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0 altering protein structure to improve its properties

0 three main approaches

=  directed evolution

= rational design

= semi-rational design




RATIONAL DESIGN DIRECTED EVOLUTION

1. Computer aided design 1. not applied
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2. Site-directed mutagenesis
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Individual mutated gene

2. Random mutagenesis
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Library of mutated genes
( >10,000 clones )

3. Transformation 3. Transformation

4. Protein expression 4. Protein expression

5. Protein purification 5. not applied

IMP IdVE D 6. Screening and selection
ENZYME i

6. not applied

Gonstracied mutantenzvme 7. Biochemical testing

Selected mutant enzymes



Rational design

Directed evolution

Semi-rational design

high-throughput
screening/selection

not essential

essential

advantageous
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structural and/or
functional information

both essential
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either is sufficient
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worldwide Protein Data Bank (wwPDB)

=  http://www.wwpdb.org/

= central repository of ~¥180,000 experimental macromolecular

structures (April 2021)

“PDB
p—
("

" https://www.rcsb.org/ PROTEIN DATA BANK
BPDBe
* https://www.ebi.ac.uk/pdbe/ Protein Data Bank in Europe

PDBj
= https://pdbj.org/

Protein Data Bank Japan



http://www.wwpdb.org/
https://www.rcsb.org/
https://www.ebi.ac.uk/pdbe/
https://pdbj.org/

3D structure is determined by the sequence

MSLGAKPFGEKKFIEIKGRRMAYIDEGTGDPILFQHGNPTSSYLWRNI
MPHCAGLGRLIACDLIGMGDSDKLDPSGPERYAYAEHRDYLDALWEA
LDLGDRVVLVVHDWGSALGFDWARRHRERVQGIAYMEATAMPIEWA
DFPEQDRDLFQAFRSQAGEELVLQD

sequence e function

prediction

structure




...MSLGAKPFGE...

..MSLGAKPFGE... —>

...MGV-AKTYGE...
target database selection of sequence
sequence search template alignment

PN

Residue number

model model loop and side- building model
validation optimization chain modeling framework

score




o MODELLER

= http://salilab.org/modeller/
o SWISS-MODEL
= http://swissmodel.expasy.org/
0 Robetta
= http://robetta.bakerlab.org/
o |I-TASSER
= https://zhanglab.ccmb.med.umich.edu/I-TASSER/



0 Protein engineering approaches

0 Semi-rational design
= jdentification of hot-spots
= evaluation of hot-spots
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= design of library
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0 Rational design

= molecular modeling



O combine advantages of rational and random approaches

0 selection of promising target sites (hot-spots) - mutagenesis
—> creation of small “smart” libraries

0 based on knowledge of protein structure and function

o © high-throughput screening usually not needed

0 © increased chance of obtaining variants with desired
properties

0 ® certain knowledge of protein structure-function

relationships is still required, © but not that much &
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0 hot-spots for engineering catalytic properties

0 hot-spots for engineering thermostability




0 residues mediating substrate binding, transition-state

stabilization or product release - mutations can improve or

disrupt binding, catalysis or ligand transport

= residues involved in protein-ligand interactions
= residues located in binding pockets

» residues located in access tunnels

— these residues also include catalytic or other essential residues which

PN
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generally should not be mutated!



0 requires 3D structure of protein-ligand complex

= experimental structure (wwPDB)

= theoretical model (molecular docking)

lleS0'

Indinavir



Ser190(A)

CA

Gly216(A)

Val213(A)

u(% “" Ben246(A)
Cys191(A %
Ser195(A)

Trp215(A)

LigPlot, LigPlot+ PoseView



0O inter-atomic contacts between protein and bound ligands

[ Residue | Dist(d) | Surfd®) | Number of contacts
[asn[asa [ 27 [ 225 | 2
[asp [108a [ 28 | 351 | 5
[me [134a | 63 [ o7 | 1
[pHE [1434 [ 50 [ 65 | 2
[pHE [1514 [ 33 [ 267 | 4
[pHE [169a | 35 [ 64 | 2
[var [173a | 36 [ 234 | 1
[tev [1774 [ 48 [ 85 | 2
[ e [2na [ 52 [ 38 | 1
[LEU [2488 | 56 [ 103 | 4
[ms [22a [ 38 [ 338 | 9
[pHE [273a | 35 [ 23 | 2
[ BR [oo1a [ 38 | 307 | 2

