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Lecture and Practice Proceedings & Objectives

« Tutors are present to help you. Contact them!!!

» Get a flavor of molecular structure and modeling

« Acquire some basic theoretical background

» Practice the molecular graphics techniques

« Use them to uncover structure-activity relationship

* Get a detailed knowledge about the 3D structures of pMHC and TCR/pMHC

=>» You should be able to perform simple tasks of molecular graphics and analysis
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Lectures & Practices Agenda

Small molecules Macromolecules

Origin of the 3D structures

Experimental techniques Homology modeling The Protein Databank

Molecular Recognition

Molecular interactions Molecular modeling

on with UCSF chimera

Structure of the Peptide — Major Histocompatibility Complex
Molecular recognition Anchor residues Structure/Activity

TCR & TCR-pMHC structure

Molecular recognition Complementary determining regions

TCR engineering

An example...

R NI e oot 3
3
Installing UCSF Chimera
In this lecture/practical you will use the software UCSF Chimera
for 3D structure visualisation and analysis.
This software is: Download Chimera
- free for teaching or academic research s g
- available for the most current platforms (Windows, Mac, Linux) o G e
- open source (you can modify it for your needs if you know how B o e B e S 7
to code in python. This is out of the scope of this lecture). Gurent Proguction Relesses
o
. Platiorm | Installer, Size, and Checksum | Dats | Notes
You can download the latest production release here: —— A T
https://www.cgl.ucsf.edu/chimera/download.html acos xau1t m o s e %m
" 22t eosen e nlonger gt
Please, install this software on your machine. e
It will be mandatory for the practicals, but also useful for the i !
theoretical lectures Paiorm | instalr, Sz and heckeum | _Date Notes
Mirosoft Windows 040t S SIS0 aroe, 2025 e Wi 7 e oten ntructons)

chimera-alpha-mac6d.dmg (See produstion version for installation instructions)

Mac O X 64-bit S terioTot e Mar 06, 2025 | uns on Ma OS X 10,12 o lter:

NiDs:t8244702257 150067a09747804212514 Relessonoles

chimera-alpha-linux xB6_64.bin (See production version for installation instructions)
Linux 64-bit S 15530000 Var 06, 2025 | Eomted on GovOS BT

5: f0earoless3009 16457 40af5 a1

chimera-alpha-linux x86_64_osmesa.bin (See production version for installation instructions)
Headless Linox 6451 | Sar assatomspas oo Mar 06, 2025 | For (w6b) servers. Compiied on CentOS 5.11

NiD5: a0aco71908753009b360068072816362
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The dedicated web site L -
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e ol uNIL | Universite de Lausanne

Molecular Modelling for Immunology

This teaching has been conceived to alternate theoretical lectures

‘:\ Videos of

and practicals, so that you will:

exercices

here

- experiment yourself the visualisation and analysis of protein 3D

structures
- get a 3D view of the systems mentioned in the lecture (to
prevent being limited by the 2D views in the slides)

To facilitate the process, a web site has been especially
conceived for this teaching. You can find it here:

http://www.immunology-and-modelling.ch

1. This web site will indicate you when to switch between lecture
and practicals. For instance, you will be able to make exercices 1
and 2 just after the prologue regarding molecular representation,
while exercises 3 to 5 will be made after the lecture section
dedicated to MHC-I and before that of MHC-II

2. Videos on how to execute exercices 1 to 5 have been made for
your help. They are without sound, but all instructions are
detailed in the booklet

3. The booklet of the practicals and the PDF of the lecture can be
downloaded from the web site too

Jcturs of the peptide-MHC Class i complex.

b \ Links to

download
lecture
and

exercices
here

o0 3. Showing hydrogen bonds & Clpping protein

| | UNIL | Universis ité de Lausanne 5

Molecular Modelling for Inmunology

4. Once you will be trained in using UCSF Chimera, you will be able to

J\ Videos of

use this tool to see in 3D, on your computer, the systems that are

exercices

displayed in 2D in the lecture.

So, when you see this icon @ in the lecture slide, you can check the slide
number, and click on the corresponding link on the web site.

Upon clicking, the molecular system should be automatically displayed
in UCSF Chimera, if your browser is managing it correctly.

Otherwise, you can download the linked file, with the .chimerax
extension, on your machine. Then, double clicking on the file, or
drag&droping it on UCSF chimera will open it in this software.

Although you are encouraged
to do it, to beneficiate from a
full 3D “immersion”, this is
totally optional.

This possibility is provided to
you to go beyond 2D images
in the slides. But if it does not
work for you, or if you don’t
want to use it, it will not
prevent you from
understanding the lecture.

) - J \\
45 N
» % () \.«
AART-1/Melan-A

here
e e Links to
download
lecture
and
exercices
here
g of e 0 structures
1003, Showing hytrogen bonds & Cipping poten
TEREREREEEEE R e e e e e ey Hm;luu \\\\\\\ ité de Lausanne 6



http://www.immunology-and-modelling.ch/
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Prologue: molecular representations
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Molecular representations — “small” molecules

Organic molecules of less than ~ 100 atoms are often referred to as “small” molecules, as opposed

to biological macromolecules (i.e. proteins, DNA, etc.)
Small molecules can be represented in 1D, 2D or 3D:

Example of Vemurafenib (BRAF V600E inhibitor)

1D SMILES: CCCS(=0)(=0)NC1=C(F)C(C(=0)C2=CNC3=NC=C(C=C23)C2=CC=C(CI)C=C2)=C(F)C=C1

2D fa o QI
/\/\(\) c
¥ A
N M XXy
o | PR

Ball & Stick Sphere

LT LT UNIL | Universit ¢ de Lausanne

InChl: 1S/C23H18CIF2N303S/c1-2-9-33(31,32)29-19-8-7-18(25)20(21(19)26)22(30)17-12-28-23-16(17)10-14(11-27-23)13-3-5-15(24)6-4-13/h3-8,10-12,29H,2,9H2,1H3,(H,27,28)

8
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Molecular representations — biological macromolecules

Biological macromolecules can also be represented in 1D, 2D or 3D:
Example of proteins

Sequence if amino-acids:
MGCTLSAEDKAAVERSKMIDRNLREDGEKAAREVKLLLLGAGESGKSTIVKQMKIIHEAG
YSEEECKQYKAVVYSNTIQSITATTRAMGRLKIDFGDSARADDARQLFVLAGAAEEGF]

1 D AELAGVIKRLWKDSGVQACFNRSREYQLNDSAAYYLNDLDRIAQPNYIPTQQODVLRTRV]
TTGIVETHFTFKDLHFKMFDVGGQRSERKKWIHCFEGVTAIIFCVALSDYDLVLAEDEEM
NRMHESMKLEDSICNNKWETDTSIILFLNKKDLFEEKIKKSPLTICYPEYAGSNTYEEAA
AYTIQCQFEDLNKRKDTKEIYTHEFTCATDTKNVQEVEFDAVTDVIIKNNLKDCGLF

2D

:

LU LD UNIL | Universit ¢ de Lausanne

Molecular representations — biological macromolecules

Biological macromolecules can also be represented in 1D, 2D or 3D:

Example of proteins (Crystal structure of HLA-A2*0201 in complex with MART-1/Melan-A)

3D

\

Ribbon / cartoon

10

LT LT UNIL | Universit ¢ de Lausanne
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1D

3D

Molecular representations — biological macromolecules

Biological macromolecules can also be represented in 1D, 2D or 3D:
Example of DNA

Sequence if nucleotides:
GAGTAGCACGTGCTACTC

LU LD UNIL | Universit ¢ de Lausanne
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Molecular representations — biological macromolecules

Myc-Max transcription factor

LT LT UNIL | Universit ¢ de Lausanne
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Origin of the 3D structures
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Experimental methods — Xray crystallography
Purified protein Protein crystals Diffraction spectrum
TN .
Crystallization
Xray diffraction
S]] UNIL | Universit ¢ de Lausanne 14
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Purified protein

Atomic model

Crystallization

Refinement

Refinement

Experimental methods — Xray crystallography

Protein crystals

Fitting

Diffraction spectrum

Data
analysis

Electronic density

(a.k.a. X-ray structure) map
DL L] ] UNIL | Universit té de Lausanne 15
15
Experimental methods — Xray crystallography
Important measures of accuracy:
- Resolution (in A): measures the amount of detail that may be seen in the experimental data. The
lower the better (typically around 2 A)
= -
W £ \:i(
5 0A |.'e-solution 2.50 3.0 A resolution, 6.50
ﬁ\* y
2.0 A resolution, 8.50 1.5 A resolution, 100
sLF YL e LIy L e
-.5) & @ Source: PLoS One. 2015 Apr 20;10(4):e0123146.
1.0 A resolution, 140 0.6 A resolution, 120
16
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Experimental methods — Xray crystallography

3 important measures of accuracy:

+ Resolution (in A): measures the amount of detail that may be seen in the experimental data. The lower the
better (typically around 2 A)

R-value: measures how well the atomic model is supported by the experimental data found in the structure
factor file (Perfect fit R-value = 0.0; Random fit R-value = 0.63; Typical R-value ~ 0.20) The atomic model is
used to simulate a diffraction spectrum, which is compared to the experimental one.

R-free value: idem than R-value, but calculated for a set of experimental data that have not been used to
create the model (~10% of the data are removed before refinement, in order to be used in this test).
Generally, R-free value > R-value; Typically R-free value ~ 0.26 for a good quality structure.

Typical limitations:

» Hydrogen atoms are generally not visible

+ Some regions are not defined (e.g. flexible loops or flexible side chains)

« X-ray structures are models. They can be totally wrong!!

LU LD UNIL | Universif té de Lausanne

17

Experimental methods — Xray crystallography
X-ray structures are models. They can be totally wrong!!

