C6 T cells was minimally
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changed when the IAP MHC molecules express these alanine substitutions (Fig. 1A-F).
Similarly, J809.B5, J809.H1 and 14.C6 T cells differentially require TCR CDR1p and
CDR2 residues to be activated by APC presenting IAP-3K (Fig. 1G-L). Importantly,
differences in requirements of these TCR V[ and MHC residues were not predicated on the
TCRs having different equilibrium affinities for IAP-3K, as the J809.B5 and 14.C6 TCRs
bind IAP-3K with similar affinity (Kp = 6uM and 5uM, respectively) (Fig. S1).

To gain insight into how CDR3a sequences can influence CDR1 and CDR?2 interactions
with MHC, we determined the 3.2A co-crystal structure of the 14.C6 TCR bound to IAP-3K,
and compared it to a new 2.3A structure of the J809.B5 TCR bound to the same ligand. A
lower-resolution J809.B5 - IAP-3K structure has been reported previously (21). The J809.B5
TCR and the 14.C6 TCR engage IAP-3K similarly but with a marked change in orientation,
such that there is a 7.5° difference in the tilt of the TCR relative to pMHC (Fig. 2A, Table Il
and Fig. S2). This change in TCR-pMHC binding geometry is confirmed using an R-free
analysis of the TCR V domains. The 14.C6:1AP-3K complex has an R-free of 23% whereas
if the 14.C6 V domain if forced into the J809.B5 docking geometry, the resulting complex
would have an R-free of 42%. This change in tilt allows the 14.C6 TCR to form an increased
number of contacts with the IAPB-chain, as compared to the J809.B5 TCR (Fig. 2B, C). In
addition, the total buried surface area (BSA) for the 14.C6 complex (approximately 1970
A2) was greater than that for the J809.B5 complex (approximately 1540 A2), primarily
stemming from changes to the BSA of the CDR1a and CDR2a loops and the AP p-chain
(Fig. 2D, E). In contrast to these changes, CDR3p loop conformations and the placement of
CDR3 W94 and BF95 residues within these structures are similar (Fig. 2F).

CDR3a. sequences can modulate CDR1 and CDR2 interactions with pMHC

To evaluate how CDR3a sequences can affect TCR interactions with pMHC, we first
compared the 14.C6 and J809.B5 CDR3a loop conformations when bound to IAP-3K. In
both structures the 14.C6 and J809.B5 CDR3a loops make similar types of contacts with the
peptide (Fig. 2G, H). Despite the 14.C6 CDR3a loop being one amino acid longer, the
J809.B5 CDR3a loop extends 2.5A further towards the peptide, relative to the 14.C6
CDR3a loop (Fig. 21). Because of the different CDR3a loop conformations, a steric clash
would occur between the J809.B5 CDR3a loop and the peptide if this TCR bound IAP-3K
with the same geometry as that of the 14.C6 TCR. Thus, the differences in CDR3a loop
conformation likely underlie why the J809.B5 and 14.C6 TCRs bind IAP-3K with different
tilts. The most prominent differences in how the J809.B5 and 14.C6 TCRa chains engage
IAP-3K involve CDR1a and CDR2a residues. The 14.C6 TCR docking geometry allows its
CDR1a loop to make extensive contacts with the P2 and P5 positions of the 3K peptide, as
well as the AP chain residue pH81 (Fig. 2J). In contrast, the J809.B5 CDR1a loop is
positioned such that it makes only minimal contacts with the 3K peptide and no contacts
with MHC (Fig. 2J). Likewise, the 14.C6 TCR CDR2a residues interact with IAPB chain,
whereas these contacts are absent in the J809.B5:1AP-3K structure due to the 4 A rigid body
shift (Fig. 2K).

Difference in the requirements of TCR Vf and 1APa residues for J809.B5 and 14.C6 T cells
to undergoactivation, shown in Figure 1 and Supplementary Figure S1, arise from less
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dramatic structural changes. The main-chain of the J809.B5 and 14.C6 CDR2p loops are
shifted approximately 1A at the CDR2 BY48 position. In addition, some rotamer differences
are observed for the CDR2p residues, $Y46 and BE54; while the IAP Q57 and aQ61 side
chain rotamers are similarly orientated (Fig. 2L, M). Thus, the requirements of TCR and
MHC side chains for T cell activation can be strongly affected by modest shifts in CDR loop
placement and side chain rotamer differences.

