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Summary

T-cell receptors (TCRs) can productively interact with many different pep-

tides bound within the MHC binding groove. This property varies with

the level of cross-reactivity of TCRs; some TCRs are particularly hyper

cross-reactive while others exhibit greater specificity. To elucidate the

mechanism behind these differences, we studied five TCRs in complex

with the same class II MHC (1Ab)-peptide (3K), that are known to exhibit

different levels of cross-reactivity. Although these complexes have similar

binding affinities, the interface areas between the TCR and the peptide–
MHC (pMHC) differ significantly. We investigated static and dynamic

structural features of the TCR–pMHC complexes and of TCRs in a free

state, as well as the relationship between binding affinity and interface

area. It was found that the TCRs known to exhibit lower levels of cross-

reactivity bound to pMHC using an induced-fitting mechanism, forming

large and tight interfaces rich in specific hydrogen bonds. In contrast,

TCRs known to exhibit high levels of cross-reactivity used a more rigid

binding mechanism where non-specific p-interactions involving the bulky

Trp residue in CDR3b dominated. As entropy loss upon binding in these

highly degenerate and rigid TCRs is smaller than that in less degenerate

TCRs, they can better tolerate changes in residues distal from the major

contacts with MHC-bound peptide. Hence, our dynamics study revealed

that differences in the peptide recognition mechanisms by TCRs appear to

correlate with the levels of T-cell cross-reactivity.

Keywords: binding affinity–interface area relationship; CH-p interactions;

cross-reactive T-cell receptor recognition; fragment molecular orbital

method; molecular dynamics simulation.

Introduction

T-cell receptors (TCRs) can cross-reactively recognize dif-

ferent antigenic peptides presented by MHCs. The level of

cross-reactivity differs between TCRs; some possess hyper

cross-reactivity, whereas others exhibit low cross-reactivity

and somewhat greater specificity. The cross-reactivity of a

TCR may originate from a smaller number of existing

TCRs compared with the number of potentially immuno-

genic antigenic peptides.1,2 The number of existing TCRs

is also much smaller than the theoretically possible num-

ber of TCRs based on combinatorial and junctional pro-

cesses in TCR synthesis.3 The negative selection that

occurs during TCR maturation, in which strongly self-

reactive TCRs are eliminated, is an important process to

reduce a huge amount of TCR repertoires.4,5 In this pro-

cess, however, some self-reactive TCRs with a weak bind-

ing affinity, which may induce autoimmune responses,

survive.4,6 Hence, the recognition mechanisms of pep-

tide–MHC complexes (pMHCs) by TCRs must be

Abbreviations: CDR, complementarity determining regions; FMO, fragment molecular orbital; MD, molecular dynamics; PDB,
Protein Data Bank; pMHC, peptide–MHC; RMS, root-mean-square; TCR, T-cell receptor
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diverse; it is challenging to comprehensively understand

the various mechanisms.

Specificity in molecular recognition, i.e. one-to-one

correspondence of two molecules, is an essential charac-

teristic of biopolymers in a biological system. Several

hypotheses have been proposed for the mechanism that

generates this specificity; for example: lock-and-key,

induced-fit and conformational selection. On the other

hand, cross-reactivity of TCR, i.e. one-to-many corre-

spondence, has provided new insights into specificity, and

a number of mechanisms for this cross-reactivity have

been proposed.1,3,7,8 Petrova et al. summarized cross-reac-

tivity in four conceptually distinct mechanisms with

respect to their structures: (i) conformational plasticity of

complementarity determining region (CDR) loops, i.e.

so-called induced fitting by TCR; (ii) altered TCR–pMHC

docking geometry; (iii) flexibility of the peptide and

MHC, i.e. induced fitting by pMHC; and (iv) structural

degeneracy.3 Structural degeneracy has parallels with

hydrophobic interactions, which are not necessarily strong

and can easily slip.

Even if their interactions are degenerate,9–12 TCR–
pMHC complexes show some universality; i.e. TCR-a and

TCR-b subunits interact with the a2- and a1-helices of

class I MHC, and the b and a subunits of class II MHC,

respectively.13–15 Here, CDR3 is mainly responsible for

the recognition of the peptide. In some cases, however,

this universality does not hold. Moreover, even if it does,

the interaction types formed at the interfaces differ

among TCRs as shown in this study.

The recognition mechanism of TCR is similarly not

fully understood from a thermodynamic perspective. It

was initially hypothesized that, as the CDR loops of TCR

are flexible in a free state but their flexibilities become

suppressed by interactions with pMHCs upon binding,

TCR binding to pMHC is entropically unfavourable.

However, subsequent studies have shown that this is not

always true.3,8,12 Furthermore, there are cases where the

free energy changes upon binding are very similar,

whereas the values of enthalpic and entropic contribu-

tions span a wide range, suggesting a compensatory

mechanism between the entropic and enthalpic contribu-

tions, which is well known in the case of a ligand binding

to an enzyme.3,16

Dai et al. determined three crystal structures of TCR–
pMHCs,17 in which three different TCRs – B3K506,

2W20 and YAe62 – recognize the same peptide, 3K, pre-

sented by class II MHC, 1Ab (Protein Data Bank (PDB)

IDs: 3c5z, 3c6l and 3c60, respectively). These TCRs pos-

sess different levels of cross-reactivity for the pMHC

(1Ab-3K); B3K506, 2W20 and YAe62 recognize 1Ab-3K

with low, moderate and high cross-reactivity, respec-

tively.18 Stadinski et al. later determined the structures of

other TCRs – J809.B5 and 14.C6 – that specifically recog-

nize 1Ab-3K19,20 (PDB IDs: 3rdt and 4p5t, respectively).