Huang, Y.-H., et al. CEACAM1 regulates
TIM-3-mediated tolerance and
exhaustion. Nature, 2015, 517(7534),
386—390.

e

Xray structure of the complex

CEACAM1/TIM3
PDB ID: 4QYC
Resolution: 3.4A
R-value: 0.232

' Crystal structure of the protein human CEACAM1
DOI: 10.2210/pdb5dzl/pdb  Entry 5DZL supersedes 4QYC
It was a homodimer of CEACAML...!
LU LU L | | ||| UNIL | Universi té de Lausanne 18
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Experimental methods — NMR spectroscopy

[

Purification
Concentration

Distance
constraints

Pros : Structure in solution

‘ : : Cons: -  Limited to small proteins
Ensemble of structures - Low resolution
Example: insulin 2D-Spectra - Highly flexible regions
DL L L] UNIL | Université de Lausanne 19
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Experimental methods — CryoEM

DUBOCHET'S FRANK'S IMAGE ANALYSIS
VITRIFICATION METHOD FOR 3D STRUCTURES

Liauin
NITROGEN

* Very power electronic beam

* Better resolution than light (smaller wave length)
* Invacuo in the microscope

* Frozen sample (77 K or 4 K)

* Vitrified water

Iwstration: ©Johan Jarnestad/The Royal Swedish Academy of Sciences

L LT LT UNIL | Universite de Lausanne,
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Experimental methods — CryoEM

DUBOCHET'S FRANK'S IMAGE ANALYSIS . )
VITRIFICATION METHOD FOR 3D STRUCTURES Until recently:

- Only low resolution structures. Need to be used
together with Xray crystallography or NMR (for
example, insertion of Xray structures into the Cryo-
EM density map)

- Limited to large-size systems

Nowadays:
- Resolution close to that of Xray crystallography
- Applicable to smaller systems

- More Cryo-EM structures produced every year than
NMR structures

- Capture structures in relevant states (isolated

molecules, in solution, at a given salt concentration
and pH)

Liauin
NITROGEN

Wwstration: ©ohan Jarnestad/The Royal Swedish Academy of Sciences

21

LU LD UNIL | Universif té de Lausanne
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Experimental methods — CryoEM

6JXR in the PDB
Cryo-EM
Resolution: 3.7 A

TCRa

Membrane

CD3¢

T = 7 'y

Structural basis of assembly of the human T cell receptor-CD3 complex.
Zheng, L., Lin, J., Zhang, B., Zhu, Y., Li, N., Xie, S., Wang, Y., Gao, N., Huang, Z.
(2019) Nature 573: 546-552 il 29

L LT UNIL | Universif té de Lausanne
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Experimental methods — CryoEM

Structure of a fully assembled tumor-specific T cell
receptor ligated by pMHC

Lukas SuSac et. al.

Cell, 2022, 185 (17), 3201-3213.e19

pMHC from
APC

Membrane

7PHR in the PDB
Cryo-EM
Resolution: 3.1 A

23

LLLLLLLLLLLLLLUNIL | Université de Lausanne
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Experimental methods — CryoEM

The Nobel Prize in
Chemistry 2017

Photo: Félix Imhof © Photo: B. Winkowski © Photo: MRC Laboratory
UNIL [CC BY-SA 4.0] Columbia University of Molecular Biology
Jacques MedicaI_Center Richard
Dubochet Joachim Frank Henderson

Prize share: 1/3 Brize/share:i1/s Prize share: 1/3

The Nobel Prize in Chemistry 2017 was awarded to Jacques
Dubochet, Joachim Frank and Richard Henderson “for
developing cryo-electron microscopy for the high-resolution
structure determination of biomolecules in solution".

LU DL UNIL | Université de Lausanne 24
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Experimental methods - Summary

Xray crystallography

High resolution (1to 3 A)

NMR Does not require protein crystallization
~ High resolution
Cryo-EM Does not necessitate to crystallize the

protein: possible to study transmembrane
proteins, and more flexible proteins than
Xray.

New techniques allow studying smaller
proteins, and increasing resolution

Requires to crystallize the protein

Does not allow studying transmembrane or
very flexible proteins

Generally limited to small proteins

Generally limited to large proteins

Low resolution, 4 to 20 A (a lot of
progresses have been done recently)

DL L] UNIL | Univers té de Lausanne
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Worldwide Protein Data Bank (wwPDB)

Where to find experimental 3D structures? The protein databank

Experimental 3D structures are stored in the Protein Data Bank (PDB)

https://www.wwpdb.org/

Protein Data Bank in US (PDB)

http://www.rcsb.org/

Protein Data Bank in Europe (PDBe)

http://www.ebi.ac.uk/pdbe/

X-ray: 192200
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Where to find experimental 3D structures? The protein databank
http://www.rcsb.org/ MART-1 HLA-A2

RCSBPDB  Deposit - Seach + Visuaize - Analyze = Download - Learn - About + Carsers COVID-19

3 [ 252410 Svscus o8

S ) BB 5 omsrcomam st o5

SPDB fonon ENAKB [ ©POB-IHM

Redesigned PDB Statistios Support Enhanced Functionality [ Bvloe:

RCSB Protein Data Bank (RCSE PDB) enables breakthroughs in science and education March Molecule of the Month

by providing access and tools for exploration, visualization, and analysis of:

aenive
) Gomputed Sincture Modets (5SM) fom ApraFold DB and Modelreive
ncontextof a viw
o
Explore & PDB-101
NEW Training
Resources

Features

Enoyl-CoA Carboxylases/Reductases

[T— Publcations-

Rogistr for the April 10 Virtual Office Hour on
Sequence Annotations Viewer

e March 10-16: Brain Awareness Week

Take the Usor Survey on Statistics and Win i

1UCr2026 Awaits
Sign up to receive nws and updtes about the
structuralsciance Congress.

WCr2026 - oocsaozs

featuring the artwork of David S. Goodsel.

Registrfor March Traiing Events
5 QU o s o oe upooming vinal sents: Extecis

9BFZ PPDB ID Office Hour (Mar 13), Exploring Bird Flu with

T comploxof Gompeund-5, KTAS G125, and OypA ROS8.org (s 17, and RS POB APf with s
Py o 29

Lo [———

[ A AN

27
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Where to find experimental 3D structures? The protein databank

Refinements @ u

= - Tabular Report - v O A O selected
Structure Determination
Memndology/ 1025 of 232,418 Structures Page 1019297 | b W |25 v Sortby | Score v
[] exper

B3 3QEU Dowrload Fis View Fie

The crystal structure of TCR DMF5
Borbulevych, O.Y., Santhanagopolan, S.M., Baker, B.M.

Scientific Name of Source
Organism

25 structures s 0225

ou t Of 2 3 5 ] Escherichia cu ©.5

(2011) J Immunol 187: 2453-2463

Released 2011-07-06

Method X-RAY DIFFRACTION 2.09 A
Organisms Homo sapiens
Macromolecule  DMF5 alpha chain (protein)
Pt nemvegovs (359 DMFS5 beta chain (protein)
) Bos taurus (3900 Unique Ligands ~ GOL, L|

PDB ID bt 6124 T
(2,653

AV - Flavin Analogue Sheds Light on Light-Oxygen-Voltage Domain Mechanism
5 < Rizkallah, PJ., Kalvaitis, M.E., Allemann, RK., Mart, R.J., Johnson, LA.

© Explore in 3D

Taxonomy (2019) Biochemistry 58: 2608-2616

] Bacteria (77.307)
Authors i
[] other sequences (10,312)
[] Archaea (6,253)

Released 2019-05-29

Method X-RAY DIFFRACTION 1.43 A
Organisms Ochromonas danica
Macromolecule  Aureochrome-like protein (protein)
o Explore in 3D Unique Ligands  5DD, 909, ACT, GL, EDO, MG, PEG

6123 Download File View File

[m]
EX e ri m e nta I L [Mopodiy Flavin Analogue Sheds Light on Light-Oxygen-Voltage Domain Mechanism
p Tassiied sequences (592) Rizkallah, PJ., Kalvaitis, M.E., Allemann, RK., Mart, R.J., Johnson, LA.
More..
t h d (2019) Biocheistry 58: 2608-2616
me ods ExpedipessaliMs el Released 2019-05-29
(5T & Method X-RAY DIFFRACTION 2 A

[7] ELECTRON MICROSCOPY (25,132) Organisms Ochromonas danica

() SOLUTION NMR (14,376) Macromolecule  Aureochrome-like protein (protein)
[ ELECTRON GRYSTALLOGRAPHY (242) @ Explorein 3D Unique Ligands 909, ACT, GL, EDO, MES.
~INEUTRON DIFFRACTION (234)

L

Possible to sort

28

||| ]| UNIL | Université de Lausanne
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© Explore in 3D

® Explore in 3D

1l

Where to find experimental 3D structures? The protein databank

B 1JF1

Download File | View File

Crystal structure of HLA-A2*0201 in complex with a decameric altered peptide

ligand from the MART-1/Melan-A
Sliz, P, Michielin, O., Cerottini, J.C., Luescher, L., Romero, P, Karplus, M., Wiley, D.C.

(2001) J Immunol 167: 3276-3284

Released 2001-09-14

Method X-RAY DIFFRAGTION 1.85 A

Organisms Homo sapiens

Macromolecule  HLA GLASS | HISTOCOMPATIBILITY ANTIGEN, A-2 ALPHA GHAIN (protein)

beta-2-microglobulin (protein)
decameric peptide ligand from the MART-1/Melan-A (protein)
Unique Ligands ~ ZN

1JHT

ligand (ALGIGILTV) from the MART-1/Melan-A.

Sz, P, Michielin, O., Karplus, M., Romero, P, Wiley, D.

