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Abstract: T cell receptors (TCRs) are immune proteins that specifically bind to antigenic
molecules, which are often foreign peptides presented by major histocompatibility complex
proteins (PMHCs), playing a key role in the cellular immune response. To advance our
understanding and modeling of this dynamic immunological event, we assembled a protein-protein
docking benchmark consisting of 20 structures of crystallized TCR/pMHC complexes for which
unbound structures exist for both TCR and pMHC. We used our benchmark to compare predictive
performance using several flexible and rigid backbone TCR/pMHC docking protocols. Our flexible

TCR docking algorithm, TCRFlexDock, improved predictive success over the fixed backbone
protocol, leading to near-native predictions for 80% of the TCR/pMHC cases among the top

10 models, and 100% of the cases in the top 30 models. We then applied TCRFlexDock to predict
the two distinct docking modes recently described for a single TCR bound to two different
antigens, and tested several protein modeling scoring functions for prediction of TCR/pMHC
binding affinities. This algorithm and benchmark should enable future efforts to predict, and design

of uncharacterized TCR/pMHC complexes.
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Introduction

Specific recognition of peptides that are presented by
major histocompatibility complexes (pMHCs) by
T cell receptors (TCRs) is a key event in the cellular
immune response. This molecular binding event is
mediated by flexible complementarity determining
region (CDR) loops on the TCR, which are deter-
mined for each T cell via gene rearrangement during
development in the thymus. This results in a clonally
and structurally diverse set of TCRs in vivo (at least
1 x 10° clones in humans®) that can bind and initiate
responses to an immense variety of antigens.

Additional Supporting Information may be found in the online
version of this article.
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Given their importance in vaccine design,>™*
autoimmune disease,>® and their potential as thera-
peutics for cancer’® and HIV,'® TCRs have been
studied extensively to understand their recognition
of antigens at the molecular level. This has been
facilitated by an increasing number of structurally
characterized TCR/pMHC complexes, permitting
reviews of docking orientation’ and CDR loop
conformational changes during binding.'?

Despite these advances, much remains to be
understood regarding the dynamic and molecular ba-
sis of TCR/pMHC recognition before modeling can
accurately recapitulate and predict these interac-
tions. In addition to the challenge of modeling side
chains, CDR loops, and peptide flexibility, the dock-
ing orientation of TCRs over pMHCs must be deter-
mined. While this quaternary structure is conserved
in general (with a roughly diagonal orientation of
the two TCR chains over the peptide), structures
still exhibit notable variability (~70°) in the TCR/
pMHC crossing angle," and highly tilted docking
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Table I. The TCR Docking Benchmark

Complex? TCR* TCR name pMHC? pMHC name Peptide sequence RMSDP Difficulty®
CD8+ TCR; Class I MHC

1A07 3QH3 A6 1DUZ Tax/HLA-A2 LLFGYPVYV 1.23 Rigid
1MI5 1KGC LC13 1MO05 EBV/HLA-B8 FLRGRAYGL 1.25 Medium
1IMWA 1TCR 2C 1LEK dEV8/H2-KP™3 EQYKFYSV 1.14 Rigid
10GA 2VLM JM22 2VLL flwHLA-A2 GILGFVFTL 1.36 Medium
2BNR 2BNU 1G4 1S9W NY-ESO9C/HLA-A2 SLLMWITQC 0.72 Rigid
2CKB 1TCR 2C 1LEG dEV8/H2-KP EQYKFYSV 1.17 Rigid
2NX5 2NW2 ELS4 2NW3 EBV/HLA-B*3501 EPLPQGQLTAY 1.14 Rigid
2019 1TCR 2C 3ERY QLY/ H2-L4 QLSPFPFDL 1.10 Medium
2PYE 2PYF 1G4 cbel 1S9OW NY-ESO9C/HLA-A2 SLLMWITQC 0.88 Rigid
3H9S 3QHS3 A6 3H7B Tellp/HLA-A2 MLWGYLQYV 1.31 Medium
3KPR 1KGC LC13 3KPQ ABCD3/HLA-B*4405 EEYLKAWTF 1.37 Medium
3KPS 1KGC LC13 3KPP ABCD3/HLA-B*4405 EEYLQAFTY 1.31 Medium
3PWP 3QH3 A6 3PWL HuD/HLA-A2 LGYGFVNYI 1.24 Rigid
3QDG 3QEU DMF5 1JF1 MART1-ELA/HLA-A2 ELAGIGILTV 0.96 Medium
3QDJ 3QEU DMF5 2GUO MART1-AAG/HLA-A2 AAGIGILTV 0.94 Medium
3SJV 3SKN RL42 1MO05 EBV/HLA-B8 FLRGRAYGL 0.96 Rigid
3UTT 3UTP 1E6 3UTQ Insulin/HLA-A2 ALWGPDPAAA 0.75 Rigid
CD4+ TCR; Class II MHC

2IAM 2IAL ES8 1KLG TPImut/HLA-DR1 GELIGILNAAKVPAD 0.87 Rigid
2IAN 2IAL E8 1KLU TPI/HLA-DR1 GELIGTLNAAKVPAD 0.82 Rigid
2PXY 2735 1934.4 1K2D MBP/H2-IA" RGGASQYRPSQ 1.18 Medium
2 PDB code.

