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Learning outcomes for today

» Brief overview of ensemble docking.

* Basics of the Hermes interface, the CCDC's 3D visualizer for -
proteins.
» Step-by-step set-up of an ensemble docking simulation in GOLD,
Including:
* Superimposing the protein structures;
« Binding site definition:
* Ligand selection and ligand flexibility;
« Functional waters.

Visualization and analysis of ensemble docking results.

CCDC



Number of Structures in the CSD

The Cambridge Structural Database -

>1,194,000
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Inside the Cambridge Structural Database = .

The CSD is a database of all the published organic and metal-organic experimental crystal structures |
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The CSD in research TN

The Web of Science subject categories that cite the 2006-2016 CCDC standard references most freq u‘en_tly'

Subject category

Crystallography 5256
Chemistry Multidisciplinary 3275
Chemistry Inorganic Nuclear 1931
Chemistry Physical 1148
Materials Science Multidisciplinary 864
Chemistry Organic 568
Biochemistry Molecular Biology 307
Physics Atomic Molecular Chemical 203
Chemistry Medicinal 185
Spectroscopy 181
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Adapted from the poster compied and produced by the Njardarson Group (The University of Arizona), J. Chem. Ed. 2010, 87, 1348
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Proteins and ligands R

Proteins are large biomolecules and
macromolecules that comprise of one or
mMore long chains of amino acids.

Ligands are small molecules that bind to the
orotein and can change the protein function.

’.» Functional waters are found in the binding
' .~ site of a protein and mediate the interactions
between the ligand and the protein.

D



Structural databases 7 e
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More integrated structural databases - -~ .
c:FIZKarlsruhe '

‘ S D Leibniz Institute for Information Infrastructure
|: D B >1.1 million

>175 000 structures

Mogul in dep,
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Ligand linking
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~2,000 ligands
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CSD and PDB




Connecting chemistry and biology
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Drug Discovery Pipeline

TARGET SELECTION

HIT IDENTIFICATION

Structure- based virtual
screening.

HIT TO LEAD

Assess how changes
affect binding.
Optimize compound
geometry.

Predict binding of small
molecules to active
pockets in proteins.

LEAD OPTIMISATION

Check the impact of
changes with docking pose
prediction.

Understand how changes
affect conformations.

DRUG DEVELOPMENT

D



Our knowledge-based software solutions
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Our products and services

CSD

Discovery.

©
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GOLD
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Docking and its importance

An efficient strategy to identify bioactive conformations.
To identify possible compounds that bound to specific target of interest.
Quick screen library of compounds.

Many docking programs have been developed and applied in drug discovery.

An example of protein-ligand docking

Protein Ligand Protein-Ligand Complex C C D C



GOLD: Protein-ligand docking software ' -

« GOLD (Genetic Optimisation for Ligand
Docking) is a genetic algorithm for docking
flexible ligands into protein binding sites.

« GOLD has proven success in virtual
screening, lead optimisation, and
identifying the correct binding mode of
active molecules.

* Reliable
» Flexible
« Configurable

CCDC

* Relied on by researchers in academia and
iIndustry worldwide.
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GOLD: All in one molecular docking package

Protein
ligana
docking

Pose
prediction

Docking
with

Constrains
Ensemble and
docking covalent

\/ \/ docking

Cloud and
cluster

\/ computing CCDC
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Molecular docking: Challenges T

Types of docking Challenge: Protein flexibility

4 k 4  Slight conformational changes
can affect ligand binding free energy.

Receptor l Ligand

Receptor Ligand - Methods to account for small protein

changes exist.

‘ « Structural rearrangements such as

Rigid docking

backbone movements are difficult to
address.

Flexible docking

¢ ¢ e

Receptor-ligand complex

Korb, O. et al. "Potential and Limitations of Ensemble Docking." J. Chem. Inf. Model. (2012). 52,1261-1274 ‘ ‘ | N
Chao, Y. et al. “Protein-Ligand Docking in the Machine-Learning Era.” Molecules (2022). 27, 4568 .

