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Introduction

> All biological processes are mediated by different types
of intermolecular interaction in living organisms

> Therefore virtual and experimental researches of
intermolecular interactions are the fundamental task of

modern system biology

> The main destination of this lecture is a short overview
of two complementary approaches :

~ In silico - computer 3D simulation of molecular
complexes;

- In vitro - experimental analysis of molecular
interactions by using the optical biosensor utilized the
effect of surface plasmon resonance (SPR)




In silico approach

> Molecular Docking - computer 3D simulation of
complexes of two or more molecules by their joining

> Two main functions of Docking procedure:

1) Generation of hypothesis about complexes of
molecules with their positions and conformations

2) Scoring and selection hypothesis of molecular
complexes
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Molecular Docking

> The simplest version - pair docking of two molecules
> NOTICE: Method does not give any information on
molecules movement during complex formation
- Docking procedure gives only hypothesis about final
state of molecular complex

- S0, you can obtain hypothesis about complex of target
protein with ligand inside

For example:

Cytochrome P450cam with camphor
in closed active site
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Molecular docking

> Docking software generates a lot of primary
hypothesis of molecular complexes

- NOTICE: Docking procedure does not give single
true version of molecular complex

> There are various algorithms of hypotheses
generation of molecular complexes:

~ Total search
~ Monte Carlo search
- Genetic algorithm

- efc.



Molecular docking applications

1) 3D modeling of any types of molecular complexes
= Protein-protein; Protein-ligand; Protein-DNA(RNA); etc.

2) Analysis of molecules contact interfaces in complexes

3) Ligands binding site searching and analysis

For example: Cytochrome P450cam - camphor binding site searching

60% 70% 90%
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Molecular docking applications

4) Virtual screening of lead compounds for target protein

-~ Sequential hypothesis generation of complexes between target protein
and all compounds from chemical database

+~ Scoring and selection of most favorable complexes

Chemical _
database Hypothesis of Top list of
Target protein protein/ligand protein/ligand
complexes complex

hypothesis
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For example:
Virtual screening of potential inhibitors of HIV protease dimerization

e
NCI DATABASE
/’ 250,000 compounds

CPScore top
Autodock ~ 1000
top list compounds
~ 10,000
compounds
" Autodock / CPScore.
\ cross list
~ 200 compounds

TOP HITS
12 compounds for experimental testing
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Molecular docking applications

5) Space overlapping of ligands (structural alignment) in binding site
of target protein

-~ Pharmacophore analysis

..................................

............ M_.m.m............
... . . . Ds-donorsite . |

T o st e o T T T T
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Molecular docking applications

5) Space overlapping of ligands (structural alignment) in binding site
of target protein

-~ Pharmacophore analysis
< Binding site mould generation
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Molecular docking applications

o Molecular fragments docking
= De novo design
- [ead compounds modification

Final hypothesis Model optimization
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Two variants of docking

B

g




Docking of conformational flexible molecules

1) Probable ligands 2) Probable ligands
conformation are generated conformation are generated
before docking procedure P during docking procedure
and enlarge database ' P (flexible docking)

as separate molecules
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Some examples of docking software

> DOCK
— http://www.cmpharm.ucsf.edu/kuntz/dock.html

~ Algorithm of molecular shape matching
<v. 3.5 -rigid docking, > v. 4.0 — ligand flexible docking.
Software is adopted for ligands database mining

2> GOLD
— http://www.ccdc.cam.ac.uk/
-+ Genetic algorithm, ligand flexible docking
O FLEXX
— http://www.tripos.com

-+ Ligand flexible docking + flexible conformation of amino acids
side chains

o FRED
— http:// www.openeye.com

* Rigid docking + ligand conformers generation and selection.
Very fast algorithm

> AUTODOCK
— http://www.scripps.edu/pub/olson-web/doc/autodock/
-+ Genetic algorithm, ligand flexible docking
o LIGANDFIT
— http://www.accelrys.com/cerius2/c2ligandfit.html
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1,2

DOCK

3

HOW DGCK WORKS Step 3: Generale spheres to [l the aclive sile

alep 10 Start with crystal coordinates of targel receptar

= program. Note that only

The shape of cavities
the receptor 1s used Lo
define spheres, the centers
of the apheres bacome
polental locations for
ligand atoms.