® Root mean square distance (in A) between backbone atoms of the TCR/pMHC interface and the corresponding atoms in

the unbound structures.

¢ Docking difficulty, as defined by interface RMSD and contacting residues.??

modes have been observed for autoimmune TCRs
engaging peptides presented by Class II MHCs.%

Here we describe the use of protein—protein
docking to accurately predict TCR/pMHC recognition
based on the structures of the unbound proteins.
Protein—protein docking has advanced greatly over
the past two decades, spurred by improvements in
scoring functions, computational efficiency, as well
as community interaction via the ongoing CAPRI
blind docking experiment.'® Improved conforma-
tional searching has provided the ability to predict
structures of complexes from unbound components,
even in the presence of conformational changes.'* In
this study, we modified the docking program Roset-
taDock,'® to predict TCR/pMHC recognition in com-
bination with the program ZRANK.'® Both Rosetta-
Dock and ZRANK have been highly successful in the
CAPRI protein docking experiment,'”2° and we
previously adapted ZRANK specifically to score
refined protein—protein docking predictions from
RosettaDock.?!

To facilitate the testing and development of pre-
dictive docking methods, we assembled a benchmark
set of 20 TCR/pMHC complexes that have separately
solved structures of their unbound components,
including 17 Class I MHC-containing complexes and 3
Class II MHC-containing complexes. This benchmark
is analogous to our benchmark for protein—protein
docking, which is widely used to develop and test pro-
tein docking algorithms®? but does not contain TCR/
pMHC structures due to their generally conserved
binding mode. As with a recently released structure-
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based binding affinity benchmark,?® we also collected
binding affinity data for TCR/pMHC interactions in
our benchmark, and we assessed the ability of protein
design functions to discriminate high affinity interac-
tions from low and moderate affinity interactions
based on structures. This initial success shows that
protein—protein docking algorithms are capable of
generating accurate structural models of TCR/pMHC
binding using unbound structures, and can provide
mechanistic insights into this class of dynamic immu-
nological interactions.

Results

Docking benchmark

From an exhaustive search of TCR/pMHC complex
structures as well as individually solved TCR and
pMHC structures in the PDB,?* we assembled a
benchmark of 20 docking test cases (Table I and
Supporting Information Table S1). This highly
diverse set of structures contains 12 unique TCRs, 9
MHC alleles, and peptides associated with viruses,
cancer, and autoimmunity. A subset of cases feature
the same TCR bound to multiple antigens featuring
distinct peptides and/or MHC alleles (e.g., the 2C
TCR in 1IMWA, 2CKB, and 2019, the LC13 TCR in
1MI5, 3KPR, and 3KPS, and the A6 TCR in 1AO07,
3H9S, and 3PWP) and highlight the multi-specific
nature of TCR/pMHC recognition. Among the vari-
ous MHC alleles, amino acid differences (e.g., 20% of
residues vary between HLA-A2 and HLA-B8) do not
substantially alter the MHC backbone conformations
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Figure 1. Diversity of docking orientations and conformations for the 20 complexes in the TCR docking benchmark. A: Side
and (B) top view of TCR docking orientations, denoted by TCR inter-domain axes (spheres) and pseudo-symmetric axes
between TCR variable domains (“+”); the pMHC from 1AQ7 is shown for reference (peptide = magenta sticks, MHC = green
cartoon, f2m = cyan cartoon). C: CDR loops from superposed TCRs and (D) superposed pMHC structures, with the 1AO07

TCR and MHC shown for reference.