&

Receptor-ligand
complex




Ensemble docking: what is it and why |t is
important?

E 2 2 Solution: Ensemble docki.ng

Multiple conformation of the target protein

st * |t accounts for several discrete protein
— conformations for docking.
= | .
« Ensemble docking uses multiple
l“’““"g conformations for a specific target.
=
\ « Resources: PDB is a good source to obtain
r"”m‘““"” mMultiple conformations of a protein.

Final selected complex C C D C
Korb, O. et al. "Potential and Limitations of Ensemble Docking." J. Chem. Inf. Model. (2012). 52, 1261-1274 .



Ensemble docking : Case study

« Thymidine kinase (TK) catalyses the
phosphorylation of thymidine (dT) to
thymidine monophosphate (ATMP) in the
presence of Mg2+ and ATP.

* Viral thymidine kinase from Herpes simplex

virus type 1 (TK <) accepts a broad range of
substrate

- Enzyme-prodrug gene therapy of cancer.

« 2'-Exo-methanocarba-thymidine (MCT) is a
potent antiviral compound characterised
by high activity against HSV1 and HSV2.

Crystal structure of TKusw(apo) - PDB code Te2h. The two

asymmetric subunits A and B. C C D C



Ensemble docking : Case study

* The thymidine ring of MCT is stacked between
Metl28 and Tyr172 and fixed by a complex
hydrogen bonding network

* The hydrogen bonds between nucleobase,
GIn125, Arg 176 and two water-mediated

hydrogen bonds retains the nucleobase within
the active site

H fGIn125A
H)\I \\0

Tyr172A

I 1Y

#, b

LY )

\ )

S I_t____,---

f” D
H LR

g L .
HO Tyr172A

2D interactions diagram of MCT in
complex with TKues, PDB code: Te2k

CCDC

Glu83A
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Ensemble docking : Case study W

Virtual Screening example using TK ‘ ,. [ R e
M \\_J\L \1e2k [ 1le2i 17/ ‘\\ / | )\ S g | 5
| GIn125. " S
e Lw’ QJ\)
\ e i 4 .
\ Y Moy @

{@*E;f
T 0

X R

« Perform a non-native docking of MCT Iinto an ensem©ble of four
different protein conformers of TK e\

* |nvestigate how this inhibitor would fit into the protein target

by accounting for its flexibility. CCDC



Workflow - Ensemble docking with GOLD-

‘Targetselection R/ e SE
‘\ |

y.
.

« Co-crystal structure of protein-ligand complex
- PDB codes: 1E2K, 1E2!, TFO1 and 4IVQ

« Without missing residues and atoms

1E2K, 1E21, TFOI1




Workflow - Ensemble docking with GOLD-

Superimposition

Target selection ==) e

Overlay of 4 proteins C C D C



Workflow - Ensemble docking with GOLD-
Target selection =) Sup:fr:onr\&:?ri::ion =—> Protein set-up 4 ‘ .. N i -

* Add hydrogens. %

I, & B e

Dt N . .

/- -4? * » Check protonation of His, Gln, Asn.
L X L0 L Add hydrogens . .
A Viged) « Remove waters or retain required
S SN ones.

ES .“ ‘7- "

= Y e Y K ) s ]
o e A '{) b/ v-Il [
= =S R T~

"!.’"" \
N\ ‘\ \
ey

1 NS AT

» Extract ligand and save.