[n thas example, HIV-1
protease 18 the target
receplor, with 1= active
site aspartyl groups
wlentified in red.

In the following prohoe, the sphere centars ae idenlilied by oyan nangles, ad
the sphere surfaces are shown

Side view of spheres:

1 Iu:__ J_E_r_l_"grmed using
Mk Connolz ms
the surface for the active
sile needs o be generated.

Step 4: Matching

Far the rest af this overview, we'll use a a blaw up of the Ephere colors are then malched to B Bzmd sloms, bo delenmme posaible

aciive site.

erimlations for the B, Tvpdcally on the onder of ens of thousands of
crientalions are ganersted for each ligand molecule.
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DOCK

4’ 5
Step 4: Matching

Sphere conterz are then matched to the lizand atoms, 1o delenmine possible
erentitions for the ligmnd. Typically on the order of tens of thousands of
orienfanons are peneraied Ior each lgand molecale,

Final noies:

Step 5: Scorlng

Each onented molecule is then scored for fit. There are currently 3 scoring
schemes:

Here 18 8 companson of
the top scoring orientation
of the molecule tuoketal
with the orientation found
in the crvsial strucnire.

* Bhupe scoring. which uses aloose approoscination to e Dennad-Topes
potential

*= Electrostatic scoring, which vuses the program DELPHI to colculate
elecirostaie potential

& Foree field ecoring, which vees the AMBEE. potential.

Thas 15 the Lop-sconng
orentation for the
molecule thioketal in the

B 11V |-prolease aclive sile,
B using force-field scormg.
d (Fease mobe Bt Phis v a

1 ferent orleniation than
Qrevicldy palilisfied, Earler
s were dore Msing the shape

regrng soheme, and a different

version of e profease crpsiol
strcture)
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Lattice approximation in molecular docking

Position and orientation of one molecule (named

target) are fixed
While positions and orientation of other molecule

(named ligand) are discretely changing

=

Ligand's weight center can have coordinates only of
lattice nodes and precision of ligand positioning
depends on the value of lattice cell

S S

Ligand can rotated about
x-y-z axis only with
prescribed angle increment
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DockSearch

B aY Target molecule is fixed
<> in space, while ligand
f “1.[,, molecule is displaced
- b;{ by lattice nodes and
rotated about x-y-z axis
igand with angle increment

1, 2 - negative hypothesis
3-6 - positive hypothesis

4-6 - cluster of hypothesis

BGRS\SB-2010 18



Analysis of contact interface area

o Calculation of solvent accessible surfaces of free receptor,
free ligand and their complex

S =

contact

S S S

target ligand conplex

> Checking for inter-molecule penetrations and score the
amount of contacts

/

.

Water-accessible Contact nterface
molecular surface (water maccessible

molecular surface)

oy
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DockSearch

OPEN
normal

CLOSED

VDW surface

Solvent-inaccessible Solvent-accessible
surface point surface point 162 dots/atom 42 dots/atom
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Scoring and selection of docking hypothesis

> Ranking hypothesis of complexes by geometrical score
and enthalpy part (AH) of free energies change (AE)

> Unfortunately, entropy part (T * AS) of AE can not be
calculated by molecular mechanics approach with using
force fields

- Loss of some degrees of freedom in target and ligand
conformations

- Loss of 3 rotation and 3 displacement degrees of
freedom

- Hydrophobic interactions

AG = AH - T-AS = -RT-1nKd
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Shape scoring of docking hypothesis

v

Large contact Large contact Large contact
interface interface interface both
of ligand of target of ligand and target

2 iEexd

Matched molecule Matched parts of Matched new ligand
can be used as molecule be used
fragment for as fragments for
de novo design de novo design
v v v

a4

Energy optimization using force field molecular
mechanics approach
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Other functions for scoring docking hypothesis

o Prediction values of Kd, Ki, IC50, ...