CDR3a sequences can regulate the specificity of a TCR VB-MHC interaction

Across different TCR Vf gene families, the amino acid expressed at the CDR2 48 position
is variable (50). Nevertheless, analyses of different TCR-pMHC co-crystal structures have
shown that the CDR2 348 residue is often located in close proximity to MHC residues (28).
Thus, different amino acid residues can be used at the TCR VB CDR2 348 position to bind
MHC. Because of the variance in how the J809.B5 and 14.C6 TCR CDR2p loops engage
MHC residues, we hypothesized that CDR3a sequences may influence which amino acids
can be expressed at a TCR Vp position to facilitate MHC binding.

To test the hypothesis that CDR3a sequences can modulate the specificity of a TCR V-
MHC interaction, J809.B5, J809.H1 and 14.C6 T cell hybridomas were created that carried
different amino acid substitutions at the CDR2 48 position. These T cell hybridomas were
then tested for the ability to respond to APC presenting the 3K peptide. Consistent with
studies of other VB8.2™ T cells (22, 23, 27, 51), the J809.B5, J809.H1 and 14.C6 T cells lost
or had a reduced response to 3K peptide when the CDR2 (348 position carried an alanine
(A). In addition, T cells carrying the conservative tyrosine to phenylalanine (F) substitution
maintained complete 3K peptide reactivity (Figure 3). When non-conserved side chains
were expressed at the CDR2 48 position, differing 3K peptide reactivity patterns were
observed. J809.B5 T cells retained some response to 3K peptide when a histidine (H) was
expressed, but not a tryptophan (W), methionine (M), cysteine (C), serine (S), glutamic acid
(E), or lysine (K) (Fig. 3A). In contrast, J809.H1 T cells responded to 3K peptide when the
CDR2 348 position carried a W, M and H, but not an C, S, E or K, while 14.C6 T cells
maintained strong 3K responses when the CDR2 48 position carried a W, M, Sand H
(Figure 3B, C).

Similar studies of the self-reactive and IAP-3K-reactive T cells, YAe62, 2W1S 20.4 and 75—
55 were consistent with the hypothesis that the TCR CDR3 sequences and TCRa chain
pairing can modulate the specificity of a TCR V gene-MHC interaction. YAe62 T cells were
activated by self-peptides when the CDR2 348 position carried most amino acid sequences,
although not an alanine (Fig. 4A), while the 2W1S 20.4 and 75-55 T cells required a more
limited set of amino acids to be expressed at the CDR2 48 position (Fig. 4B, C). In contrast
to the anti-self responses, YAe62 T cells required a more restricted set of amino acids at the
CDR2 48 position to respond to APCs presenting 3K peptide (Fig. 4D). The peptide
sequence was directly observed to influence the specificity of this CDR2 48-MHC
interaction, as YAe62 T cells maintained reactivity to a different peptide ligand, FMRKA,
with most amino acids expressed at the CDR2 48 position (Fig. 4G). Peptide-dependent
effects on the requirements of the V8.2 CDR2 348 position were also observed for the
2W1S 20.4 T cells, though less so for 75-55 T cells (Fig. 4E, F, Hand I).
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Collectively, these studies demonstrate that the side chain requirements of a TCR VB-MHC
interaction can be distinct for different T cell clonotypes. Furthermore, the resulting change
in TCR V gene-MHC specificity can be regulated by the CDR3a sequence.

A CDR1 residue distal to the TCR-pMHC binding site can contribute to antigen recognition

With the assembly of complete TCRs, interactions occur between the TCR Va and Vf
domains and between different CDR loops (52, 53). The residues involved in these inter-
and intra-chain interactions can be derived from conserved sequences of the TCR
framework, or from variable sequences in the CDR loops. The inter- and intra-chain
interactions that involve CDR loops can occur distal or proximal to the pMHC binding site.
For example, when the J809.B5 TCR binds IAP-3K, the CDR1 Y31 forms contacts with
the CDR3p loop at a site that is distal to where the CDR3 loop contacts the peptide, while
the CDR2 aR50 residues forms contacts with the CDR3 loop at a site nearer to the pMHC
interface (Fig. 5A, S2) (21). Having observed that CDR3a residues can create indirect
effects that influence the specificity of TCR V gene-MHC interactions, we wondered if TCR
Va-Vp interactions outside of the binding interface might also create indirect effects that
influence ligand specificity.

