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Biodiversity is a natural source of Big data in Life science

Classical ,! ’S |solation and individual
assay m phenotype studying
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Big data in Life Science

Natural cell communities
Microbiome ° Immune cell

|
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GAT AAATCTGGTCTTATTTCC

{s: Chemical and genome libraries

b
Metabolome and proteome databases .;
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The era of big data in life sciences

Genomics
Proteomics

24D ] = CoV-AbDab

Structural biology . .
PROTEIN DATA BANK The Coronavirus Antibody Database

Metabolomics H

“ o
Quantum chemical calculations ' ' 1.
Electronic medical records (EMR)

Imaging: medical imaging data (MRI, CT, X-ray)



MESSAGE

*THE ERA OF BIG DATA

 Why we need more species than exist in nature (the
reason to develop synthetic biology)?

* How to produce expanded repertoires with pre-designed
novel functionalities?

* How proceed screening of existing huge functional
repertoires with demanded properties?

* Answer: Library screening & Compartmentalization &
ML, Al



Biodiversity

The world largest statue of Fir&tir . ake (Dragon Gorynych) Menka, Lipetskaya region, Russiaf Fi




MESSAGE

Combinatorial Chemistry and
Biology a hallmark of XXI
century



v'"Mimotope Strategy

v'Parallel Synthesis of
Combinatorial libraries

v'One-Bead, One-Peptide
Solid-Support Technology

v'Positional Scanning, and Robotics
Library Technology

p(D)A --ﬁ%"—‘_

AN

Saw:. pll)B S:w:_ p(IC

lm

Combine, Randomize, and Spht

Couple with: A

;

| Save

e
EEREN

[NuBa] Y= p28  [FuGa] S5 paic

112

!

12

| Combine, Randomize, and Split .

Couple with: 4

NoNpjAp) |

B

NNz B

“\

[ NiNpiCry




Tagged Methodologies:

v'Phage Technology

v'Peptides on Plasmids

v'Peptide coded Libraries

v'Electrophoric Polyhalobenzene
Coded Libraries

v'Encoded Combinatorial
Libraries

Filamentous phage

Based on a physical link between a protein and
its encoded gene - the best known system is
phage display.

The product of gene 8 (g8p) - is a small
protein that forms the cylinder of the capsid;
its number of copies (2700 for the wild-type
phage). The other coat proteins (g3p, gbp, g7p
and g9p) close the extremities of the cylinder.
The product of gene 3 - present in three fo
five copies - is responsible for phage
infectivity.

Proteins of interest are usually fused by their
C-terminal to g3p or to g8p.



DNA-encoded chemical libraries, DECL

Proc. Natl. Acad. Sci. USA
Vol. 89, pp. 5381-5383, June 1992
Chemistry

Encoded combinatorial chemistry

(chemical repertoire/encoded libraries/commaless code)

SYDNEY BRENNER AND RICHARD A. LERNER

Departments of Chemistry and Molecular Biology, The Scripps Research Institute

Contributed by Sydney Brenner, March 3, 1992

ABSTRACT The diversity of chemical synthesis and the
power of genetics are linked to provide a powerful, versatile
method for drug screening. A process of alternating parallel
combinatorial synthesis is used to encode individual members
of a large library of chemicals with unique nucleotide se-
quences. After the chemical entity is bound to a target, the
genetic tag can be amplified by replication and utilized for
enrichment of the bound molecules by serial hybridization to a
subset of the library. The nature of the chemical structure
bound to the receptor is decoded by sequencing the nucleotide
tag.

(20 -n

Q - 0 Qo

‘ Primer-binding sequence ‘

\ /

V

5’ GEGCCCTATTCTTAG — LINK
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| Anti-code for Apal restriction site ‘

Coding sequences for first diversity element

N

5'- CACATGGGGCCCTATTCTTAG -
5~ ACGGTAGGGCCCTATTCTTAG -

l Split-and-pool synthesis

5'- CACATGCACATGGGGCCCTATTCTTAG -
EEGCEETATTCTTAG —
5'- ACGGTACACATCGGGCCCTATTCTTAG —
5'- ACGGTAACGGTAGGGCCCTATTCTTAG -

5'- CACATGACGG]

Coding sequences for second diversity element

Y
LINK - Gly~
LINK - 'Met.

Y

LINK - "Gly=" Gly
LINK - 'Met = Gly
LINK = TGly="Met
LINK — IM&t= Met



DECL:
Between Chemistry and Biology

Chemical Small-molecule Libraries

g DNA-encoded Chemical Libraries Display Technologies
Conventional Combinatorial
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: Phage display
Collections of Parallel-synthesis  Split-and-mix DNA- encoded DNA-encoded Unnatural Chemically modified mRNA display
individual compounds (purified compounds) synthesis beads i small- molecules peptide phage display  Ribosome display
imbeures) - ; deplay SELEA

Franzini et al., Acc Chem Res., 2014
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Between Chemistry and Biology
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PR Newswire

Scientific Advisory Board Announced
for DELopen to Guide the Open Access
DNA Encoded Library Interchange

NEWS PRQVIDED BY SHARE THIS ARTICLE

s 0000
May 06, 2019, O1:37 ET

SHANGHAI and BOSTON, May 6, 2019 /PRNewswire/ -- DELopen, a new platform dedicated to the
hit generation of drug discovery of DNA Encoded Library (DEL) Technology, has announced the

formation of its Scientific Advisory Board.

The board, chaired by Dr. Richard Lerner, Institute Professor of Scripps Research, and composed of
diverse members from prestigious research institutions and industry globally, will set the direction
and guide the development of DELopen in its vision to advance the adoption of DNA encoded

library technoloay in new drud discoverv.



Directed evolution

Rational design

Combinatorial approach

High resolution 3D
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MESSAGE

*New approaches to solve old problems:

* -To create optimal binding/biocatalytic protein
platform using different protein folds (enzymes,
antibodies)

* To speed up chemical evolution of low molecular
weight compounds (substrates, inhibitors, effectors)



MESSAGE
Immunology

gives us a huge number of
structural combinations



MESSAGE ey

Immune system is the main
defender of organism.