~ Correlation equations 461
T + L1 TL1
-~ Neuron nets
~ Free energy perturbation =P ., J H AG4
T + L2 TL2
AG3
AG1 — know from experiment
AG2 — can be calculated from modeling AGL - AG3 = AGZ2 - AG4
L1 - L2 in water or
AG4 — can be calculated from modeling AC3 = ACL + AC4 - AG2

L1 - L2 in complex with T

NOTICE:

This approach requires many cycles of molecular dynamics
simulation (~100 ps per cycle) and demands powerful
computational resources
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Other functions for scoring docking hypothesis

> Indirect methods

~ Scoring based on pharmacophore model
- 3D-QSAR + CoMFA (CoMSIA) models

-~ Comparison of ligand position

with mould of binding site

IC50 for
ligands of
MAO-A

Structure Pred Exp
'Uj 026 | >100
Lot 0.3

&

T e
o
e
=
H
! /\l
I i
. .
4 dH

0,006 =1000
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In vitro approach

Experimental analysis of molecular
interactions by using the SPR biosensors

Biacore 3000

Biacore T100

BGRS\SB-2010
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What is SPR?



Phenomenon of changing color of glass, containing gold nanoparticles

Licurg bowl, IV century (British museum) Stained-glass window “Labors of the Months”
Norwich, England, ~ 1480

Glass color
reflection — green
look-through - red

2 This phenomenon was explained by effect of Surface Plasmon Resonance
(SPR) discovered only in 1960

2 In modern science this effect is refer to area of Quantum Nano-Optics
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SPR

Reflecting surface is covered by thin layer of gold

Photons can interact with free electrons in gold and at
resonance conditions they transform into plasmon (quantum
electromagnetic waves)

Light in this case does not reflect

BGRS\SB-2010
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Surface Plasmon definition

Plasmon - quantum collective electron oscillation
at the surface of metal, expressed in occurrence of

charge density fluctuation

Optical Properties of Solids,
Fredrick Wooten,1972 Academic Press

Electromagnetic field of plasmon reaches

medium beyond the gold layer

BGRS\SB-2010
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Using SPR for registration of intermolecular interaction

> Plasmon mobility (and therefore the value of resonance
angle) depends on plasmon electromagnetic field
coupling with mediun beyond the gold mirror

®» So, using SPR we can sense the “world behind the
looking-glass”!

> The value of resonance angle is proportional to
refractive index in a thin layer of medium beyond the
gold (~ 300 nm)

> Using SPR technology you can trace in real time the
mass transfer of any compounds between free medium
and this layer

BGRS\SB-2010
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Using SPR for registration of intermolecular interaction

> If one type of interacting molecules (Ligand)

is attached on the gold Wi
surface in G Analyte
SPR controlling area, B ~200nm |y

you can see the interaction ] Ligand
of second molecules (Analyte) W;%

with immobilized ligand by
mass transfer of Analyte in both directions
(molecular complex formation and dissociation)



SPR registration of intermolecular interaction

> Real time registration:
-~ kinetic curves of binding and dissociation - sensograms
o Mathematical analysis of sensograms:

[

=

[

association rate constant ( k_)
dissociation rate constant ( k)

complex dissociation constant

ka
’(i):: ‘ka/,’(d /\ + E3'=r];;——';\E3

o Mathematical analysis of sensograms
set obtained at different temperature:

[

Thermodynamics data:
- Free energy change

- Entropy change

- Enthalpy change

AG = AH - T-AS
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95 High Technologies In one instrument

Liquid handling robot
/ / BIACORE 3000
SPR (Surface Plaemon Resonance) \

Quantum nano-optics

Gz o

Laseroplics

Micro- and nano-
Hindiciechnologres

Optical chips
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Plug-in optical module in BIACORE SPR biosensor

Optical
detection

Light- unit Intensity
source
| I
Polarized Angle
light
" Resonance
1 signal
| Time

-

Sensor chip with

gold film

Senso FE['H.I Il

Flow channel

"___Chip holder

Optical chip

> Part of optical train
> Thin gold film
> Different methods of ligand immobilization

BGRS\SB-2010
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Ligand immobilization alternatives

a Q @ .
Ligand o o
Q
> @Analyte -
Direct coupling Affinity capture Membrane anchoring

> Direct chemical immobilization (covalent bounding)

Amine  Ligand thiol Suriace thiol Aldehyde

I—HH’—H E—NH-‘\-—SS—H ?—M-I-‘“\;SS—R E—NHﬂ-cH—H
= L) o Q

coo |'u_§j
&

Covalent derivatization
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Ligand immobilization alternatives

Receptor

Direct coupling Affinity capture Membrane anchoring

.............................................................................................