Interestingly, the five TCR–pMHCs had similar binding

affinities,21 although their interface areas differed signifi-

cantly, as shown below.

A comparative study of the complexes is necessary to

provide useful information regarding the following

points: the difference between recognition mechanisms of

TCRs exhibiting different levels of cross-reactivity, and

the relationship between interface area and binding affin-

ity. For this purpose, we considered it necessary to study

the structures of the TCR–pMHC complexes from not

only static but also dynamic perspectives. In this study,

we performed molecular dynamics (MD) simulations for

both TCRs in a free state and TCR–pMHC complexes.

On the basis of fluctuation patterns of CDRs in the five

TCR–pMHC systems, which were obtained from the sim-

ulations, we identified two distinct mechanisms of pep-

tide recognition. The TCRs exhibiting high levels of

cross-reactivity recognize 1Ab-3K rigidly, leading to the

formation of a small amount of interactions such as non-

specific CH-p interactions, whereas those TCRs exhibiting

low levels of cross-reactivity recognize the pMHC flexibly

by the induced-fitting mechanism and form a large

amount of specific hydrogen bond interactions. The frag-

ment molecular orbital (FMO) method estimated non-

specific CH–p interactions quantitatively, which showed

that the non-specific interactions acquired sufficient bind-

ing energy. We concluded that the distinct entropic

changes derived from the fluctuation patterns, which were

different according to the levels of cross-reactivity of

TCRs, led to the non-correlation between binding affinity

and interface area. Hyper cross-reactive TCRs have the

potential to recognize self-peptides as shown by Stadinski

et al.,22 implying that our novel approach can be applied

to the elucidation of the mechanism of cross-reactive self-

peptide recognition by TCR. This approach may also help

the design of novel peptides that control TCR recognition

and T-cell activation.

Materials and methods

Calculation of interface area

To determine the interface areas between TCR, MHC and

the peptide, the molecular surfaces (Connolly surfaces)

for the TCR, MHC, peptide and pMHC were calculated

separately using the program MSP.23 The output of the

calculation is a set of vertices that are points of triangles

covering the surface. We defined the sum of the areas of

the triangles that satisfied the following condition as an

interface area: at least two vertices of a triangle in one

molecule are located within 3�0 �A of at least one vertex

of a triangle in another molecule. As the interface areas

differ between two molecules, the mean of the two values

was defined as the interface area of the two molecules.24

We calculated the interface areas for the following three
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combinations: TCR and peptide, TCR and MHC, and

TCR and pMHC.

Identification of interactions

We defined an interaction between two residues as when

at least one atom in a residue was located within 4�5 �A of

an atom in another residue. The interactions between a

residue and a region (e.g. CDR1a) and those between a

residue and a molecule (e.g. TCR) were defined in the

same manner.

Similarly, atomic contact was defined as two atoms

being located within 4�5 �A of each other.

The hydrogen bonds formed in TCR–pMHC complexes

were calculated using the program HBPLUS (https://

www.ebi.ac.uk/thornton-srv/software/HBPLUS/).25

Molecular dynamics simulations

Molecular dynamics simulations were performed for two

kinds of systems – TCR–pMHC and free TCR – of the

five complexes (PDB IDs: 3c5z, 4p5t, 3rdt, 3c6l and

3c60), which were crystal structures of TCR, B3K506,

14.C6, J809.B5, 2W20 and YAe62, respectively, in com-

plex with peptide 3K presented by class II MHC 1Ab. As

two asymmetric complexes were contained in the PDB

data (except for the J809.B5 complex), we used the A, B,

C and D chain data for TCR-a, TCR-b, MHC-a and

MHC-b, respectively. The peptide bound to MHC was

present in the D chain together with a linker polypeptide.

Linker regions were removed in static analyses and simu-

lations of TCR–pMHCs.

The GROMACS package 4.6.7 (http://www.gromacs.org/

Downloads)26 with AMBER99SB force field was used for

MD simulation on the super computer UVs at RIKEN

Quantitative Biology Centre and Osaka University. After

energy minimization for ~ 3000 steps and equilibration

for ~ 400 ps (200 ps of NVT MD followed by 200 ps of

NPT MD), we performed MD production runs of 200 ns

at 300 K in truncated octahedron boxes filled with TIP3P

(transferable intermolecular potential with three-points)

water molecules. The MD product runs were terminated

at 200 ns because the root-mean-square (RMS) deviations

of the whole system were sufficiently stabilized.

Dynamic properties

The MD snapshots were taken every 5 ps from 20 to

200 ns from the production run. These were superim-

posed onto the snapshot at 200 ns (reference structure)

in any of the simulations to remove translational and

rotational motions of the systems. The fluctuation of a

residue, i.e. RMS deviation of residue i represented by its

Ca atom, Fi, was obtained from N snapshots from 20 to

200 ns as follows:

F2
i ¼

1

N

XN

k¼1

friðkÞ �\ri [ g2; ð1Þ

where ri(k) and <ri> were position vectors of residue i in

the kth snapshot structure and averaged over all snapshot

structures, respectively.