To determine whether CDR residues that are located outside of the pMHC interface
contribute to peptide specificity, J809.B5 T cell hybridomas were created that express
alanine substitution at the CDR1 a Y31 residue (aY31A), or the CDR2 aR50 residues
(aR50A). 3K peptide titration experiments show that T cell hybridomas expressing the
J809.B5 a'Y31A TCR are 260-fold less reactive to 3K peptide presented by IAP-transfected
fibroblasts. In contrast, no change in 3K-reactivity was observed for J809.B5 T cells
carrying the aR50A substitution (Fig. 5B). T cell hybridomas expressing the J809.B5
aY31A TCR also become reactive to C57BL/6 splenocytes presenting IAP + self-peptides,
inferring that the CDR1 a Y31 side chain contributes to the peptide specificity of the
J809.B5 TCR (Fig. 5C). Thus, the CDR1 a'Y31 side chain of the J809.B5 TCR influences
3K reactivity, as noted by a change in sensitivity to titrating concentrations of 3K peptide,
and peptide specificity, as evidenced by the acquisition of self-reactivity even though it is
positioned outside of the TCR-pMHC binding site.

The J809.B5 CDR1 aY31 side chain stabilizes the IAP-3K binding conformation

To identify how the J809.B5 CDR1 a Y31 side chain contributes to 3K peptide reactivity,
we first determined the 2.9A crystal structure of the J809.B5 aY31A TCR bound to I1AP-3K
and compared it to the 2.3A structure of the J809.B5 TCR bound to the same ligand. The
overall structures of the J809.B5 and J809.B5 a.Y31A TCRs bound to IAP-3K are extremely
similar, including the conformation of the CDR loops and the total BSA (approximately
1540 A2) (Fig. 6, Table 11 and Fig. S2). To confirm the high degree of similarity between
the two models, we calculated an isomorphous difference map from the two x-ray datasets to
identify the relative differences in electron density. The largest difference in density was
localized to the CDR1 a31 position and can accommodate a phenol group that is lost with
the tyrosine to alanine substitution (Figure 6B, C). Thus, the CDR1 aY31 side chain is not
required for the J809.B5 TCR to adopt its parental IAP-3K binding conformation.
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Despite the similar TCR loop conformations, the reduced 3K reactivity of T cell hybridomas
expressing the J809.B5 aY31A TCR indicated that the TCR-pMHC binding reaction had
changed. Therefore, surface plasmon resonance experiments were performed to identify the
contribution of the J809.B5 CDR1 a.Y31 side chain to the binding of IAP-3K. Whereas the
J809.B5 TCR binds IAP-3K with a Kp = 6uM, the J809.B5 aY31A TCR binds IAP-3K with
a Kp = 32uM (Fig. 6D, E). The reduced binding affinity for the J809.B5 aY31A TCR is
primarily the result of the interaction having a 7.5-fold faster off-rate (Kq¢) and thus a
shorter half-life (t1/») (Fig. 6F). These data indicate that the CDR1 a'Y31 side chain
contributes to setting the T cell activation threshold by stabilizing the J809.B5 TCR -
IAP-3K binding reaction.

The Va2 CDR1 aY31 side chain regulates the peptide specificity of several TCRs

The self-reactivity of T cells carrying the J809.B5 CDR1 a'Y31A substitution implies that
the CDR1 a'Y31 side chain contributes to peptide specificity. To formally test this, an IAP-
random peptide baculovirus library was probed to identify peptides that are recognized by
J809.B5 aY31A T cells (54). Using this method, an IAP-peptide ligand, IAP-FMRKA, was
identified which binds the J809.B5 aY31A TCR with a Kp = 22uM. In addition, J809.B5
aY31A T cell hybridomas are activated by APC presenting the FMRKA peptide. The parent
J809.B5 TCR, however, does not bind IAP-FMRK (Kp > 250uM) and J809.B5 T cell
hybridoma is not activated by the FMRKA peptide (Fig. 7A-C). The data formally
demonstrate that the CDR1 Y31 side chain contributes to the peptide specificity of the
J809.B5 TCR.

