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Supplementary Figure S1: (A) Distribution of TCR crossing angles of all published TCR-
pHLA complexes are plotted in blue. Affinity enhanced TCR-pHLA complexes are labelled
and shown in the plot in orange. (B) Footprint position of all published TCR-pHLA
complexes are plotted in blue. Affinity enhanced TCR-pHLA complexes are labelled and
shown in the plot in orange. (C-E) Differences in the average number of HBs (C), vdWs
contacts (D) and the BSASA (E) from our MD simulations. All wildtype TCRs are coloured in
green and all affinity enhanced TCRs are coloured in purple. Bars for the HBs and vdWs
contacts are divided in two based on TCR-HLA interactions (darker colour and hashed
bars) and peptide-TCR interactions (lighter colour). The totals obtained are from 10
independent 100 ns long MD simulations of each TCR-pHLA complex (using the last 90 ns
of each simulation). Error bars plotted for A and B are the standard deviation of the
averages from the 10 replicas. Error bars plotted for C are the standard deviation obtained
from combining all snapshots from all replicas together.
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Supplementary Figure S2: Surface plots of the pHLA (peptide shown as sticks) with each
structure colour mapped according the average number of vdWs contacts formed
between the given residue and all five 1G4 affinity enhanced TCRs studied in this
manuscript. Colour mapping was performed from white (no contacts) through yellow and
orange to red (highest number of contacts observed for each of the pairs of TCR-pHLAs
studied). All pHLA structures are shown in the same orientation, such that the peptide N-
terminus is left and the C-terminus is right.
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Supplementary Figure S3: Changes in the energetic footprint between the wildtype 1G4
and affinity enhanced 1G4 TCRs. For all TCR-pHLA complexes, the HLA (top) and TCR
(bottom) structures are plotted as surfaces with the peptide shown in both structures as
sticks. All plots are colour mapped according to the MMGBSA per residue decomposition
results, going from blue (favours binding) to white (no preference) to red (disfavours
binding). All pHLA and TCR structures are shown in the same orientation, such that the
peptide N-terminus is left and the C-terminus right. Several mutations sites are indicated
on the affinity enhanced variants (purple labels: CDRa mutations; green labels: CDRB
mutations).
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Supplementary Figure S4: Ca RMSF values for all Apo (A + B) and pHLA bound (C + D) 1G4
TCRs simulated. The a-chain RMSFs for the apo and pHLA bound simulations are plotted
in panels A and C respectively, whilst the B-chain RMSFs for the apo and pHLA bound
simulations are plotted in panels B and D respectively. Below each plot is the p-value
obtained from a two-sample t-test between the wildtype and each affinity enhanced 1G4
TCR (following the same colour scheme). A red dotted line is plotted at a p-value of 0.05,
which is the cut-off used to determine significance.
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Supplementary Figure S5: Ca RMSF values for both Apo (A + B) and pHLA bound (C + D)
MEL5 TCRs simulated. The a-chain RMSFs for the apo and pHLA bound simulations are
plotted in panels A and C respectively, whilst the B-chain RMSFs for the apo and pHLA
bound simulations are plotted in panels B and D respectively. Below each plot is the p-
value obtained from a two-sample t-test between the wildtype and the affinity enhanced
MELS5 TCRs. A red dotted line is plotted at a p-value of 0.05, which is the cut-off used to
determine significance.



>
w
o

o]

3.0

— A6 —— A6
254 — c134 254 — c134

< 50/ 2.0

[T

2

= 15- 15
1.0 1.0+

50 100 150 200 R 50 100 150 200
Residue Number Residue Number

—— A6 —— A6
254 —— cl134 254 — c134

< 20/ <20

& &

= 151 = 1.5
0.54 0.5-

1 L 1 : L 1 L L

RMSF (A)

<__—i.'7

1.0
o 08
=
‘—; 0.6
& 04
0.2 I\
0.04 T . ] . : . A
1 50 100 150 200 1 50 100 150 200
Residue Number Residue Number