How may we use principles of
Immune system machinery to
improve the defense using
combinatorial chemistry &
biology?
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B cell diversity allows to design
proteins with novel functionality:

Evolution in test —tube
To analyze Phenotype - Genotype



: [HE NOBEL PRIZE A [HE NOBEL PRIZE
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George P. Sir Gregory P.

Baker Hassabis Jumper

“for computational “for protein structure prediction”
protein design”

“for the directed “for the phage display of peptides
evolution and antibodies”
of enzymes”

THE ROYAL SWEDISH ACADEMY OF SCIENCES THE ROYAL SWEDISH ACADEMY OF SCIENCES

From human-guided in vitro evolution to ML-guided in silico evolution



Edward Jenner — father of immunology




smallpox vaccine, the world's first vaccine.

The Cow-Pocr __ or the /4‘71/1:////?'1/ Loffocts of the New Inooulateon ! ide. the Publiatins s



Nobel Prize of 1908
Physiology or Medicine

llya Mechnikov Paul Ehrlich
1845-1916 1854-1915

Discovered macrophage in 1882 Grand father of Modern
Grand father of Modern hematology, immunology and
“Innate Immunity” chemotherapy & pharmacoloy.
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Minibody

Diabody

Homing
Drug Carrier device

Immunotoxin or
Immunocytokine

Triabody

Lyl

Target

Tetrabody

Magic bullet

Ehrlich reasoned that if a
compound could be made
that selectively targeted a
disease-causing organism,
then a toxin for that
organism could be delivered
along with the agent of
selectivity. Hence, a "magic
bullet" (magische Kugel, his
term for an ideal
therapeutic agent) would be
created that killed only the
organism targeted. The
concept of a "magic bullet"
was to some extent realized
by the invention of
monoclonal antibodies as
they provide a very specific
binding affinity.
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Susumu Tonegawa
Nobel prize 1987



Genomic organization of immunoglobulins
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Universal screening technologies

(Phenotype — any product)

Blnding Genotype
(Phenotype — formation of complex) XD In vitro compartmentalization
1. SELEX DD
2. Ribosome display ¢
3. mRNA display
4. Phage display W.ﬂﬂ. Chemicals,
5 Cell display potential drugs
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Ultrahigh-throughput screening (UHTS)
techniques can identify unique functionality
from millions of variants.

Compartmentalization
is a powerful tool in screening technologies

Human-guided in vitro direct screening of big
data



Single cell encapsulation is the key step of the uHTS

BioCat Lab

Microbiota from

Stas Terekhov
wild animals AR

Soil microbiota

Hydrophilic chip

Microbiota from
exotic sources

[ e | © O

7 (2 ®@
e ©

Big Data

Hydrophobic chip Al-guided sequence-based
search of antibiotic producers

Terekhov, Smirnov et al., PNAS 2017



Microfluidic platform for ultrahigh-throughput screening
(UHTS microdroplet emulsion (MDE)-Platform)

Single bacteria in Fluorescence-based NGS
100 millions of droplets assay Waste sequencmg Activity

Exotic source Microbiome @ (\ (\ (\ @ @ Y % ,, D
JISCS 0N :g3 Kﬁ 4;;

CuItlvatlon

Metabolomlcs

SHdmm

Microfluidic compartmentalization in biocompatible Selection of specific Genotypic, phenotypic, structural and
double W/O/W emulsion activators using FACS functional analysis of activators

Terekhov, Smirnov et al., PNAS 2017

Robot Microfluidic drops
Total reactions 5x 107 5 x 107
Reaction volume 100 pL 6 pL
Total volume 5,000 L 150 pL Time and costs for the screening
Reactions/day 73,000 1x 108 . ditional hod di
Total time ~2 years I using traditional methods and in
Number of plates/devices 260,000 2 microfluidic emulsions
Cost of plates/devices $520,000 $1.00
Cost of tips $10 million $0.30
Amortized cost of instruments $280,000 $1.70
Substrate $4.75 million $0.25 Agresti et al., PNAS 2010

Total cost $15.81 million $2.50




- specificity and level of activity

(
S

Active protein Accumulation of . 1q7'.108 ; ; o .
(enzyme) fluorescent product individual Selection using Active:inactive = 1:10
reactions FACS

Active

Inactive protein No

(antibody Fab fragment) reaction Inactive
() () &
AT ' s
[ ;\;> = ’r 1‘
— . a®_ 0=,
RFP

Neorel

What is it for?

v Specificity of enzyme: Optimization of therapeutics recombinant protein production
v Activity of enzyme: Rate of garbage destruction, effectivity of biofuel production

v"Inhibitors of enzyme: Stop of pathological processes cancer/autoimmunity/infection

Ultrahigh-throughput single cell screening
Direct evolution of enzyme: Selection of enzymes with different

Normalized count

] B /[ e

Fab cl.13 cl.8 cl.3
Activity, % of WT BChE
0 1.1 54 55

Gate , Low: N;Iedlur:n :ngh:

108
Product, RFU

Terekhov, Smirnov et al., PNAS 2017



Oral microbiota of Siberian bear as an alternative source Hha %
[ ™ ™ ° BioCatLab
of S. aureus killers and antibiotic producers

New bacterial strains
efficiently inhibiting
S. aureus growth were
selected using the
developed microfluidic
platform
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Oral microbiota of Siberian bear as an alternative wf
source of S. aureus killers and antibiotic producers **

Microbiota

RO 00000 @ ®
OSONEN 1 1 1 NY®

Exotic
source

xlalentin )@@@ Killer
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Coencapsulation Cocultivation and staining Sorting
Sequencin . Oave
Waste ‘ g gE . Kinetics Ooxer

@5 520 A
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Plating and cultivation
LC-MS
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Genotypic, phenotypic, structural and
functional analysis of activators Terekhov. Smirnov et al.. PNAS 2018




Multi-omics approach that was applied for discovery @
of regulation of Ami production BioCat Lab 43

Genome analysis

amiN
B. pumilus 123 C ) ——— > DO D D X DO DI DX K D D> - - I K A D> D AT T H)E A 0 X )X 3 identity, %

100
I85

amiNamiO 70

amiP amiA amiB amiC-H amil amiJ amiK amilL amiM
B. pumilus 124

i I !
l"; | . J .‘ “
[ | \ il =

amiP amiA amiB amiC-H amil amiJ amiK amiL amiM  amiNamiO
B. subtilis 1779
= — — > = > —_— 10 kb

Unknown Transmembrane  NRPS and PKS Peptidase Hydroxymalonyl-ACP Kinase Phosphatase
function transporter (core genes) (processing) biosynthesis (resistance) (activation)
Putative Previously known function Activity discovered in this study

Proteome analysis Operon mining

Phosphat .
oSERAESE ML-guided genome data
Transporter Kinase . .. .
I Ami cluster 1 discrimination

PABCDEFGHI JKLMNDO

Proteome

Astivation{F]; fold Terekhov, Smirnov et al., PNAS 2018
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Amicoumacin A activity regulation
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boiml ___ rsamin
100 | — + amiN /
— +amiO
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q A Inactive
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A Inactive
J : .
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BioCat Lab f
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Terekhov, Smirnov et al., PNAS 2018



Reaction of amicoumacin kinases with substrate
leads to close conformation of enzyme

BioCat Lab ;;f".