(2001) J Immunol 167: 3276-3284

2001-09-14

X-RAY DIFFRACTION 2.15 A

Homo sapiens

HLA CLASS | HISTOCOMPATIBILITY ANTIGEN, A-2 ALPHA GHAIN (protein)
beta-2-microglobulin (protein)

nonameric peptide ligand from the MART-1/Melan-A (protein)

Released
Method
Organisms
Macromolecule

6122

Flavin Analogue Sheds Light on Light-Oxygen-Voltage Domain Mechanism
Rizkallzh, P.J., Kalvaitis, M.E., Allemann, R.K., Mart, R.J., Johnson, LA,

(2019) Biochemistry 58: 2608-2616

Released 2019-05-29

Method X-RAY DIFFRACTION 1.66 A
Organisms Ochromonas danica
Macromolecule  Aureochromet-like protein (protein)

Unique Ligands ~ FMN

Ll

Download File | View File

Crystal structure of HLA-A2*0201 in complex with a nonameric altered peptide

Download File | View File

| UNIL | Université de Lausanne
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tructure Summary Annotations

Where to find experimental 3D structures? The protein databank

Experiment  Sequence  Genome  Versions

Organism (origin of
the sequence)

& expression
system

(synthesis et post-

© Explore in 3D: Structurs | Sequence Annotations |
Electron Density | Validation Report

Global Symmetry: Asymmetric - C1 @
Global Stoichiometry: Hetero 3-mer - ATB1C1 @

Find Similar Assemblies

Biological assembly 1 assigned by authors and
‘generated by PISA (software)

translational
F————
modifications) - st 51010

+ Modelled Residue Count: 382 @
« Deposited Residue Count: 384 @
« Unique protein chains: 3

Note: post-translational modifications can
differ between organisms

1l

8 Disply Files ~

® Downioad Fies - TN

B 1JHT

Crystal structure of HLA-A20201 in complex with a nonameric altered peptide ligand
(ALGIGILTV) from the MART-1/Melan-A.

PDB DOI: https:/doi.org/10.2210/pdb1JHT/pdb
Classification: IMMUNE SYSTEM
Organism(s): Homo sapiens

ystem: Escherichia coli
Mutation(s): No @

Deposited: 2001-06-28 Released: 2001-09-14
Deposition Authors): Siiz, P, Michialin, O., Karplus, M., Romero, P, Wiy, .

Experimental Data Snapshot WWPDB Validation © ©30 Report || Ful Report

Dowload or
online
visualization

Method: X-RAY DIFFRACTION Meric Perenile Ranks Vatue
Resolution:2.15 e m— —_—
0262 Dapeon, 0260 5001 © igp— —
52 (Depositor). "
e [IE— —
0210 (Deposito), 0:210 (OCC) @ [ S—
R-Valuo Observed: — S
0210 Deposito) @ e

Starting Model: experimental
View more details

This s version 1.4 of the entry. See complete history.

rature

Experimental
method and
quality

Crystal structures of two closely related but
melanoma tumor-antigen peptide complexes.

Siiz, P, Michielin, 0., Cerotti, J.C, Luescher, L, Romero, P, Karplus, M. Wiy, D.C.
(2001) J Immunol 167: 3276-3284

distinct HLA:

PubMed: 11544315 [T}

DOL: htips://dol.org/10.4049/immunol. 167.6.3276
Primary Citation of Related Structures:

1UF1, 10HT

PubMed Abstract:

crystal structures of of HLA-A2

by T
cells-1. The two peptides, a decamer and nonamer with overlapping sequences (ELAGIGILTV and ALGIGILTV), are.
© Viow More

L

| UNIL | Université de Lausanne
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Where to find experimental 3D structures? The protein databank

Online visualization

Structure Summary Amotations  Experiment  Sequence  Genome  Versions
ﬁ B Display Fes ~  ® Dowriosd Fies +
B1JHT.

\\0 Crystal structure of HLA-A2*0201 in complex with a nonameric altered peptide ligand (ALGIGILTV) from the MART-1/Melan-A.
<

Help

Sequenceof 1UMT|Cysta. ¢ Chan ¢ TLHACUS.. ¢ At ® 3 structure

1JHT | Crystal structure of HLA-A2" a

Type  Assembly
Asmlid 1 Author And Softwar.

Dynamic Bonds X Off
O\\ .

¥. Measurements

Q_ Structure Motif Search

( Preset + Add £
Polymer Caton @ T
Water Buasik © O
Unit Cell p21 21 21 & =
# Density

© Quality Assessment
# Assembly Symmetry
% Export Models

& Export Animation

*® Export Geometry
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Where to find experimental 3D structures? The protein databank

Information regarding the protein, and what is present in the experimental structure

Find similar proteins by: | Sequence «  (by identity cutoff) | 3D Structure

Entity ID: 1
Molecule Chains @ Sequence Length Organism Details Image
HLAGLASS | A 275 Homo sapiens Mutation(s): 0 @ o
HISTOCOMPATIBILITY, W
ANTIGEN, A2 A el
ID of the A2
protein UniProt & NIH Common Fung#fita Resources

chain Find proteins for PO: lomo sapiens) Explore [ Fossas | @ Go to UniProtkB: m\ Link to this
PHAROS: GTex: protein in

Uniprot

Number of Sequence Clusters 30% entity ] 50% identity |  70% aentity 13 ] ('90% identty (3 | (‘95% dentity 3 ] (1100% dontity
residus in UniProt Group (PosgeB ]
the protein Sequence Annotations Expand
chain
Referenc equence 1JHT_1
H Y o @ & 100 10 o 180 180 200 20 20 %0 ' Information on
1JHT 1

UNIPROT Poddso | . sequence,

Source organism UNMODELED 1 mutations,
HYDROPATHY | g e g g T e missing regions

] [ S e |

Iy~ = - § ]
e
ANTIBODY DOMAIN

32
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Where to find experimental 3D structures? The protein databank

Download / display Click here!

® Download Files v
1 J HT FASTA Sequence

Crystal structure of HLA-A2*0201 in complex with a tide ligand Y-
(ALGIGILTV) {

A header with information on the 3D Cartesian coordinates of each
PDB DOI: 10.221  protein and experimental conditions visible atom
‘oz Do sxsmm 20-omor 1o ATOM 1 N GLYA 1 13.352 54.317 48.894 1.00 37.62 ¥
. . ol CREFTAL STMCTURE OF NUM-A2°4301 TW CONFLEX WITH A& ATOM 2 CA GLYA 1 12.174 53.715 49.585 1.00 39.06 c
Classification: IN ATOM 3¢ eya 1 120533 53.136 50.941 1.00 37.55 c
ATM 4 O GLYA 1  13.521 53.543 51.554 1.00 37.38 °
i " ATM 5 N SERA 2 11.726 52.187 51.408 1.00 35.83 ¥
Organism(s): Hol Nou ¢ onosma 2 isss s sziess 100 3ie ¢
y AtM 7 C SERA 2 13,156 50.610 52.632 1.00 33.37 c
Expression Syst AtoM 8 O SERA 2 13.539 50.177 51.553 1.00 32.44 o
. - No ( AtoM 9 cB SERA 2 10.724 50.744 53.117 1.00 33.85 c
Mutation(s): No ATOM 10 0G SERA 2 9.643 51.602 53.431 1.00 38.81 °
AtoM 11 N EISA 3 13.722 50.308 53.796 1.00 32.12 N
AtM 12 cA mISA 3 14.875 49.418 53.890 1.00 28.69 c
AtoM 13 C BISA 3 14776 48.613 55.16 1.00 29.35 ¢
ited: ATM 14 O mISA 3 14.032 48.973 56.077 1.00 27.35 o
Deposited: 2001 Mow 15 Ob WIS A 3 6177 so216 s3.e1s 1100 2940 ¢
. AToM 16 cG BISA 3 16.454 50.943 52.645 1.00 31.19 ¢
Deposition Auth AtM 17 wplEsA 3 16.805 50.307 51.478 1.00 29.87 N
e 1o co2mISA 3 16,398 52.265 52.349 1.00 30.08 ¢
At 15 CElEISA 3 16.954 51.200 50.515 1.00 31.17 c
) ATM 20 NE2 IS A 3 16.712 52.397 51.018 1.00 34.03 N
Experimental Da ATOM 21 N SERA 4 15.542 47.530 55.231 1.00 25.70 N
ATM 22 cA SERA 4 15.521 46.693 56.414 1.00 26.16 c
AtoM 23 C SERA 4 16.834 45.977 56.644 1.00 25.35 ¢
- X-RA AToM 24 O SERA 4  17.645 45.803 55.730 1.00 24.91 o
Me‘hod'x Y[ ATOM 25 CB SERA 4 14.412 45.646 56.300 1.00 25.66 c
. ATOM 26 OG SERA 4  14.755 44.648 55.350 1.00 25.84 °
Resolution: 2.15 Atow 27 W WenA 5 17,035 45.89 57.893 1.00 23.84 H
) AtoM 28 cA META 5 18,231 44.827 58.240 1.00 24.55 ¢
R-Value Free: 0. ATON 29 C META 5 17.666 43.626 58.972 1.00 24.24 c
ATM 30 O META 5 16.847 43.767 59.882 1.00 25.27 o
R-Value Work: 0. ATOM 31 cB META 5 19.189 45.592 59.151 1.00 20.77 c
ATM 32 CG META 5 20,369 44.715 59.589 1.00 21.92 c
A AtoM 33 S META 5 21.797 45.583 60.267 1.00 24.85 s
R value ObseNE ATOM 34 CE META 5 21.301 45.841 61.962 1.00 24.70 c
ATM 35 N ARG A 6  18.088 42.441 56.560 1.00 21.64 N
AToM 36 CA ARGA 6  17.593 41.230 59.183 1.00 19.78 c
,. AtM 37 C ARGA 6  1s.664 40.196 59.377 1.00 18.26 c
o o T e ovmnae 6 TR0 ATOM 38 O ARGA 6 190540 40.029 58.530 1.00 20.78 °
B s AToM 39 CB ARGA 6  16.465 40.643 58.335 1.00 15.02 c
o1 ATOM 40 CG ARG A 6 15.157 41.352 58.553 1.00 24.28 c
3 Tpe—
Roowx 3 moanw i cws 0.9
manx 3 | KoNETLaYE, DTNk USNSRL 25G8S, PR, i i i
B ! T R Need a Visualization software...
H

Ex.: Swiss PDB Viewer, UCSF Chimera, Pymol

LU LD UNIL | Université de Lausanne
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And when there is no experimental structure? Homology modeling

Unknown structure Template Homology modeling:

Building a theoretical model of the 3D structure of a
protein based on experimentally known 3D structure
of related proteins.