Supplementary Figure S6: Ca RMSF values for both Apo (A + B) and pHLA bound (C + D)
Tax A6 TCRs simulated. The a-chain RMSFs for the apo and pHLA bound simulations are
plotted in panels A and C respectively, whilst the B-chain RMSFs for the apo and pHLA
bound simulations are plotted in panels B and D respectively. Below each plot is the p-
value obtained from a two-sample t-test between the wildtype and the affinity enhanced
A6 TCRs. A red dotted line is plotted at a p-value of 0.05, which is the cut-off used to
determine significance.
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Supplementary Figure S7: Ca RMSF values for both Apo (A + B) and pHLA bound (C + D)
DMF5 TCRs simulated. The a-chain RMSFs for the apo and pHLA bound simulations are
plotted in panels A and C respectively, whilst the B-chain RMSFs for the apo and pHLA
bound simulations are plotted in panels B and D respectively. Below each plot is the p-
value obtained from a two-sample t-test between the wildtype and the affinity enhanced
DMF5 TCRs. A red dotted line is plotted at a p-value of 0.05, which is the cut-off used to
determine significance.



Supplementary Tables

Supplementary Table S1. Data collection and refinement statistics

* One crystal was used for determining each structure.

* Figures in brackets refer to outer resolution shell, where applicable.

1 Coordinate Estimated Standard Uncertainty in (A), based on maximum likelihood
statistics.

Data Collection MELS5 a24B17-A2-EAA
Accession Code 6TMO
Beamtime proposal mx6232-3
Diamond Beamline 102
Wavelength 0.9795

Crystal Data

a, b, c(A) 121.49, 121.49, 82.68
a, B,y 90.0, 90.0, 90.0
Space group P4,

Resolution (A) 2.10 - 54.33
Outer shell 2.10-2.15
R-merge (%) 8.4 (71.3)
R-meas (%) 9.6 (80.7)
R-pim (%) 3.3(27.7)
CC1/2 n/a (n/a)

I/ o(l) 16.0 (3.6)
Completeness (%) 99.4 (99.0)
Multiplicity 8.3(8.4)

Total Measurements 581,617 (42,829)
Unique Reflections 69,920 (5,110)
Wilson B-factor (A2) 33.3
Refinement Statistics

Non-H Atoms 7,167

R-work reflections 66,386

R-free reflections 3,532
R-work/R-free 0.173/0.209
rms deviations

Bond lengths (A) 0.016

Bond Angles (°) 1.556
1Coordinate error 0.093

Mean B value (A2) 40.3

Ramachandran Statistics
Favoured/allowed/Outliers 775/24 /6
% 96.3/3.0/0.7




Supplementary Table S2. PDB IDs and histidine tautomerisation state assignments for all

1G4 MD simulations.

a All Apo-TCR simulations used the same tautomerisation states as those in the TCR-pHLA

simulations.

b, HID corresponds to a histidine residue which is singly protonated on its N&1 nitrogen.
¢, HIE corresponds to a histidine residue which is singly protonated on their Ne2 nitrogen.

TCR-pHLA System? HID Tautomerisation States® HIE Tautomerisation States®
1G4 HLA: 3, 70, 74, 93, 114, 145, 260. HLA: 151, 188, 191, 192, 197, 263.
PDB: 2BNR B2m: B2m: 13, 31, 51, 84.

CDRa: CDRa: 112.

CDRB: 151. CDRp: 27, 45,134, 164, 204.
1G4 cbcl HLA: 3, 70, 74, 93, 114, 145, 260. HLA: 151, 188, 191, 192, 197, 263.
PDB: 2PYE B2m: B2m: 13, 31, 51, 84.

CDRa: CDRa: 112.

CDR{: 151. CDRp: 27, 45, 134, 164, 204.
1G4 _c49c¢c50 HLA: 3, 70, 74, 93, 114, 145, 260. HLA: 151, 188, 191, 192, 197, 263.
PDB: 2F53 B2m: B2m: 13, 31, 51, 84.

CDRa: CDRa: 112.

CDRB: 151. CDRBp: 27, 45, 134, 164, 204.
1G4 _c58c62 HLA: 3, 70, 74, 93, 114, 145, 260. HLA: 151, 188, 191, 192, 197, 263.
PDB: 2P5W B2m: B2m: 13, 31, 51, 84.

CDRa: CDRa: 112.

CDRf: 151. CDRB: 27, 45, 134, 164, 204.
1G4 _c58c61 HLA: 3, 70, 74, 93, 114, 145, 260. HLA: 151, 188, 191, 192, 197, 263.
PDB: 2P5E B2m: B2m: 13, 31, 51, 84.

