Structural Analysis of TCR-
PMHC Complexes Using
Computational Tools



TCR-pMHC Complexes

Peptide

Structure of TCR-pMHC complex PDB 1A07



TCR Crossreactivity

Crossreactivity is the ability
of a TCR to recognize more
than one pMHC complex

Immature T-cells that are
too crossreactive may be
the basis of autoimmune
diseases (Stephens et al.,
2005)

Ding et al., 1999

— Studied crossreactivity of TCR
A6 with four different
peptides in complex with HLA-
A*02:01

— Lysis assay

— IFN-y assayln both cases,
mutation at position 7 induces
some crossreactivity, whereas
other mutations induce
negligible crossreactivity even
at higher concentrations of
peptide
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Goals

Perform structural analysis of TCR crossreactivity
— Four A6 TCR-pMHC complexes (Tax peptide) (Ding et al.,1999)

View TCR binding patterns with viral peptides and mutated
versions of them

|dentify patterns found in TCR interactions with pMHC
complexes

Compare analysis with computational structures to results
found in experimental procedures

Begin investigation into importance of CDR3 loops in
crossreactivity



Methodology

Use the Protein Databank™ (PDB), a source for computational
structures of TCR-pMHC complexes derived from completed
experiments

Use Chimera and PyMOL for molecular visualization of
structures

Access the IMGT database, another tool for analysis of
structures

IMGT holds data on more than 4,000 3D structures of
antibodies, TCRs, MHCs and other proteins related to the
iImmune response

Includes contact analyses, individual chain details, residue
details, etc.

«The PDB holds 111,241 structures as of August, 2015.



Analysis of TCR-pMHC Complexes

 Hydrogen Bonding

— Electromagnetic attractive interaction between
polar molecules

— Hydrogen is bound to a highly electronegative
atom, such as nitrogen, oxygen or fluorine

— Important in TCR interaction with peptide-MHC
complexes

* Hydrophobic (non-polar) contacts
— van der Waals forces



Studied Structures

TCR-HLA Peptide Origin Amino-acid Mutation
complex Sequence

lao7 A6 TCR/HLA Tax peptide 11- LLFGYPVYV No Mutation
A*02:01 19

1grn A6 TCR/HLA Tax peptide 11- LLFGYAVYV P6A
A*02:01 19

1gse A6 TCR/HLA Tax peptide 11- LLFGYPRYV V7R
A*02:01 19

1qsf A6 TCR/HLA Tax peptide 11- LLFGYPVAV Y8A
A*02:01 19

Ding et

al., 1999



Structural Visualization Example
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Wild Type Tax Peptide-TCR Interaction Analysis
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P6A Tax Peptide-TCR Interaction Analysis
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V7R Tax Peptide-TCR Interaction Analysis
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Summary and Conclusions

TCR crossreactivity is important for understanding of autoimmune disorders and T-
cell maturity

Computational structural analysis conducted to understand TCR crossreactivity
Studied four different Tax pMHCs in complex with the same TCR
— Hydrogen bonding and hydrophobic contacts
In the complex with the WT peptide
— 6™ position — 0 hydrogen bonds, 2 hydrophobic contacts
— 7t position — 0 hydrogen bonds, 4 hydrophobic contacts
— 8% position — 2 hydrogen bonds, 3 hydrophobic contacts
After mutations
— 6™ position — 0 hydrogen bonds, 1 hydrophobic contact

— 7% position — 3 hydrogen bonds, 8 hydrophobic contacts
— 8% position — 0 hydrogen bonds, 0 hydrophobic contacts

Sixth and eighth residue mutations to alanine formed fewer contacts with TCR
than seventh residue mutation to arginine

— Explains the results from experimental data



Future Goals

e Use the computational workflow to analyze
more structures to further understand TCR

cross-reactivity

* Further investigate the role of CDR3 in TCR
specificity
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Alpha Chain

Beta Chain

Wild Type HIV Peptide-TCR Interaction Analysis
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F6L HIV Peptide-TCR Interaction Analysis
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Alpha Chain