His

o Indirect affinity immobilization (chelate complexes, Wg/\ix
antibody, receptors, biotin/streptavidin, ...) ;/:
° /N UEH H/R

BGRS\SB-2010



Ligand immobilization alternatives

......
A

Direct coupling Affinity capture Membrane anchoring

2> Membrane systems
(lipid monolayer, lipid bilayer, liposomes, micelles, ...)

FLEELLLEITR) L ERERELE L LT R T L T b B i
Flat hydrephobic surface O
Coating with user-defined liposomes
Hydrophilic surface created
Analyte binding ' .'

BGRS\SB-2010
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Micro-fluidic device

BIACORE

4 Flow-cells
~ 20 nL

= Low chemicals consumption

= FEffective mass-transfer

= Low dispersion
= High reproducibility (>99%)

= Broad time period of registration

(from 1 s upto 12 hours)
Buffer

= Sample collection and
Sample fractionation

® Valve = 4 Flow nano-cells (~ 20 nL x 4)

= Pneumatic micro-valves

1l @ F1&2 =+ Flexible flow-cells commutation

F3&4

F2 @)

®

i [ i

F3 ® F1-3

(WA ;0 0

FA ® F1-4
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Main properties of SPR biosensors

u \J
MAB
Streptavidin
- E;otln
MHC-T-cell
R or -
Ligand
Pho tides-
SH2-domains
Cell Adhesion
Muolecules

Quantitative analysis in broad measurement range

High sensitivity (1 pictogram = 10 -"> g of protein)

Sense low molecular weight analyte compounds (2 100 Da )
Real time

Kinetic and steady state data

Direct measurement (without labels, coupled reactions, ...)
High universality (any compounds, any interactions)

High automation (up to 400 samples per day)

BGRS\SB-2010
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Some examples of SPR analysis in
Laboratory of molecular interactions
of IBMCh RAMS



Example of SPR analysis of molecular interactions:
MAb (immobilized) - Myoglobin in blood serum

RU

1250 ‘l

16 ng/ml
1100 8 ng/ml
l 4 ng/mli
- 2 ng/m
1 ng/mi
950
0 200 400 600 800

Time (s)

MAb (immobilized) - Myoglobin in blood serum



Example of SPR analysis of molecular interactions: Trypsin
inhibitor from Sea Anemone (immobilized) - Proteases

Biosensor signal, RU

160
140
120 -
100
80+

60

40 -

20+

0

| o | eess | e | | oo |
3 4

5 6 7
Protease number

2

Fig. 2. The sensograms of interaction of the proteolytic
enzymes with the immobilized inhibitor InhVI: (/) trypsin;
(2) o-chymotrypsin; (3) kallikrein; (4) plasmin; (5) throm-
bin; (6) papain; (7) pepsin. Measurements were carried out
at 25°C; protease concentration was 200 nM.

SOKOTUN et al.

RU _____r1I
(a)
120 | ;"ﬂf__ 2 \\
, o
80
0 " AN
0
i
200 (b H_,,r-"‘_ 2_"'
i o ——Y
150 /,ff/, A\
i L
100 - i - Iy A
N ;ﬁk_
= =
0 500 1000

Fig. 3. The sensograms of interaction of the proteolytic
enzymes with the immobilized inhibitor Inbv I . (a) Inter-
action of Inh%Jjy with Tr (10200 oM} (5 200 nM;
(2) 90 nb; (3) 40 nb: (4 30 oM: (5) 20 oM (&) 10 nM.
(b} Interaction of Inh¥I,, with ChTr (40400 nM}:
(4y 400 nh; (23300 oM; (3 200 oM, (& 120 nM;
(3 90 oM (6) 40 nd. Measurements were carried out at
25°C.,

BIOCHEMISTRY (MOSCOW) SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY Vol.1 Neo.2 2007




Example of SPR analysis of molecular interactions:
DNA aptamers (immobilized) - Thrombin

100 nM thrombin 50 nM thrombin

max )

J/ VB
S 1,00 - A - ';
~ 0,75 - -
A1(35)A2 A2(15)
0,50 - :
A1
0,25 - A2 - A2
|
0004 = MJ
0 100 200 300 400 0 100 200 300

Time (s) Time (s)