LPC server




UniProt (Swiss-Prot) - https://www.uniprot.org/

Sites

Binding site*
Active site*
Binding site*
Active site*
Active site*

Catalytic Site Atlas - https://www.ebi.ac.uk/thornton-srv/m-csa/

28 Halide

108 Nucleophile & 3 publications «
109 Halide

132 Proton donor @ 3 publications «
272 Proton acceptor & 3 publications «

Catalytic Residues Roles

UniProt  PDB*

His272  His2T2A

Asp108  Asp108A

Asn3d,  Asn38A,
Trp109  Trp109A

Glu132  GIlu132A

Acts as general acid base to deprotonate water, thus activating water so its lone
pair can attack the covalent enzyme intermediate.

Acts as nucleophile on the electrophilic carbon atom to form a covalent enzyme
intermediate which is hydrolysed to give the product.

Involved in stabilisation of the halogen, transition-states and product.

Acts to modify the pKa of His 272 so that it remains in the correct protonation
state for its role in catalysis.



https://www.uniprot.org/
https://www.ebi.ac.uk/thornton-srv/m-csa/

0 binding and active sites of enzymes are often associated

with structural pockets and cavities

active site ligand
pocket
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0 binding and active sites of enzymes are often associated

with structural pockets and cavities

= most amino acid residues located in these pockets may come into
contact with the ligands during the catalytic cycle
—> one can accurately predict which residues may interact with the

ligand even without precise knowledge of ligand orientation in the

active site
O requires 3D structure of protein

0 software for detection of pockets

= CASTp, fPocket, MetaPocket, Caver Analyst... &



Pocket Information

[22] 38 CB | ASN |A
(22 38 [ noz | asn [A
(22| 38 0 ASN |A
[2z [ 108 | ce | AsP A
(a2 [ 108 | oot | asP |A
[2z [ 108 | oDz | AsP A
(a2 [ 108 [ co1 | TRP [ A
(22 [ 108 | nET | TRP A
(a2 [ 132 | co1 LE | A
2z [ 132 [ co1 E |A

jobID: 1d0o7

hydrolase

hydrolytic haloalkane dehalogenase linb from sphingomonas paucimobilis ut26 with 1,3-propanedicl, a product of

debromidation of dibrompropane, at 2.0a resolution

Jmol

Annotated Sites

Residue: ASN

Residue #:Chain: 38:A

Pocket/Pockets: 30,42
Databases

Residue:

Residue #Chain:

Pocket/Pockets:
Databases

Residue:

Residue #Chain:

Pocket/Pockets:
Database:

Residue #:.Chain: 272
Pocket/Pockets:
Databases




0 buried binding or active sites are connected with bulk

solvent by access tunnels

active site
pocket ligand

access tunnel
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mutation
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0 buried binding or active sites are connected with bulk

solvent by access tunnels

mutation
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0 buried binding or active sites are connected with bulk

solvent by access tunnels
= adjusted to permit transport of specific molecules
= mutations can speed-up or hinder transport of molecules as well

as allow transport of other molecules

O requires 3D structure of protein

O software for detection of tunnels

= Caver, Mole, HOLE, PoreWalker

PN
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Analysis of access tunnels

O Detection and detailed characteristics of access tunnels
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o highly flexible residues — introduction of rigidifying mutations

0 residues located in access tunnels
0 residues predicted by systematic in silico saturation

mutagenesis

— these residues may also include catalytic or other essential

residues which generally should not be mutated!