D



Workflow - Ensemble docking with GOLD-

Target selection =) Sup:frgrcﬁz?rl;uon =) Protein set-up =—) Bélne?ilr?i%g::e oAt A=

\ y \ \ o

Ny

Aiia y, o8

)

« Foranensemble itis not
possible to define the
binding site from an atom
or a list of atoms or
residues.

gl
e
W

A \}

* Itisonly possible to define
the binding site from a
point in space or from a
ligand.

t

|,

Defined binding site CCDC |



Workflow - Ensemble docking with GOLD-

Torgtslecton =y SEGITET o provinsotup o PpAnRSte o Sfens

2'-exo-methanocarba-thymidine (MCT)

D



Workflow - Ensemble docking with GOLD-

Target selection = Superimposition =) Protein set-up = Binding site = Selecting

of protein definition ligands
- -
Must define the active waters to be Setting water in
considered during the ensemble docking. ~  binding site

GOLD allows you to:
« Switch on and off the water molecules.

 Rotate water molecules around three
principal axes during docking.

Water in binding site

CCDC



Workflow - Ensemble docking with GOLD-

) i iti . Binding si 1 lectin
Target selection ==) s”pffrgm‘;?;fw" =) Protein set-up = ée?i'n%g'r"‘e = Sﬁgzcrf'dsg

\_

=

¥

Setting water in

« When using ligand flexibility options, e.g. binding S"_:e
* Flip ring corners and/or ﬂ
« Flip all planar R-NRIR2 Setting ligand
flexibility

CCDC



Workflow - Ensemble docking with GOLD-

Targets ) Superimposition = Protein set-up =)

selection of proteins

Scoring functions: mathematical functions used to
approximately predict the binding affinity between two

molecules after they have been docked.
GOLD scoring functions:

« ChemPLP

« GoldScore

« ChemScore

« ASP (the Astex Statistical Potential)

Binding site
definition

Learn more about the
different scoring functions

\_in the Glossary or our FAQ )

~

&
L3
|
:,,:
\

Selecting
ligands

T

Setting water in

binding site

!

Setting ligand
flexibility

!

Selecting
fithess
functions




Workflow - Ensemble docking with GOL’D-;

- « o9 L e O

. ) Binding site Selecting
Protein set-up ':>L definition ':>L ligands

' ﬂ i
; “

*

of protein
A\ y . v, . Vi

Target selection ==) SUPerimposition .,

/ J/

binding site

« |t controls the coverage of the search space ﬂ
during docking run. L Setting ligand

«  Specifying the number of Genetic Algorithm

LSetting water in
(CA) parameters is crucial.

Y

flexibility

!

e e




Workflow - Ensemble docking with GOLD{E

- « o9 L e O

Superimposition :>L Binding site ::{ Selecting

Target selection =) =) Protein set-up
/ : N

of protein definition ligands
\ / . / v / . - J
. Specn%/mg ligand solution file formats and Secling Ere i
directories. binding site
« Controlling the information written to ligand !
solution files. ﬂ
« Selecting which ligand solutions to keep. ~ Setting ligand
flexibility |

!

Select output




Workflow - Ensemble docking with GOLD"

- & © ) '0,

, Binding site . Selectin
Target selection ==) Sup:frgrr\&?:lon =) Protein set-up =) defini%ion :>L Iigandsg

\ _/ J o Y \ /

LSetting water in

Docking binding site
— \ ﬂ -
Setting ligand
flexibility
- /

2'-exo-methanocarba-
thymidine (MCT)

Run the
ensemble Se|(e)C'Ec|<(>)l:"cSput
docking P

Ensembles of proteins




Workflow - Ensemble docking with GOLD-

‘Target selection m=) SUPEMMPOSItion ., protein set-up III>‘ 2lnellg) =i |:>L Selecting

of protein definition ligands
; . v \ 7 \ J - — /
Overlay of best hits on the reference molecule Ve ﬂ
=X\ .
£ y% T Setting water in
¢ <3|r1125\x binding site
O . N J
968, X &7 g Setting ligand
® | '/\EL/\ N\ fl |, \ flexibility /
1E2H 1FOI1 ﬂ

Analysing and Run the Selecting
vis.ualizing X ensen)ble Y Sel(e)c;)’iicc))%gput <= <}:|‘ fitngss
docking results docking ~ functions




Hermes - Structure visualisation

With Hermes you can:
* Visualise and edit macromolecules in 3D including
oroteins, nucleic acids, antibodies and ligands.