The correlation coefficient of fluctuations between two

residues i and j, Cij, was calculated as:

Cij ¼ 1

N

XN

k¼1

fðriðkÞ � riðNÞgfrjðkÞ � rjðNÞg=ðFiFjÞ: ð2Þ

High positive and negative values of Cij indicate that

the two residues move in the same and opposite direc-

tions, respectively, on average; on the other hand, a Cij

value near zero indicates that the two residues move

independently.

Clustering of residues in CDRs

To cluster the residues in the six CDRs, i.e. CDR1a–
CDR3a and CDR1b–CDR3b, from a dynamic perspective,

we estimated the similarity of residues i and j in motion

by the RMS deviation of their correlation coefficients

with the other residues m:

Sij ¼
XM

m¼1

ðCim�CjmÞ2 ð3Þ

where M is the total number of residues in the six CDRs.

The CDR residues were then clustered by the Ward.D2

clustering method of the HCLUST function in the program

R (https://www.r-project.org/),27 using Sij as the distance

between residues i and j.

FMO calculations

The FMO method28 was applied for the examination of

p-interactions formed by the aromatic residues, 94Phe

and 95Trp in CDR3b, in 14.C6, J809.B5, 2W20 and

YAe62 bound to 1Ab-3K, where 2W20 contained only

95Trp. The FMO method calculates the interaction

energies between ‘fragments,’ such as the energy between

residues, or between a residue and a ligand, called inter-

fragment interaction energies. Moreover, the interaction

energies are decomposed into four elements, electrostatic

(ES), exchange-repulsion (EX), charge-transfer (CT) and

dispersion (DI) interactions by applying pair interaction

energy decomposition analysis.29

For the FMO calculation, we prepared the input coor-

dinate files that included the structural information of the

variable domain of TCR and pMHC in the crystal

structures, by using MOE.30 The FMO calculation of the

structure was performed at MP2/6-31Gd level by ABI-

NIT-MP,31 which was installed on the K computer at
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RIKEN. The analysis of the results and the evaluation of

CH-p interactions were executed using BIOSTATION-VIEWER

in the MIZUHO/BioStation.31,32

Results

Relationships between binding affinity and interface
area in TCR–pMHC complexes

We analysed 31 structures of complexes between class II

MHC–peptide and TCR in the PDB as of June 2016 (see

Supplementary material, Fig. S1a for a structural sum-

mary of TCR–pMHC complexes). Of these structures, 15

had self-peptides and another 16 had non-self (i.e. foreign

and synthesized) peptides. TCRs in these complexes

exhibited different levels of cross-reactivity.

It was considered that the interface area of a TCR

with a pMHC is one of the factors determining their

interaction modes. The calculated interface areas of the

31 TCR–pMHC complexes (see Materials and methods

section) were very diverse (ranging from 750 to

1400 �A2), as shown in Fig. 1. The interface areas of a

TCR with the binding partner MHC and that with the

peptide were also diverse, and had high correlations

with the interface areas of TCR with pMHC: the corre-

lation coefficient for TCR–MHC interfaces was 0�96, and
that for TCR–peptide interfaces was 0�84. These results

indicate that TCR did not have a strong bias in favour

of either MHC or peptide for its binding. In addition,

we did not find any clear differences to distinguish the

self-peptide-bound complexes (marked in Fig. 1) from

non-self-peptide-bound complexes with respect to the

interface areas.

The binding affinity data were available at their pri-

mary citations for 15 of the 31 complexes, as shown

below the relevant PDB IDs in Fig. 1. Binding affinities

did not have any correlation with the interface areas, as

mentioned previously.17 Hence, it was suggested that the

interface size of TCR with pMHC, which was expected to

be related to their tight and loose bindings, might not be

the main factor to determine the binding affinity of TCR

with pMHC.

Although the sizes of the interface between different

TCRs and pMHCs are very diverse, as described above,

we found that there are at least six specific MHC residues

interacting with TCR in most of the complexes examined;

three specific residues in MHC-a, and three in MHC-b as

summarized in the Supplementary material (Table S1).

The MHC residues involved in these ‘conserved interac-

tions’ were located at the recognition helices for the pep-

tide (see Supplementary material, Fig. S1b), and tended

to interact with specific CDR loops in TCR (e.g. 55Glu or

Asp in MHC-a interacts with CDR3a; see Supplementary

material, Table S1) in most cases. However, the counter-

part residues and their positions in CDRs differ among

the complexes because of the amino acid sequence diver-

sity of the CDRs. On the other hand, about 70% of the

atomic contacts between TCR and peptide on average

were from contacts of CDR3a and CDR3b with the pep-

tide in all complexes except for regulatory Treg complexes

(4y19 and 4y1a) (see Supplementary material, Table S2).

These data suggest that the six conserved TCR–MHC

interactions, most of which were formed between

CDR3a/CDR2b and MHC-a and between CDR3b/CDR1a
and MHC-b, were the minimum requirement for TCR

binding to pMHC, regardless of the diversity of interface

areas between TCR and MHC. They also suggest that

interface sizes and their tightness/looseness are deter-

mined by other mechanisms in TCR–pMHC interactions

rather than the conserved TCR–MHC contacts. Elucidat-

ing the interaction mechanism may explain the relation-

ship between interface size and binding affinity.