Six additional Va2* 1AP-3K-reactive TCRs were studied to assess whether the CDR1 a,Y31
residue contributes to cognate peptide recognition and peptide specificity of other receptors.
We observed that T cell hybridomas expressing CDR1 a'Y31A substituted TCRs could have
an increase, decrease or unchanged reactivity to 3K peptide (Fig. 7D-1). In response to
additional peptide ligands identified using an IAP-random peptide baculovirus library, a
variety of peptide reactivity patterns were observed (Fig. 7J-0). T cell hybridomas
expressing the 14.A6 aY31A TCR and 14.C6 aY31A TCR have an increased response to
the SKKRP and QKKLK peptide, respectively, even though the response to 3K peptide is
unchanged. In contrast, T cell hybridomas expressing the J809.G3 a'Y31A TCR have an
equivalent response to the YTRRT peptide as compared to the parent J809.G3 TCR, yet lose
all reactivity to APC presenting the 3K peptide. In addition, T cell hybridomas expressing
the 13.B1 a'Y31A TCR have an approximate 80-fold loss in 3K reactivity, even though they
show an approximate 140-fold increase in reactivity to APC presenting SKKRP peptide as
compared to T cell hybridomas expressing the parent TCR (see Table S2 for ECgg values).
Furthermore, T cell hybridomas expressing the 13.D5 aY31A TCR acquire reactivity to
splenocytes presenting self-peptides (not shown). Collectively, these data indicate that the
Va2 CDR1 aY3L1 residue contributes to the peptide specificity of multiple MHC class 11-
restricted T cells.
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Discussion

To provide protective immunity, T cell development creates a mature T cell repertoire that
has the ability to respond to a broad range of foreign-antigens bound to host-MHC
molecules. The T cell repertoire accomplishes this by being comprised of T cell clonotypes
that express TCRs that have distinct binding requirements at potential sites of TCR-peptide
and TCR-MHC interaction (1, 11). Much of the specificity of the TCR is derived from
unique amino acid sequences present within the pMHC binding site. Data presented here
demonstrate that the process of TCR combinatorial diversity and V(D)J rearrangements also
create a collection of indirect effects that regulate the ligand specificity of TCRs. These
effects allow CDR3a residues to modulate the geometry in which TCRs engage pMHC
ligands, governing whether and how individual TCR residues interact with MHC. In
addition, a TCR CDR1a residue that is located distal to the TCR-pMHC binding interface is
shown to contribute to the peptide specificity of T cells.

Unlike immunoglobulin genes, TCRs do not undergo somatic hypermutation. Therefore, the
only way TCRs can be created with reactivity for antigens presented by host-MHC alleles is
through the combinatorial pairing of different TCR V gene segments and the creation of
random CDR3 sequences through V(D)J recombination. The major force in creating TCRs
with diverse antigen reactivity patterns occurs from V(D)J recombination, as this process
determines both the length of the CDR3 loops and the identity of the amino acids present
within the central portion of the pMHC binding site. Sequence differences amongst the Va
and Vp gene segments also contribute to creating TCRs with a diversity of ligand
specificities. Differential TCR V gene pairing creates TCRs that express different amino
acid sequences at potential sites of pMHC contact. In addition, CDR1 and CDR2 loops can
adopt one of a set of unique canonical structures, which allow different TCR Va and VB
pairings to create TCRs with a modest range of tertiary structures (55-57).

Several groups have analyzed structures of TCRs carrying the same TCR Va or TCR VB
gene sequences or TCRa or TCRp subunit bound to the same MHC ligand. These studies
have shown a spectrum of changes in how the identical TCR sequences can engage MHC.
Studies of the 2C TCR and a high affinity variant M6 bound to H2-L9, as well three \VV/$8.2*
TCRs recognizing IAY, all show minimal differences in TCR V gene-MHC contacts (26,
58). Comparisons of the 2B4 and 226 TCRs bound to I-EX show similar TCR V gene-MHC
interactions, but with some modest shifts and side chain rotamer differences in the TCR V3
CDR loop interactions with the IEXa-chain (59). Modest shifts in TCRB CDR loop
placements and differences side chain rotamer usage are also observed for the binding of the
YAe62, 2W1520.4, J809.B5 and 14.C6 /8.2 chains with IAP(21, 27). Although variations
in the placements of these TCRB CDR loops atop MHC and side chain rotamer usage can
appear subtle, these structural differences were associated with T cells having distinct
requirements of TCR V gene residues and MHC residues for activation (see Figures 1, 3 and
4). Relatively subtle changes in MHC structure have also been shown to determine whether
a T cell can recognize an allo-MHC ligand (60).