within each class (seven Class I and two Class I
MHCs), but impart changes to the side chains of the
peptide binding groove and the nearby residues that
interact directly with the TCR. This includes residue
changes R65Q and A69T from HLA-A2 to HLA-
B3501 in two out of three “restriction triad” residues
at the TCR interface,?® or the peptide groove substi-
tution of D77S from H2-K® to H2-KP™?, leading in a
change in MHC-bound peptide conformation.
Conformational changes between unbound and
bound structures are higher on average than for
unbound antibody/antigen docking test cases,?? with
interface root-mean-square distances (RMSDs; calcu-
lated using backbone atoms of all TCR and pMHC
residues within 10.0 A of the binding partner in the
bound structure) ranging from 0.72 to 1.37 A Many
of the larger conformational changes take place on
the TCR side of the interface, with the notable
exception of 2NX5 which features a flexible “bulged”
11-mer peptide that results in a 1.0 A binding
conformational change in the pMHC (Supporting
Information Table S1). Within the pMHC side of the
interface, peptides typically accounted for more con-
formational change than the MHC helices (Support-
ing Information Table S1), however in the case of
3H9S the HLA-A2 MHC dominated the conforma-
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tional change (1.02 Avs. 0.79 A for the peptide); this
is thought to be due to dynamic motions of the
HLA-A2 helices induced when bound to the Tellp
peptide.?” Using our previously established criteria
to evaluate docking difficulty based on interface
conformational changes,?? nearly half (nine cases)
are classified as medium difficulty, and the remaining
11 cases are rigid-body (Table I).

To assess the structural diversity within the
TCR docking benchmark, we compared rigid-body
docking orientations, in addition to backbone confor-
mations, among the TCR/pMHC structures (Fig. 1).
The crossing angle, the angle between the inter-do-
main vector of the TCR, and the antigen binding
groove vector of the MHC, varied greatly, ranging
between 22° and 69° (Supporting Information Table
S1), which is approximately the range noted by
Rudolph and Wilson in their review of TCR/pMHC
structures.!’ The incident angle, corresponding
to the tilt of the TCR with respect to the MHC’s pep-
tide-binding plane (see Materials and Methods for
details), varied less than the crossing angle, but it
can be seen in Figure 1(A) that these angular differ-
ences represent considerable changes in docking ori-
entation. Superposition of bound TCR CDR loops
[Fig. 1(C)] indicates a large degree of structural
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Figure 2. Backbone RMSD between residues of bound
and unbound TCR variable domains after structural
superposition, for the o chain (A) and B chain (B). Average
RMSD is shown as a solid line, and dotted line represents
the average plus one standard deviation. Solid horizontal
bars represent the positions of CDR loops (based on the
IMDB definition?®), and asterisks on the x-axis indicate
positions at the interface with pMHC (within 6.0 A) for three
or more benchmark complexes.

variability, particularly among the CDR3a and
CDR3 loops of the TCR, and to a smaller extent for
the germ-line CDRla and CDR2a loops. In the
superposition of pMHCs [Fig. 1(D)], the peptide
backbone conformations show substantial diversity,
driven by varying peptide sequences and lengths, as
well as MHC allele and bound TCR.

In addition to analyzing the variation among
the bound TCR/pMHC complexes in the benchmark,
we calculated the binding conformational changes of
the TCRs (calculated using the unbound and bound
TCR structures from each test case) as a function of
position (Fig. 2). We found that the CDR3o loop
exhibited the largest average conformational change
upon binding, followed by CDR3B and CDR1la, in
agreement with previous findings from Armstrong
et al. in a study of 12 TCR/pMHC complexes.'? Some
less pronounced conformational changes can be seen
for the other CDRs and sites of pMHC binding. We
also observed conformational changes around resi-
due 40 in the TCR B chains; this occurs in the turn
between the C and C’ strands and contains a mobile
glycine residue. As this region is distant from the
pMHC binding site, we did not investigate this fur-
ther with respect to implications on pMHC binding.
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TCRFlexDock performance

After assembly of our benchmark set of structures,
we developed a flexible backbone docking protocol
using RosettaDock'®’and ZRANK?! to perform TCR/
pMHC docking (Fig. 3), which we refer to as
TCRFlexDock. Our approach employs iterative
Monte Carlo moves of rigid-body positions and side
chain packing combined with refinement of CDR
loop (and optionally peptide) backbone conforma-
tions, analogous to the SnugDock protocol developed
for antibody/antigen docking.?’® Unlike SnugDock,
we utilized the recently developed kinetic closure
algorithm (KIC)*° for flexible CDR loop modeling,
which shows higher performance than the standard
Rosetta protocol (cyclic coordinate descent or CCD)
in producing loop structural models®® and in
sequence design predictions at an antibody/antigen
interface.?! All unbound TCR and pMHC structures
were initially set to the same starting position with
a diagonal crossing angle (45°) and 25 A separation
between the unbound TCR and pMHC centers
(details in the Methods), which provided space
between binding partners for initial conformational