?

ILTVSYIPSAEKIA ELAIGILTVSYIPSAEKIR

Sequence alignment \
ELAGI-ILTVSYIPS I ELTI
ELA-IGILTVSYIPSAEKIRAP--ELTI /

Assumption: proteins with similar
sequences have similar 3D structures

,\

Quality/relevance of the
prediction depends on the
sequence identity.

Needs at least 40% seq. id.

o

RMSD [Angstrom]
o 3

o

o

20 40 60 80
sequence identity [%]

Structural model

LU DL UNIL | Université de Lausanne
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And when there is no experimental structure? Homology modeling
Unknown structure Homology modeling:

Building a theoretical model of the 3D structure of a

protein based on experimentally known 3D structure

of related proteins.

Template

?

Programs et web servers:

ELAGIILTVSYIPSAEKIA ELAIGILTVSYIPSAEKIR

v . - Modeller
Sequence alignment \ - |-Tasser

' ELA-IGTLIVSYTDSABKTRAP-EL1T > 4 - Robetta

- HHPred

Assumption: proteins with similar
sequences have similar 3D structures

Databases of structural models:

- Swiss-model
- Modbase

Structural model

35
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And when there is no experimental structure? Deep Learning

AlphaFOld TRKKCTEMKKKFKNCEVRCDESNHCVEVRCSDTKY Predict distance between residues:

Protein Sequence.

Sequence of the target protein

B8 1

Neural Network Databases

Sequence alignment of all apparented
proteins

* CTSYPIKLMDFERTSWQAPRIMTGHK

>

Distance Predictions

Q@é ‘&0@
N4

Structure

&
b@[ Ve

Angle Predictions

Score (Gradient Descent)

CSSYPIKLMDWERTSWQAPRICTGYK
COQSYPLKLMDFERTSWQVPRIPTGHK
CNSYPLKLMDCERTSWQVPRIDTGCK
CSSYPIKLMDFERTSWQAPRIFTGHK
CDSYPVKLMDFERTSWQLPRIGTGHK
CCSYPIKLMDKERTSWQAPRIMTGEK
CSSYPAKLMDFERTSWQLPRIKTGHK
CTSYPIKLMDDERTSWQAPRILTGRK

1 Correlated mutations 1

1 Correlated mutations 1

36

L L] UNIL | Universi té de Lausanne
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AlphaFold:
Protein Sequence
G
Neural Network
Ilhh! '.aw
Distance Predictions Angle Predictions
. ’@0. 6\)
& &
O @
[P
Q‘e $@®

N

Score (Gradient Descent)

Structure

TRKKCTEMKKKFKNCEVRCDESNHCVEVRCSDTKY

Databases

And when there is no experimental structure? Deep Learning

Predict distance between residues:

Sequence of the target protein

!

Sequence alignment of all apparented
proteins

!

Correlations between residues in the
sequence alignments indicate that these
residues are close in 3D, even if they are

distant in the sequence alignment

!

Prediction of the distance between
residues

L L UNIL | université de Lausanne
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AlphaFold:
Protein Sequence
GO
Neural Network
Distance Predictions Angle Predictions
. \'0(\. 6\@
S
O <@
N L
Q@ ‘&0@

W

Score (Gradient Descent)

Structure

TRKKCTEMKKKFKNCEVRCDESNHCVEVRCSDTKY

Databases

///7 A’@

And when there is no experimental structure? Deep Learning

Free database of AlphaFold models:

https://alphafold.ebi.ac.uk

AlphaFold Protein Structure Database

AlphaFold
Protein Structure Database

Developed by DeepMind and EMBL-EBI

AlphaFold DB provides open access to over 200 million protein
structure predictions to accelerate scientific research.

| Background

AlphaFold is an AI system developed

by DeepMind that predicts a

protein’s 3D structure from its amino

acid sequence. It regularly achieves o

L LT L] UNIL | Université de Lausanne
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And when there is no experimental structure? Deep Learning

AIphaFOld ETRKKCTEMKKKFKNCEYRCDESNHCVEVRCSDTKV' WARN'NGS””
- AlphaFold models can contain errors
% «— S and should be interpreted with care
(g
e e - When existing, experimental structures
[ ) should be prefered to AlphaFold models

‘ | A
L 0’ bere‘”bf - Although it can provide a good overall

| ; , e 90 structure of a TCR or TCRpMHC

%] Distance Predictions Angle Predictions (&) Q p [l

. @0‘?’6\)@9 /,,7:”6/@;’7 Tes AlphaFold is not good at predicting the
‘c}é\%@%\ @o’ef U4 right conformation of the Complementary
O °’778 Determining Loops (see later)

Q\e Oe'
0‘2’@

Score (Gradient Descent)

Possible to use dedicated tools, like

- TCRmodel2, https://tcrmodel.ibbr.umd.edu
- TCRdock,
https://github.com/phbradley/TCRdock

- TCRBuilder2,
https://opig.stats.ox.ac.uk/webapps/sabdab-
sabpred/sabpred/tcrbuilder2/

LU L] UNIL | Universi té de Lausanne

Structure

39

Molecular Recognition

~——

m lle50A

|
\ @.g

I A A A A AR R Ty de Lausanne 40

40
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https://tcrmodel.ibbr.umd.edu/
https://github.com/phbradley/TCRdock
https://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/sabpred/tcrbuilder2/
https://opig.stats.ox.ac.uk/webapps/sabdab-sabpred/sabpred/tcrbuilder2/

11/3/25

Molecular recognition

Molecular interactions

- Molecular recognition

Biological response

I —)

S L L] L UNIL | Universite é de Lausanne 41
41
Molecular recognition — Historical models
“Lock and key” model. Induced fit model
Emil Fischer in the 1890s. Daniel Koshland 1958.
The protein has a particular shape into The binding site of the macromolecule is flexible
which the ligand fits exactly. and its shape can be modified as the ligand
interacts with it.
L A |
\j _
Receptor
ﬁ Molecular recognition:
Collection of interactions between molecules that govern their binding.
Qualitative nature of the interactions?
Quantitative intensity of the molecular recognition?
42

UL bbb LT LTETTTELL ] UNIL | Universit ¢ de Lausanne
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Crystal structure of HLA-A2*0201 in complex with MART-1/Melan-A

Molecular recognition - type of interactions

Non covalent interactions between atoms :
- non-polar interactions (shape recognition)
- electrostatic interactions (salt bridge and hydrogen bond)
- w interactions
- metal/ion interactions

LU LD UNIL | Université de Lausanne
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Non Polar:

Ala, Val, Leu, lle,
Pro, Met, ~Cys
Polar:

Ser, Thr, Asn, GIn,
Tyr, His, Trp, ~Cys
Aromatic:

Phe, Tyr, Trp, His
Negatively
charged:

Asp, Glu

Positively
charged:

Arg, Lys, ~His

Molecular recognition - type of interactions

A GUIDETO THE TWENTY COMMON AMINO ACIDS

AMINO ACIDS ARE THE BUILDING BLOCKS OF PROTEINS IN LIVING ORGANISMS. THERE ARE OVER 500 AMINO ACIDS FOUND IN NATURE - HOWEVER, THE HUMAN GENETIC CODE
ONLY DIRECTLY ENCODES 20. ‘ESSENTIAL AMINO ACIDS MUST BE OBTAINED FROM THE DIET, WHILST NON-ESSENTIAL AMINO ACIDS CAN BE SYNTHESISED IN THE BODY.

Chart Tey: . AupHaTIC () AROMATIC . ACIDIC . BASIC

HYDROXYLIC . SULFUR-CONTAINING . AMIDIC ONON-ESSENT\AL x: :l ESSENTIAL

~-T~ -~ -~

. . N ’ N
Chemical A TN ’ 2\ ’ [N
Structure 1 wl AN F A
single letter \ NH, \ N, \ NH, 1
S ’ . ’ S
e L ~
ALANNE @) GLYCINE @ ISOLEVCINE @) LEuene @ PROLINE @ vaune @
three letter code Ala Gly lle Leu Pro val
-~
’
o 4 0 o o o ’ [
1 on 1 e | 1 ‘(;Mon SWDM 1 (Nﬂ‘\ml
N on o' ' O NH, NH, AHN N g
¢ N ’
. . _ ~_-
PHENYLALANINE (3 TRYPTOPHAN ([ TYROSINE ASPARTIC ACID ) sLuTAMIC AciD @ ARGININE ) HISTIDINE ()
Phe TP v Asp Glu Arg His
-~ -~
’ > o OH O < ~
’ o\ ’ o\
|H’%V\/\(U\°“| HO/\)kOH oH - s\/%ou 1
\ " NH, NH, \ Ny g
A Y 4 N 4
-~ -~
WYSINE @) SERINE THREONINE CYSTENE () METHIONINE () ASPARAGINE @) GLUTAMINE @
Lys Ser Thr [ Met Asn Gin

Note: This chart only shows those amino acids for which the human genetic code directly codes for. Selenocysteine is often referred to as the 21st amino acid, but is encoded in a special manner.
In some cases, i etween ic acid an acid is difficult. In these cases, the codes asx (B) and glx (2) are respectively used.