Beta Chain

Wild Type EBV Peptide-TCR Interaction Analysis

4000
8
7 30001
6
5 z -~ B*3501-HPVG
= 20004 - B*3501-HPVG-DS
4 = —= B*3501-HPVG-Q3
3 z e B*3501-HPVG-A4
, = 1000, ce- B*3508-HPVG
-e: B¥3508-HPVG-DS
1 I I - B*3508-HPVG-Q3
0 — . : : : . : , ol : e BEISOR-HPVG-A4
100 10 10° 104 10%
PSS TS S ES® Peptide Concentration (WM
'»\3\ q’@ %\q v\@ %\?. b\v /\\?‘ %Q < \9\@ \:\/\d eptide Concentration (uM)
i *
8 * Looking at B*3508-
7
*
6 HPVG(wt) vs B*3508-
5 .
. HPVG-D5(mut) in assay
3
2 * Residues 4-8 most
1 . . L
0 . . _ responsible for interactions
SO TS SR N S S W S SR> WSROI
F @ E§ENE e
SN S A AP\ AP\ SPANNIIPA '@\0 S
S Hydrogen Bonds

« Hyerophobic Contacts REGENERON



Alpha Chain

Beta Chain

ESD EBV Peptide-TCR Interaction Analysis
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Summary and Conclusion
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CDR3 Loops

Read several articles about how TCR
crossreactivity is mediated by CDR3 loops on
V-alpha and V-beta chains (Reiser et al., 2003)

Decided to look back on old data to analyze
importance of CDR3 loops in peptide-TCR
contacts

Revisited the contact maps
n V-alpha chain, CDR3 loop is residues 91-105
n V-beta, CDR3 loop is residues 93-107
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Work Done Last Year

Focused on interactions between peptides
and MHC class | molecules

Confirmed basic patterns of interactions in
0MHC complexes found in previous studies

 earned how to use tools that apply to TCR-
oMHC complexes

Goal this year was to analyze TCR and pMHC
interactions, and understand TCR
crossreactivity




TCR RESIDUE BURIAL

Tax 123456789
P6>A 1/2/3/4/5/6/7 89
V7R 1/2/3/4|5 6|7 8[9]

18>A 123456789
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# of Hydrogen Bonds

3.5

2.5

1.5

0.5

Peptide Residue Hydrogen Bonds to TCR in Tax and Mutated Tax

Peptides

1 2 3 4 5 6

Residue #

i Tax peptide
W P6>A
“V7>R
uyYs>A
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Figure 1. T Cell Assays

{A—C) Reactivity ef HTLV-1 Tax-specific clone
2G4 1o altered Tax peptides. 2G4 was as-
sayed lor ils capacity to lyse (A) or secrete
IFM- (B) or MIP-10 [C) when presented with
APC pulsed with peplides. Tax, square; VTR,
elosed circle: PEA, closed triangle: Y8A, up-
side down closad h’iﬂ.ﬂglE.

iD) Cell surlace TCA dewnmodulation in-
duced by variant Tax peplides. 264 T cells
were exposed to APC pulsed with 1 oM of
the indicated peplides for & he &t 37°C,
washed, and cell surlface TOR was guanti-
tated by flow cytometry. Unils are the per-
ﬂEﬂlﬂ.I'.}E mean Tluorascencs i.I'!ItE:I'!IE-iT!.I of TCH
expression relative 1o T cells cullured with
APCs pulsed with no peptide.

(E) Differential TCR signaling pattems in-
duced by varant Tax peplides. 2G4 T cells
were axposed to APC pulsed with 10 M of
peptice for 5 min at 37'C. Tyrosine phosphar-
ylation of [ chains and ZAP-70 was detected
in the ZAP-70 immunoprecipitated complex
{see the Experments] Procedures). Y-axis
walues are relative densatometer wnits for
bands corresponding o p32L, I, and
ZAP-70.

{F) PEA and YBA antagonize secretion of IFN-y
induced by Tax, Mitormycin C-trested APC
were pulsed with 1000 nM ef peptide fer 2 hr
at 37°C, washed, and incubsted with 2G4
eells for 1 hr at 37°C. Tax peptide was then
added at a final concentraticn of 1 aM and
incubated for 48 hr. Eupenmt.u.n‘bs WEere as-
sayed Tor IFN-. Quantitative dilferences wers
analyzed by the Stedent's t test.