Terekhov et al., Science Adv. 2020



Atomistic details of the reaction

BioCat Lab ;;-“5"
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Analysis of specificity of AmiN kinase %

BioCat Lab .;;'529

AmiN, hAmiN, SubAmiN AmiN derived from protein kinase?

were inactive against: .
& Peptides

Aminoglycosides

)\ NH2

Kanamycin G i i

Gentamicin Hw e N@AHNJj/HNWNHZ
Macrolides 0] 5H . "

Erythromycin HO

Tylosin Ami NSLY-NH 2
Tetracycline class AmiN

Tetracycline

No phosphorylation of
NSLY-NH, NSL-NH, SLY-NH, SL-NH,

Doxycycline



Rational design of semisynthetic antibiotics

AmiN
target

OH NH, O Unstable

MN%
OH

Identification of Ami
weak points

Joseph
Schlessinger
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COVID 19
Serology of the 21st century

We need to work with individual Immune cells



Nobel Prize 1984 "for the theory of specificity in the
development and control of the immune system and
the discovery of the principle of the formation of
monoclonal antibodies."

César Milstein Georges J.F. Kohler
1927-2002 1946-1995




Khadke et al. Virol J (2020) 17:154 Page 4 of 18
SARS-CoV-2
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Viral replication pathway of Covid-19. The virus first attaches to the ACE2 receptor and internalizes into the respiratory epithelial cell and causes the release of its genome. The S
protein (spikes on the viral surface responsible for attachment to host cell receptors), M protein (shapes the virion, promotes membrane curvature and binds to the nucleocapsid), E
protein (helps with viral assembly and release)



The production of monoclonal antibodies

Single B-cell approach
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FDA gives emergency OK to Lilly's antibody treatment for Covid-19

The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

SARS-CoV-2 Neutralizing Antibody
LY-CoV555 in Outpatients with Covid-19

Peter Chen, M.D., Ajay Nirula, M.D., Ph.D., Barry Heller, M.D.,

Robert L. Gottlieb, M.D., Ph.D., Joseph Boscia, M.D., Jason Morris, M.D.,
Gregory Huhn, M.D., M.P.H.T.M_, Jose Cardona, M.D., Bharat Mocherla, M.D.,
Valentina Stosor, M.D., Imad Shawa, M.D., Andrew C. Adams, Ph.D.,
Jacob Van Naarden, B.S., Kenneth L. Custer, Ph.D., Lei Shen, Ph.D.,
Michael Durante, M.S., Gerard Oakley, M.D., Andrew E. Schade, M.D., Ph.D.,
Janelle Sabo, Pharm.D., Dipak R. Patel, M.D., Ph.D., Paul Klekotka, M.D., Ph.D.,
and Daniel M. Skovronsky, M.D., Ph.D., for the BLAZE-1 Investigators*

ABSTRACT

BACKGROUND
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes coronavirus
disease 2019 (Covid-19), which is most frequently mild yet can be severe and life-
threatening. Virus-neutralizing monoclonal antibodies are predicted to reduce viral
load, ameliorate symptoms, and prevent hospitalization.

METHODS

In this ongoing phase 2 trial involving outpatients with recently diagnosed mild
or moderate Covid-19, we randomly assigned 452 patients to receive a single intra-
venous infusion of neutralizing antibody LY-CoV555 in one of three doses (700 mg,
2800 mg, or 7000 mg) or placebo and evaluated the quantitative virologic end

From the Department of Medicine,
Women's Guild Lung Institute, Cedars—
Sinai Medical Center, Los Angeles (P.C.),
and Long Beach Clinical Trials, Long
Beach (B.H.) — both in California; Eli
Lilly, Indianapolis (A.N., A.C.A., JV.N.,
K.LC. LS., M.D, G.O. AES, JS,
D.R.P., P.K, D.M.S), and Franciscan
Health, Greenwood (1.S.) — both in Indi-
ana; Baylor University Medical Center
and Baylor Scott and White Research In-
stitute, Dallas (R.L.G.); Vitalink Research,
Union SC (1R Imnerial Health | ake
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Ultrahigh-throughput screening (UHTS)

techniques can identify unique
functionality from millions of variants of

eucariotic cells.

BioCat Lab ,1,%



Reconstruction of the natural B-cell repertoire Wgz

Fluorocarbon mRNA capturs BieGatah 4
oil ———

scFv Native MRNA replicas
yeast display VH-VL pairing eRT—PCR of single B-cells

Single-cell droplet microfluidics enables preserving the
native pairing of human immunoglobulin chains

Guo Y. et al. Nature Communications. 2021.
Lomakin Y. A. et al. Communications Biology. 2024.
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Why we need Artificial intelligence and Machine
learning to solve immunological problems?