PN
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0 prediction based on crystallographic B-factors

= reflect the degree of thermal motion, and thus the flexibility of

individual residues

O requires 3D structure of protein

= experimental structure determined by X-ray crystallography (wwPDB)



itle:

CRYSTAL STRUCTURE OF NIDOGEM/LAMININ COMPLEX
(The highest 20 averaged B wvalues are shown only.)
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0 saturation mutagenesis in tunnel residues has 2% better

chance to significantly improve stability than mutagenesis in

other protein regions (based on computational predictions)
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Analysis of access tunnels
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O computational tools for the prediction of effect of amino

acid substitutions on protein stability
= eachresidue in the protein structure is replaced by all other
possible amino acids and the change in folding free energy (AAG)
upon mutation is estimated
" positions with a high proportion of stabilizing mutations and/or
low proportion of destabilizing mutations are good candidates for

randomization by experimental saturation mutagenesis

0 usually requires 3D structure of protein

= experimental structure (wwPDB) &

= theoretical model (homology modeling)



0 fast systematic scan of all possible single-point mutations —

prediction of stability changes upon mutation
O sequence optimality score (the sum of all negative AAGs at
a given position) — indicates poorly optimized positions
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0 Protein engineering approaches

0 Semi-rational design

= jdentification of hot-spots
= evaluation of hot-spots

= selection of substitutions
= design of library

= mutagenesis and screening

0 Rational design

= molecular modeling



0 hot-spots identified by computational tools can be further

evaluated to prevent replacing indispensable amino acid
residues and to prioritize the hot-spots (i.e., order the hot-

spots based on their suitability for mutagenesis)

0 analysis of evolutionary conservation

0 prediction of effects of mutations on protein stability or

PN
-

function



0 residues essential for maintaining structural or functional

properties of a protein tend to be conserved during evolution

= conserved residues are generally not recommended as suitable
targets for mutagenesis - their replacement often leads to the loss of
protein function

" mutagenesis targeting highly mutable positions provides a significantly
higher proportion of viable variants than random mutagenesis

= targeting moderately or highly variable positions, which are expected
to be tolerant to a wide range of substitutions, represents a good
approach for producing efficient smart libraries (i.e., libraries &

with a high proportion of correctly folded and active variants)



0 residue conservation can be derived from a multiple

alignment of a set of related proteins (3D structure not

required)
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0 residue conservation can be derived from a multiple
alignment of a set of related proteins (3D structure not

required)

MGY
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0 evolutionary conservation of individual positions in protein

mapped on protein 3D structure

Variable Conserved

ConSurf



O computational tools for the prediction of effect of amino

acid substitutions on protein stability or protein function
= jnsilico site-saturation mutagenesis of identified hot-spots — check if
mutations at a given site are likely to be tolerated

= many highly destabilizing/deleterious mutations predicted for a

a

= sjtes with only a few highly destabilizing /deleterious mutations

certain position — given site is not a very good target for

mutagenesis

predicted can still represent promising hot-spots (the amino acids
with potentially destabilizing/deleterious effects can be discarded

from the library by the appropriate selection of degenerate codons)



0 effects on protein stability — usually requires 3D structure

of protein

= experimental structure (wwPDB)

= theoretical model (homology modeling)

0 effects on protein function — sequence information often

sufficient

PN
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0 prediction of effect of substitutions on protein stability

= Evaluation of the change of protein free energy upon mutation
= Evaluation of contributions of individual interactions to total
energy

= Usually requires structural information

o software for prediction of effect of mutation on stability

=  Rosetta, FoldX, CUPSAT, ERIS



0 prediction of effect of substitutions on protein stability

Amino Acid Mutations

Amino acid Overall Stability Torsion Tﬂ;ﬁ,&:“:;c
GLY Stabilising Unfavourable 1.48
ALA Destabilising Unfavourable -0.9
VAL Destabilising Unfavourable -2.23
ILE Destabilising Unfavourable -2.12
MET Stabilising Unfavourable 1.89
PRO Stabilising Unfavourable 1.55
TRP Stabilising Favourable 2.73
SER Stabilising Unfavourable 1.2
THR Destabilising Unfavourable -0.44
PHE Stabilising Favourable 3.64
GLM Destabilising Unfavourable -0.69
LYS Stabilising Unfavourable 9.91
TYR Stabilising Favourable 0.96
ASN Stabilising Favourable 4.14
CYS Destabilising Favourable -6.73
GLU Stabilising Unfavourable 4.98
ASP Stabilising Favourable 1.31
ARG Stabilising Unfavourable 2.94
HIS Stabilising Favourable 1.38

CUPSAT




0 prediction of effect of substitutions on protein function

= Evaluation if a mutation would impair protein function
= Hard to describe by physico-chemical properties > machine learning

= Usually sequence based calculation

o software for prediction of effect of mutation on function

= PredictSNP, SIFT, MAPP, PhD-SNP...