In contrast to the subtle variations outlined above, the comparisons of some TCRs carrying
similar TCR V gene segments bound to the identical MHC can show more dramatic
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difference in CDR loop placements. Studies of the TCR Vf CDR1 and CDR2 loops of the
A6 versus B7 TCRs bound HLA-A2 demonstrate that different TCR V gene residues can be
involved in the binding reactions (61). Differences in CDR loop placements are also
observed when human Va24* and Va24~ TCRs bind CD1d MHC-like molecules presenting
aGalCer (62). A comparison of the 2C TCR and the YAe62 TCR bound to H2-KP ligands
further show that the identical V8.2 CDR2 loops can engage different positions atop the
MHC (15). For the J809.B5 and 14.C6 TCRs structures bound to IAP-3K studied here,
CDR3a sequences are shown to regulate the extent in which the CDR1a and CDR2a loops
contribute to the binding reaction. The range of TCR sequence-dependent changes in TCR V
gene-MHC interactions are mirrored by observations that the MHC allele and the bound
peptide or lipid sequence can influence how TCR CDR1 and CDR2 loops engage MHC
residues (21, 62—69). These findings may explain how very modest changes in TCR
sequence, including TCRs with only a single amino acid change in the CDR3a loop, can
distinguish TCRs expressed on CD4* T cells recognizing MHC-I1I ligands from TCRs on
CD8™ T cells recognizing MHC-I ligands (70). Collectively, the ability of CDR3 sequences
and peptide sequences to modulate how TCR V gene residues engage MHC residues
provides a mechanism whereby the TCR-MHC binding properties of the mature T cell
repertoire can be tailored during T cell selection to recognize antigens displayed by host-
MHC molecules (3, 71-73).

Germline encoded CDR sequence variations extend beyond the positions that most often
contact the pMHC and into the core of the TCR V domain (2, 50). Due to the organization
of CDR loops within TCRs, some of these variable CDR1 and CDR?2 residues, as well as
CDRa3 residues, often abut other CDR loops (52, 53). By constructing TCRs through
combinatorial diversity, TCRs express amino acid residues at potential sites of contact
between the CDR loops based on the TCR V gene and CDR3 sequences used. Borg et. al.
demonstrated that contacts between a CDR1a and CDR3a loop are required for the LC13
TCR to bind its cognate pMHC ligand (33), indicating that TCR intra-chain interactions can
contribute to cognate ligand recognition. Through studying a set of MHC class Il-restricted
Va2.3%, Va2.8* and Va2.9" TCRs, as well as a re-analyzing MHC class Il-restricted TCRs
carrying these Va2 chains bound to their ligand (21, 26, 27) (Figure S2), we observed that
the CDR1 a Y31 residue often forms contacts with the CDR3 loops at a site outside of the
TCR-pMHC interface. The CDR-CDR contacts made by the CDR1 aY31 residue in each
Va2* TCR structures are unique. Nevertheless, the alanine substitution of the CDR1 a Y31
residue modulated the ability of a set of Va2.3%, Va2.8* and Va2.9* T cells to respond to
their cognate ligand. Because in vivo CD4 T cell activation to viral epitopes are highly
sensitive to the dwell time of TCR-pMHC interactions, the 100-fold changes in in vitro dose
response can determine whether a CD4 T cell productively enters into an immune response
(74). A result of the amino acid expressed at the CDR1a 31 position being variable (50), is
that this CDR position may induce a variety of indirect effects based on the particular V
gene segment.

To identify how the Va2 CDR1 aY3L1 side chain contributes to the ability of TCRs to bind
their cognate ligand, we compared the co-crystal structures of the J809.B5 TCR and J809.B5
aY31A TCRs bound to IAP-3K. The CDR1 a'Y31A substitution does not change the
conformation of the J809.B5 TCR in complex with IAP-3K. Rather, by slowing the off-rate,
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the CDR1 aY31 side chain stabilizes the TCR conformation that binds IAP-3K. Through
analyzing multiple Va2* T cells, we observed that the CDR1 Y31 side chain does not
contribute uniform effects on either cognate peptide recognition or the ability of T cells to
recognize alternate peptides. The CDR1 aY31A substitution also caused two of the Va2t T
cells to acquire self-reactivity, indicating that this CDR1 residue can contribute to the ability
of T cells to distinguish foreign-antigens from self-antigens. These findings argue that
combinatorial diversity allows germline encoded TCR V gene residues to contribute to the
specificity of TCRs in multiple ways. CDR1 and CDR2 residues can make direct contacts
with the pMHC ligand. In addition, CDR residues that do not contact the pMHC can affect
the ability of TCRs to adopt or stabilize different pMHC binding conformations. The
indirect effects created by TCR inter- and intra-chain interactions that regulate antigen
specificity from positions outside of the binding interface can be seen as analogous to the
allosteric regulation of protein function, that is controlled by V(D)J recombination and TCR
V gene pairing (75). The common occurrence of interactions between CDR loops suggests
that this is a general feature of TCRs, and that one of the functions of combinatorial
diversity and T cell development is to equip mature T cells with TCRs that stabilize CDR
loop conformations that specifically recognize antigens presented by host MHC.
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FIGURE 1.