Example of SPR analysis of molecular interactions:
Anionic phospholipids (in immobilized bilayer) - cytochrome c

b ffer
2500 - 300 1M l
cjfrnch:mzecf__-————ﬁ
2000 1 100 pM
= P A
i e
g 1300 30
: T
Qo i 0pM
% lm} b —_ H"\._‘_\_
| NN o
500 - 1opM T ——
II.-""_ || h“"_‘——__-::_-_
II e e,
0 p——— Y
0 200 400 600
Time, s

Fig. 2. Sensorgrams of cytochrome ¢ binding to TOCL. Representative sensog

2000 -
TMEL
A
AN
— ToCL
2000 - I
c A DOPS
= - e ———
s
1000 4 "
DSPS
- D
T
DOPA
(PSPC) 0 : u . : FOSPA
0.E+00 2 E-04 4.E-04 6.E-04

Cytochrome ¢ concentration, M

Fig. 3. Effect of cytochrome ¢ on the 5PR signal intensity (R.) in various
phospholipids. Each point represents the difference of cytochrome ¢ association
(Req) between the reference channel (PSPC) and sample channels (TMCL (2 ); TOCL
(a); DSPS (C); DOPS (@); DSPA(C); DOPA ()L Cyt c (10 uM) in phosphate butter
was used.

L1 immobilized TOCL titration by increasing concentrations of cytochrome c. The
specific binding profiles of the cytochrome ¢ to the immobilized TOCL were
obtained atter subtracting the control flow cell with immobilized PSPC signal from

the TOCL response signal.

FEBS Letters 583 (2009) 97-100



Oligomerization of bacterial L-asparaginase

Biosensor signal, RU

HBS
g N |
30000 5pg/ml
L-asparaginase
Spg'ml
L-asparaginase
200001
10 mMh
glyeine-HC] 10 mM |
mea-HC
10000 yups e lHBS
" l —
U !
(e ! | ! !
0 10000 20000

N

/ WE,E

/

Fig. 9. Dissociation of L-asparaginase tetramers to mono-
mers caused by the injection of 10 mM glycine-HCI buffer
(pH 2.5) (flow rate of 1 jll/min) and subsequent enzyme oli-
gomerization during flow of L-asparaginase solution in
10 mM acetate buffer (pH 4.5) (flow rate 1 ul/min).



o o

Example of SPR analysis of molecular interactions:
Screening of inhibitors of HIV protease dimerization

SEEA KL L1 A=ttt
BELALLLLE=2TF

Fig. 2. The scheme of the differential biosensor test system
for the analysis of interaction of potential dimerization
inhibitors with dimers and monomers of HIVp. Channel 1
contains immobilized and stabilized dimeric form of HIVp,
channel 2 contains monomeric form of HIVp. The testing is
carried out by sequential injections of solutions of analyzed
substances (shown as circles of various colors) into both
biosensor channels. Binding of a tested compound only
with HIVp monomers immobilized in channel 2 (black cir-
cles) is considered as a positive result.

o &

0 - [a)

16 17 13

10 11 12 13 14 13

Difference of biosensor sigrals (channels 1—2), RU

_A ] ] ] ] ] ] ] ] ] ] 11 ] ] 11 ] ] 11
192021222324 252627 28293031 323334 35 36 3738 30 40 11 42
Compound no.




CuzHan 6buoceHcopa, RU

1000 -

800 -

600 -

400 -

200 +

200

SPR signal amplification by gold nanoparticles

l Ab#1 (immobilized) + (blood serum +
+ Ab#2 with gold nanoparticles)

Ab#1 (immobilized) + (blood serum + Ab#2)

Ab#1 (immobilized) + blood serum

=300

0 300 600 900

Time (s)



Telomeric repeats analysis in oligonucleotides

@ Gold nanoparticle

A ntisense to telomeric repeat

Telomeric
repeat
Antisense
4+ Sense

Biotin

e Streptavidin

Optical chip

BGRS\SB-2010
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Direct SPR analysis of acute heart attack biomarkers in blood serum

RU 10000
1000 ¢ -
with
nanopatrticles
100+
without
104 nanopartfc!es
1+
0.1

10 107 10" 10+ 10 10

Myoglobin (cardio) concentration in model biood serum



Simultaneous measurement 3 acute heart attack biomarkers in blood serum

Blood serum Nanoparticles
with 3 Abs <

Channel #1

Channel #2

Channel #3




Thank you for attention
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