TCRFlexDock Protocol

Positioned Unbound
TCR and pMHC
Structures

CDR3 Loop Perturbation

Low Resolution
Centroid Docking

RosettaDock
x1000

Loop Refinement*

Repeat

High Resolution
Monte Carlo Docking

*loop refinement performed
on CDR3 loops only, or
all CDR loops and peptide

1000 Output Models
Rescored Using ZRANK

Figure 3. The multi-stage TCR/pMHC docking protocol,
TCRFlexDock. After the unbound TCR and pMHC oriented
to a starting position, the CDR3 loops are perturbed and
minimized, and a coarse-grained centroid docking search is
followed by two iterations of CDR (and optionally peptide)
loop refinement and 6D rigid body movements plus side
chain repacking. This is repeated 1000 times, resulting in
1000 predictions per test case, which are then scored
using ZRANK to select docking models. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 4. TCRFlexDock success rates on the TCR docking benchmark. A: Success using a fixed backbone (Fixedbb) docking
protocol is compared to TCRFlexDock with flexible CDR3 loops (CDR3) and flexible CDR loops and peptide (CDRPep). Success
was evaluated for the top 1, top 10, and top 30 predictions (selected by ZRANK from 1000 RosettaDock models per test case).
B: Distribution of interface backbone RMSDs of the best model among the top 30 predictions for the three docking protocols.
“Initial” corresponds to the initial RMSDs of the complexes that were input to the docking search. P-values were calculated
using the Wilcoxon rank sum test. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

sampling. The CDR3 loops were then given an ini-
tial KIC perturbation and refinement, followed by a
random rigid-body perturbation of the pMHC (a 3 A
and 8° Gaussian movement), and a low resolution
docking search. Then two steps of Monte Carlo mini-
mization (rigid body and side chain movements) and
CDR (and optionally peptide) loop refinement were
performed. This docking protocol was run 1000
times per complex to generate 1000 docked models,
which were re-scored using the docking scoring func-
tion ZRANK with refinement weights?! to select the
top predictions. We authored the docking portion of
this protocol using the Rosetta Scripts language;®?
the code is available as Supporting Information.

We compared two versions of TCRFlexDock,
moving the backbones of CDR3s (“CDR3”) and mov-
ing the backbones of all CDRs and the peptide
(“CDRPep”), with the fixed backbone docking proto-
col of RosettaDock (“Fixedbb”) for predictive perform-
ance on the TCR docking benchmark (Fig. 4). We
employed the criteria for docking model evaluation
used in the CAPRI experiment,® facilitating com-
parison with results from other studies, and consid-
ered medium and high accuracy CAPRI predictions
to be near-native hits. While the fixed backbone pro-
tocol performed well, it was outperformed by the
TCRFlexDock protocols, particularly when consider-
ing the top 10 and top 30 predictions for each test
case. Success rates were 80% and 100% for the
CDRPep protocol for the top 10 and top 30 predic-
tions, respectively (CDRPep results for the top 10
predictions are in Supporting Information Table S2).
Interface RMSDs of predictions [backbone distance
from the bound interface; Fig. 4(B)] were also
improved for both the CDR3 and CDRPep TCRFlex-
Dock protocols versus the Fixedbb protocol, and all
three docking protocols had dramatically improved
RMSDs versus the input structures.

Pierce and Weng

To explore changes in binding energy landscape
due to sampling during docking simulations, we
compared scores versus RMSDs from bound inter-
face for all 1000 models from each docking simula-
tion, which is shown for two test cases in Figure 5.
In addition to the Fixedbb and CDRPep protocols,
we tested fixed backbone docking with the bound
structures (Boundbb) to gauge how much correct
backbone conformations aid the docking search
(prior to docking, bound side chains were removed
and modeled, and the TCR and pMHC structures
were set to the same starting position as the
unbound structures). While for the 1AO7 test case
there was some improvement in the binding funnel
between the Fixedbb and the flexible CDRPep proto-
cols, the improvement was more pronounced for the
test case 2PYE, which features a high affinity TCR.
For both cases, docking with the bound backbone led
to very clear binding funnels, underscoring the im-
portance of accurate backbone conformation in high
accuracy docking results.

Prediction of binding modes of the 43F3 TCR
bound to different pMHCs

Having demonstrated that TCRFlexDock can predict
bound TCR/pMHC docking
unbound structures, we applied it to a new system
where no unbound TCR structure was available,
hence not included in our benchmark. The 42F3
TCR recognizes the QL9 peptide bound to the H2-L4
MHC (the same antigen as test case 20I9 in our
benchmark), and in a recent study this TCR was
found to bind to an unrelated peptide (p3Al;
sequence SPLDSLWWI; also presented by H2-L%)
with a dramatically different orientation.®* As this
shift in docking orientation would not be predicted
by homology modeling using 42F3/QL9/H2-L¢ as the
template,

orientations from

or the notion of conserved contacts
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Figure 5. Binding funnels for two benchmark test cases. ZRANK scores versus interface RMSD for 1000 docking models are
shown for 1AO7 (A, B, and C) and 2PYE (D, E, and F). The Fixedbb protocol (with flexible side chains only) (A and D) yielded
less success than the CDRPep protocol (with flexible backbones for CDR loops and peptide and flexible side chains for all
residues) (B and E). For comparison, the Boundbb results are also shown (C and F), which used the backbone conformations
from the bound structures as input to fixed backbone docking (with side chains removed and rebuilt), yielding the most

distinct energy funnels and most accurate models.