CDR3a Sequences Can Alter CDR1p and CDR2p Interactions with MHC. (A-F) The dose
response and ECs values of the (A, D) J809.B5, (B, E) J809.H1 and (C, F) 14.C6 T cell
hybridomas responding to titrating concentrations of 3K peptide presented by fibroblasts
expressing IAP, or IAP in which the 1APq side chains aK39, aQ57, or aQ61 have been

substituted with alanine (labeled WT, K39A, Q57A or Q61A). ECsgq values are logg-based
half-maximal responses in ng/mL of 3K peptide. The dose response and ECgq value of T cell
hybridomas expressing either the (G, J) J809.B5, (H, K) J809.H1 and (I, L) 14.C6 TCR, or
each TCR carrying alanine substitutions at the TCR residues CDR1$ N29, CDR2f Y46,
CDR2p Y48 or CDR2p E54, responding to titrating concentrations of 3K peptide presented
by IAP expressing fibroblasts. ECs values are logsg-based half-maximal responses in
ng/mL of 3K peptide. Error bars represent the SEM of three independent experiments.
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FIGURE 2.
CDR3a Sequence Can Alter the Positioning of CDR1 and CDR2 Loop Atop MHC. (A)

Overlay of the 14.C6 and J809.B5 TCRs binding IAP-3K. The 14.C6 TCR is colored red
(TCRp) and blue (TCRa); the J809.B5 TCR is colored green (TCRp) and orange (TCRa).
IAP-3K is colored cyan (IAPa chain), yellow (peptide), and magenta (IAPB chain). A 7.5%
difference in the tilt of the TCR docking geometry atop IAP-3K is observed based on a
vector from the center of mass of each TCR to the a-carbon of the p5 peptide residue. (B)
Projection of the 14.C6 TCR or (C) J809.B5 TCR binding onto IAP-3K. 14.C6 TCRa
contacts are colored blue, 14.C6 TCR{ contacts are colored red. The J809.B5 TCRa
contacts are colored orange and the TCRp contacts are colored green. The peptide residues
are outlined in black. (D) The amount of buried surface area (BSA) contributed by the 14.C6
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or (E) J809.B5 TCRa, TCRP, peptide or MHC chains for the binding reaction with 1AP-3K.
(F) The 14.C6 CDR3p loop (magenta) and the J809.B5 CDR3p loop (green) are in a similar
conformation and make similar contacts with IAP-3K. (G) The 14.C6 CDR3« loop residues
R94 and D95 interact with the peptide residues, P-1E, P2Q and P3K. (H) The J809.B5
CDR3a loop residues K94 and D97 interact with the peptide residues, P-1E, P2Q and P3K.
(1) The 14.C6 CDR3a loop (blue) and the J809.B5 CDR3a loop (orange) are in a different
conformation when bound to IAP-3K. (J) 14.C6 CDR1a residues A28 and D30 (blue) make
extensive contacts with the P2Q and P5K residues of the peptide, and the IAPR chain residue
H81. The J809.B5 CDR1a loops residues A28 and D30 (orange) are shifted approximately 4
A, allowing only the A28 residue to make minimal contacts with peptide, and no contact
with MHC. (K) The 14.C6 TCR CDR2a residues R50 and V52 (blue) interact with IAP f-
chain residues PE69, BA73 and pT77, contacts that are not present in the J809.B5:1AP-3K
structure (orange) due to a 4 A rigid body shift. (L, M) The main-chain of CDR2p loop at
the BY48 position in the 14.C6 structure (green) is shifted approximately 1A as compared to
the J809.B5 structure (magenta), and some rotamer differences are observed for the CDR2j
residues E54 and Y46. Figures were made with PyMol (76).
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CDR3a Sequences Can Regulate the Specificity of the V8.2 CDR2 48 Interaction with
pMHC. IL-2 production of T cell hybridomas expressing the (A, D) J809.B5, (B, E)
J809.H1 or (C, F) 14.C6 TCRs, or TCRs carrying amino acid substitutions at the TCR
CDR2B residue Y48, in response to titrating concentrations of 3K peptide presented by IAP
expressing fibroblasts. 1L-2 secretion is reported as Units/mL. (D-F) The ECsgq values for
3K dose responses shown in panels A—-C and error bars represent the SEM of three

independent experiments.
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FIGURE 4.