CDRa: CDRa: 112.

CDR{: 151. CDRB: 27, 45, 134, 164, 204.




Supplementary Table S3. PDB IDs and histidine tautomerisation state assignments for the
MD simulations of the A6, DMF5 and MEL5 and affinity enhanced TCRs.
a All Apo-TCR simulations used the same tautomerisation states as those in the TCR-pHLA

simulations.

b HID corresponds to a histidine residue which is singly protonated on its N&1 nitrogen.
¢, HIE corresponds to a histidine residue which is singly protonated on their Ne2 nitrogen.

TCR-pHLA System?

HID Tautomerisation StatesP

HIE Tautomerisation States®

DMF5

HLA: 3, 70, 74, 93, 114, 151, 191,

HLA: 145, 188, 197, 263.

PDB: 3QDG 192, 260.

f2m: 51. B2m: 13, 31, 84.

CDRa: CDRa:

CDRB: 32, 50, 138, 168. CDRf: 155, 208.
DMF5_YW HLA: 3, 70, 74, 93, 114, 151, 191, HLA: 145, 188, 197, 263.
PDB: 4L3E 192, 260.

f2m: 51. B2m: 13, 31, 84.

CDRa: CDRa:

CDRB: 32, 50, 138, 168. CDRf: 155, 208.
A6 HLA: 3, 70, 74, 93, 114. HLA: 145, 151, 188, 191, 192, 260,
PDB: 1A07 263.

Bf2m: B2m: 13,31, 51, 84.

CDRa: CDRa:

CDRB: CDRB: 29, 47, 139, 156, 169, 209.
A6 _cl134 HLA: 3, 70, 74, 93, 114. HLA: 145, 151, 188, 191, 192, 260,
PDB: 4FTV 263.

B2m: B2m: 13,31, 51, 84.

CDRa: CDRa:

CDRB: CDRB: 29, 47, 139, 156, 169, 209.
MEL5 HLA: 3, 70, 74, 114. HLA: 93, 145, 151, 188, 191, 192,
PDB: 3HG1 197, 260, 263.

B2m: B2m: 13, 31, 51, 84.

CDRa: CDRa: 71.

CDRB: 5, 207. CDRp: 137, 154, 167.
MEL5_a24p17 HLA: 3, 70, 74, 114. HLA: 93, 145, 151, 188, 191, 192,
PDB: 4JFF 197, 260, 263.

B2m: B2m: 13, 31, 51, 84.

CDRa: CDRa: 71.

CDRB: 5, 207.

CDRf: 137, 154, 167.




Supplementary Table S4: Average number of vdWs contacts formed between the TCR to
each pHLA residue for all 1G4 simulations. For each TCR-pHLA complex the 10 pHLA
residues with the greatest number of contacts are coloured red, with their rank provided

in brackets.
TCR-pHLA Complex
Residue 1G4 1G4 c5cl 1G4 c49c¢50 1G4 c58c62 1G4 c58c61
HLA: 19 0.0 0.0 0.2 0.3 0.7
HLA: 62 14 0.7 1.5 0.5 0.6
HLA: 65 14.6 (4) 19.2 (3) 16.3 (4) 14.3 (4) 19.5 (3)
HLA: 66 4.2 6.0 (9) 2.4 6.1 (9) 5.6 (10)
HLA: 68 2.4 2.1 4.2 3.7 3.7
HLA: 69 2.5 3.7 2.4 4.2 3.5
HLA: 71 0.0 0.0 0.1 0.1 0.0
HLA: 72 11.6 (6) 13.3 (4) 16.9 (3) 15.4 (3) 14.8 (4)
HLA: 73 4.0 5.9 (10) 4.7 (10) 6.0 (10) 6.0 (9)
HLA: 75 17 0.5 3.6 1.8 2.0
HLA: 76 0.8 1.9 14 1.9 1.9
HLA: 146 0.1 0.0 0.0 0.2 0.1
HLA: 149 0.0 0.0 0.0 0.3 0.2
HLA: 150 7.1(9) 5.0 4.0 2.4 2.4
HLA: 151 4.9 (10) 5.0 6.5 (8) 5.2 4.8
HLA: 152 0.3 0.0 0.0 0.0 0.0
HLA: 154 2.1 2.1 14 4.0 4.9
HLA: 155 16.4 (3) 11.9 (6) 11.5 (6) 9.9 (6) 11.7 (6)
HLA: 158 0.0 0.0 0.7 0.4 0.6
HLA: 163 0.0 1.0 0.0 0.7 1.0
Pep: 4 21.1(2) 27.8 (2) 21.5(2) 28.3 (2) 28.0 (2)
Pep: 5 44.4 (1) 42.7 (1) 44.4 (1) 42.4 (1) 42.8 (1)
Pep: 6 9.4 (7) 7.8 (7) 9.5 (7) 7.7 (7) 7.7 (7)
Pep: 7 7.1(8) 7.4 (8) 6.2 (9) 7.3(8) 6.7 (8)
Pep: 8 12.5 (5) 13.1(5) 12.0 (5) 12.7 (5) 12.7 (5)