OO

© COMPOUND INTEREST 2014 - WWW.COMPOUNDCHEM.COM | Twitter: @«
Shared under a Creative Commons Attribution NonCommercial NoDerivatives licence.

| Facebook:

44
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Molecular recognition — introduction to molecular mechanics

Structure determination Biological events

g8

S]] || UNIL | Université de Lausanne 45
45
Molecular recognition — introduction to molecular mechanics Molecular
dynamics is
Bond length Bond angle decomposed intg
elementary
. E \ motions
E d
— Ebond=kb(b_b0)2 —Eang1g=kg(0_90)2
Dihedral angle Improper angle
—
EdthEdral 1+COS(n¢ 6) IHH\H\H\H\H\H\H\H\HHIHHHIIHHHHHH lmproper k (w a)o 46
46

23



11/3/25

Dihedral angle

" g

Bries = 2 ko (b=bo) + X k(000 + 3 k,(I+cosup=0))+ 3 k,(@=-w,) JMJ
07 47

bonds angles dihedrals impropers

]HH\HHHHHHHHH\HHH LULL s

Molecular recognition — introduction to molecular mechanics Molecular
dynamics is
Bond length decomposed intg
elementary
motions
W
e ,(0-6,)

47

Molecular recognition — Molecular interactions

Molecular recognition is driven by non-polar and electrostatic interactions

Non-polar interactions Electrostatic interactions

12 6 -
| 4q: 4;
EvdW =£ (r ) _2[ ) Eelec = !
T T 4"7-["50‘9 T

- Shape complementarity - Specificity
L 48

LT LT UNIL | Universit ¢ de Lausanne
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Molecular recognition — VVan der Waals interactions

Atom i Atom j ) ) ; ) _
f=10A J London dispertion energy Pauli exclusion principle van der Waals energy
<« >
[ . - - E _Bif E_Aif E_Aij_Bij
N - E - r8 ri2 T iz oy
- _ i ij ij ij i
4
Motion of 3
thee . ~2
rij=10 A 21
< > —_— Jo i
- 2 4 6 8 10 2 4 6 8 10 i,] [ 2 4 6 8 10
- = 13
1 4 b g2
Instantaneous w3
dipole ] 3 1, (Angstroms) , (Angstroms) -4 , (Angstroms)
moment _— - 4
2 3
. ri=7A > _2
g1
i - —_— 3o S
Instantaneous b Yy Induced E L 24 e e 0 F R S L
dipole - dipole i
moment _— - moment 1, (Angstroms) 1, (Angstroms) 'f r; (Angstroms)
ri=5A R :
. - g1
o Jo
Instantaneous - - Induced I T S e s s o 0 " o
dipole 3 4 dipole £,
moment - moment 3 53
= = “ r; (Angstroms) r; (Angstroms) d r; (Angstroms)
. 4 4
rij=3 A 3 3
=2 =2
- S g1 g1
Instantaneous - - Induced 3o o
dipole @ \@ - dipole Pauli 10 2 4% s w0 2 4 s 8 10 Sa0 2 T s 10
" g -2 g2
moment - — moment \ ex.clu-snjn g2 £
principle 4 , (Angstroms| 4 , (Angstroms) 4 , (Angstroms) 49
LLLLE L L 1l NN NN RN | | 111 UNIL | Universite ae Lausanne

Energy (kcal/mol)

r;i (Angstroms)

Optimum at rj = Rivaw + Rj,vdw
Rvaw: van der Waals radius
Optimal interaction

when atoms are
« touching » each other

Atom | Raw (&) |

Hydrogen
Carbon
Nitrogen
Oxygen
Sulfur

1.2
1.7
1.55
1.52
1.8

Molecular recognition — VVan der Waals interactions

Described by the Lennard-Jones potential

Aij _Bij

P
10 Interaction energy follows 1/ré and 1/r12

b Short range interaction

Typically 3.5 A

The optimal energy is weak between a given

pair of atoms (Typically 0.5 kcal/mol)

However it is cumulative over all atoms
involved in molecular recognition

50

||| ]| UNIL | Université de Lausanne

50
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Molecular recognition — VVan der Waals interactions

Do not require charges or partial charges on atoms

‘ l van der Waals interactions are considered as non-polar interactions
... even though they are electrostatic by nature

Interactions particularly important for non-polar residues:
- Alanine, Valine, Leucine, Isoleucine, Proline

- Cysteine, Methionine

- Phenylalanine, Tyrosine, Tryptophan

Sl 1111l SLLEEE ] 1111l SLLEE ] | | | | UNIL | Universits é de Lausanne 51
51
Molecular recognition — VVan der Waals interactions
Each atom tries to be positioned at optimal distance from its neighbors
2 atoms
o o — o0
3 atoms
e O —) ”
o
4 atoms
e O ® ) '
o
However, in molecules, atoms are also linked via covalent bonds, which force a geometry...
NN NN] 1111l SR 1111l SR | | | | UNIL | Université de Lausanne 52
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Molecular recognition — VVan der Waals interactions

Each atom tries to be positioned at optimal distance from its neighbors

T Lymphocyte — CD8+

T-Cell Receptor (TCR)

Peptide

Major Histocompatibility
Complex (MHC)

Cell
(Ex:
melanoma
cell)

LU LD UNIL | Université de Lausanne

53

Molecular recognition — VVan der Waals interactions

Each atom tries to be positioned at optimal distance from its neighbors

v,

e

54
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Molecular recognition — VVan der Waals interactions

Each atom tries to be positioned at optimal distance from its neighbors
1 v

55

Each atom tries to be positioned at optimal
distance from its neighbors

van der Waals interactions contribute
therefore to:

- packing of atoms (and macromolecule
folding)

- shape complementarity between binding
molecules (example: protein/protein or
ligand/protéine complexes)

56
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Molecular recognition — Electrostatic interactions

The interaction between two point charges in a uniform medium is described by the Coulomb law

g, : dielectric constant of vacuo

Atom i Atom j Coulomb energy
fij 1 o P
. — . =332 (kcal/mol) A/qe
_ 1 qiq; 4me,
Charge: q; Charge: q; Ecou = 7 -
TELE rij . . .
¢: dielectric constant of medium
exX: E€(vacuo) = 1; E(water) = 80
r; (Angstoms) . .
0 Interaction between charges +1 et-1at5A:
— 0 2 4 6 8 10 12 14 e -66 kcal/mol in vacuo
g 10 * -0.8 kcal/mol in water
= Interaction between charge +1
;3 and charge -1 in vacuo
o 30
€
2
S o Electrostatic interaction energy follows a 1/r expression
[
©
-g:’D -60
g Long range interaction

-80

-90
57

AL LT LD UNIL | Universis té de Lausanne
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Molecular recognition — Electrostatic interactions

Electrostatic interactions can involve:

- Integer charge —integer charge
Called ionic interactions.
At short distance (~ 4/5 A), ionic interactions
are called salt bridges.

- —0 )

——NH; o

- Integer charge — permanent dipole
Ex: charged assisted hydrogen bond

000 o

- Permanent dipole — permanent dipole
Ex: hydrogen bond

0000

58

L LT LT UNIL | Universit té de Lausanne
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Molecular recognition — Electrostatic interactions — Hydrogen bonds

Typically between two dipoles:

* D-H where D is the hydrogen bond donor

* A-Cwhere A is the hydrogen bond
acceptor and C a carbon atom

Extremely frequent in proteins and nucleic acids ) . .
Typical distances in hydrogen bonds:

Important factor of the architecture of bio- - BetweenHandA:~1.95A

macromolecules - BetweenAandD: 0-0:2.50-2.70A
O-N:2.75-2.85A
N-N:2.70-3.00 A

Angle o depends on atom types and atom
hybridization

59

LU LD UNIL | Universit ¢ de Lausanne
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Molecular recognition — Electrostatic interactions — Hydrogen bonds

Ex: H-bonds between residue Val9 of MART-1/Melan-A Ex: H-bonds between residue Ala1 of MART-1/Melan-A
and pocket F of HLA-A2*0201 and pocket A of HLA-A2*0201

Electrostatic interactions are local and directional (H-bonds even more than salt bridges)
o i Directionality / locality of interactions

Specificity of molecular recognition

60

LT LT UNIL | Universit ¢ de Lausanne
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Molecular recognition — rt interactions

Electronic structure of benzene:

n orbitals

Aromatic cycles (Phenyl, Tyrosine, Tryptophan & Histidine) can interact with:
- Other aromatic cycles (stacking)

Metals

Polar groups

Hydrogen bond donors

Sl LU 1111l SLLEE ] | | || UNIL | Universit é de Lausanne 61
61
Molecular recognition — it interactions
@ (source: Wikipedia)
Sandwich  T-shaped Parallel-displaced
T-shaped and parallel-displaced n-w interactions are the most frequent
NN NN] LU 1111l SR | | | | UNIL | Universit é de Lausanne 62
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Molecular recognition — &t interactions
N

1. - stacking

2. T - staking (the two aromatic
cycles are orthogonal)

3. Cation - n interaction

Ex: m interactions between murine coronavirus epitope RCEIFANI and
H-2Kb (4PV8 in PDB)

LU LD UNIL | Universit ¢ de Lausanne
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Molecular recognition — Other factors

Many other factors impact the molecular recognition and binding affinity

Water bridges Conformational changes

Epn= Dk (b=by) + 3 K, (0-6,) +...

bonds angles

Entropy changes

» D=

2] ’ ‘S=k32piln(pi).