VB8.2* T cells can have distinct requirements at CDR2 B48 Position when Responding to
Self-peptides, and Different Foreign-peptides. IL-2 production of T cell hybridomas
expressing the (A, D, G) YAe62.8, (B, E, H) 2W1S 20.4 or the (C, F, I) 75-55 TCRs
substituted with all 20 amino acid at the CDR2f 48 position following challenge with (A-C)
H2P expressing splenocytes, (D-F) 1AP-3K expressing fibroblasts, or (G-I) an alternate IAP-
foreign peptide ligand expressed on fibroblasts. For the YAe62 T cells, the alternate peptide
is FMRKA. For the 2W1S 20.4 and 75-55 T cells, the alternate foreign peptide is RCKST.
IL-2 secretion is reported as Units/mL. Error bars represent the SEM of three independent
experiments.
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FIGURE 5.
The Va2 CDR1 Y31 side chain contributes to the self-tolerance and 1AP-3K reactivity of

J809.B5 T cells. (A) The Va2.8 CDR1a and CDR2a loops interact with the CDR3p loops
of the J809.B5 TCR when bound to IAP-3K. Note the CDR1 aY31 is located 7 A from the
nearest peptide or MHC residue. (B) IL-2 production of T cell hybridomas expressing the
J809.B5 TCR or J809.B5 TCRs carrying alanine substitutions at the CDR1 residue aY31, or
the CDR2 residue aR50, in response to titrating concentrations of 3K peptide (ng/mL)
presented by IAP expressing fibroblasts; or (C, D) in response to fibroblasts expressing
IAP-3K, fibroblasts expressing 1A, C57BL/6 splenocytes expressing H2° MHC molecules

J Immunol. Author manuscript; available in PMC 2015 June 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Stadinski et al.

Page 25

or splenocytes from C57BL/6 MHC 11/~ mice. IL-2 secretion is reported as Units/mL. Error
bars represent the SEM of three independent experiments.

J Immunol. Author manuscript; available in PMC 2015 June 15.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Stadinski et al.

Page 26

B J809.B5 Y31A C J809.B5
CDRia CDRia
A31 Y31
CDR3B /M
e Ve P
) 3

J809.85 a/pll]  J809.85 Y31A a/g

D

RU bound

7000
5500
4000
2500
1000
-500

1A> g/a [I] 3K Peptide []

J809.B5 : IAP3K E J809.B5 Y31A : IAP3K F TCR Releasing from
Kp = 6uM Kp = 32uM IAP3K
2500 | J809.B5 TCR
350 /th =3.3 sec

e el
= € 250 1
3 1500 z J809.B5 Y31A
2 L 150 1 ty, = 0.47 sec
- o)

-500 -50 e

-5 0 5 10 15 20
Time (sec) Time (sec) Time (sec)

FIGURE 6.
The Va2 CDR1 Y31 side chain stabilizes the J809.B5 TCR binding reaction with 1AP-3K

through indirect effects. (A) Overlay of J809.B5 and J809.B5 a'Y31A TCRs binding
IAP-3K. The J809.B5 TCR is colored green, TCRa is orange; the J809.B5 o Y31A TCRB is
colored purple, TCRa is brown. IAP-3K is colored cyan (IAPq chain), yellow (peptide) and
magenta (IAPB chain). (B, C) Isomorphous difference map indicates that the only major
structural changes (5.5 sigma peak) are located in immediate proximity of the Va2 aY31
residue, centered on the phenyl ring. Note the next highest peak occurs at a sigma of 3.8. (D)
Soluble J809.B5 TCR or (E) J809.B5 aY31A TCRs were analyzed for equilibrium affinity
binding to immobilized IAP-3K via SPR. Listed Kp are the average of three independent
experiments, sensograms are representative analyses. (F) Dissociation of J809.B5 TCR
(blue) and J809.B5 a'Y31A TCR (red) from immobilized IAP-3K at a flow rate of 20pL/min
at 25 °C. Data for multiple TCR concentrations were collected at 0.1-s intervals and fit to a
1:1 Langmuir binding model to determine the dissociation rate (Ko¢) and t1» of the TCR-
pMHC complex. Dissociation plots are examples of three independent experiments.
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FIGURE 7.