Supplementary Table S5: Average number of hydrogen bonds formed between the TCR to
each pHLA residue for all 1G4 simulations. For each TCR-pHLA complex the 10 pHLA
residues with the greatest number of contacts are coloured red, with their rank provided

in brackets.
TCR-pHLA Complex
Residue 1G4 1G4 c5cl 1G4 _c49c¢c50 1G4 _c58c62 1G4 _c58c61
HLA: 19 0.1 0.3 0.2 0.2 0.4
HLA: 43 0.0 0.0 0.1 0.1 0.0
HLA: 58 0.0 0.1 0.0 0.1 0.1
HLA: 61 0.0 0.0 0.1 0.0 0.1
HLA: 65 2.3(2) 3.2 (1) 2.3(2) 2.9 (1) 3.2(1)
HLA: 66 0.5 0.7 0.4 0.7 (10) 0.7
HLA: 68 0.4 0.6 0.5 (10) 0.4 0.6
HLA: 70 0.0 0.1 0.0 0.0 0.1
HLA: 71 0.0 0.0 0.0 0.1 0.0
HLA: 72 1.7 (4) 1.1 (8) 2.2 (3) 1.0(7) 0.9 (8)
HLA: 73 0.6 1.6 (5) 0.7 (9) 1.6 (4) 1.6 (5)
HLA: 75 0.4 0.3 0.4 0.3 0.2
HLA: 80 0.0 0.0 0.0 0.1 0.0
HLA: 146 0.0 0.3 0.3 0.4 0.3
HLA: 149 0.1 0.1 0.1 0.2 0.2
HLA: 150 1.5 (6) 1.1(7) 0.2 0.5 0.6
HLA: 151 1.0(8) 0.8 0.3 0.7 0.7 (10)
HLA: 154 0.2 0.3 0.0 0.4 0.4
HLA: 155 2.1 (3) 1.8 (4) 1.2 (5) 1.2 (5) 1.6 (4)
HLA: 163 0.1 0.0 0.0 0.0 0.0
Pep: 1 0.0 0.1 0.0 0.0 0.1
Pep: 4 1.1(7) 1.4 (6) 1.0 (6) 1.2 (6) 1.3(6)
Pep: 5 1.0(9) 0.9 (10) 0.9 (8) 0.9 (9) 0.9 (9)
Pep: 6 1.7 (5) 1.8(3) 1.8 (4) 1.8(3) 1.8 (3)
Pep: 7 1.0 (10) 1.0(9) 1.0(7) 1.0 (8) 1.0(7)
Pep: 8 2.5(1) 2.6 (2) 2.5(1) 2.6 (2) 2.6 (2)




Supplemetary Table S6: Average number of vdWs contacts formed between the TCR to
each pHLA residue for our simulations of wildtype and affinity enhanced DMF5, MEL5 and
Tax A6. For each TCR-pHLA complex the 10 pHLA residues with the greatest number of
contacts are coloured red, with their rank provided in brackets.