L LT UNIL | Universit ¢ de Lausanne
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Molecular recognition — Other factors — Water

Molecular recognition between small molecule and protein takes place in an aqueous
environment.

Discrete water molecules
- * Bridge interactions through H-bonds or OH... = = favorable to binding.
™

* Displacement from the protein cavity =» favorable to binding.

Hydrogen bonds between
epitope bridged by water molecules (orange spheres)

DL L L] UNIL | Universit é de Lausanne 65
65
Molecular recognition — Other factors — Water — Hydrophobic effect
Water structure is stabilized by
hydrogen bonds and dipole
interactions
66

LT LT UNIL | Universit ¢ de Lausanne
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Molecular recognition — Other factors — Water — Hydrophobic effect

2 s - | F

A\ J ‘ ‘ The presence of a solute decreases
o Y/

water-water interactions

Non-polar solvation energy is
proportional to the solvent
accessible surface area (SASA) for
large molecules:

E = 0 X SASA
0 = 0.025 kcal/A?

. -

LU LD UNIL | Université de Lausanne
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Molecular recognition — Other factors — Water — Hydrophobic effect

Solutes aggregate to limit their deleterious on water structure

/M

Energy of non-polar desolvation: AGy, = aXASASA

The solvent-accessible surface area of aggregated solutes is lower than the sum of those of the separated solutes (ASASA<O).
AGh, is therefore favorable to aggregation (binding of solutes) .
P M/ 68

LU DL UNIL | Université de Lausanne
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Molecular recognition — Other factors — Conformational changes

Molecules have many conformations (conformers)

Peptide bioactive conformation (geometry as bound to the
protein)

does NOT correspond to

Lowest energy conformation (most stable geometry in
solution)

BUT is a low energy conformation (within 3 to 5 kcal/mol)

Bioactive conformation (in protein)
Lowest energy conformation (in solution)

69

LLLEELL L LT LD UNIL | Universis té de Lausanne
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Molecular recognition — Other factors — Entropy changes

Entropy is a measure of disorder. Nature likes disorder!
Loss of entropic energy when entropy (disorder) decreases.
Gain of entropic energy when entropy (disorder) increases.

Two main events upon ligand binding to protein:
» Conformational degrees of freedom (rotatable bonds) are blocked: unfavorable!
«  Water molecules are kicked-out from the protein binding site to bulk: favorable!

)
MM&L, 70
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Molecular recognition — Summary

lonic Long range

Arg, Lys, Asp, Glu Called salt bridge at short

(charge-charge) His (if charged) distance
Hydrogen bond Short range Arg, Lys, Asp, Glu Directionality / locality of
. His, Tyr interactions
Electrostatic Ser, Thr, Asn, GIn Specificity of molecular
Cys recognition
7 interaction Short range Phe, Tyr, Trp, His
Electrostatic/Non- Van der Waals Short range Ala, Val, lle, Leu, Pro, Packing of atoms
polar Cys, Met Shape complementarity
Phe, Tyr, Trp, His
Non-polar Hydrophobic effect - All Solute aggregation
S]] | UNIL | Universit té de Lausanne 71
71
Molecular recognition — Potency and specificity
Various and numerous ligand-protein
interactions:
- local and directional interactions
- shape complementarity
Specificity
(Limits number/nature of possible epitopes)
Affinity/potency
(Increased epitope recognition)
72
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Molecular recognition - Molecular Mechanics - Molecular Dynamics

e Adding explicit droplet of water:

System solvated with explicit water molecules
(TIP3P model):

¢~ 29,500 water molecules

¢~ 100,000 atoms in total

*  Molecular Dynamics (MD)

Atom motions are calculated to follow Newton'’s
equation of motion,
at 300 K and 1 atm.

Typical simulation times: from 0.5 ns to ~ 100 ns
(107 s).

=>» Simulation closer to physiological reality, but more computationally intensive

LU LD UNIL | Université de Lausanne
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Molecular recognition - Molecular Mechanics - Molecular Dynamics

e Adding explicit droplet of water:

System solvated with explicit water molecules
(TIP3P model):

* ~ 29,500 water molecules

*~ 100,000 atoms in total

*  Molecular Dynamics (MD)

Atom motions are calculated to follow Newton'’s
equation of motion,
at 300 K and 1 atm.

Typical simulation times: from 0.5 ns to ~ 100 ns
(10°s).

=>» Simulation closer to physiologicallreality, Iput more ¢
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Molecular recognition - Molecular Mechanics - Molecular Dynamics

Typical motions in a peptide/MHC complex at room temperature:

LU

A
o B

75

nne 75

3D structure of peptides bound to the Major
Histocompatibility Complex Class | (pMHC)

76
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Structure of pMHC Class |

- Transmembrane glycoprotein (43 kDa)

- 3 domains a4, oz and o

- Deep groove to bind a peptide (8-10 residues)

- Expressed at cell surface

- Non-covalent association with 3, microglobulin (8.m)

A Peptide-binding groove

cbg —»
binding site

Cell
membrane

Cytoplasmic
tail

From “Immunology: A Short Course”
by Richard Coico, Geoffrey Sunshine

S]] | UNIL | Universit té de Lausanne 77
77
Structure of pMHC Class | - The binding pocket
Two a helices
B sheet formed of 8  strands
SO e e e L] ]| UNIL | Universit té de Lausanne 78

78
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Structure of pMHC Class | - The binding pocket

Walls defining the width of the pocket

‘ | Binding peptides limited to 8 — 10
residues

DL LT EL L] UNIL | Universit 6 de Lausanne 79
79
Structure of pMHC Class | - Peptide binding to MHC groove
N and C-termini of the peptide are stabilized by H-bonds networks
Crystal structure of HLA-A2*0201 in complex with MART-1/Melan-A
S]] UNIL | Universit ¢ de Lausanne 80
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Structure of pMHC Class | - Peptide binding to MHC groove

» The specificity of the peptide binding is provided by the anchor residues, i.e. invariant or closely related
residues in the peptide sequence.

* Apeptide binding to MHC Class | has typically 2 main anchor residues and 2/3 secondary anchor
residues.

» Other positions are variable.

Sequence logo for HLA-A2*02:01

L L LT UNIL | University é de Lausanne 81
81
Structure of pMHC Class | - Peptide binding to MHC groove
Anchor residues make strong interactions with the MHC binding pockets
Crystal structure of HLA-A*0201 in complex with MART-1/Melan-A
S]] UNIL | Universit ¢ de Lausanne 82

82
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Structure of pMHC Class | - Peptide binding to MHC groove

Anchor residues make strong interactions with the MHC binding pockets

J, Leu2

Vval9 (PQ)
Jr

N
N

N

NS
0

rystal structure of ALA-A

071'in"complex with MART-1/Melan-A
83

LU LD UNIL | Université de Lausanne
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Structure of pMHC Class | - Peptide binding to MHC groove

Secondary anchor residues also make interactions with the MHC binding pockets, but are more variable

P8 (PQ-1)

84

LU b bbb LEETTLILITEELL] UNIL | Université de Lausanne
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Structure of pMHC Class | - Peptide binding to MHC groove

Other positions are facing the solvent (or the TCR) and are variable

P7 (PQ-2)

-
e ‘i P ’\ \
.« - Bl
. oA e\
). :

h

/

DL LT LTI TL L] UNIL | Université de Lausanne 85
85
Structure of pMHC Class | - Peptide binding to MHC groove
Exercise 4 of the booklet
- Can you explain the difference in binding affinities of these two peptides for HLA-A*02017?
* AAGIGILTV:60puM. PDBID.: 2GUO. 2guo
* ALGIGILTV:1.5uM. PDBID.: 1JHT. 1jht
86

LU DL UNIL | Université de Lausanne
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Structure of pMHC Class | - Peptide binding to MHC groove

Exercise 5 of the booklet
Sequence logo for HLA-B*2705:

Sequence position
Bassani-Sternberg, [...] Gfeller. (2017). PLoS Computational Biology, 13(8), e1005725.

- What are the preferred amino-acids for the two anchor residues?
- Isit different from that of HLA-A*02017?

- Using the PDB and UCSF Chimera, can you explain this? Nnil__ 87

LU LTI UNIL | Université de Lausanne
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3D structure of peptides bound to the Major
Histocompatibility Complex Class Il

Aail oo

FUCUECUEEEECE DU CEE DD DD ECEE D D PR DL EEEEEEEEEEET LT | UNIL Universite de Lausanne

88
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- Transmembrane glycoprotein

- Expressed at cell surface

A Peptide-binding
groove

|

CD4-binding
site

Cell
membrane

Cytoplasmic
tails

Structure of pMHC Class |l

- 2chains a (35 kDa) and 3 (28 kDa), forming 4 domains, a1, o, 1 and f2.
- Deep groove to bind a peptide (12-18 residues) between a4 and 4

T
From “Immunology: A Short Course”
by Richard Coico, Geoffrey Sunshine

AL LT LD UNIL | Universis té de Lausanne

89

No walls to define the width of the
pocket

Structure of pMHC Class Il — The binding groove

‘ | Can adapt very large peptides, 12 —
18 residues

Structure of MHC class Il molecule HLA-DR1 in complex -
with phosphopeptide MART-1 (15 residues)

L LT LT UNIL | Universit té de Lausanne
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3 to 4 major
anchoring pockets
to accommodate
the primary
peptide anchor
residues

Structure of pMHC Class Il — The binding pockets

AL LT LD UNIL | Universis 1é de Lausann
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Structure of pMHC Class Il — The binding pocket

A large number of peptide residues interacting with MHC-II

Exercise 6 of the booklet

Load structures 3L6F, 1FYT and 1AQD in UCSF Chimera

Only keep chains A, Band C

What is the common HLA protein?