This implied that there are limitations to the use of the

analysis of static structures in the understanding of inter-

action mechanisms, and that it is necessary to study their

dynamic structures. This is because a crystal structure
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Figure 1. Interface areas in 31 class II MHC–

peptide–T-cell receptor (TCR) complexes. The

black and grey solid lines and black dotted line

indicate interface areas between TCR and pep-

tide–MHC (pMHC), TCR and MHC, and

TCR and peptide, respectively. Protein Data

Bank (PDB) IDs of the complexes arranged in

the order of interface size are shown on the

horizontal axis. The binding affinity data are

shown below the PDB IDs, if available in the

primary citations. The complexes that accord-

ing to the primary citations contain self-pep-

tides are marked with open black circles.
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shows only one snapshot of a fluctuating protein,

although such a structure has a high degree of probability

of occurrence. In addition, the observation of other snap-

shots obtained from dynamic studies not only of the

TCR–pMHC complex but also of TCR in a free state

might facilitate our understanding of the mechanism of

pMHC recognition by TCRs. As dynamics study required

time-consuming simulations, we focused on five of the 31

complexes, in which five different TCRs recognize the

same pMHC, i.e. peptide 3K presented by class II MHC

1Ab (1Ab-3K) (Table 1).17,19,20,33

Changing TCR–pMHC interactions during MD
simulations

As shown in Table 2, the five TCRs have different amino

acid sequences and lengths of CDR3as; from long to

short, B3K506, 14.C6, J809.B5, YAe62 and 2W20. On the

other hand, the amino acid sequences of CDR3bs in

14.C6, J809.B5 and YAe62, are identical and that in

2W20 is similar to these TCRs. It should be noted that

the middle residues of the CDR3b loops are aromatic or

non-polar amino acids: 94Phe in 14.C6, J809.B5, and

YAe62, 94Ala in 2W20, and 95Trp in all the four TCRs.

In contrast, another TCR, B3K506, has polar amino acids

(94Ser and 95Ser) in the same positions of CDR3b. In
this study, we mainly focused on CDR3a and CDR3b in

TCRs because the two CDR loops were involved in about

70% of the TCR–peptide interactions (last column in the

Supplementary material, Table S2).

The five TCR–pMHCs have different interface areas:

from large to small, B3K506, 14.C6, 2W20, J809.B5 and

YAe62 (Table 3). The size of the interface area does not

correlate with the strength of the binding affinity: from

high to low, 14.C6, J809.B5, B3K506, YAe62 and 2W20

(Table 1). The first four TCRs have very similar binding

affinities. With respect to recognition of 1Ab-3K, TCRs

2W20 and YAe62 are more cross-reactive than B3K506,

14.C6 and J809.B5.

We performed MD simulations of the five TCR–pMHC

complexes and TCRs in a free state to obtain the dynamic

structural properties of TCR–pMHC interactions (see

Materials and methods section). TRC regions interacting

with pMHC in the crystal structures and in the final

snapshots of TCR–pMHC simulations (at 200 ns) are

shown in Fig. 2. The interface areas in the crystal struc-

tures and in the 10 snapshots at every 20 ns from the

MD trajectories are summarized in Table 3 and in the

Supplementary material (Table S3); Table 3 shows only

the average of interface areas over the 10 MD snapshots.

The interface sizes increased during the simulations in all

complexes, except for 2W20. Particularly in J809.B5 and

YAe62, the TCR–MHC interacting areas increased signifi-

cantly; the interfaces in the crystal structures localized to

the interactions of CDRb loops with pMHC spread to the

interactions of CDRa with pMHC (Fig. 2c,e). These

changes were observed in the atomic contacts of TCR-a
and TCR-b with pMHC during the simulation, as shown

in the Supplementary material (Table S4); the former

atomic contacts (particularly Ta-M) increased, as the lat-

ter ones (Tb-M) decreased.

We indicated above that there were six conserved

TCR–MHC interactions formed in the crystal structures.

In fact, all of the six interactions were observed in

B3K506, 14.C6 and 2W20, but one and two interactions

were missing in J809.B5 and YAe62, respectively (see Sup-

plementary material, Fig. S2a,b). During the simulations,

all the interactions formed in the crystal structures were

maintained, except for two residues in MHC-b of 2W20,

i.e. 92Glu and 103Thr, which were lost. The missing

interactions in J809.B5 (77Thr in MHC-b) and in YAe62

(92Glu in MHC-b) in the crystal structures were formed

and maintained during the simulations. Another missing

interaction in YAe62 (56Asp in MHC-a) was formed, but

only temporarily maintained.

As its name implies, peptide 3K contains three Lys resi-

dues, which can be recognized by TCRs. All Lys residues

in the five TCR–pMHCs interact with the TCRs in the

crystal structures. During the simulations, all the Lys resi-

dues formed the interactions most of the time, except for

one Lys residue in 2W20, i.e. 10Lys (see Supplementary

material, Fig. S2c).

These results suggested that B3K506 and 14.C6 formed

stable and balanced interfaces with 1Ab-3K. Such an

interface was formed during the simulation in J809.B5.