Antibody Epitope Prediction
Functional Profiling of Antibody Repertoires
|dentification of novel viral neutralization mechanisms



Terekhov et al., Nature Communications, 2026
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BioCat Lab

Prediction of antibody epitopes %f

RBD-AIM computational pipeline

- % e A EWl 2.1 3.1 1.0 1.6 1.0/36! 0 0.5
; a : :
Antibody sequences — Dt s Adjust epitope class W56 77 3.7 09 09 19 0 4.7 0.9 0.9
If PAE < 13.5
— ol 4. 6 4.3 2.6 3.5 0.9
AntiBerty = 3l 5.6 42 7. 4 2806040 45 1.4
5 BE S
; CDR or CLS ‘, _; 5 5 D2 P2 0 16 0 O
Fab Heavy Fab Light RBD 3 @ B E1 0 4. . 0 82 41 2.0 ] | [5°
EEEEEE NEEEEE sequence — > [l 3 SR 15 46 0 46 0 3177 4515 o 31 o [(NER
l © =Rl 7y) 1.5 4.8 0.6 4.8 5.4 3.6 6.0 18 6.0 1.8 5.4
' c IS — 30
o %J 2.4 2.4 3.2 2.4 8.0 96 0.8 9.6 Pl 3.2 2.4
o RBD/Fab O 38 1.9 38 1.9 3.8 1.2 1.9 1.2 3.1 1.9 74 4.4
E{edictcled _ 3D structures 3D structural model ¥ 1.7 1.7 2.9 5.7 2.3 1.1 4.0 9.7 4.6 1.7 [3M 4.0
epitope class i '
L Piop A wnthccf:;tsope =] 0 22222 0 0 0 44 89
A B C D1 D2 E1 E21E22 E3 F1 F2 F3
Predicted class, %
AntiBerty is model to predict The confusion matrix for the predicted antibodies
H the epitope class from the across epitope classes calculated using the RBD-AIM
ermann .
. . . pipeline
Gref input light and heavy chains

of an antibody

Terekhov et al., Nature Communications, 2026



Home About

RBD-AIM

RBD Antibody Interaction Mapper

Heavy chain ? paste example

EVQLVESGGGLVQPGGSLRLSCAASGFTVSSNYMSWVRQAPGKGLEWV
SVIYSGGSTFYADSVKGRFTISRDNSMNTLFLQMNSLRAEDTAVYYCARV
LPMYGDYLDYWGQGTLVTVSS|

Light chain ?
DIVMTQSPSSLSASVGDRVTITCRASQSISRYLNWYQQKPGKAPKLLIYAA

SSLQSGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQSYSTPPEYTFG
QGTKLEIK

Select SARS-COV2 strains ?

Wuhan

https://rbdaim.2a2i.org/

Predicted binding score

Low (-5.8) High (2.8)

Predicted epitope class: A

Structure-based prediction

(i) Description v

Predicted epitope class: A

Predicted binding score: 7.14

Predicted 3D structure of the antibody-RBD complex

@ show all epitope classes (@I Show ACE2-binding interface
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Escape mutations

Heatmap shows number of escape mutations between analyzed RBD sequence and RBD of SARS-

COV2 strains.
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Functional profiling of antibody repertoires

Pfizer

Average contact number

Terekhov, Smirnov et al., Nature Communications 2026



|dentification of Novel Mechanisms of Virus Neutralization




Development of virus-neutralizing antibodies
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Terekhov, Smirnov et al., Nature Communications 2026



Predicting Antibody Antigen Determinants Using Artificial Intelligence

HE NOBEL PRIZE
IN CHEMISTRY 2024

Demis John M.
Hassabis Jumper

“for computational “for protein structure prediction”
protein design”

THE ROYAL SWEDISH ACADEMY OF SCIENCES

HE NOBEL PRIZE
IN PHYSICS 2024

John J. Hopfield Geoffrey E. Hinton

“for foundational discoveries and inventions
that enable machine learning
with artificial neural networks”

THE ROYAL SWEDISH ACADEMY OF SCIENCES



Searching for antibodies with specific properties using artificial intelligence

Public Big Strucrure-associated Generative model
Data source clusterization  for genotype-phenotype Repertoire
s linking Al-guided functionality

epitope  and therapeutic
¢~ RBD-AI

prediction Ab development

r‘r‘é\ y

A 7/
\ /
\ /
\m‘x

il W B

@O® s, 0 | @
- - (7\\ ..} Spectrum
> @ @@~
(C\ - s/f?\ /\_B
1d 6 d 4 d 6d 4 d 1d ~20 d totally
Isolation  Reconstruction RBD-targeted Local
of B cells of the native  yeastdisplay  Big Data
repertoire in yeast source

Terekhov, Smirnov et al., Nature Communications 2026
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Al & ML Studies of Tumor infiltrating
lymphocytes.

Discovery of novel antigens, epitopes for
development of therapeutic antibodies and
CARs
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Sharonov et al., Nat Rev Immunol. 2020



Screening TIB repertoires for tumor-specific ABs

Tumor B-cell Yeast display

resection repertoire library T Antibod
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Relating conformation to function in integrin osf;

@ Yoo su®P, Wei Xia®?, Jing Li*®, Thomas Walz%, Martin J. Humphries?, Dietmar Vestweber®, Carlos Cabaiias’,

Chafen Lu®®, and Timothy A. Springer®®

“Program in Cellular and Molecular Medicine, Boston Children’s Hospital, Boston, MA 02115; bDepartment of Biological Chemistry and Molecular
Pharmacology, Harvard Medical School, Boston, MA 02115; “Rockefeller University, New York, NY 10065; 9Wellcome Trust Centre for Cell-Matrix
Research, Faculty of Life Sciences, University of Manchester, Manchester M13 9PT, United Kingdom; “Max Planck Institute of Molecular Biomedicine, 48149
Muenster, Germany; and fCentro de Biologia Molecular Severo Ochoa (CSIC-UAM), 28049 Madrid, Spain

Contributed by Timothy A. Springer, March 30, 2016 (sent for review March 21, 2016; reviewed by Michael L. Dustin and Kenneth M. Yamada)
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Human xenograft visualization using 3.4-sCy7 conjugates
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Standard maleimide-thiol ADC

@)
HS_ [EN—[ linker Hdrug 5!2}
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>

)
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N—[ linker Hdrug ;92]
partially reduced with TCEP O 4

heterogeneous
optimal average drug-to-antibody ratio (DAR) ~ 4

&/\)L PN - A[r \)LNﬁ(N\)L @ kﬁ%%%uw
l oH

PEG, o

OH NH monomethyl auristatin E (MMAE)

A

GluGlyCitPAB
stable in mouse plasma, resistant to neutrophil proteases
(unlike the classic ValCitPAB)

H,NT Y0

Mol. Cancer Ther. 2022, 21, 1449.
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Technology for highly efficient screening of functionally active single cells