* Navigate around the structure and modify the
appearance to display ribbons, etc.

* Interface to COLD, Mogul, SuperStar, the CSD
Ligand Overlay, and descriptors for GOLD docking

poses.

» Generate publication guality images and share
sessions for effective scientific communication.

Hermes is protein visualization software and is part of CSD-Core and CSD-Enterprise




Hermes functionality

3D visualisation options:
- Display styles, colours, labelling schemes, hide/unhide atoms, residues, ligands.’
Read in and prepare protein and ligand structures from external files: |
« Edit, prepare and add hydrogens, etc.

The ability to:
* Load and visualise contoured surfaces.
« Overlay protein structures by least squares overlay or sequence alignment.
« Measure and display distances, angles and torsion angles.

« Find and display hydrogen bonds and nonbonded clashes, and customise how
they are defined geometrically.

Prepare and save publication quality displays

Hermes is protein visualization software and is part of CSD-Core and CSD-Enterprise ( < I H



Show One: Hermes Interface

File menus and tool bars

Hermes
File Edit Selection Display Calculate Descriptors GOLD Databases CSD Python APl CSD-CrossMiner  Help
;ﬁ Tiing: EBEE R §§§ S % SelectbySMART‘S: Style: | Wireframe ~ Colour: | by Element

Stereo  Graphics Objects Show hydrogens [] Show unknown atoms £ M

Highlighting [_] Depth Cueing Colors: #5 c
~ | Clear Measurements & £ X- X+ y- y+ - I+  x-90 x+90 y-90 y+80 z-890 z+80

e —» | T zoom- zoom+

Picking Mode: | Pick Atoms

Molecule Explorer g X 2wW5sY
Display Movable Descriptors

EIEE | B B |&
5 2 e |5 B |2 (B
5 o . .
3D visualiser
B 2wsy
4

Contact Management

Define H-Bonds ... Define Short Contacts ...

Ligand Sphere []

H-Bonds  Short Contacts

Contact
Management
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Show One: Navigation basics e

E o | eft mouse button and move —

rotate molecules Did you know?

B - \iddle Mouse wheel — move (e BEsie AEvIgEion
features in Hermes are

- molecules up and down the same in Mercury -

[ ] * Right mouse button and move up our small molecule
] and down —zoom in and out of visualisation software.

Molecules So...if you are an

| | . -
+ @@ ° ohiit + Left mouse button and move expertin one ybou Elre
- rotate in the plane molecules an expert in botn:

- 5B . Cir| + | eft mouse button and move -
- translate molecules
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Show One: Navigation basics — Right click

On a feature Away from a feature

Selection

Styles

Measure

Clear Measurements
Colours
Labels
Show/Hide

Selection

Styles

Colours

Rotation Centre . Labels
Show/Hide

|soStar Intermolecular Contact Database...

Picking Mode
Wiew
Rotation Centre

Mew
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Show One: Loading structures into Hermes -

. Hermes

File | Edit Selection Display Calculate Descriptors GOLD  Databases ICSD Python APII CSD-CrossMiner  Help
Stereo  Graphics Objedts [

Open...
Load GOLD results...

Recent Files

Save As...

Save Selection As...
Export...

Export complex...

Close All Files

Exit

Ctrl+Q
Ctrl+ (G

k

Ctrl+5

Ctrl+ X
Ctrl+L

Ctrl+

| Clear Measurements  {

ars.

£

From a DB or SMILES: CSD Python APl > Import

o B Tiling: 8

Ligands

Cofactors

Waters

Analysis v |0 atoms Select by SMARTS:|[c]
lmport 4 fetch_from_pdb.py 0 z-9
Reports 4 fetch_from_zinc.py

Searches 4 smiles_to_30.py

user_support.py

welcome.py

Options...