The Va2 CDR1 aY31 side chain contributes to the antigen specificity of multiple Va2t T
cells. (A) Soluble J809.B5 aY31A or (B) J809.B5 TCR TCRs were analyzed for
equilibrium affinity binding to immobilized IAP-FMRKA via SPR. Listed K are the
average of three independent experiments, sensograms are representative analyses. (C) IL-2
production of T cell hybridomas expressing the J809.B5 (filled squares) or J809.B5 aY31A
(open circles) TCR in response to titrating concentrations of FMRKA peptide (ng/mL)
presented by IAP expressing fibroblasts. IL-2 production of T cell hybridomas expressing
the (D, J) J809.G3, (E, K) J809.H1, (F, L) 13.B1, (G, M) 13.D5, (H, N), 14.A6 or (I, O)
14.C6 TCRs (filled squares) or TCRs carrying alanine substitutions at the CDR1 residue
aY31 (open circles), in response to (D-1) titrating concentrations of 3K peptide presented
by IAP expressing fibroblasts, or (J-O) titrating concentrations of alternative peptide
identified using baculovirus display library presented by AP expressing fibroblasts. IL-2
secretion is reported as Units/mL. Data are the average of three independent experiments.
See (Table S2) for ECgy and SEM values.
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9JATLAOMIAOSYD  ADMIALSOVOASA NNHNNL 28  OJATIOOOMSYVYD  MNSAdHIY  AQ41Sd3  6C ov'vT
O4ATLADOMAAOSYD  ADMIALSOVOASA NNHNNL 28 4174AVOOAMSYVO  MNSAdHIY  AQ41Sd3 62 €9°608C
9JATLAOMIAOSYD  ADMIALSOVOASA NNHNNL 28  O44IANNOASYVYD  MASASTS  AQ4VSNI €7 saet
94ATLAOMAAOSYD  ADMIALSOVOASA NNHNNL 28  944IdNNAASYVD  MASASTIS  AQ4VSNI €2 19°€T
94AYOOMVYIOSYD  AOMILSOVOASA NNHNNL 28 O4LTIMVNSOOVIVO  MNNVLIAM  LdAMLLS 1TV GG-GL
94A0TAOMYADSYD  AOMILSOVOASA NNHNNL 28 94414NASSVO MNSAHIY  AQ41Sd3 67 7'0ZSTMZ
9JATLAOMIAOSYD  ADMIALSOVOASA NNHNNL 28  OJHOALOSNYVYD  MNNVLIAD  1dASDLIS 2TY T93VA
94ATLADOMAAOSYD  ADMIALSOVOASA NNHNNL 28 O4ATIHOOSAUSYVD  MASASHIY  AQ4VSNI 82 90T
9JATLAOMIAOSYD  ADMIALSOVOASA NNHNNL 28  OJATMOOSSHSYVD  MASASHIY  AQ4VSNI 8T TH'608C
O4ATLADOMAAOSYD  ADMIALSOVOASA NNHNNL 28  O4L7HAVOMSYVO  MASASHIY  AQ4VSNI 82 59'608C

deyao deyao gidao dn DEYAD DZYAD PTHAD DA 4oL

$YO1 10 douanbag
| 8|geLl
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Table |l

Data collection and refinement statistics (molecular replacement)

14.C6:1AP3K J809.B5:1AP3K J809.B5Y31A:1AP3K

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Data collection
Space group

Cell dimensions

a b, c(A) 66.007, 74.142, 259.289  239.121, 73.514, 65.73  242.123, 73.429, 65.68
a,b,g(°) 90.00, 92.00, 90.00 90.00, 90.58, 90.00 90, 90.34, 90
Resolution (&) 50-3.25(3.31-3.25) 41-2.24(2.28-2.24) 42-2.85(2.95-2.85)
Rmerge 15.5 (53) 8.2(46.2) 13.7 (53)
I/sl 12.9(3.8) 18.14(3.43) 11.6(3.63)
Completeness (%) 99.1(97.9) 97.48(92.10) 100.0(99.7)
Redundancy 6.6(3.8) 5.8(5.3) 6.7(6.6)
Refinement

Resolution (A)

P12, 1

47-3.26(3.38-3.26)

ci121

39-2.24(2.32-2.24)

cil21

42-2.85(2.95-2.85)

No. reflections 39080 (3819) 53984 (5046) 25527 (2335)
Ruyork/Riree 18.63/23.62 16.43/21.21 18.13/24.67
No. atoms 6736
Protein 12366 6377 6273
Ligand/ion
Water 359
B-factors 44.2
Protein 65.4 44.0 60.1
Ligand/ion
Water 47.4
R.m.s. deviations
Bond lengths (A) 0.003 0.007 0.008
Bond angles (°) 0.666 1.06 1.18
Ramachandran favored (%) 95.55 98 94
Allowed region 4.13 2.0 6.0
Outlier region 0.32 0.0 0.0

X-ray diffraction data were collected from single crystals

J Immunol. Author manuscript; available in PMC 2015 June 15.