(G) Summary of (A) to (F).



# of interactions

van der Waals Interactions between TCR Chains and Mutated Tax

Peptides
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80 ——
i Tax peptide
l P6>A
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REVIEW OF LIT

CDR3 loops positioned over diverse peptides while less
diverse CDR1 and CDR2 loops bind with less diverse
MHC molecules (Garbozci et al., 1996)

The TCR fits diagonally across the MHC peptide-binding
Site

Studies have found that peptide and MHC
conformational changes can trigger alternate TCR loop

conformations, while also altering the stability of the
complex (Borbulevych et al., 2011)

While these studies are generating results
experimentally, | analyze these results to find
explanations of these results



INITIAL PROCEDURES

* Used Chimera, loading files from PDB and
manually searching through each residue of










IMGT DATABASE

e Later realized that IMGT has almost all the
data that | need, switched to gathering the

IMGT molecule name IMGT receptor type IMGT receptor description Ligand(s)

CC Chain ID

TR AB

TR

TR-ALPHA_BETA-2

Homo sapiens (hurman)

MH1 HLA-AT0201

MH

MH1-ALPHA_B2M

Homeo sapiens (human)

Peptide

Tax peptide 11-19 (Q82235)

Human T-lymphotropic virus 7

[ao7 C]




Chain details for PDB 1ao07

For the IMGT Residue@Position card of a given residue, click on its letter in a sequence.
Differences with the closest IMGT allele sequence are in orange.

Chain details of Tax peptide 11-19 (Q82235), Peptide Human T-lymphotropic virus 1 [1ao7_C]

ChainID | faeT_C

Chain g

length

IMGT

chain Peptide

description

Chain

amino acid || LFSTEVEV

Sequence  \ Bantide IMGT Residue\@Position cards




Residus@Position:

Residue@Position Cards

- LEU (L} - - 1ac?_C

General information:
PDB file numbering 1
IMGT file numbering 1

Residue full name

Formula

Leucine

CB H13 N1 G2

IMGT LocalStructure@Position:
Secondary structure

Phi {in degrees)

Psi (in degrees)

Interactions with other IMGT Residue@Position

Pair contacts:
m?nT Residue
5 MET M
7 TR Y
33 PHE F
58 TR Y
63 GLWU E
66 LYS K
70 TYR Y
73 THR T
77 TRP W
81 TR Y
3 PHE F
289 GlY 6
37 GIN Q
20 HOH

Dornain

G-ALPHAL
G-ALPHAL
G-ALPHAL
G-ALPHAL
G-ALPHAL
G-ALPHAL
G-ALPHAZ
G-ALPHAZ
G-ALPHAZ
G-ALPHAZ

W-ALPHA
W-ALPHA

Chain

lao? A
lao? A
lao?_A
lao?_A
lao?_A
lao?_A
lao? A
lao? A
lao? A
lao? A
lao? C
lao?_D
laoc? D

ASA (in sguare angstrom)

Cail
360.00
134.85
4.0

Atom contacts Polar Hydrogen Bond MNon Polar

4
13
2
11
16

W n n N @

= O O = = O O =B O N =B O N O

o o o O = 0 O = O 0 0 0 = O

4
11
2
10
14

ST ¥ B ¥, I I |



General Contact Analysis

IMGT/3Dstructure-DB Domain pair contacts (overview) of 1ao7?
Click 'DomPair' for IMGT/3Dstructure-DB Domain pair contacts (list of Residue@Position pair contacts)