0 prediction of effect of substitutions on protein function
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0 Protein engineering approaches

0 Semi-rational design

= jdentification of hot-spots

= evaluation of hot-spots

selection of substitutions

design of library

= mutagenesis and screening

0 Rational design

= molecular modeling



O substitutions introduced using degenerate codons

= e.g.,, NNK(N=A/T/G/C; K=T/G)

IUPAC Nucleotide Nomenclature Table

symbol base symbol base

A adenosine M A C (amino)
C cytidine S G C (strong)
G guanine A% AT (weak)

T thymidine B GTC

U uridine D GAT

R G A (purine) H ACT

Y T C (pyrimidine) A% GCA

K G T (keto) N A GCT (any)




0 all possible substitutions - NNK or NNS degenerate codons

= © encode all 20 amino acids with the lowest redundancy and price

(mixture of 32 codons)

= @ redundancy is not completely eliminated (3% Arg, Leu, Ser, 2

Ala, Gly, Pro, Thr and Val)




0 all possible substitutions - NNK or NNS degenerate codons

0 introduction of only selected substitutions using

degenerate codons encoding reduced amino acid alphabets

= ® do not encode all 20 amino acids

= © decreased library size > improved screening efficiency

= NDT - balanced set of 12 amino acids (12 codons)




0 all possible substitutions - NNK or NNS degenerate codons

0 introduction of only selected substitutions using

degenerate codons encoding reduced amino acid alphabets

Table 1. Oversampling necessary for 95% coverage as a function of NNK
and NDT codon degeneracy.
MNNK NDT

No.™ Codons Transformants Codon Transformants

needed needed

1 32 94 1 34

2 1028 3066 1 430

3 32768 98163 172 5175

4 1048576 3141251 2073 62118

5 33554432 100520093 24883 745433

6 =1.0x10° =32x10° =29x%10 =8.9x%10°

7 =34x10" =1.0x10" =35%10 =1.1x%10°

8 =1.0x%x10" =3.3x10" =4.2x10 =1.3x%10°

9 =35x10" =1.0x10" =51x10 =1.5%x10"

10 =1.1x10" =34x10" =6.1%10' =1.9x%x10"
[a] Number of aa positions at one site.




0 introduction of amino acids exhibiting certain properties

= VRK — 8 hydrophilic amino acids (12 codons)
= NYC -8 hydrophobic amino acids (8 codons)

= KST —4 small amino acids (4 codons)




0 introduction of amino acids exhibiting certain properties

O introduction of a balanced set of amino acids

= NDT — balanced set of 12 amino acids (12 codons)




0 introduction of amino acids exhibiting certain properties

O introduction of a balanced set of amino acids
0o introduction of substitutions existing (at a given site) in

known natural proteins
= |ikely increasing the proportion of viable variants in the resulting
library

= can be obtained by analysis of multiple sequence alignment

PN
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introduction of amino acids exhibiting certain properties

introduction of a balanced set of amino acids
introduction of substitutions existing (at a given site) in
known natural proteins

discarding amino acids with potentially destabilizing/

deleterious effects

= can be obtained by prediction of effects of mutations on protein

stability or function




O meta-server combining several tools

= automatic identification of hot-spots for engineering of enzyme
catalytic properties

= prioritization of hot-spots by their mutability

= distribution of amino acids at individual positions




HotSpot Wizard

Functional hot-spots

N

Stability hot-spots (flexibility)

Stability hot-spots (evolution)

Y
R
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HotSpot Wizard

FunCtlonal hOt SpOtS Of 1CV2 Return to Results browser
Viewer Visualization settings
Tunnels =
id length (A) bottleneck radius (A}
(=] Starting from pocket: 1
@® 1 77 15 [EE |
Pockets =i

id  chain(s) relevance (%) volume (A%)