Although the interface area on YAe62 with 1Ab spread

widely, that area with 3K decreased. On the other hand,

the interface size on 2W20 decreased, differently from the

others, and the conserved and important pMHC interac-

tions were incomplete during the simulation. The MD

snapshot structures at 200 ns shown in the Supplemen-

tary material (Fig. S3d,e) for 2W20 and YAe62, respec-

tively, illustrate larger deviations of the peptides and

MHCs during the simulation compared with B3K506,

14.C6 and J809.B5 (see Supplementary material, Fig. S3a–
c, respectively). These results imply tight bindings of TCR

Table 1. Summary of the characteristics of five T-cell receptor–pep-

tide–MHCs (TCR-pMHCs); binding affinities and the levels of cross-

reactivity for 1Ab-3K

TCR PDB ID

Binding

affinity (lM)
The levels of

cross-reactivity

B3K506 3c5z 7 Greatly specific

14.C6 4p5t 5 Greatly specific

J809.B5 3rdt 6 Greatly specific

2W20 3c6l 14 Moderately

cross-reactive

YAe62 3c60 8 Highly cross-reactive
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and pMHC in B3K506, 14.C6 and J809.B5 and loose ones

in 2W20 and YAe62.

Correlative fluctuations of TCR residues in the free
and complex states

We then examined fluctuations of TCR residues during

the simulations. On the basis of differences between the

dynamic characters of TCRs in the free and complex

states, we considered the recognition mechanisms of 1Ab-

3K by these TCRs.

Figure 3 shows RMS fluctuations of the residues in the

six CDR loops of TCR in the free and complex states dur-

ing simulations (see Materials and methods section). In

B3K506, 14.C6 and J809.B5, although the residues in the

turn region of the CDR loops largely fluctuated in the free

state, their fluctuations were considerably reduced by the

formation of the complex, particularly in CDR1 and CDR3.

On the other hand, in 2W20 and YAe62, the changes in

fluctuations caused by the formation of the complex were

small, compared with the above three TCRs. It was consid-

ered that the much larger reduction in the fluctuations of

CDR residues in B3K506, 14.C6 and J809.B5 than in 2W20

and YAe62 was an important implication for the difference

in recognition mechanisms of 1Ab-3K.

The correlation between residue fluctuations in TCR

was calculated from MD trajectories of TCR in the free

and complex states. Then, the CDR residues were clus-

tered based on their correlation coefficient values Cij in

Eq. 2 in Materials and methods (see clustering dendro-

grams in the Supplementary material, Fig. S4, where more

positively correlated residues are grouped into the same

cluster). In the free state, the residues in the turn regions

of CDR3a and CDR3b belonged to the distant clusters in

the dendrograms, except for YAe62. On the other hand,

in the complex state, they belong to the same or neigh-

bouring clusters in all TCR–pMHCs. These results indi-

cated that the residues in the turn regions of the CDR3a
and CDR3b fluctuated independently before binding to

1Ab-3K, but they fluctuated in a positively correlated

manner after forming the complexes in B3K506, 14.C6,

J809.B5 and 2W20. In contrast, the CDR3a and CDR3b
in YAe62 fluctuated correlatively in both the free and

complex states.

We examined the interactions between CDR3a and

CDR3b to confirm whether the inter-CDR loop interac-

tions, particularly between CDR3a and CDR3b, are

responsible for their correlative fluctuations. In the free

state of 14.C6, J809.B5, 2W20 and YAe62, the bulky aro-

matic residue 95Trp in CDR3b was located close to

CDR3a during the simulations (see Supplementary mate-

rial, Table S5). In 2W20 and YAe62, the main-chain

atoms of 95Trp were involved in 65 and 72% of inter-

CDR loop contacts, respectively, differently from 14.C6

Table 3. Summary of the characteristics of five T-cell receptor–peptide–MHC (TCR-pMHCs). Interface areas, change of fluctuations in CDR3a
and CDR3b, and correlativity of the fluctuations

TCR

Interface areas (�A2) (T-pM/T-M/T-p)1
Change in fluctuations from the

free to complex states

Correlativity of fluctuations between

CDR3a and CDR3b

Crystal structures MD (average) CDR3a CDR3b Free state Complex

B3K506 1163/932/455 1230/998/456 Decrease Decrease Non-correlative Correlative

14.C6 1033/822/382 1126/903/385 Decrease Decrease Non-correlative Correlative

J809.B5 836/635/343 1047/850/339 Decrease Decrease Non-correlative Correlative

2W20 992/787/396 923/716/329 Not decrease Not decrease Non-correlative Correlative

YAe62 760/596/304 857/739/218 Not decrease Not decrease Correlative Non-correlative

1T, TCR; pM, peptide-MHC; M, MHC; p, peptide.

Table 2. Summary of the characteristics of five T-cell receptor–peptide–MHC (TCR-pMHCs). Amino acid sequences and residue numbers with

the chain ID of CDR3a and CDR3b

TCR

CDR3a CDR3b

Sequence

Residue number

(length) Sequence Residue number

B3K506 ALVISNTNKVV A:90–100 (11) ASIDSSGNTLY B:90–100

14.C6 AASRDSGQKLV A:91–101 (11) ASGDFWGDTLY B:90–100

J809.B5 AASKGADRLT A:91–100 (10) ASGDFWGDTLY B:90–100

2W20 AASDNRIF A:90–100 (8) ASGDAWGYEQY B:90–100

YAe62 AANSGTYQR A:90–100 (9) ASGDFWGDTLY B:90–100
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(a)

(b)

(c)

(d)

(e)

Figure 2. T-cell receptor (TCR) regions inter-

acting with peptide–MHC (pMHC). (a–e)