CTtaHgapTHble MeToAabl

OMYINbCUOHHbLIE METOAbI

Agar plate

Microtiter plate

FACS Droplet microfluidics

Type of sample Solid;
Individual colonies;

Library size 102 - 10°

Simple;

Visual detection by
direct phenotypical
detection,
heterologous
complementation and
induced gene
expression;

Advantages

Disadvantages Low dynamicrange;
Labour intensive;
Usually requires
another method (e.g.
microtiter plates) for

quantification;

Liquid;
Sets of cell variants;

104

Compatible with
multiple analytical
techniques;

High sensitivity;
Large dynamic range;
Compatible with
robotic workstations;

Labour intensive;

Works with lysed cells;

Small library size;
Might require
quantification with
time-consuming
analytics (e.g. GC,
MS);

Liquid;
Sets of cell variants in droplets or
Individual cells;

108 10°

Pico- to femtolitre scale;
Low sample and reagent consumption;

High-throughput;
Continuous operation;
Can perform automated sorting;

Compatible with multiple
analytical techniques and

sensor types;
Can perform automated
directed evolution;

Technnically challenging

Limited to fluorescent Requires optimization of
detection or cell emulsions or

characteristics polyelectrolyte shells
measured by light used;
scattering;
Gantz et al., Faraday Discuss., 2024

DNAS

Microfluidic droplet platform for ultrahigh-throughput
single-cell screening of biodiversity
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What antibody may do?

-To bind
antigen/pathogen

-To destroy



Catalytic antibodies w"%

AntiBodies
ENzymes
ABzymes



Linus Pauling
Nobel prize 1954, 1962

y g
Transition state theory ™

Uncatalyzed
Transition State

ARSI
# ] »

Catalyzed

Transition State Product

Enzyme *Substrate
Enzyme *Product
DG= uncat-DG~ cat = DGs-DGg

or kcat/ku ncat = Kw/K



A &
ol - anuary Greck
Bcochcmpls’:ry o

i

H

/
L2%

)]
vﬁ‘ e
Cleavage of supercoiled plasmid DNA by autoantibody Fab

fragment: Application of the flow linear dichroism technique B. Jlenkrc

KATAJIN3 B XUMI
1 9H3NMOJIOINM

GENNADY V. GOLOLOBOV, ELENA A. CHERNOVA, DMITRY V. SCHOUROV, IVAN V. SMIRNOV, IRINA A. KUDELINA,
AND ALEXANDER G. GABIBOV*

Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Vavilov Street 32, 117984 Moscow, Russia

Communicated by William P. Jencks, Brandeis University, Waltham, MA, October 3, 1994 (received for review May 24, 1994)

Downloaded from https:/Avww.pnas.org by 195.178.197.57 on June 1, 2023 from IP address 195.178.197.57

ABSTRACT A highly effective method :onslsdng of two density gradient at 40,000 rpm at 4°C for 36 hrina Beckman

affinity ch steps and i and gel- SWA4l rotor. The purity of d was d by

filtration chr steps was developed for purifica- 1% AGE. Hepesod ¢ anzauiickozo

tion of autoantibodies from human sera with DNA- Glutaraldehyde-Modified DNA-Cellulose. This material ¢ MAPTHHERA
hydrolyzing activity. Antibody Fab fragment, which had been was obtained as described in ref. 12. Briefly, denatured DNA kann. xuy. nayk H. M/ A
purified 130-fold, was shown to catalyze plasmid DNA cleav- solution (10 mg/ml) was heated to 96°C and AE-cellulose A, ATIMIPCROTO
age. The flow linear dichroism technique was used for quan- (Serva) was added. The mixture was stirred for 30 min at 96°C Il KaHj. XM, HayK A. )

titative and qualitative studying of iled plasmid DNA
cleavage by these autoantibodies in tomparlmn with DNase I
and EcoRlI restriction endonuclease. The DNA autoantibody
Fab fragment was shown to hydrolyze plasmid DNA by
Mg?*-dependent single-strand multiple nicking of the sub-
strate. Kinetic properties of the DNA autoantibody Fab frag-
ment were evlluated from the flow linear dichroism and

agarose gel el data and led a high affinity
(K"" = 43 nM) and considerable catalytic efficiency
(k2P /K2* = 0.32 min—"nM™") of the reaction.

Antibodies able to | transforma-

a variety of ch

and glutaraldehyde was added to 0.5% concentration; the
was incubated for 15 min, cooled, and washed
with 1 M KCl on a glass filter until no absorption at 260 nm
could be detected. The preparation was kindly provided by
G. A. Nevinsky (Novosibirsk Institute of Bioorganic Chemis-
try, Siberian Division of the Russian Academy of Sciences).
Patient Annlysh Pancms wcre analyzed al (he Institute of
Rh gy, R Mos-
cow, by T. B. Prokaeva and Z. S. Alekberava The diagnosis
was confirmed and its reliability was checked according to the
criteria developed by the American Rheumatoid Association.

o0 pedaryuel

an.-kopp. AH CCCP 1. B. BEPE3HMHA

The serum of 1 of 10 patients with ic lupus eryth | on ,

::;sn:eref :\:glog:d in the l;s‘ decadc. .us::f 'lhe sgr.alega:): tosus was sel d for further i igation as the most active [ ( / e /{4 //" ), '/\

L3 in DNA hydrolysis, judging by AGE (see below). - =S 7 1A
gf;::c;l)on;,nas e sqgge;t:;:ey: :?Cks(l)(fgr l;ww:ﬁc‘:lf:_ Antibody Isolation. Antibodies in 5 ml of serum were T A W & | \/f'
Iytic activity toward natural substrates (4-6), as well as anti precipitated twice with 50% saturated ammonium sulfate; this VA N\ LY

hibiting a catalytic f (7). have was followed by chromatography on a Pharmacia HR 5/5 Nt W / ¥ / b |
also been described To date, h the antib | protein A fast-performance liquid chromatog- \ J ‘/ / / /

i tad Iysis is usually 4 3 box valeiond Iow raphy (FPLC) column, as described in ref. 13 (p. 310). L] L] & / & Ve

rate enh g the of at least two very Antibody Purification. Samples isolated with protein A ) /
important problems The first one, ﬁpecla!ly important in the were dialyzed twice for 4 hr against 500 vol of buffer A (20 mM I ° =>4 /‘ ") A s
case of y occurring is the purity of the Tris'HCI, pH 9.0) at 4°C and applied to a Pharmacia HR 5/5 / /
antibody preparauon used for the assay, since even a trace Mono Q FPLC column that was equilibrated with buffer A.