@® 1 A 100 576 (EE Bk
2 A a2 883 [EH|
3 A 52 275 (8|
4 A 28 753 [EE]
5 A 25 183 [Ex]
G A 19 18 ;:.J
7 A 19 532 (-
Residue features -
Exclude correlated positions Exclude catalytic pockets Exclude tunnels Exclude o-helices and -sheets Show all residues LEE I SR E I SUEE =
Exclude buried residues. Include residues with moderate mutability Zoom residues Design library
chain position residue mutable ™ non-essential in tunnel in catahytic pocket HotSpot - chain position residue HotSpot
(5] Chain A ® @ A 146 Gin J @
® o py i , , , P , @ ®e a 1385 Met 4 [Es|
® @ A 147 Asp v [EE|
® A 138 Met J J X v N [EE|
® A 147 Asp J v v v v [Ex ]
+) A 27 Ala v v v v « [EH |
+] A 138 lle: v s X s N [EE |
+] A 247 Ala Ny ¥4 v v v B8]
¥ A 243 Leu 5 ¥4 v v v B8]
] A 249 Thr v v v x v &
] A 253 Met v v X v N [E8|




1. protein structure




2. residues indispensable for protein function: catalytic and

binding residues
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3. functional residues: active site pocket and tunnels




4. mutability of individual positions of protein




0 Protein engineering approaches

0 Semi-rational design

= jdentification of hot-spots

= evaluation of hot-spots

selection of substitutions

design of library

= mutagenesis and screening

0 Rational design

= molecular modeling



0 decisions to be made after evaluation and prioritization of

hot-spots:
= how many and which positions to target?
= should the positions be randomized simultaneously or separately?
= should all or only a reduced set of amino acids be introduced at

individual positions?

—> dramatic effect on the size of the resulting library

PN
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Design of library — HotSpot Wizard

Functional hot spots of 1CV2

Viewer

Residue features

Exclude correlated positions

Exclude buried residues.

chain position
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Include residues with moderate mutability
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Return to Results browser

Visualization settings
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' Library design

J Standard ][ SwifiLib ]

Ahs selection mode @ |Aminﬂ acid frequency |v | Minimal frequency (3:): 5

| Include wild-type | | Exclude wild-type |

chain  posiion  residue desired amino acids codon desired ratio (%)  stop ratio (%)
A 138 Met |Ala, Lys, Pro, Gin, Arg. Thr | v | |WR | v | V7 4 778 0.0
A 145 GIn a3, Asp, Glu, Gly, Pro, Gin. Ser lvl[Bww v |? 630 1.1
A 147 ASp | Ala, Phe, Gly, Leu, Met, Thr, Val lv|{oBs |~ |of 61.1 0.0

Library size: 7315

Expected coverage : 0.95

Probability of full coverage : 0

Codon usage : |Escherit:hia coli K12 | LY |

e




i Library design

J Standard ][ SwifiLib ]