MHC and peptide-binding footprints on TCR

surface in B3K506, 14.C6, J809.B5, 2W20 and

YAe62, respectively, in the crystal structure

(upper figures) and the MD snapshot at

200 ns (lower figures). From left to right, the

binding footprints of peptide, MHC and

pMHC, respectively, are shown in purple. CDR

regions are defined based on the IMGT 3D

structure-DB39 and Dunbrack definition,40 as

summarized in Table 2 for CDR3 loops, and

shown in Figure 3. CDR1a–3a and CDR1b–3b
are coloured cyan, orange, green, blue, pink

and yellow, respectively. [Colour figure can be

viewed at wileyonlinelibrary.com]
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and J809.B5 (14 and 2%, respectively). Although these

inter-CDR loop contacts may affect the correlative fluctu-

ations between CDR3a and CDR3b in YAe62, these con-

tacts had less influence on correlative fluctuations in

2W20, probably because of the shortness of the CDR3a
loop.

Specific and non-specific interaction modes

CDR3a and CDR3b mainly contribute to the recognition

of pMHC, as described above. Different types of amino

acid residues in the turn regions of CDR3a and CDR3b
loops are probably key factors to determine the interac-

tion modes, such as a hydrogen bond, which is a typical

specific and stable polar residue interaction, or a p-inter-
action related to aromatic residues. The difference in

interaction modes may affect the antigen recognition

dynamics.

First, we examined hydrogen bond interactions

observed in crystal structures and MD snapshots, and cat-

egorized them into three types: hydrogen bonds formed in

the crystal structure and maintained during the simulation

(maintained hydrogen bond), hydrogen bonds found in

the crystal structure but lost during the simulation (lost

hydrogen bond), and, finally, hydrogen bonds not

observed in the crystal structure but newly formed and

maintained during the simulation (added hydrogen bond)

(see Supplementary material, Table S6 footnote for more

detail). TCRs that recognize 1Ab-3K with greater speci-

ficity, such as B3K506, 14.C6 and J809.B5, formed over 10

hydrogen bonds with the peptide and MHC and main-

tained them during the simulations (involving both

maintained and added hydrogen bonds). On the other

hand, TCRs that cross-reactively recognize pMHCs, such

as 2W20 and YAe62, formed six and seven hydrogen

bonds, respectively. In all complexes, CDR3a and CDR3b
were involved in the formation of many hydrogen bonds,

except for YAe62. In addition, all TCRs formed at least

one hydrogen bond with the important Lys residue in the

3K peptide, mostly by CDR3a and/or CDR3b.
Although the residues in the middle of CDR3a, 95Asn

and 96Thr, were involved in hydrogen bond formation in

B3K506, the residues in the off-middle of CDR3a, 94Arg
and 99Lys in 14.C6 and 94Lys, 97Asp and 98Arg in

J809.B5, also took part in establishing hydrogen bonds.

The residues in the middle of CDR3a, 95Asp and 96Ser

in 14.C6 and 96Ala in J809.B5, interacted with a bulky

residue, 95Trp, in CDR3b during the simulations in

TCR–pMHC complex state (see Supplementary material,

Table S5b,c). On the other hand, in B3K506, there is no

Trp residue in CDR3b, and 97Asn in CDR3a and 97Asn

CDR3b in the off-middle of CDR3s formed inter-CDR

loop contacts instead (see Supplementary material,

Table S5a). These observations suggest that, although the

CDR3a loops in B3K506, 14.C6 and J809.B5 are similar

in length (11, 11 and 10 residues, respectively), the amino

acid positions to form specific interactions depend on the

sequence of the interacting partner, CDR3b. Interestingly,
92Asn, 93Ser and 97Thr in CDR3a of YAe62 did not

form any hydrogen bonds with the pMHC. The strong

inter-CDR loop interactions with 95Trp and 96Gly in

CDR3b may be dominant over hydrogen bonds.

Next, we examined non-specific p-interactions, particu-
larly CH-p interactions, of aromatic residues, 94Phe and

95Trp, in CDR3b of 14.C6, J809.B5, 2W20 (94Ala instead

of 94Phe) and YAe62 (Table 2), which were considered

to play an important role in the binding of TCR with

pMHC. Although p-interactions are weak and can gain

only a small amount of energy (~1 kcal/mol), they can be

formed non-specifically with many atoms simultaneously.

Therefore, we examined p-interactions established by aro-

matic residues in CDR3b using the FMO method, which

is one of the methods to calculate molecular orbitals of

macro-molecules (see Materials and methods for more

detail).28 In this study, we were particularly interested in

charge-transfer (CT) and dispersion (DI) interaction

energies among the four elements of interacting energies

between TCR and pMHC because these energies corre-

sponded to p-interactions.
The interaction energies between TCR and pMHC

residues were calculated for crystal structures and MD

snapshot structures at 100 and 200 ns in the above four

TCR–pMHC complexes using the FMO method. The BIO-

STATION-VIEWER program31,32 identified CH-p interactions

Table 4. Summary of the characteristics of five TCR-pMHCs. Atomic contacts

TCR

T-pM/T-M/T-p1 Ta-M/Tb-M1 Ta-p/Tb-p1

Crystal structures MD (average) Crystal structures MD (average) Crystal structures MD (average)