TCR-pHLA Complex
Residue DMF5 DMF5_ MELS5 MELS5 A6 A6 _
YW 024317 cl34
HLA: 43 0.0 0.0 0.4 0.0 0.0 0.0
HLA: 55 3.0 3.5 0.0 0.0 2.7 3.6
HLA: 56 0.0 0.2 0.0 0.0 0.0 0.0
HLA: 58 0.1 2.9 0.3 2.0 0.1 0.5
HLA: 59 1.2 2.3 0.0 0.3 0.4 1.0
HLA: 61 0.0 0.9 0.0 0.0 0.0 0.0
HLA: 62 0.0 3.2 1.6 0.2 0.0 0.0
HLA: 63 0.0 0.3 0.0 0.0 0.0 0.0
HLA: 65 7.1 (4) 8.5(3) [13.9(1) 19.9 (2) 17.1 (3) 17.1 (2)
HLA: 66 4.1 (9) 8.3 (4) 1.8 4.0 8.3 (6) 9.1 (6)
HLA: 68 0.0 0.0 2.2 1.6 2.7 2.8
HLA: 69 5.6 (7) 7.1 (5) 3.6 (9) 3.1 5.7 (8) 5.7 (9)
HLA: 70 0.1 0.5 2.3 1.4 0.0 0.0
HLA: 72 10.4 (1) 12.2(1) | 8.0(4) 25.4 (1) 2.2 25
HLA: 73 1.3 1.5 2.9 1.7 2.2 2.1
HLA: 75 1.3 1.7 0.9 6.6 (8) 0.0 0.0
HLA: 76 1.7 2.1 1.3 4.2 (10) 0.0 0.0
HLA: 145 0.0 0.1 0.0 0.0 0.0 0.0
HLA: 146 0.0 0.8 0.0 0.0 0.0 0.0
HLA: 149 0.0 0.7 0.0 0.0 0.8 0.2
HLA: 150 0.8 4.8 (9) 0.0 0.1 5.1(9) 8.4 (8)
HLA: 151 0.2 0.0 1.0 0.7 3.5 4.6 (10)
HLA: 152 0.0 0.0 0.0 0.0 0.5 1.2
HLA: 154 0.1 0.6 4.2 (8) 6.3 (9) 1.2 1.9
HLA: 155 | 7.6 (3) 5.8 (8) 9.2 (2) 10.4 (3) 13.3 (4) 12.9 (4)
HLA: 157 0.0 0.0 0.0 8.0 (6) 0.5 0.1
HLA: 158 2.1 1.8 1.4 2.2 2.3 1.6
HLA: 159 1.9 1.6 0.7 1.4 0.9 0.8
HLA: 161 0.0 0.0 0.0 2.2 0.0 0.1
HLA: 162 0.0 0.0 0.0 0.3 0.0 0.1
HLA: 163 1.7 2.0 3.5 (10) 2.8 2.4 2.6
HLA: 166 1.0 1.8 4.3 (7) 0.4 4.2 (10) 3.6
HLA: 167 1.4 2.7 0.3 4.2 2.2 2.0
HLA: 170 0.7 1.7 1.5 0.7 2.1 1.0
Pep: 1 6.5 (5) 6.1 (6) 0.8 4.2 2.8 3.2
Pep: 2 2.3 2.0 0.4 1.2 1.6 1.2
Pep: 3 1.7 1.7 1.2 2.1 0.2 0.0
Pep: 4 8.4 (2) 9.1 (2) 5.5 (5) 8.7 (5) 9.5 (5) 8.9 (7)
Pep: 5 5.9 (6) 6.1(7) 8.1(3) 6.9 (7) 25.5 (1) 26.8 (1)
Pep: 6 1.9 0.1 2.3 2.9 3.0 2.7
Pep: 7 4.2 (8) 4.3 (10) | 5.1 (6) 9.3 (4) 7.4 (7) 9.3 (5)
Pep: 8 2.7 0.0 1.8 3.0 17.2 (2) 17.1 (3)
Pep: 9 4.0 (10) 0.0 0.2 2.1 0.0 0.0




Supplementary Table S7: Average number of hydrogen bonds formed between the TCR to
each pHLA residue for our simulations of wildtype and enhanced affinity DMF5, MEL5 and
Tax A6. For each TCR-pHLA complex the 10 pHLA residues with the greatest number of
contacts are coloured red, with their rank provided in brackets.