Show chains A and B as ribbons (hiding residues) and chains C as ball and stick (hiding the ribbon)
The peptides are composed of how many residues ?

What can we say about the position of the backbone of the peptides?

Use the “Tools/Structure Comparison/Match->Align” tool to align the peptide sequences (chains C, only). Use the
“Headers” menu to remove “RMSD” from the header, and add “Conservation”, “Consensus” and “Charge
variation”.

What are the most conserved positions?
Are they facing HLA or the solvent?
What are the residues defining the pocket in which they are bound?

What type of interactions are taking place?

L LT LT UNIL | Universit 1é de Lausann
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3D structure of the complex between the T-cell
receptor (TCR) and pMHC

il gq

FUCCEEUEECEECC DD CEEEEEEECEEEEEEEECEEEEEEEEEEEEEEE D DD DL EEEEEEEEEEEETEEEE T LT | UNIL | Université de Lausanne
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TCR 3D structure

- Membrane-anchored heterodimeric protein

- 2chains aand B
- Each chain is composed of 2 extracellular domains: a variable domain V, and a constant domain C

Antigen binding M
TCR »/ 8
Constant
A Vg domain
] NP Y ‘ Variable
Cell AV S “‘ domain
surface { \
—=e = carbohydrate N ' : -
From “I logy: A Short C g . .
by Richard Caio, Geoffrey Sunshine B chaino M Chain p
94

LT LT UNIL | Universit ¢ de Lausanne
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TCR 3D structure

- Antigen binding is done by the variable domains, through the
complementary determining regions (CDR)
o
O
|_
Peptide
—
@)
I
=
H\\\\\\\\\\\\\\\\\IIIIIH!IIH\\H\\\\\\\\HHHHHHHIIIHHUK%@ nnnnn 95
95
TCR 3D structure »
- Antigen binding is done by the variable domains, through the
complementary determining regions (CDR)
APC » Host cell m
Peptide ’?] D4 Peptide ’? - (l_J
e TCR  Coreceptor TCR Cemepu:ym‘ From ”Immunology: A
Short Course” by Richard
Enfianiced Kigrial Coico, Geoffrey Sunshine
:r—— Peptide
@)
I
=
HHHHHHHHHHH\\\\HHHHHHHHHHHH\\HHHHHH\\\HHHHIIIHHHIHHH\HHHHHH\\HH\HIIIVVHUEM@ nnnnn 96
96
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TCR 3D structure
Exercise 7 of the booklet

- Load the 2BNR PDB structure into UCSF chimera
- Produce a molecular representation similar to the one you see on the right

Residues in the CDR for TCRa: ¢ CDR1:28-32
« CDR2:51-55
« CDR3:94-101

Residues in the CDR for TCRp: ¢ CDR1:25-29
+ CDR2:49-53
+  CDR3:94-100
- Display the atoms of the CDRs for TCRa and TCRf

- What are the CDRs that make most of the contacts with the peptide
epitope? And with the MHC?

- What are the TCR residues that make contact with peptide Trp5? What
types of interactions are taking place?

- What MHC residues are close to TCRp Ala51?

- If you wanted to change residue 51 of TCR, to increase the affinity of TCR
for pMHC, what mutation would you introduce? Why?

LU LT LT LD UNIL | Universis té de Lausanne
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TCR engineering — an example

I A A A A AR R Ty de Lausanne

98
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TCR engineering — an example

CD8+ T-cell
Lymphocyte

T-Cell
Receptor

Peptide

Target cell

\\\\\\\\\\\\\\\\\\\\\

99
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TCR engineering — 3D structure

TCR recognizes pMHC through complementary determining regions (CDR) loops

o LT || UNIL | Université de Lausanne

10

100
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TCR engineering — 3D structure

TCR recognizes pMHC through complementary determining regions (CDR) loops

s UL LD UNIL | Universit ¢ de Lausanne

101

TCR engineering — 3D structure

TCR recognizes pMHC through complementary determining regions (CDR) loops

CDR1 mainly in contact with MHC

10

3L LT UNIL | Universit ¢ de Lausanne
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TCR engineering — 3D structure

TCR recognizes pMHC through complementary determining regions (CDR) loops

CDR1 mainly in contact with MHC
CDR2 mainly in contact with MHC

s UL LD UNIL | Universit ¢ de Lausanne
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TCR engineering — Binding free energy

10

UL b b bbb r bbb iEiEiiiirLLLL ] UNIL | Universit ¢ de Lausanne
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TCR engineering — Binding free energy

Visually: “important” interactions everywhere

Need for a physics-based method to estimate guantitatively the
importance of each residue/interaction

S]] || UNIL | Université de Lausanne 105
105
TCR engineering — Binding free energy, AGpinq
Link between experiment and modeling
Al|B
B - | - e
[AB]
Kp : dissociation constant
Accessible by
computer- AGpingl= RTIn(Kp) =AH-TAS
aided methods
AGying (kcal/mol) 2 4 -6 -8 -0 -12 -14 -16
\ \ \ \ \ \ \
Weak binding Strong binding
Ky (moI/I) 1073 10® 10° 10712
106

LU DL UNIL | Université de Lausanne
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TCR engineering — Binding free energy, AGy;nq
In silico methods to estimate AGping
MM-GBSA:  (AG,,,) =(AHSw ) +(AG,,,,,) — T(AS)

Provides contribution of each atom to the association strength

Zoete, V., Meuwly, M., & Karplus, M. Proteins, 2005, 61, 79-93. Zoete, V.*, Meuwly, M.* J. Comput. Chem., 2006, 27, 1843—-1857.

MM-GBSA: Molecular Mechanics Generalized Born Surface Area

107
S]] || UNIL | Université de Lausanne
107
TCR engineering — Binding free energy, AGpinq
Using AGping to select mutations for experimental assay
mutant 4
mutant
A bind
< 0: selected for experiment
mutant wt
AAGbind =A bind -A bind
>0 :rejected
Zoete, V., Irving, M. B., & Michielin, 0. MM-GBSA binding free energy decomposition and T cell receptor engineering. J. Molec. Rec., 2010, 23, 142-152.
108

LU DL UNIL | Université de Lausanne
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TCR engineering — The computational pipeline

Molecular Dynamics (MD) simulation:

System solvated with explicit water
molecules (TIP3P model):
» ~ 29,500 water molecules
*~ 100,000 atoms in total

Atom motions are calculated to follow
Newton’s equation of motion,
at 300 K and 1 atm.

Typical simulation times: from 0.5 ns to ~ 100
ns

Energy terms averaged over 200 to 500 frames
extracted from the MD simulation

LU LD UNIL | Université de Lausanne
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TCR engineering — The computational pipeline

Molecular Dynamics (MD) simulation:

System solvated with explicit water
molecules (TIP3P model):

* ~ 29,500 water molecules

* ~ 100,000 atoms in total

Atom motions are calculated to follow
Newton’s equation of motion,
at 300 K and 1 atm.

Typical simulation times: from 0.5 ns to ~ 100
ns

Energy terms averaged over 200 to 500 frames
extracted from the MD simulation

UL bbb bbb EEETLELTTTELL] UNIL | Université de Lausanne
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TCR engineering — The computational pipeline

Molecular Dynamics (MD) simulation:

System solvated with explicit water
molecules (TIP3P model):

» ~ 29,500 water molecules

* ~ 100,000 atoms in total

Atom motions are calculated to follow
Newton’s equation of motion,
at 300 K and 1 atm.

Typical simulation times: from 0.5 ns to ~ 100
ns

Energy terms averaged over 200 to 500 frames
extracted from the MD simulation

M

LU LD UNIL | Université de Lausanne
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TCR engineering — The computational pipeline

| 3D structure of the wild-type TCR-pMHC complex I/ =
— .

PBC MD simulatio
MM-GBSA

res res,bb res,sc
AGbind AGbind AGbind

& structural data

Rotamer library

3D structural models of possible TCR mutations

‘ AAG,,, for TCR mutationsl

—

Mutations selected for
expression, purification and
experimental testing

112

UL bbb ETLELTTITLL] UNIL | Université de Lausanne
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TCR engineering — The computational pipeline

l 3D structure of the wild-type TCR-pMHC complex l

PBC MD simulatio
MM-GBSA

AGy, MG AGL
& structural data

Rotamer library

3D structural models of possible TCR mutation

‘ AAG,,, for TCR mutations’

—

Mutations selected for
expression, purification and
experimental testing

Residue E.w E e AG v ciec AGuesotvmy AG,
Glu29 -2.12 -58.92 71.25 -0.50 9.72
Asp55 -0.34 -56.52 59.24 -0.19 2.18
Arg93 -1.25 34.05 -30.60 -0.07 2.13
GlIn95 -2.56 -4.37 8.26 -0.52 0.81
Gly96 -2.30 0.25 0.76 -0.20 -2.00
Tle53 -1.94 1.83 -1.77 -0.51 -2.39
Ser53 -1.22 5.01 4.28 -0.47 -2.43
Gly98 -2.29 526 528 -0.42 -2.69
GIn51 -2.09 3.04 2.66 -0.29 -2.77
Tyr94 -1.84 1.02 -2.00 -0.18 -3.01
Val95 -3.18 3.09 2.86 -0.39 -3.81
Tyr31 -5.25 0.52 1.52 -0.54 -4.80
Tyr100 -5.07 4.74 529 -0.72

LU i

113

-5.24

113

TCR engineering — The computational pipeline

l 3D structure of the wild-type TCR-pMHC complex l

PBC MD simulatio
MM-GBSA

AG™®

bind

res,bb res,sc
AGbind AGbind

& structural data

Rotamer library

.l structural models of possible TCR mutatio -]

‘ AAG,,, for TCR mutations’