B3K506 288/200/88 374/284/90 92/108 149/134 50/38 56/34

14.C6 328/232/96 274/194/81 50/182 68/125 49/47 46/35

J809.B5 279/202/77 286/217/69 11/191 55/162 26/51 31/38

2W20 301/200/101 248/170/78 39/161 83/87 46/55 45/33

YAe62 274/227/47 238/196/41 41/186 58/138 8/39 5/36

1T, TCR; pM, peptide-MHC; M, MHC; p, peptide; Ta, a subunit of TCR; Tb, b subunit of TCR.
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Figure 3. Fluctuations of T-cell receptor (TCR) residues in the free and complex states. (a–e) The root-mean-square (RMS) fluctuations of the CDR

residues in B3K506, 14.C6, J809.B5, 2W20 and YAe62, respectively, are shown. The fluctuations were calculated applying Eq. 1 to the molecular

dynamics (MD) snapshots from 20 to 200 ns. The black and grey lines indicate the fluctuations in the free TCR and complex states, respectively.
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of 94Phe and 95Trp in CDR3b with Lys, Gln and Val

residues in the pMHC, based on interaction energies and

geometries of the residues (see Supplementary material,

Table S7). Figure S5 (in the Supplementary material)

illustrates the CH-p interactions of 94Phe and 95Tpr in

CDR3b with 7Lys in the peptide and 62Gln and 66Val in

MHC-a in YAe62. As mentioned above, a CH-p interac-

tion is weak; however, CH-p interactions have an advan-

tage in their ability to form interactions among various

residues and in various conformations of the same resi-

due. In fact, even if the counterpart residues (Lys, Gln

and Val in Fig. S5, see Supplementary material) changed

their conformations, it is likely that the aromatic ring

formed CH-p interactions with the same atoms or other

counterpart atoms neighbouring them. Hence, CH-p
interactions added up to a significant amount.

Discussion

In this study, we focused on the five TCR–pMHC com-

plexes, where TCRs with different levels of cross-reactivity

are bound to the same pMHC. We were also interested in

why they had similar binding affinities, whereas the inter-

face areas between TCR and pMHC differ significantly.

Comparative analyses based on the dynamic and static

structural features revealed the differences in the recogni-

tion mechanisms and interaction modes among the five

TCR–pMHCs, and so provided clues to understanding

these features.

The above results show that the collaborations between

CDR3a and CDR3b, which were characterized by their

amino acid sequences, mainly contribute to the cross-

reactivity (or specificity) of TCRs and interaction modes

between TCR and pMHC. The CDR3a loops differ in

their lengths, content of polar and charged residues, and

positions. During the MD simulation of the complex

between J809.B5 and 1Ab-3K, the interface area localized

in a crystal structure spread widely. In contrast, the inter-

face area of the complex between 2W20 and pMHC

decreased. As a result, the order of the interface sizes in

the MD simulation structures changed from that in the

crystal structures: B3K506 (1163?1230 �A2), 14.C6

(1033?1126 �A2), J809.B5 (836?1047 �A2), 2W20 (992?
923 �A2), and YAe62 (760?857 �A2) (Table 3 and see Sup-

plementary material, Table S3). Interestingly, the first

three and last two TCRs exhibit low and high levels of

cross-reactivity, respectively (Table 1).

Examination of the fluctuations of the TCRs during the

MD simulations in free and complex states showed that the

complex formation led to considerable decrease in the fluc-

tuations of CDR3a and CDR3b only in the three TCRs

exhibiting a specificity for 1Ab-3K greater than the others.

This result indicated that the greatly specific TCRs formed

a tight interface with 1Ab-3K, whereas the cross-reactive

TCRs formed a loose interface with the pMHC.

Examination of the correlative motions of the CDR resi-

dues showed that many of the residues in CDR3a and

CDR3b loops fluctuated in a correlative manner in the

complex state. In contrast, CDR3a and CDR3b fluctuate

independently in the free state, except for YAe62, where

CDR3a and CDR3b fluctuate correlatively even in the free

state, similarly to that in the complexed state. These obser-

vations indicate that the CDR3a and CDR3b in YAe62

approached 1Ab-3K rigidly, and formed a loose complex

with the pMHC. The larger deviations of pMHC in the MD

snapshot structures at 200 ns shown in Fig. S3 (see Supple-

mentary material) for 2W20 and YAe62 also support this

inference.

Examination of the interactions showed that over 10

hydrogen bonds were formed during the simulations in

the complexes of B3K506, 14.C6 and J809.B5 with 1Ab-

3K; this finding was different from that of 2W20 and

YAe62. On the other hand, 14.C6, J809.B5, 2W20 and

YAe62 formed several CH-p interactions between the aro-

matic residues in CDR3b and the residues in pMHC.

These observations indicated that the greatly specific

TCRs, B3K506, 14.C6 and J809.B5, recognize 1Ab-3K

principally by forming specific hydrogen bonds, whereas

the moderate and hyper cross-reactive TCRs, 2W20 and

YAe62, respectively, recognize the pMHC by predomi-

nantly forming non-specific CH-p interactions.

The above observations led to the following scenario of

TCR binding with pMHC. In B3K506, 14.C6 and

J809.B5, the TCRs exhibiting low levels of cross-reactivity

and somewhat specific for 1Ab-3K, the large and non-cor-

relative fluctuations of the CDR3a and CDR3b facilitated

the formation of many interactions with specific counter-

part pMHC atoms, and thereby the tight complex with

the pMHC, by changing its conformation if necessary.