TCR-pHLA Complex
Residue DMF5 DMF5_ MELS5 MELS5_ A6 A6_
YW 02417 c134
HLA: 19 0.0 0.0 0.1 0.0 0.0 0.0
HLA: 43 0.0 0.0 0.2 0.0 0.0 0.0
HLA: 55 1.0 (5) 1.1 (5) 0.0 0.0 0.9 (9) 1.1(8)
HLA: 58 0.3 1.0 (6) 0.1 0.8 0.5 0.5
HLA: 59 0.0 0.2 0.0 0.0 0.0 0.0
HLA: 61 0.1 0.3 0.1 0.3 0.0 0.0
HLA: 62 0.0 0.1 0.0 0.0 0.0 0.0
HLA: 65 1.5(4) 1.6 (3) 2.1(1) 2.0 (2) 2.5(1) 2.6 (1)
HLA: 66 0.6 (10) 0.9 (9) 0.0 0.7 1.0 (7) 1.3 (5)
HLA: 68 0.1 0.0 0.5(8) 1.0 (9) 0.0 0.0
HLA: 72 2.0(1) 2.4 (1) 1.5(2) 2.7 (1) 0.2 0.2
HLA: 73 0.1 0.2 0.6 (7) 0.0 0.0 0.0
HLA: 75 0.5 0.5 0.2 0.0 0.0 0.0
HLA: 145 0.0 0.1 0.0 0.0 0.0 0.0
HLA: 146 0.1 0.2 0.0 0.0 0.0 0.0
HLA: 149 0.0 0.2 0.0 0.0 0.4 0.2
HLA: 150 0.0 0.1 0.0 0.1 0.4 0.8
HLA: 151 0.0 0.1 0.0 0.2 0.4 0.8
HLA: 154 0.1 0.0 0.3 1.3 (6) 0.3 0.2
HLA: 155 0.7 (8) 0.9 (7) 0.5 (9) 0.8 (10) 1.0 (6) 1.5 (4)
HLA: 157 0.0 0.0 0.0 1.1(8) 0.1 0.1
HLA: 158 0.2 0.2 0.0 0.2 0.3 0.2
HLA: 161 0.1 0.1 0.0 1.1(7) 0.2 0.3
HLA: 162 0.0 0.0 0.0 0.1 0.0 0.0
HLA: 163 0.5 0.5 0.4 (10) 0.6 0.9 (8) 0.9 (10)
HLA: 166 0.4 0.8 0.9 0.1 1.4 (4) 1.1(9)
HLA: 167 0.4 0.3 0.0 0.5 0.5 0.5
HLA: 170 0.1 0.0 0.4 0.0 0.1 0.1
Pep: 1 1.7(3) 1.8 (2) 0.6 (6) 1.5(4) 0.0 0.0
Pep: 2 0.7 (9) 0.5 0.2 0.4 0.7 0.5
Pep: 3 0.0 0.1 0.0 0.0 0.0 0.0
Pep: 4 1.8 (2) 1.3 (4) 1.2 (3) 1.4 (5) 2.2 (3) 1.9 (3)
Pep: 5 0.2 0.1 0.1 0.0 1.1 (5) 1.1(7)
Pep: 6 0.1 0.0 0.2 0.1 0.9 (10) 1.2 (6)
Pep: 7 0.7 (7) 0.8 (10) 0.9 (5) 1.6 (3) 2.3(2) 2.1(2)
Pep: 9 0.8 (6) 0.9 (8) 0.4 0.2 0.0 0.0




Supplementary Methods

Cloning, expression and refolding of proteins. The TCR a and TCR B-chains, as well as the
HLA class | a-chains (tagged and not tagged with a biotinylation sequence) and f2m
sequences, were cloned into the pGMT7 expression vector under the control of the T7
promoter using BamH1 and EcoR1 restriction sites, as described previously=3. All
sequences were confirmed by automated DNA sequencing. The TCR a and TCR B-chains,
the HLA-A*02:01 a chains and B2m were expressed separately, without post-translational
modification, as insoluble inclusion bodies in competent Rosetta DE3 Escherichia coli cells
using 1 mM IPTG, as described previously=3. For a 1 L TCR refold, 30 mg TCR a-chain was
incubated at 37 °C for 30 min with 10 mM DTT and added to cold refold buffer (50 mM
TRIS pH 8.1, 2 mM EDTA, 2.5 M urea, 6 mM cysteamine hydrochloride and 4 mM
cystamine). After 30 min, 30 mg TCR B-chain, also incubated at 37°C for 30 min with 10
mM DTT, was added. For a 1 L pHLA-I refold, 30 mg HLA-A*02:01 a-chain was mixed with
30 mg B2m and 4 mg of peptide at 37 °C for 30 min with 10 mM DTT. This mixture was
then added to cold refold buffer (50 mM TRIS pH 8.1, 2 mM EDTA, 400 mM L-arginine, 6
mM cysteamine hydrochloride, and 4 mM cystamine). TCR and pHLAI refolds were mixed
at 4 °C for >1 hr and dialyzed against 10mM TRIS pH 8.1 until the conductivity of the
refolds was <2 mS/cm. All the refolds were then filtered, ready for purification. Refolded
proteins were purified, initially by ion exchange using a Poros50HQTM column (Thermo
Fisher Scientific Inc, MA, USA.), and finally gel filtered into crystallization buffer (10 mM
TRIS pH 8.1 and 10 mM NaCl) or BlAcore buffer (10 mM HEPES pH 7.4, 150 mM NacCl, 3
mM EDTA and 0.005% (v/v) surfactant P20) using a Superdex200HRTM column (GE
Healthcare, Buckinghamshire, U.K.). Protein quality, either under non-reducing or
reducing conditions, was analyzed by Coomassie-stained SDS-PAGE.