CSD Python API D t’? Fetch from http://www.rcsb.org/ — 0 %
on

C5D Python AP F Enter a PDB code (e.g. 55Y9)

OE Cancel |
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Show One: Hermes interface - Saving images

| @ Hermes — O x
File Edit Selection Display Calculate Descriptors GOLD  Databases  CSD Python APl CSD-CrossMiner  Help
OpEﬂ... Ctrl+0 ts [/] Show hydrogens [] Show unknown atoms | Colors:  £5% f;\ ﬂ Tiing: BE  EEE ﬁ i Lo SelectbySMARTS: Style: | Wireframe ~ Colour: by Element v
Load GOLD results... Ctrl+ 5 E{} ¥= ¥+ y- y+ - 7+ %90 x+90 y90 y+90 290 2480 ¢ —> | T zoom- zoom+
Recent Files L
F X 2wWsY
Save As... Chrl+5 1 @ saveFile As
Save Selection As... UpAE3v [T o . Save Image 4 X
Export... Crl+ X "
) :
Export complex... Ctrl+L i Image size
. |
Close All Files
: my— (®) Current window size: 1033 x 768 pixels
. L= image-
Exit Ctrl+C H . . .
() Multiple of current window size:
&y
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File name:
Save as type: | Portable Network Graphics File (*.png) D 540 % 430 I:Ii:(EIE
PDE File (*.pdb *.ent)
~ HideFolders | Mol2 File (*.mol2) (O 800 x 600 pixels
Binary Archive (*.reliarch]
: : 1024 x 758 pixels
Bitmap File (*.bmp) O P
Contact Management 8 x JPEG File |:*.. 0 *..E:I I::::I Size:
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Show One: Hermes interface

[ @ - o x
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Show One: Hermes interface

|.|-'

S,

L T . T ¥

- o X
FE Selecti Display cocuste pescripto. GOLD dstabases _ CSPuthon 2BL. CSp-CrassMiner  Help
St_"."lES SEtLIFI and Run a Dl:lckiﬂg... !.-:“\ % Tiing: §BEE EEEE ﬁ S Lo SelectbySMARTS: Style: | Wireframe ~ Colour: by Element ~
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Show/Hide
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Show One: Ribbon & Tubes options

Display Calculate Descriptors

Styles
Labels

Colours

Show/Hide

Ribbons & Tubes...

Contour Surfaces...

Style Preferences...
Display Opticns...

~  Owverwrite on load

+  Allow Multiple Instances

Toolbars
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. Ribbon and Tubes

Protein

1 5EW3
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Delete Object
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GOLD: Complete molecular docking suite -

Pose prediction
Validate your ligand docking results and optimise hits to leads

Highly configurable constraints
Use your existing knowledge of the system to bias results and focus on known features

and behaviours

Multiple scoring functions
Score and rescore to build a full picture of your system or perform consensus scoring

_@,_ Flexible docking
Perform ensemble docking or handle flexible side-chains with soft potentials

Water handling
Assess how structural waters affect binding, see if the ligand displaces waters or

mediates the interaction during docking



GOLD: Complete molecular docking suite -

@ Virtual screening
Unlimited potential with virtual screening powered by cloud or cluster (HPC).

- Python APl access
Run dockings programmatically - for parameter optimisation and workflow

Incorporation.

P

~ KNIME component
E Perform protein-ligand docking in the KNIME interface to easily build into pipelines of

WOrk.

Covalent docking
Understand irreversible binding with covalent docking to explore cancer,

Immunology and infectious disease targets.

©

CCDC



Docking virtual screening (VS) with GOLD

Compound
library
preparation

Target structure

preparation

Ligand scoring

Local Machine
Submit & Harvest Scripts

License Server

Kubernetes Cluster N

License
Request

Post processing

Hits to assay

Typical workflow of a docking-based VS

Results

Packet

Gold High Performance Computing

LD
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CSD-Discovery overview Co TR
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CSD-CrossMiner: Interrogate the CSD and the PDB for NS oL
common interaction patterns
@
Ligand-based virtual screening workflow to find new hits.
. . CSD-Conformer Generator: Generation of molecular conformations.
CSD-Discovervy.