between this TCR and the H2-L* MHC, we consid-
ered this to be an ideal case to test our docking pro-
tocol. We generated two test cases (named, as with
the benchmark cases, after the bound structures):
3TF7 (42F3/QLY/H2-L%) and 3TJH (42F3/3A1/H2-LY)
(Table II). The input TCR for each case was taken
from the other case’s bound structure, which in light
of the considerable CDR3a conformational change®*
provides a useful test of flexible CDR modeling.
For 3TJH, the p3Al peptide was modeled using
fixed backbone mutagenesis in Rosetta®® onto an
unbound peptide/H2-L? structure (PDB code 1LD9),
for which the peptide (sequence YPNVNIHNF)
shares only the key anchor residue Pro2 with p3Al.
We employed TCRFlexDock (with CDRPep flexi-
bility) to predict the structures of these two complexes,
generating 1000 predictions per case (as with the

Table II. The 42F3 TCR Test Cases

pMHC
Complex® TCR? pMHC? name Peptide sequence
3TF7 3TJH SERY QL9/H2-LY QLSPFPFDL
3TJH 3TF7 1LD9® 38A1/H2-L¢ SPLDSLWWI®
2 PDB code.

> The peptide in the unbound 1LD9 pMHC structure was
mutated in silico to match the sequence of the peptide
targeted by 42F3 (mutant sequence positions shown in
bold).
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benchmark); predicted structures are shown in Figure
6. For the 3TF7 complex, a near-native prediction was
ranked number 4, with an interface RMSD of 2.02 A
and two CAPRI stars (medium accuracy). The predic-
tion for 3TJH was slightly less accurate (3.01 A from
the bound interface), but still was within the CAPRI
criteria for one star (acceptable prediction), which is
notable given that the pMHC structure was modeled
for this case. Among the correctly predicted contacts
for this interface was the hydrogen bond between the
side chains of residues Lys95 of the TCR o chain and
Asp4 of the peptide [Fig. 6(B)], one of the three CDR3-
peptide contacts observed in the crystal structure®
and the only one between two side chains.

Prediction of TCR binding affinities

Several recent studies that have demonstrated the
potential of protein docking and design scoring func-
tions to predict binding affinities based on structures
of complexes,?>2%37 yet such energetic predictions
are not always accurate, as observed when scoring
the complexes between a TCR and several super
antigens featuring a mobile loop.3® We tested the
performance of predictive scoring algorithms in the
context of TCR/pMHC affinity prediction (Fig. 7 and
Supporting Information Table S3). In addition to the
complexes in our TCR docking benchmark with
characterized binding affinities, we included five

Predictive Docking of T Cell Receptors to pMHCs
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Figure 6. Flexible docking predictions for the 42F3 TCR bound to two different peptides presented by the same MHC. A:
The 42F3/QL9/H-2L° complex (magenta; PDB code 3TF7) and TCRFlexDock model 4 (cyan). This prediction has interface
RMSD of 2.02 A with the bound complex and two CAPRI stars. B: The 42F3/p3A1/H-2L¢ complex (gold; PDB code 3TJH)
and TCRFlexDock model 4 (blue). This prediction has an interface RMSD of 3.01 A from the bound complex and one CAPRI
star. Shown to the right is the hydrogen bond (from the modeled complex and the crystal structure) between Lys95 of the
42F3 TCR o chain and Asp4 of p3A1. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

additional high affinity TCRs with characterized
antigen binding affinities and solved TCR/pMHC
structures, to examine whether such functions can
discriminate between normal and high affinity com-
plexes. For both Rosetta® (using “ddg” weights) and
ZAFFI,*® there were strong correlations between
predicted and measured binding affinities (R = 0.79
for both). We evaluated the performance of two addi-
tional functions (Supporting Information Table S3):
ZRANK’s refinement function®® (R = 0.75), which
was used to select TCRFlexDock predictions, and
the atomic contact energy (ACE) statistical potential
(R = 0.73), which was derived over 10 years ago
from contact frequencies of atoms in monomeric crys-
tal structures.®® Given that Rosetta, ZAFFI, and
ZRANK utilize complex weighted energy functions
that include statistical energy terms (ZAFFI and
ZRANK include ACE in their functions), the strong
performance of ACE alone is impressive.
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Discussion