DomPair
DomPair
DomPair
DomPair
DomPair

DomPair

DomPair

DomPair
DomPair
DomPair
DomPair

DomPair

Mumber of residues Atom pair contact types
} . Residue
Unit 1 nit 2 .
pair contacts i1 From1 From2 Total Polar Hydrogen Monpolar
Domain Chain Domain Chain
V-ALPHADI]  1ac? D G-ALPHA1 [D1] dao7_A 15 16 9 T 126 22 3 104
G-ALPHAZ [D2] 1acT A 12 15 T B 105 17 2 88
(Ligand) 1ao? C 15 13 7 (3] 109 20 3 89
C-ALPHA[DZ] 1ao? D 1 2 1 1 T 1 0 i
V-BETA [D1] 1ao7_E a7 42 20 22 401 46 7 355
C-BETA-2 [D2] 1aoT_E 1 2 1 1 9 2 0 7
C-ALPHADZ] 1ao7 D V-ALPHAID1)  1ac? D 1 2 1 1 T 1 ] B
V-BETA[D1] 1ao7 E G-ALPHA1D1] 1aof A 3 4 1 3 23 ] 0 23
G-ALPHAZ [D2] 1aoT_A 1 10 5 5 B2 17 3 65
(Ligand) 1ao?_C 14 13 9 4 119 a9 2 110
V-ALPHA[D1] 1ac7 D LT 42 22 20 401 46 7 355
C-BETA-2 [D2] 1aoT E az 27 12 15 236 a0 1 206



Phi, Psi Bond Angles and ASA

Residue@Position: - LEU (L) - - lao?_C
General information: IMGT LocalStructure@Position:
PDB file numbering 1 Secondary structure Coil
IMGT file numbering 1 Phi {in degrees) 360.00
Residue full name Leucine Psi (in degrees) 134.85
Formula Cb H13 N1 O2 ASA (in sguare angstrom) 4.0

Interactions with other IMGT Residue@Position

Pair contacts:

mﬁj Residue  Daomain Chain  Atom contacts Polar Hydrogen Bond MNon Polar
5 MET M G-ALPHAl 1lao7_A 4 0 0 4
7 ™R ¥ G-ALPHAl lac?_A 13 2 1 11
33 PHE F G-ALPHAl 1lao7_A 2 0 0 2
58 TYR Y G-ALPHAl lao?7_A 11 1 L] 10
63 GW E G-ALPHAl1 1lao7_A 16 2 0 14
BB LYS K G-ALPHA1l lao7_A 0 0 8
0 TYR Y G-ALPHAZ laoc7_A & 1 1

73 THR T G-ALPHAZ 1lao7_A 0 0 5
77 TRP W G-ALPHAZ lao7_A 39 0 L] 39
81 TYR Y G-ALPHAZ 1lao7_A 8 1 1 7
3 PHE F lao?_C 2 1 L] 1
20 GlY G V-ALPHA  1ao7_ D 5 0 0 5
37 GIN Q V-ALPHA  lac? D 5 0 L] 5
20 HOH 3 1 0 2



Contact Maps

| noticed that one of the studies | read about
included contact maps of the interactions
between residues of the TCR and the peptide

| tried to create contact maps of my own by
installing VMD and CCP4 at home

These programs were too complicated for me to
learn about quickly, so | looked for better options

Eventually found a website from SPACE - Tools for
protein Structure Prediction and Analysis based
on Complementarity and Environment

http://ligin.weizmann.ac.il/cma/



CMA: Contact Map Analysis

CMA: Contact Map Analysis

| Don't know what is inside your PDB? |

FDB ID: 1ac7| or

Local: Choose File | no file selected

Chain #1: from to
Chain #2: e from to
Scale: default (11) ¢ | Threshold, AZ: 4.5

Submit Reset



Displays residue-residue contacts

RBesidue 1 Residue 2 Contact Area

LEU 1C GLY 2BD 27.800
LEU 1C GLN 30D 24.800
LEU 2C GLN 30D 21.100
PHE 3c GLN 30D 7.500
GLY 4C GLN 30D 13.700
GLY 4C ASP 99D 20.700
GLY 4C SER 100D 32.200
TYR =1 GLN 30D 8.100
TYR =1 SER 31D 32.100
TYR =1 THR 93D 13.500
TYR aC ASP 99D 14.B00
TYR =1 SER 100D 25.400

PRO BC SER 100D 10.300



Generated Contact Maps
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Figure 1. T Cell Assays
(A—C) Aeactivity of HTLV-1 Tax-specific clone
2G4 1o altered Tax peplides, 204 was as-
sayed for its capacily to lyse (A] of secrete
IFM~ [H) ar MIP-10 [C) when presented with
APC pulsed with peplides. Tax, square: VTA,
closed circle; PEA, closed Iriangle; Y8A, up-
side down closed 1r:ia.ngIE.