CSD-Ligand Overlay: Flexible alignment of ligands.
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https//www.ccde.cam.ac.uk/Community/educationalresources/ ,,

» <
an O expliore more : W oe/
° : &
3 o
Training and Educational Resources y I Wian
v . » Y
The wealth of information contained within the Cambridge Structural Database (CSD) extends far beyond a collection of crystal structures. Knowledge derived from these materials ¥ ° a L3
ch of chemistry, biochemistry, and biology. Chemical and structural concepts are often difficult to grasp without real werld, interactive examples for students to explore.
2 - o
and our colleagues continually produce educational materials for use in classroom and computer lab settings, or as independent study modules. Many of these materials > »
f the Teaching Subset - a freely available set of over 750 structures that can be investigated with the free version of our Mercury i & e
A L

CsSD-Discovery

For pharmaceutical and agrochemical researchers, tools
for discovering new molecules and performing protein
docking studies. hés

-

Information on the Teaching Subset

Self-guided workshops

‘\/»

Download a series of self-guided workshop materials

B4

3.
-
v

Access a series of teaching modules for use in the

classroom

database of over one million entries are available for free through our Access Structures portal.

n educator looking for supplementary teaching materials, find out more about the Teaching Database here. If you have devel
0 share them with the broader community, please contact us at education@ccdc.cam.ac.uk.

YouTube and &
LabTube e i o
channels

-\

.

Access fun science activities for kids through the
CCDC Home learning page
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Explore the Periodic Table through Crystal Structures

Register for =
g s, R E&O newsletter

‘ On-demand
modules with
completion
certificate

DECOR: Educational Resources for Teaching
Crystallography

CSDU modules - Explore our on-demand training
courses

psuND!

Bound! a Protein-Drug matching card game

A new docking
card game


https://www.ccdc.cam.ac.uk/Community/educationalresources/workshop-materials/

@ @ Visualisation 101 - Visualising Programmatic access to the Protein-ligand docking 101 -
33 et Sa2 00%03,0 S structural chemistry data with CSD 101 — CSD Python API Running a simulation in GOLD
.“3.:3..--.3. ::: Mercu ry

CSDU iingifs

« On-demand modules |

to learn how to use

t h c CS D SOft\Na re at Analysing molecular geometries Analysing intermolecular
101 - basics of Mogul interactions 101 - Full Interaction
your own pace. Maps

« Completion certificate
after a final gquiz!

Begin module Begin module

https//mwww.ccdc.cam.ac.uk/Community/educationalresources/CSDU/ < ( I > ‘



Leveraging structural data
for educational purposes

Forages 12 and up

Virus & antiviral
pairs

Bacteria &
antibiotic pairs

% "‘*:;“J
Rule cards: s
* Introducing protein-drug
binding and the cards. §
arget
- Game play instructions "
with bonus games.
3D

 Linked to web resources. image

https//iwww.ccdc.cam.ac.uk/Community/educationalresources/protein-ligand-card-game/

e

R LD WIDE

- QPDB

PROTEIN DATA BANK :

5 PDB-101

Cancer &
anticancer pairs
l\%l T -gwg
CSD
refcode
Card
name
Colour
coded
card




CCDC Engagement Grants

* Do you wish to inspire others
with your love of

- crystallography or structural
Applications . 5
ond all science”

information CCDC Engagement Grants
on the

websitel cover costs for you to produce
resources or activities to

Increase schools and public

engagement in crystallography
and structural science.

Engage, inspire, share!

Ask us at
the booth!

https://www.ccdc.cam.ac.uk/Community/awardsandsponsorship/ccdc-engagement-grants/ ( ( I N