We have developed and benchmarked predictive
docking protocols by assembling a set of diverse test
cases for an immunologically critical system, TCR/
pMHC recognition. Our flexible docking protocol,
TCRFlexDock, gave near-native docking models in
the top 10 predictions for the vast majority of the
benchmark structures (16 out of 20 cases). The dock-
ing protocols we describe here are to our knowledge
the first protocols for predictive TCR/pMHC docking
that were tested against a set of TCR/pMHC com-
plexes. Recent studies have performed docking
of autoimmune TCRs to Class II antigens*"*? using
established homology modeling and docking
approaches, but given their focus on predicting single
uncharacterized complexes, it is difficult to determine
their predictive performance or general applicability.
Another study used steered molecular dynamics to
simulate TCR/pMHC binding for three complexes,
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>
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Figure 7. Scores versus measured binding affinities for 22 TCR/pMHC complexes, using (A) Rosetta and (B) ZAFFI. The
complexes include 17 structures from the TCR docking benchmark and five additional complexes of high affinity TCR
mutants with antigens. Low and moderate affinity complexes (black circles) are distinguished from high affinity complexes
(gray triangles). Best-fit lines are shown for each function; the correlation between scores and experimental measurements is

0.79 for both.
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but components for each simulation were taken from
the respective bound complex, greatly simplifying the
modeling of the binding process.*3

While TCRFlexDock produced relatively accurate
docking models (average interface RMSDs less than 2
A from bound) for all TCR/pMHC test cases, with
recapitulation of key interface contacts, further
improvements in docking accuracy can improve mod-
els closer to crystallographic resolution for analysis
requiring fine structural details, such as computa-
tional mutagenesis. The performance of our TCR
docking approaches on the benchmark, as well as
recent observations of TCR/pMHC recognition, pro-
vides possible means to improve in this regard. Simu-
lating flexibility of the mobile CDR3 loops provided a
notable improvement in docking accuracy over fixed
backbone docking, yet sampling loop conformations
closer to the bound structure would likely provide
greater success. This could potentially be achieved by
using conformational propensities derived from a
study of TCR CDR loop conformations, as performed
by Al-Lazikani et al.,** but updated to include CDR3
loops as performed recently for antibody CDRs.*®
Along with improved simulation of flexible CDR loops,
other areas of the binding interface with less pro-
nounced conformational changes could also be
addressed, such as the MHC helices, which have been
observed to undergo dynamic changes as in the test
case 3H9S.*¢Another means to improve docking per-
formance would be to guide the docking search using
likely contacts between TCRs and MHCs, as with the
docking program HADDOCK, which uses “ambiguous
interaction restraints” as key input parameters.*’
The concept of conserved contacts between TCRs and
MHCs,*® as well as recently described distinct “co-
dons” of germline TCR/pMHC recognition®® could be
used in this context; however recent structural stud-
ies have indicated that such simplifications could be
misleading.?*%° Finally, some improvement could be
achieved by modeling (or constraining) TCR/pMHC
interactions in the context of the immunological syn-
apse. The quaternary structure of a TCR, pMHC, and
CD4 protein has recently been determined by X-ray
crystallography;®! such a structure, along with an
analogous structure (or model) including the CDS8
homodimer for Class I MHCs could potentially help to
guide or filter models to identify putative TCR/pMHC
complexes from a docking search.

The predictive performance for TCR/pMHC
binding affinities provides evidence that scoring
functions currently in use for scoring protein—pro-
tein interfaces can be applied to predict affinities of
this system. This would be immensely useful as a
potential means to evaluate binding affinities of a
range of antigens to a single TCR, or to discriminate
models of high affinity TCRs generated using in sil-
ico methods. However, given that our study used the
ideal case where the bound structure was known
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rather than relying on a docking model or set of
docking models, it is likely that scoring would need
to be adapted to accommodate potential noise within
a set of docking predictions or models. Recent use of
distributions of docking scores from unbound rigid-
body docking to discriminate binding from non-bind-
ing proteins demonstrates that even in the absence
of a single high-resolution structure, predictions of
binding partners can be made.??