Molecular Dynamics Simulations. Starting structures for all simulations were obtained
from previously solved X-ray crystal structures from multiple studies (Table 1 and
Supplementary Tables S2&S3), with any missing residues added using Modeller?.
Molecular dynamics (MD) simulations of apo-TCR structures were initiated from the TCR-
pHLA bound structure. MolProbity® was used to determine the optimum tautomerisation
states for all histidine residues and make any required Asn/Gln side chain flips under the
criteria of optimising the hydrogen bonding network. Protonation states of all titratable
residues were assigned using PropKa 3.0 for pH 7. All structures were then solvated in an
octahedral water box (retaining any crystal waters), ensuring all protein atoms were at
least 10 A away from the box boundary, with Na* or CI~ counter ions added, as necessary,
to ensure an overall neutral charge. MD simulations were performed using GPU
accelerated Amber167, with the ff14SB force field® and TIP3P water model used to
describe protein and water molecules, respectively. All systems investigated were
equilibrated to 300 K and 1 atm in the NPT ensemble (see section “MD Equilibration
Procedure” below). Subsequently, production MD simulations were performed for 100 ns
each with 10 replicas performed per TCR-pHLA or apo-TCR structure. Production MD
simulations were run using a 2 fs time step with the SHAKE algorithm applied to any bond
containing a hydrogen atom. An 8 A direct space non-bonded cut-off was applied with
long range electrostatics evaluated using the particle mesh Ewald algorithm?.
Temperature was regulated using Langevin temperature control (collision frequency of 1
ps~1), whilst pressure was controlled with a Berendsen barostat (setting the pressure
relaxation time to 1 ps).



MD Equilibration Procedure. The following procedure was used to prepare all systems
simulated for production MD simulations at 300 K and 1 atm. Furthermore, the
equilibration protocol used is identical for both our “long” timescale (5 x 100 ns) and
“short” time scale (25 x 4 ns) MD simulations. All dynamics steps applied the SHAKE
algorithm to constrain all bonds containing hydrogen. Replicas simulations were initiated
from the second heating step of the following protocol (with each replica therefore
assigned different random velocity vectors at this stage). First hydrogens atoms and
solvent molecules were energy minimised (using 500 steps of steepest descent followed
by 500 steps of conjugate gradient minimisation). To prevent the movement of non-
hydrogen and non-solvent atoms during the minimisation, 10 kcal mol-t A-1 positional
restraints were used to keep all heavy atoms fixed. Then the solvent was heated rapidly
from 50 K to 300 K (NVT ensemble, 1 fs timestep) over the course of 200 ps, with the
previously described restraints still maintained. The positional restraints were then
replaced with 5 kcal mol-! A-1 positional restraint on only the Ca carbon atoms and
subjected to another round of energy minimisation (500 steps of steepest descent
followed by 500 steps of conjugate gradient). Retaining these positional restraints, the
system was heated from 25 K to 300 K over the course of 50 ps (NVT ensemble, 1 fs time
step). Simulations were then performed in the NPT ensemble (1 atm, 300 K, 2 fs time
step) by first gradually reducing the 5 kcal molt A1 Ca carbon restraints over the course
of 50 ps. This was done by reducing the restraint weight by 1 kcal mol-1 A1 every 10 ps.
The end structure from this run was then used as the starting structure for production MD
simulations. Simulations performed in the NVT ensemble used Langevin temperature
control (with a collision frequency of 1 ps™) and used a simulation timestep of 1 fs.
Simulations performed in the NPT ensemble again used Langevin temperature control
(collision frequency of 1 ps™') and a Berendsen barostat (1 ps pressure relaxation time).