enzyme contaminant may mimic a hlgh antibody turnover
number (8). The second problem IS lhe developmem of

The column was washed with buffer A and then developed
wnth a linear NaCl gmdlenl (0-1 M) in the same buffer.

les were dialyzed twice for 4 hr against 500 vol of buffer

and ds for d ion and
monitoring of such low activity (9, 10). Here we dmnbe a

B (20 mM Mops pH 7.0/50 mM NaCl) at 4°C and loaded onto
de-modified DNA-cellulose affinity column,

reproducible method of purification of DNA-hydrolyzing au-

toantibodies from human sera. We also demonslrate the

advanlagcs of the fl Iow Imear dichroism (FLD) technique for
and ization of the i

a
which had been equilibrated with buffer B. The column was
washed with the same buffer and then antibodies were eluted
wnh a linear gradlem of KCI (0-1 M) in buffer B. Collected

of these ‘_, i ibodies with sup iled (sc) p id were dialyzed twice for 4 hr against 500 vol of buffer
DNA. B at 4°C, and DNA- hydrolyzmg activity toward sc plasmid
DNA was measured by using AGE (see below). Active frac-

EXPERIMENTAL PROCEDURES tions were pooled and concentrated by ultrafiltration on

Chemicals. All chemicals were from Sigma and Merck.
Enzymes were obtained from Boehringer Mannheim.

Plasmid DNA. Plasmid pUC19 was isolated as described
elsewhere (11). More than 95% of the isolated plasmid DNA
was in the sc form, judging by 1% agarose gel electrophoresis
(AGE).

To esti: the FLD mag; for different forms of
plasmid DNA, the dard of relaxed circular and
linear forms were obtained by incubation of sc plasmid DNA

Centricon-10 concentrators (Amicon), and 0.4-ml aliquots
were loaded onto a Pharmacia HR 10/30 Superose-12 FPLC
column that had been equilibrated with buffer C (1 M acetic
acid/100 mM NaCl). Separation was performed in buffer C
(“acid shock” condltnons) at a flow rate of 0.5 ml/min.
Fi corresp by their weight to IgG,

d with 3 M TrissHCl

were

Ahbmulnm AGE. agarose gel elear(:rhomu, FLD, flow linear
FPLC, f: LD,

with DNase I and EcoRlI, as described below, and further
purification of products by centrifugation in a linear CsCl

254

car dichroism; sc, supemolled
*To whom reprint requests should be addressed.
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S~ Unexpectedly high occurrence of catalytic antibodies in MRL/Ipr
and SJL mice immunized with a transition-state analog: Is there

“— a linkage to autoimmunity?

DaN S. TAwrIk*t, RACHEL CHAPT, BERNARD S. GREENT, MICHAEL SELA*, AND ZELIG ESHHAR*$

*Department of Chemical Immunology, The Weizmann Institute of Science, Rehovot 76100 Israel; and TDepartment of Pharmaceutical Chemistry, The Hebrew
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University, Faculty of Medicine, P.O. Box 12065, Jerusalem 91120, Israel

Contributed by Michael Sela, November 14, 1994

ABSTRACT Upon testing the ability of several strains of
mice to elicit esterolytic antibodies after immunization with a
p-nitrobenzyl phosphonate hapten, we have found that the
occurrence of catalytic antibodies in SJL and MRL/Ipr autoim-
‘mune mice is dramatically higher than in normal mouse strains
(e.g., the wild-type MRL/++ or BALB/c). Fewer than 10
catalytic clones are usually obtained from a single fusion of
lymphocytes taken from normal mice, whereas several hundred
catalytic clones are obtained in SJL or MRL/lpr mice. Differ-
ences in the bers of hapten-binding clones do not for
the high occurrences of catalytic clones in these strains. This
phenomenon prevailed in the early responses; in both SJL and
MRL/Ipr mice a significant decline in the appearance of cata-
lytic clones was observed after multiple immunizations. Estero-
Iytic antibodies were not found in MRL /Ipr mice immunized with
haptens that do not mimic the transition state lur the hydmlym
of the ester substrate (e.g., with a ). Th

solid-phase
substrate

2 l:nked tof
OzN—Dﬂo)k/\,co -NH-CH,-COOH > |

Substrate (1)
ﬂl) catalytic Ab ﬂ":‘-‘

o .
product linked to
" OJ\NCO-NH-C!I,-COOH > BSA

g E E ! ~ Product (2)
l czN—O—cuon
i

@

enzyme-labeled

anti-product 2nd antibodies

antibodies manifest high specificity to the anﬂgen and vnnablhly
in their binding and catalytic properties. The use of autoimmu-

Fodf ) Pat |-+

nity-prone mice may greatly expand the repertoire of
clones elicited against a transition-state analog hapten. More
intriguing is the possible linkage between autoimmunity and the
appearance of catalytic antibodies. These results suggest that
there is normally a selection against the expression of certain
variable genes encoding antibodies with catalytic activity.

HO

oxirane ring /‘7 0

O

cyclisation
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O°
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Jrolyzing Autoantibodies

Shuster, Gennady V. Gololobov,
ashuk, Anastasiya E. Bogomolova,
nirnov, Alexander G. Gabibov*

stected in the sera of patients with various autoimmune
> be a property of autoantibodies. The DNA hydrolyzing
affinity and high-performance liquid chromatography, cor-
llobulin M (IgM) and IgG and had a positive response to
JNA hydrolyzing autoantibodies were stable to acid shock
1 pattern that was different from that of deoxyribonuclease

iseases pro-  In autoimmune diseases, there can be spon-
rotein com-  taneous induction of anti-idiotypic antibod-
1zymes that  ies (Abs), which are Abs elicited by a
belism (2).  primary antigen. These anti-idiotypic Abs

may have characteristics of the primary

V. A Engelhardt Institute of Molecular Biclogy, Acad-
emy of Sciences of Russia, Vavilov sir,, 32, 117984

Moscow, 8-334, Russia.

antigen, including catalytic activity. In
some cases, the sera of patients with scle-
roderma, systemic lupus erythematosus

*Ta whom correspondence should be addressed.
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proteolysis

(SLE), or rheumatoid arthritis have an
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Enzyme Catalysis in Organic Synthesis. Chapter 14. Catalytic
antibodies. Smirnov I., Belogurov A., Gabibov A. Wiley-VCH, 2012
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Limited opportunity
to accelerate reactions
by mimicking unique
transition state to
generate active site
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MESSAGE

Expanded opportunity to mimic
several transition states and select

optimal substrate and product
orientations

L P
I%&.é"%

BioCat Lab 7{?