Predictions of docked TCR structures as well as
pMHC binding affinities are particularly attractive in
light of recent progress in next generation sequencing
technologies, which have made it possible to character-
ize the vast repertoire of TCRs in vivo,?>®* and have
helped to characterize many “public’ TCRs with anti-
gen-specific sequences shared by many individuals in a
population.®® By combining the flexible docking
approaches described here with modeling of TCR struc-
tures from sequence, it should be possible to predict the
structures of these TCRs in complex with cognate
pMHCs, particularly when their antigenic targets are
known. The use of modeled TCRs instead of unbound
structures would likely yield more challenging cases;
the improvements to the docking procedure noted above
would likely help in this scenario. Docking with mod-
eled immune proteins has been demonstrated with
antibodies using RosettaDock?® and similar methods
could be developed to model TCR CDRs from sequence.
Another recent study modeled the structures of six
TCR clones bound to the NY-ESO-1 antigen and HLA-
A2, but structures were pre-docked to the antigen based
on a homologous complex structure (1G4/NY-ESO9C/
HLA-A2; test case 2BNR) prior to CDR modeling.?® Our
approach is applicable to the more general and complex
scenario of unbound TCRs binding to pMHCs without
pre-orientation to a known structure, and can repro-
duce a substantial variety of docking orientations as
seen in the benchmark cases and the 42F3 TCR.

By building an extensible framework to perform
these simulations, our flexible TCR docking algorithm
could be readily combined with methods for modeling
the structures of peptides bound to MHCs,?” which
would be useful in cases for which the pMHC struc-
ture has not been characterized. Given that even point
mutations in a peptide can impact TCR specificity,
avidity, and composition of T cell repertoires,®®
rately representing peptide conformations would be
essential in such a modeling pipeline. With the rapid
expansion of immunoinformatics tools and data,
predictive tools to describe TCR/pMHC recognition as
described here have great potential to transform
immunology and therapeutics research.

accu-

Materials and Methods

Docking benchmark assembly
To ensure sufficient structural quality, we only
selected crystallographic structures with resolution
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better than 3.25 A, as with our protein—protein dock-
ing benchmark.?? We performed a search for test
cases using all structures in the Protein Data
Bank?* (PDB) in June 2012. In the event that multi-
ple structures were available for a particular protein
or complex, we selected the structure with the high-
est resolution. We omitted structures that included
other proteins (e.g., superantigens) bound at the
TCR/pMHC interface, or peptides covalently
attached to the MHC or TCR, due to the concern
that indirect effects from these interactions may al-
ter the TCR/pMHC interface and thereby bias the
docking results. For the test cases 2IAM and 2IAN,
the superantigen bound to the pMHC structures
(PDB codes 1KLG and 1KLU) was not significantly
contacting the TCR binding site or interacting with
the peptide, thus the cases were retained.

Though unbound structures with missing inter-
face residues were avoided, some were nonetheless
included in the benchmark as judged by the extent
of the missing atoms. This included the unbound
ELS4 TCR (PDB code 2NW2), which lacks coordi-
nates for one residue (and portions of two adjacent
residues) in the CDR3o loop, yet the core of the
binding interface was intact. Residue mismatches
between bound and unbound structures at the bind-
ing interface were not permitted. The 2C TCR bound
to QL9/H2-Ld had several mismatching residues
between unbound and bound TCRs (1TCR vs. 2019),
but these were away from the interface and the
mutations were introduced to improve solubility and
not pMHC binding.?®

Calculation of crossing and incident angles

The relative orientation between a TCR and a
pMHC can be described using two angles: crossing
angle and incident angle. The crossing angle is the
angle between the inter-domain TCR vector and the
vector along the MHC helices; its calculation is
described in detail by Rudolph et al.'' Briefly, the
inter-domain TCR vector was calculated using the
centroids of the disulfide bonds in the two TCR vari-
able domains. The vector along the MHC helices was
calculated using singular value decomposition of the
alpha carbon atoms for the helical residues
delineated by Rudolph and Wilson. This produces
three (orthogonal) eigenvectors, of which one is the
vector along the MHC helices (corresponding to the
largest eigenvalue), and one is the normal vector to
the MHC helix plane (corresponding to the smallest
eigenvalue). The incident angle is the angle between
the pseudo two-fold symmetry axis that relates the
TCR variable domains and the normal to the MHC
helix plane. The axis of symmetry was calculated
using a modified version of the FAST structural
alignment program,®® and the normal vector to the
MHC plane was taken from the singular value
decomposition described above.