This can be referred to as ‘induced-fit’ binding. To com-

pensate for the large entropy loss following the binding

with pMHC, the formation of tight complexes with

numerous specific interactions is required. Hence, it is

possible for the long and polar/charged residue-rich

CDR3a loops that can form hydrogen bonds in B3K506,

14.C6 and J809.B5 to gain enough enthalpy.

In contrast, in YAe62, hyper cross-reactive TCR, the

moderate and mutually correlated fluctuations of the

CDR3a and CDR3b in the free state led to a rigid

approach of the TCR to the pMHC, resulting in the for-

mation of a smaller number of interactions and the loose

complex with pMHC. This may be referred to as the

‘lock-and-key’ model. However, it should be noted that

the complex between YAe62 and 1Ab-3K is formed

loosely, in contrast to the popular perception that the

lock-and-key is tightly adjusted. In this case, many speci-

fic interactions are not required because the entropy loss

owing to the binding of the TCR with the pMHC is

much smaller than in the cases of the greatly specific

TCRs. The non-specific interactions such as CH-p and p-
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p interactions and hydrophobic interactions of CDR3b
are sufficient for this requirement. Moreover, the ‘loose’

interaction may be synonymous with ‘structural degener-

acy’ described in a previous report.3

The above-mentioned recognition mechanisms may

answer the following question, which was our major

incentive for this study: Why do interfaces with signifi-

cantly different features have similar binding affinities?

As summarized in the Supplementary material

(Table S4), the aromatic residue 95Trp in CDR3b domi-

nated the interactions with not only the peptide but also

MHC in 14.C6, J809.B5, 2W20 and YAe62. The bulky

95Trp was involved in the inter-CDR loop contacts with

the middle residues of the CDR3a, as well as in the hydro-

gen bond formations and CH-p interactions. In YAe62, the

formation of inter-CDR loop contacts by 95Trp in CDR3b
governed the dynamics of the 1Ab-3K recognition by TCR

in the free state, following which the aromatic residue was

involved in about 58 and 26% of the TCR-peptide and

TCR–pMHC contacts, respectively, in the complex state

during the simulation. The aromatic residue functioned as

a hub of the dense network of TCR–pMHC interactions at

least in YAe62 (see Supplementary material, Fig. S6), which

seems to be a ‘hotspot’ in the sense that the aromatic resi-

due contributed significantly to binding affinity.

Such a situation was found in other TCR–pMHC com-

plexes. TCR Hy.1B11, which originates from a patient

with multiple sclerosis and recognizes the self-antigen

myelin basic protein, has the aromatic residue 95Phe in

CDR3a. The structures of the TCR in complex with three

different self-peptides, MBP, PMM and UL15, presented

by class II MHC DQ1 have already been solved (PDB ID:

3pl6, 4grl and 4may, respectively34,35). The residue 95Phe

in CDR3a covers 62, 55 and 76% of the atomic contacts

with the peptides, and 27, 22 and 31% of all atomic con-

tacts, respectively. It indicates that this aromatic residue

is a hotspot for the interactions between TCR and pMHC

and contributes significantly to the binding affinity. Sev-

eral ‘hotspot’ peptide motifs that can be cross-reactively

recognized by a TCR have been identified previously.36–38

In this study, however, we focused on the CDR residues

that determined the cross-reactivity (or specificity) of the

TCRs.

In the modestly cross-reactive TCR, 2W20, the fluctua-

tions of the CDR3a and CDR3b did not decrease by

complex formation, as is the case with YAe62. This find-

ing suggested that 2W20 formed loose interactions with

1Ab-3K; in other words, it could gain a small amount of

enthalpy. In contrast, the CDR3a and CDR3b did not

show correlative fluctuations clearly in the free-state TCR,

differently from YAe62. This is probably because the

CDR3a loop is too short to fluctuate correlatively with

CDR3b. These observations might suggest that the

entropy loss in the complex formation of 2W20 was lar-

ger than that of YAe62. The findings may explain why

the binding affinity in 2W20 for 1Ab-3K is slightly

smaller than that of the other TCR–pMHC complexes.

Dai et al. have commented on the aromatic residues in

YAe6217. They considered that hydrophobic interaction of

the aromatic residues, which were non-specific, was

responsible for the cross-reactivity of YAe62. They intro-

duced the double mutations, Ser94Phe and Ser95Trp, into

CDR3b of B3K506 and showed that these mutations led

to the cross-reactive recognition of a self-peptide.22

Incidentally, we have not mentioned hydrophobic

interactions so far. One of the reasons is that it is hard to

theoretically estimate hydrophobic interactions; another is

that the concept of hydrophobic interactions is still con-

troversial. Most researchers may implicitly include the

van der Waals interactions between non-polar side chains,

which form a hydrophobic core in the protein, in the

hydrophobic interaction, besides the transfer of free

energy from water to a non-aqueous environment. In

fact, we estimated the van der Waals interactions by

counting the atomic contacts. It should be emphasized,

however, that the FMO calculations described above high-

lighted the importance of aromatic residues in CDRs. The

results suggested that the interaction between TCR and

pMHC of YAe62 could not be sufficiently explained by

only non-specific interactions such as hydrophobic and

van der Waals interactions, and that the aromatic residues

significantly contributed to the binding affinity in the rel-

atively small interface area, as shown by the FMO calcula-

tions. Since the interactions involving the aromatic

residues are less specific than those involving hydrogen

bonds, they presumably make the high level of cross-reac-

tivity of YAe62 (and 2W20) possible.
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