Ahs selection mode @ |Aminﬂ acid frequency |v | Minimal frequency (3:): 5

[ Include wild-type H Exci.l:lewild-typel

chain position residue desired amino acids codon desired ratio (%)  stop ratio (%)
A 136 Met s, Lys, Pro, Gin, Arg, Thr lv|[wr v |g? 778 0.0
A 145 GIn a3, Asp, Glu, Gly, Pro, Gin. Ser lv|[Bww v |g? 630 1.1
A 147 ASp | Ala, Phe, Gly, Leu, Met, Thr, Val |v|DBs |+ & 61.1 0.0
codon desired rafic (%)  stop ratio (%) desired amino acids encoded amino acids
DES 100.0 0.0 Ala:2 Cys:1 Phet Gly:2 lles1 Leu:l Met 1 Arg:1 Serd  Ala2 Cys:1 Phed Giy2 lles1 Leu: Met1 Argil Serd | =
. . Thr:2 Val:2 Trp:1 Thr:2 Val:2 Trp:
DEK 100.0 0.0 Ala:2 Cys:1 Phe1 Gh:2 lles? Lew:1 Met1 Arg:l Serd Ala:2 Cys:1 Phe:t Gly:2 lles1 Lew:1 Met1 Arg:1 Serd
. . Thr2 Wal:2 Trp:t Thre2 WVal2 Trp:d
DER 100.0 0.0 Ala:3 Cys:2 Phe2 Gly:3 lle2 Leuw:1 Met1 Arg:1 Sers Alaid Cysi2 Phe2 Gly:3 lle2 Lew:1 Met1 Arg:1 Sers | _
. . Thr3 Val:3 Trp:1 Thr3 Val3 Trp:d =
DEM 97 2 28 Alad Cys:2 Phe 2 Glyv 4 lle3 Leuw2 Met1 Arg:2 Ser§  Ala:d Cys:2 Phe 2 Gly 4 lle3 Leu:2 Met 1 Arg:2 Ser b
: . Thr4 val4 Trp:t Thrd Val4 Trp1
DEV 963 37 Ala:d Cys:1 Phel Gho3 llec2 Lew:2 Met1 Arg:2 Serd  Ala:d Cys:1 Phe Glyv:3 lle2 Leuw:2 Met1 Arg:2 Serd
: : Thr3 Wal3 Trp:t Thr3 WVal3 Trp:d
DED 96.3 37 Ala:d Cys:1 Phal Gh:3 llec2 Lew:2 Met1 Arg:2 Serd  Ala:3 Cys:1 Phe Gly:3 lle2 Lew:2 Met1 Arg:2 Serd
: . Thr3 Wal3 Trp:t Thr 3 Val3 Trpd
MES 917 0.0 Ala:2 Cys:1 Phel Gly:2 lles? Lew:3 Met1 Arg:3 Serd  Alai2 Cysi1 Phel Gly:2 lles1 Lew:3 Met1 Pro:2 arg 3
- . Thr:2 Val:2 Trp:1 Ser:d Thr:2 Val2 Trp:1
MEK 917 0.0 Ala:2 Cys:1 Phe1 Gh:2 lles? Lew:d Met1 Arg:3 Serd  Ala:2 Cys:1 Phe:1 Glv:2 lles1 Lew:3 Met1 Pro:2 Arg 2
: . Thr2 Wal:2 Trp:t Ser3 Thr2 Val2 Trp:i
MBS 917 0.0 Ala:d Cys:2 Phe2 Gly:3 lle2 Lewd Met1 Arg:d Sers Alaid Cysi2 Phe2 Gly:3 lle2 Leu:4 Met1 Pro:3 Arg 4
- . Thr3 Val:3 Trp:1 Ser:s Thr:d Vall Trp:1
Alad Cys:2 Phe 2 Gly 4 lle3 Leuw:d Met 1 Arg:6 SerG  Ala:d Cys:2 Phe 2 Gly 4 lle-3 Leu:d Met1 Pro:d Argé |
NBN gs's 2'1 T A 3=l 8 Tem-1 Cmris The A 3i=01-4 Ten-4 J

Library size: 7315

Expected coverage : 0.95

Probability of full coverage : 0

Codon usage : |Escherit:hia coli K12 | LY |

[ Generate raport |




0 Protein engineering approaches

0 Semi-rational design

= jdentification of hot-spots

= evaluation of hot-spots

selection of substitutions

design of library

" mutagenesis and screening

0 Rational design

= molecular modeling



0 saturation mutagenesis - next lecture ©




0 Protein engineering approaches

0 Semi-rational design
= jdentification of hot-spots
= evaluation of hot-spots
= selection of substitutions
= design of library

" mutagenesis and screening

0 Rational design

"= molecular modeling—> design of mutations



0O site-specific changes on the target enzyme

0 few amino-acid substitutions that are predicted to elicit
desired improvements of enzyme function