Pierce and Weng

RosettaDock

We used RosettaDock!® (Rosetta version 3.2) to per-
form local docking searches using two basic proto-
cols: fixed backbone and flexible loops. Fixed back-
bone docking was performed using the
“docking_protocol” executable, restricted to local
searching with Gaussian perturbations of 3 A and &
(“-docking:dock_pert 3 8”). The default rotamer
library was appended with extra chil and chi2
aromatic rotamers (“exl —ex2aro”), unbound
rotamers (“-unboundrot”), and off-rotamer minimiza-
tion (“-dock_rtmin”). About 1000 models were pro-
duced by each docking run (“nstruct 1000”), and
each model was scored using the ZRANK program
with weights developed for docking models refined
using RosettaDock.2! We also tested the use of the
RosettaDock score for each model, which was from
the interface score term (“I_sc¢”) of the RosettaDock
output, as employed by Sircar and Gray for anti-
body/antigen docking model evaluation,?® but we
found the ZRANK score to be superior (Supporting
Information Table S2).

Implementation of the flexible TCR docking pro-
tocol, TCRFlexDock, was performed using Rosetta-
Scripts;®? a sample script is provided in the Support-
ing Information text. In addition to the perturbation
and side chain sampling flags specified in the
Methods for rigid-body docking, we used the flags
(“-loops:outer_cycles 1 -loops:max_inner_cycles 100”)
to limit the number of KIC loop refinement iterations
during the docking run. Additionally, we made two
modifications to the Rosetta source code related to
RosettaScripts.2° One modification allowed the use of
the docking scoring function in the high resolution
docking search, while using the standard “scorel2”
weights for side chain packing, consistent with the
scoring in the default fixed backbone docking protocol
in Rosetta 3.2 and the original RosettaDock imple-
mentation.'® The other modification allowed multiple
loops to be specified in RosettaScripts within a single
LoopRemodel construct, permitting the simultaneous
refinement of multiple CDR loops (and optionally pep-
tide). Details are given below:

1. In the file DockAndRetrieveSidechains.cc (used
by RosettaScripts for docking), the default scor-
ing function for the high-resolution docking
search (“scorehi”) was set to “scorel2” (Rosetta’s
standard high resolution scoring function). In
order to maintain consistency with the fixed
backbone docking used here and the original
implementation of RosettaDock,'® we modified
the default “scorehi” to NULL so that the Dock-
ingMover would apply its default settings,
using the high-resolution docking scoring func-
tion for scoring docking predictions and
“scorel2” for side chain packing during the
docking search.
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2. In order to support definition of multiple loops in
a single RosettaScripts entity, we modified the
“loop_start_pdb_num” and “loop_end_pdb_num’
tags in LoopRemodel.cc to “loop_start_pdb_nums”
and “loop_end_pdb_nums”. Iterators were then
used to parse the specified start and end indices
for each loop, and (as with the specification of
single loops) the add_loop() function was used to
add each successive loop to the loop protocol.

For input to RosettaDock, the TCR and pMHC
of all test cases were placed in the same initial ori-
entation, described by the following three steps. The
TCR variable domain pseudo two-fold symmetry axis
was aligned with the normal vector to the MHC he-
lix plane (resulting in an incident angle of 0°). The
TCR was then rotated so that the inter-domain axis
was 45° from the MHC helix vector in the MHC he-
lix normal plane (resulting in a crossing angle of
45°). Finally, the pMHC was moved along the MHC
helix normal axis so that there was a 25 A distance
between the center of mass of the MHC helix (using
a-carbon atoms) and the center of the TCR inter-do-
main vector (calculated using each domain’s disul-
fide bonds). This operation was implemented in a
C++ program, which is available from the authors
upon request.

For the test case 2NX5, we used the Modeller
program,®' release 9v8, to add the missing atoms
(six backbone atoms from three residues) to the
unbound CDR3a loop prior to docking in Rosetta.
Ten models were produced using the automodel class
with the unbound structure and the sequence
including the missing residues, and the top struc-
tural model was selected based on Modeller’s DOPE
score.

Docking model evaluation

We used the CAPRI criteria®®®? to evaluate docking
predictions, using inter-residue contacts in addition
to interface and ligand RMSD to categorize predic-
tions as incorrect, acceptable (*), medium accuracy
(*#*), or high accuracy (***). For success rate calcula-
tion, near-native hits were defined as predictions
with medium or high CAPRI accuracy.

Binding affinity prediction

We used several programs to score TCR/pMHC com-
plexes for binding affinity prediction. For Rosetta,®®
we used the “score_jd2” executable in release 3.2
with “DDG” weights “-score:weights ddg”. The
pMHC, TCR, and complex were scored separately,
and the AG prediction was calculated by subtracting
the TCR and pMHC scores from that of the complex.
The ZAFFI score was calculated using weighted
terms from Rosetta and ZRANK as previously
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described,® and the ACE*® score was calculated by
ZRANK.

Figures

Molecular structures were visualized using PyMOL
(www.pymol.org), and data analysis figures were
produced using gnuplot (www.gnuplot.info). Super-
position of molecular structures for visualization
purposes was performed using FAST.%°
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