MESSAGE: E0.9%
Combination of instrumental and computational methods may be BioCat Lab4§
regarded as an efficient strategy to obtain artificial biocatalysts/binders )
de novo

Modification Covalent intermediate Turnover

- A
! \\\ [ReAb--OP-X] —» [ReAb-OP--X] ‘f, ‘\‘ , 4 3
/ ! ' ¥ [
ReAb + OP-X / : !\ [ReAb-OP--NuH] |
—" \ ReAb-OP ,.l' —

\
\
\ ReAb + OP-Nu

[Nu-H*]
ReAb + OP-X > [ReAb--OP-X] — [ReAb-OP--X] ﬁb ReAb-OP T [ReAb-OP--NuH] < ReAb + OP-Nu
X

Hybrid QM/MM and
MD approach



Mechanism of paraoxon hydrolysis by Ig-paraoxonase.

HO-H HO-H

5. H-OH HO‘H\ H-OH HO-H  y.on . ;. H-OH
5 P 5 Koo ¢ B
H—o —0 o
b o’ Yo — 50--#%0" — o ?] HO
r37 37 W 37 d }) TVr a7 8\0
ét Et ét Et L e ke ke
NO, NO, 0,
Ground State Complex Early Transition State Late Transition State Product Release
(GSC) (ETS) (LTS) (PR)

e | ~

The QM computed mechanism of TS development for step 1 of WTIgP reaction with paraoxon; the classic
Sy2(P) mechanism with tbp geometry is initiated by early proton transfer followed in 5-20 fs by late TS O-

P bond formation.

BioCat Lab

¥



The in silico maturation scheme

BioCat Lab
We selected 23 amino acids which when mutated to Arg could form a H-bond (3.2 A) with the phosphate
moiety of paraoxon

Experimental validation

97H
. <& A .
8L : :
/KC ;:ﬂ_\:g / QM - reactive Wide sampling QM/MM
@ ~ 7
/IQBF S //};}—;{—OH----O—P—O—PNP 33 / H_bm%?"?umm \ QM/MM  metadynamics
|46l 7 N o)

gmlf;ﬁf;fum MM Monte Carlo library

Combinatorial estimation

R

Combinatorial estimation

Stages of rational restriction of library size:

1. Limiting to 11 polar residues and restricting permutations to four-at-a-time

2. Programming of 7 H-bond-donor amino acids (Arg, His, Lys, Ser, Thr, Trp, Tyr) and 3 of Glu, Asp, and
Ser mutations to provide general acid-base catalysis for Tyr37

The QM/MM calculations revealed:

(i) systems with an anionic amino acid mutation did not deliver covalent reaction
(i) the best successful runs resulted from Arg, Lys and His in positions 35, 47 of the light chain

Smirnov et al. Science Adv. 2016
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How to estimate the stereoselectivity
of catalysis in silico?



Synergy of QMMM and funnel metadynamics allows to generate catalytic

antibody variants with high reactivity and stereospecificity BioCat Lab 45

QM/MM Funnel metadynamics

=L
o
Q
o=
E AAGP®=0.5 kecal/mol AG®, keal/mol AAG®=0.0 kcal/mol
1 2
- 30 L-Lys47 4
I,
% 20 L-Tyra7 ﬁ—
(&)
Y4
H ~10 L-Lys47
O AAGP=3.2 keal/mol
<] ¢ 3
1.0 2.0 3.0 1.0 2.0 3.0 1.0 2.0 3.0 L-Lys47
¥ (TyrO--H), A o4
(Tyr ) = 8.0A 1_§8°\_v_'j‘ P
W~ - H-Ser51
L-Tyr37 L «

Mokrushina et al., PNAS, 2020



Novel enzyme development strategies

Discovery Design
e Sequence and structure Structure prediction
mining Diffusion models
e EC number prediction Inverse folding
e Parameter prediction Protein language model:

3

Experiments
e Low-cost DNA

e Zero-shot prediction

e MLDE synthesis &

e Active learning sequencing

e Transfer learning e High-throughput
screening

e Automation

Docter, S. et al (2026). Current Opinion in Biotechnology, 97, 103393.



Reaction scheme and theozyme active site geometries for 3 examined biocatalysts {?}

BioCat Lab
R3
R? R* leaving
group
R RS R*=H, NO,, Cl, NMe,, OMe, t-Bu
Biocatalyst-Nu + 9) Biocatalyst-Nu NMe,*, CN, COOH, CO, SMe, SOMe
O-Ps O-Ps SO.Me, SMe,*
O O o O ’ i
Et El

BuChE BuChE
S198C

Solovev et al. "Chemical neighborhood exploration for substrate discovery in biocatalysis." Proceedings of the National Academy of Sciences 123.24 (2026):
€2535430123.



ML-assisted discovery of novel enzymes and substrates across large space

30| Sequences Sequences
Structures Structures
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rpynnmMpoBKN ero anemMeHToB. AHaNM3 KIoYeBbIX pasnuyunii B BEKTOPE
NMPU3HAKOB BaXXeH ANt MOHUMaHWA afeKBaTHOCTU pa3aeneHnst BbIDOpKM Ha
rpynnbl U aHanmn3a NpUYMH pasnuynii B akTUBHOCTU MeXay Krnactepamu.