0 based on detailed knowledge of protein structure, function
and catalytic mechanism

o © relatively simple characterization of constructed variants

o0 ® complexity of protein structure-function relationships

0 ® molecular modeling expertise usually required



0 Protein engineering approaches

0 Semi-rational design

= jdentification of hot-spots
= evaluation of hot-spots

= selection of substitutions
= design of library

" mutagenesis and screening

0 Rational design

= molecular modeling—> design of mutations



0 “Theoretical or computational technique that provides insight

into the behavior of molecular system.”
A. R. Leach

0 Applications

= Protein stabilization
= prediction of protein dynamics
= prediction of protein-ligand interactions

= prediction of reaction barriers and reaction mechanisms

PN
-



Molecular modeling

0 relationship between energy and 3D-structure

= potential energy surface

O basic methods

= molecular mechanics
= molecular dynamics
= quantum chemistry

= molecular docking




O Enzymes as biocatalysts

= good activity and selectivity in water solution and standard
temperature

= for many biotechnological applications, high temperature or
addition of organic solvents are necessary

= this conditions can lead to denaturation > importance of stable

proteins



0 Computational method FireProt

https://loschmidt.chemi.muni.cz/fireprot/ - -

| Target protein |
5,529

= prediction of all single-point mutants

D

by FoldX, Rosetta, and back-to-consens

= smart filtering based on conservation,

Computational

correlation, electrostatic interactions,

and antagonistic effect

"%
= final prediction of multiple-point !
| Structure and activity check | | Structure and activity check |
. ¥ 1 ¥ 4
mutants for gene synthesis [ Stability determination | [ Stability determination |

~ 7

| Combined mutant |

Experimental




Design of stability

Visuadizat settings

Structure visualization style:

Wireframe Cartoon
Sticks Trace
Bals & sicks Backbone
Balis

Hoe all vauaiced resdues

Save mage

Reset view
Visualization quality:
f pr jesign -

f de4¢

Length: 292
Evolution mutant 3.7 kcal/mol (6 mutaton

Mutations
Combined mutant  Energy mutant  Evolution mutant Wild-type
Mutation info Energy information Evolution information

visuaice chain position ref an not conserved not correlated rosetta mutable by majority mutable by rato foldx
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0 Stabilization of haloalkane dehalogenase DhaA

= Insilico prediction of 5,500 mutants

| Target protein |
5,529

=  Experimental testing of 5 mutants

N
0 Output B 42
s
0
= 3 more stable mutants 5 20
=)
3 " interaction analysis
= Combined mutant AT, = 24°C §
13
NS
4
T | Structure and activity check | | Structure and activity check |
S v v 4
E || Stability determination | | Stability determination |
x
N

| Combined mutant |




O successive configurations of system in time
O provides information on energetics, amplitudes and time

scales of local motions on atomic level




O generates ensemble of structures

= more precise calculations of free energies




Molecular dynamics

Ligand transport

Ligand conversion Dynamical behaviour




o predicts structure of receptor (protein) — ligand complex

SR I




Molecular docking

O Two components procedure
=  searching — finding the
conformation of ligand in the
active site of the enzyme
= scoring — evaluation of the

binding free energy

0 Docking software

=  Autodock, Vina, Gold,

Medusa, Rosetta Dock...




o Virtual screening

*= many compounds against one enzyme

= one compound against many enzymes |

Test predictions




0 modeling of reaction

" reaction barrier

A

Energy

Reaction Coordinate




Quantum chemistry

0 modeling of reaction

kealimol]  Graph of Energy (Heat of Formation)
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[ Experiment } |:> Investigated system
% .
A\ MD of free protein
% .
Docking
\ y,
( N
MD of complex
\- J
( N
QM of complex
\ y,
( N
Hypothesis
\ y,

v

[ Knowledge ]




0 identification of functionally important residues

= decomposition of energies to individual contribution
= flexible residues — functionally important dynamics

= residues in contact with ligand

— further molecular modeling

—> semi-rational design




Design of mutations

0 design of modified enzymes by in silico screening

= study of effects of all relevant mutations

= selection and combination of the best mutations

All possible Best
single-point mutations candidate

oo o Modeling of ligand release' o
oo o Modeling of TS stabilizatiu; o
Q Q o Modeling of stability Q




o effect of mutations at molecular level

=  example: improved activity of tunnel mutant

closed
tunnel

+

improved
activity
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