MD Simulation Analysis. Trajectory analysis was performed with CPPTRAJ, using frames
collected every 10 ps for analysis of MD simulations. Hydrogen bonds (HBs), including
water bridged HBs between atoms of the TCR and pHLA were defined as formed if the
donor acceptor distance was within 3.5 A and the donor hydrogen acceptor angle was 180
+ 45°. If two heavy (non-hydrogen) atoms were within 4 A of one another, a van der Waals
(vdWs) contact was considered to be formed between the two atoms. RMSF calculations
were performed on the Ca atoms of the relevant residues with RMS fitting performed to a
consistent set of TCR residues in the variable domains that are not highly flexible (see
section “RMS Fitting Procedure” below). RMSFs, HBs and vdWs contacts were calculated
by discarding the first 10 ns of simulation time (meaning 10 replicas of 10-100 ns used) to
allow for structure equilibration. Buried solvent accessible surface area (BSASA) was
determined using with the LCPO algorithm?!, available with the “molsurf” command
within CPPTRAJC,

RMS Fitting Procedure. To ensure fair comparison between the TCR structures, RMS fitting
(for RMSF calculations) was performed using the same set of residues in the TCR variable
region. Residues excluded from the RMS fitting procedure were the first five N-terminal
residues and all CDR loop residues (due to their high mobility, which would therefore
provide a poor fit). Residues used for RMS fitting from Chain A were therefore: 6-22,33-
46,55-65,73-94,103-113. Residues used for RMS fitting from Chain B were: 6-21,30-47,54-
65,73-91,102-111. RMS fitting of MD simulation snapshots was first performed to the
crystal structure, with this RMS fitted trajectory used to create an average structure.
Following this, all snapshots were then re-fitted to the average structure for the
subsequent RMSF calculation.



MMGBSA Methodology. The molecular mechanics generalized Born surface area
(MMGBSA) method is a binding free energy calculation method which has been widely
used to predict relative binding free energies'?13, The approach uses a combination of MD
simulations (for sampling to obtain many snapshots) and empirical calculations (on the
obtained snapshots) to predict AG;,4. In the MMGBSA approach, the different
contributions to affinity are calculated individually and summed together to obtain AGpinq4
(see Equation 1):

Equation S1: AGy;,¢= Ay + AE,q,+ AGoo+ G, —TAS (1)

Where AE,; and AE,,4,, are obtained directly from the molecular mechanics force field
terms and describe the gas phase interaction energy. The polar and non-polar
contributions to the solvation free energy are described by AG,,; and AGyp1,
respectively. AGp,, is calculated by solving the GB equation, whilst AGy,,,,; is obtained
from a function that assumes a linear relationship between the solvent accessible surface
area and AGyp,;- Finally, TAS describes the change in entropy of the solute upon binding,
most often calculated through normal mode analysis (NMA). For large systems like TCR-
pHLA, NMA is computationally expensive and also tends to produce large errors that do
not improve the accuracy of the calculation!4. Furthermore, as it is not possible to
decompose the results from NMA to a per-residue level, we did not perform NMA for our
MMGBSA calculations.

MMGBSA Calculations. MMGBSA calculations were performed using MMPBSA.py.MPI1>,
using 25 independent (random velocity vectors assigned upon heating) 4 ns long MD
simulations (separate to the above described 100 ns long simulations). These simulations
were run under the same conditions as the aforementioned longer timescale simulations.
From each run, 300 equally spaced snapshots were taken from the last 3 ns of each MD
simulation for MMGBSA calculations, giving a total of 7500 frames per complex. MMGBSA
calculations used the GB-Neck2 (i.e. igb = 8) solvation model and an implicit salt
concentration of 150 mM. The obtained results were decomposed into their per-residue
contributions to the total free energy, with the values obtained used to calculate the
differences between the WT and eaTCRs.
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