(D) Cell surace TOR dewnmodulation in-
duced by varant Tas peplides. 2G4 T cells
were exposed to APC pulsed with 1 M of
the indicated peplides for 5 hr &t 37°C,
wiashed, and ool gurlase TOHE wasg QUEI'IH—
tated by flow cytometry. Units are the per-
I‘_"Ef'liﬁ.gll‘.' maan Muorascencs i.l'!lh‘.':l'!lﬂit],l of TCH
expreasion relative to T cells cultured with
APCe pulsed with no peptide,

(E) Differential TCR signaling pattermns in-
duced by varant Tax peplides. 2G4 T cells
were exposed 1o APG pulsed with 10 M of
peptide ler 5 min at 37°C. Tyrosine phosphar-
ylation of [ ehains and ZAP-T0 was detected
in the ZAP-TD immunopresipitated complex
{soe the Expormentsl Procedures). Y-axis
walues are relalive densitometer onits for
bands corresponding o p32L, r, and
ZAP-TI.

(F) PEA and Y8 antagonize secretion of IFN-y
induced by Tax, Miloryein C-treated APG
were pulsed with 1000 nM of peplide for 2 hr
at 370, washed, and incubsted with 204
eells for 1 hr at 57°0. Tax peptide was then
added alb a final concentration of 1 nM and
incubated for 48 hr. Eup-ermt.a.n'l:s Were as-
sayed Tor IFMy. Guantitative differences were
analyzed by the Student’s t test,

(3] Summary ol (&) ta (F).



REFERENCES

Structure of the complex between human T-cell receptor, viral peptide and HLA-A2 —
Garboczi et al., 1996

Four A6-TCR/Peptide/HLA-A2 Structures that Generate Very Different T Cell Signals Are
Nearly Identical — Ding et al., 1999

T Cell Receptor Recognition via Cooperative Conformational Plasticity — Gagnon et al., 2006

Fluorine substitutions in an antigenic peptide selectively modulate T cell receptor binding in a
minimally perturbing manner — Piepenbrink et al., 2011

Disparate Degrees of Hypervariable Loop Flexibility Control T-Cell Receptor Cross-Reactivity,
Specificity, and Binding Mechanism — Scott et al., 2011

T Cell Receptor Cross-reactivity Directed by Antigen-Dependent Tuning
of Peptide-MHC Molecular Flexibility — Borbulevych et al., 2009

Conformational Melding Permits a Conserved Binding Geometry in TCR Recognition of
Foreign and Self Molecular Mimics — Borbulevych et al., 2011



Experimental Results

e Study conducted in 1999 by Ding et al.

* Analyzed three singly modified tax peptides and
how they generate different T-Cell responses,
even though they have similar structures

* Used T-cell assays, kinetic and thermodynamic
measurements, and X-ray crystallography to
conclude that P6A and Y8A mutations were more
inhibitory to the strength of TCR-pMHC complex
than V7R



Experimental Results

% Specific Lysis assay: a
measure of how the TCR is
able to destroy an antigen-
presenting cell after forming
complex with pMHC

IFN-y assay: stable TCR-pMHC
complexes will express IFN-y
as part of signaling process

In both cases, mutation at
position 7 induces some
crossreactivity, whereas other
mutations induce negligible
crossreactivity even at higher
concentrations of peptide
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BURIED RESIDUES WITHOUT TCR

Wild Type Exposed Exposed Exposed Exposed Exposed Exposed Exposed Exposed Exposed
P6A Exposed Exposed Exposed Exposed Exposed Exposed Exposed Exposed Exposed
V7R Exposed Exposed Exposed Exposed Exposed Exposed Exposed Exposed Buried

Y8A Exposed Exposed Exposed Exposed Exposed Exposed Exposed Exposed Exposed



TCR BURIED RESIDUES

Wild Type Exposed Exposed Exposed Buried Exposed Exposed Exposed Exposed Exposed
P6A Exposed Buried Buried Buried Exposed Buried Exposed Exposed Exposed
V7R Exposed Buried Exposed Buried Exposed Exposed Exposed Exposed Buried

Y8A Exposed Buried Exposed Buried Exposed Exposed Exposed Exposed Exposed