—

Mutations selected for
expression, purification and
experimental testing

L DL UNIL | Université de Lausanne
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TCR engineering — The computational pipeline

Increasing affinity

Gain in binding free energy:
-7.3 kcal/mol

LU LD UNIL | Universit ¢ de Lausanne
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TCR engineering — The computational pipeline

. .. TCR binding
Increasing selectivity ratio

11 WT
3 X 3-G50A
BASTE
R-153F
3-VO5L
R-A97D: 30 fold decrease
R-A97L
a-S53W
R-G50A+A51E
R-153F + a-S53W
R-A97L + a-S53W
3-G50A+A51E+I53F
3-G50A+A51E+I53E
3-G50A+A51E+I53W
3-G50A+A51E+A97L
R-G50A+A51E+A97D
R-G50A+A51E + a-S53W
R-G50A+A511+G52Q+I53T

0.107

@*>+_loon«

0.01-——m7——
NY-ESO-1 5, 165
T7A mutation

UOEIOX+**0<II>IQ¢<>I

LT LT UNIL | Universit ¢ de Lausanne
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TCR engineering — The computational pipeline

l 3D structure of the wild-type TCR-pMHC complex ]

14 =+ A-Ser53Thr
12 “#=A-Ser53Trp
4 = A-Thig6Tyr
08 ~+=WT Lau155
== A-Thr96Glu
08 =0=A-GIn54Trp
AG® AGEP NG 04 ~=A-Ser52Thr
bind bind bind 02 g —AGly%BAla
& structural data 0 A GigESer
0400 0133 0044 0015 0005 0002 0.000
CDR2 CDR3
48 49 S50 51 52 53 54 55|93 94 95 96 97
s veaGc 1 ToDO|ls YV oe a
VAL49ILE s G A G 1 T D s Y v G A
GLYSOVAL s ’. A G 1 T D s Y v G A
s |5 v oBEc 1t ool v v oo oa
aastn |5 v ol 1 T ool v v oo oa
oo |5 vic NG T o|ls v oo oa
’ AAG,,, for TCR mutations’ ILesaTRP s v e A o I T b|ls v v & a
ILES3GLU s v G A G T D s Y v G A
e — avborill IEMIDERAR I B “I
Vaesteu [s v 6 A G 1 T b|s vy L G A
Mutations selected for Gvseser s v 6 A & 1 T D|s v v A
. e . ALA97VAL s vV 6 A G | T D|s Y V &
expression, purification and Amo7LEL |s v 6 A 6 1 T b|ls v v &
\experimental testing .
\ / DL L L] L] UNIL | Université de Lausanne 117
117
TCR engineering — Application to BC1 TCR targeting NY-ESO-1
- 24 single/double mutants tested (M. Irving)
- 13 (54 %) were more active than the wt TCR
- up to 56 fold increase for single mutations
- 150 fold increase for TCR V3 G50A/A51E/A97L + Va S53W
118

L DL UNIL | Université de Lausanne
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- 24 single/double mutants tested (M. Irving)

- 13 (54 %) were more active than the wt TCR

- up to 56 fold increase for single mutations

- 150 fold increase for TCR VB G50A/A51E/A97L + Vo S53W

- good correlation between calculated binding free energies and

experimental results

pOD = 0.32 (+ 0.04) + 0.041 (+ 0.008) AAG,,, R=0.81
pKp = 5.05 (+0.18) — 0.098 (+ 0.021) AAG,,,  R=0.82

TCR engineering — Application to BC1 TCR targeting NY-ESO-1

Experimental pK,

Experimental pOD

Calculated AAGy;,4 (kcal mol?)

LLLLE L | LLLLE L | L SLLELLL | | ||| UNIL | Universi té de Lausanne 119
119
TCR engineering — Application to BC1 TCR targeting NY-ESO-1
75
- 24 single/double mutants tested (M. Irving)
- 13 (54 %) were more active than the wt TCR o
Q
- up to 56 fold increase for single mutations '_‘3
- 150 fold increase for TCR VB G50A/A51E/A97L + Vo S53W g
Qo
- good correlation between calculated binding free energies and &
experimental results
pOD = 0.32 (+0.04) + 0.041 (= 0.008) AAG,,, R=0.81
pKp=5.05 (£ 0.18) — 0.098 (£ 0.021) AAG,,, R=0.82
- good correlation between calculated energies and experimental Ko 3
(R=0.88) E
log(Kog) =-0.94 (£ 0.13) +0.13 (£ 0.02) AAG,,,,_,,,+ 0.044 (£ 0.016) AAG,,,, .
o C;I:ul;;ed-lc;g(l;on) o
120
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TCR engineering — Application to BC1 TCR targeting NY-ESO-1

- unfitted approach: can be applied to other systems
I:>

- step-by-step modeling approach: incremental improvements in TCR affinity, while
minimizing the loss of specificity

-mutations toward both non polar and polar mutants

- up to 56 fold affinity increase for single mutants. Some single mutations are
compatible. Combinations of them led to 150 fold increase in affinity compared to WT

- correlation between experimental affinity and calculated binding free energy
- correlation between ks and calculated energy terms

- NO cross reactivity

LU LU LU UNIL | Université de Lausanne

121

TCR engineering — Application to BC1 TCR targeting NY-ESO-1

- both T-cell proliferation after antigenic challenge and tumor cell killing were significantly improved

5
>
=
> 4
B
o
<
£
[J] 3
1)
c
]
=
; 2
=]
e

1

0

WT | G50A | A97L | DM-B WT | G50A | A97L | DM-B WT G50A | A97L | DM-B GS50A | A97L | DM-B
EC50 Ca2+ IFN-y TNF-a
.:> Vlouse mode Inical trial at CHUV M
| L |l L |1 [ANRRR NN RN UNIL | Université de Lausanne 122
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The End!

If you have questions: vincent.zoete@unil.ch
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Molecular Recognition
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Molecular recognition — Possible interactions per amino acids

Hydrogen bond acceptor

Interaction

(0]
capabilities depend _
on the nature of the R _
side chain :

(RN

Hydrogen bond donor

LU LT LD UNIL | Universit ¢ de Lausanne
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Molecular recognition — Possible interactions per amino acids

Non-polar

Non-polar Non-polar
interactions (vdW)

interactions (vdW) interactions (vdW)

- N o

Pro

Iz A
\
IZ\ Val
z
Iz
\

(NH (NH
0 o />\
(o]
No hydrogen
capabilities !!
Non-polar Non-polar
interactions (vdW) interactions (vdW)
\ i \ 3
o = 0 S
N/ N/
H H

IR LT UNIL | Universit ¢ de Lausanne
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Non-polar
interactions

(vdW)
o

Non-polar o
interactions (vdW)

& weak hydrogen

bond donor and

acceptor

Non-polar
interactions

(vdW) \\

Molecular recognition — Possible interactions per amino acids

LLLLE L] LLLLE L | LLLLE L] | | ||| UNIL | Universi té de Lausanne 12
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Molecular recognition — Possible interactions per amino acids
Non-polar Non-polar
interactions interactions
(vdW) 5 (vdW) =
o 0 s I=
Hydrogen bond
donor & acceptor T —_ N e v
H H
NH Hydrogen bon/ NH
( donor & |r
o acceptor i
Non-polar
interactions
Hydrogen bond (vdW) Hydrogen bond Hydrogen bond acceptor
donor donor /
o § 0 o} (%
HN _
(0] (NH NH
/ o| Non-polar Ol(
Hydrogen bond acceptor interactions
\% 12

||| ] UNIL | Universi té de Lausanne
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Aromatic
interactions

UL L]

Molecular recognition — Possible interactions per amino acids

H-Bond H-Bond
donor & donor
acceptor
\ - .
2 = =
o NH =
o o 7 [}
v N g
H H H
NH NH NH
Non-polar Olr Non-polar ( Non-polar (
interactions & interactions & ° interactions & ©
Aromatic Aromatic Aromatic
interactions interactions interactions H-Bond donor &
lonic interactions &
H-Bond H-Bond Cation-r interactions
acceptor donor /
H,
% ° /A 2
N T NH T N
H-Bond -~ [ H-Bond \// H- Bond\ /
donor N acceptor TN g/ donor HN
N
H
Non-polar Non-polar Non-polar o
interactions & interactions & interactions &
Aromatic Aromatic

interactions

interactions
LU

His exists in 3 different

protonation states as
a function of the pH
and the environment

12
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Molecular recognition — Possible interactions per amino acids
Non-polar Non-polar
interactions (vdW) interactions (vdW)
o o
H-Bond \ 2 )
donor & HO <
acceptor m/ % /
H-Bond acceptor & /
H-Bond / ‘/ lonic interactions
acceptor 0
Asp and Glu exist in 2
different protonation states
as a function of the pH
and the environment
But they are generally
Non-polar Non-polar negative
interactions (vdW) interactions (vdW)
H-Bond H-Bond acceptor &
donor & lonic interactions \ 3
acceptor - 0o = (U]
(]
N/
(o) N H
H
H-Bond acceptor & / NH
lonic interactions ( |
| 0
o
L L] UNIL | Université de Lausanne 13
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Non-polar

H-Bond interactions (vdW)

donor & \ o ©
acceptor\ >
HN
N/
H

Non-polar
interactions (vdW)

donor \ \ -
<

H-Bond

Molecular recognition — Possible interactions per amino acids

Non-polar

interactions (vdW)
H-Bond donor &

lonic interactions & \

Cation-nt interactions\‘
HON P
N
H

H-Bond donor &
lonic interactions &
Cation-n interactions

Non-polar
interactions (vdW)

™~ \ e
<
B

AL LT LD UNIL | Universis té de Lausanne

Arg and Lys exist in 2
different protonation
states as a function of
the pH and the
environment

But they are generally
positive
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