ﬂaﬂbHeVILuaFl pa60Ta C oTAeJibHbIMU TPYyMNMMNaMn NO3BOJIAET CyLLECTBEHHbLIM

R o6pa30M IKOHOMUTb BpeEMA3ATPATbl, KOHUEHTPUPYA BbIHNCITNTESIbHbIE
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Bader theory and COnductorSolventMOdel(COSMO) surface descriptors

Descriptor module

Generator module
Core substrate QTAIM descriptors COSMO surface annotation

R? o~ i .

e 66

1%y o

Micnonb3oBaHne Pn3nYHbIX JECKPUNTOPOB MNO3BOMAET 40OUTLCA Hanboree
peneBaHTHOro onncaHua paboyero gatacerta: BbIABUTb 3aKOHOMEPHOCTH
pacnpegeneHns KnyeBbiX NPU3HAKOB U MOCTPOUTb KapTbl CXOXECTH
9N1EMEHTOB BbIDOPKM

LA ~—<E —— = 1 =

‘ b v o | b ©_191 g
) = o 14 =

. ' S | 3 8

. y ++ F

g - y r L . (D 1 3 8

L ) - 3 b

" > ) 12
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228 RRR YRR R IR R PYROPRRRRRReSRReRYS AG# computational, keal/mol '

Solovev et al. "Chemical neighborhood exploration for substrate discovery in biocatalysis." Proceedings of the National Academy of Sciences 123.24 (2026): 85
€2535430123.



Chemical space representation and discovery strategies

B

und 1
‘L’.' 32‘

cnonb3oBaHWe pasHbiX anropmTMOB KnacTepusaumm BaXKHO Kak ans
BbISIBNEHUA Hanbornee peneBaHTHbIX rpynn (KnacTtepos), Tak n ang
OOHapy)XeHMSA YHUKanNbHbIX 3NIEMEHTOB gaTacerTa.

P2

[1BymepHbie KapTbl 60nee HarnsgHbl, 4eHaporpaMmmbl, B CBOK ovepeb,
NO3BONAKT HArNsAHO NPeAcTaBUTb UCTUHHOE PACCTOAHUE MeXAyY OTAeNbHbIMU

ArIeEMEHTaMU
I I e L4 |
; | | I [ DP
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PC1 S

Compound

Solovev et al. "Chemical neighborhood exploration for substrate discovery in biocatalysis." Proceedings of the National Academy of Sciences 123.24 (2026):
€2535430123. 86



Prediction and experimental validation of kinetic parameters

262
0. _0 o
176
O13
DP
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NO,
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11 DP NO,
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DP / 0 NO; \
16
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O:4-0 st
-167
DP
=115 =24 68 159
PC1

250

Substrates

Compound 1
Compound 5
Compound 8
Compound 11
Compound 12
Compound 13
Compound 14
Compound 16
Compound 17
Compound 19

Compound 23

AG*comp
kcal/mol

13,3
15,5
12,8
14,4
10,8

15,3

AGtexp
kcal/mol

14,7
17,0
16,1
14,4
12,8
16,9
16,5
15,5
16,7
14,7

X

k2
M-1*g-1

3*102
6,510+
1,5%102
4,8*102
7,210
7,6*10
1,2*103
7,7103
9,8*104

3*102

X

Kd
M

3,110
10°
3,610
9,2*108
4,7*108
1,2*108
1,8*107
8,4*108
1,610
2,7%10°

X

Ki
M-2*g-1
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0,6*108
0,4*10°
0,5%10°
1,5*107
0,7*10¢
0,6*10°
0,9*10¢
0,6*108

107

X

Solovev et al. "Chemical neighborhood exploration for substrate discovery in biocatalysis." Proceedings of the National Academy of Sciences 123.24 (2026):

e2535430123.



ML-assisted de novo enzyme optimization

MAEAARSISQLWQ

¢ =4
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. J Q N =4 4. @ o
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‘ MAEAARSTISQLWQ L (I
MAEAAASLDQLWR ' a0 L e |
MAEAARSISQLWQ Tl W BRI
Scaffold selection @ Preliminary hotspots @ Sequence generation In silico validation
e.g. basal activity hit e.g. zero-shot prediction e.g. inverse folding e.g. MD-based
substrates  reactibody \ in silica in vitro enhanced reactivity
rR1_Y Al A1|A2|A3|A4|A5|A6|A7 A1|A2|A3|A4|A5|A6|A7
S1 ~L_or2
| S1 S1
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ITC data
X-Ray

Docter, S. et al (2026). Current Opinion in Biotechnology, 97, 103393.
Belogurov Jr, A. et al (2012). FEBS letters, 586(18), 2966-2973.



ML-assisted de novo bottom-up enzyme engineering strategy

Bottom-up design strategy

n—[Pd(Met Val),],

Step 1: residue & sequence selection Step 2: modeling helix’s structure and rearrangements Step 3: evaluating reactivity

. <7
Increasmg softness | Tailored metal-binding %{'\‘ * < ¥ Structural dynamics (a) Br;‘ "
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IkcnepTHbI u/unn ML gnsavH v in silico Banugauusa akTUBHOIO LEeHTpa
KaTanusartopa c nocneayruien BCTPOUKON onTUManbHOW KOHUrypauumn B
LeneBble MaTpuLbl

R7” 1 Rs R7 77Rs R=%E¢R; @ vos. 3 | —
: ' o pos. 4 ' -

@ Theozyme modeling @ Binding pocket design @ Scaffold generation @ Experimental screening @ ML model training Model inference
e.g. QM/MM-based e.g. fragment-based e.g. diffusion-based e.g. sequence-function data e.g. Gaussian Process e.g. variant ranking
Docter, S. et al (2026). Current Opinion in Biotechnology, 97, 103393. T
Petrova, V. V. et al (2024). The Journal of Organic Chemistry, 89(12), 8478-8485.

Domnin, A. V. et al (2026). Inorganic Chemistry Frontiers, 13(1), 246-259. Iterative evolution

e.g. active learning



ML-assisted de novo sequence-based top-down enzyme engineering strategy
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Ramon, Aubin, et al. "Prediction of protein biophysical traits from limited data: a case study on nanobody thermostability through NanoMelt." MAbs. Vol. 17. No. 1.
Taylor & Francis, 2025.
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-How to automatically generate
potential catalytic matrices with
desired stereoselectivity?

-UMLIP (universal ML interatomic
potentials) approach



universal ML interatomic potentials (UMLIP): basics concepts

Data — Scraping, Mining, and Experiments

Literature

Sclerltlflc - 3\

Data Cleaning and Normalization — Preprocess

Available data bases

ENN ¢

C ChEMBL

In-house

Open-Soutce Cheminformaticy
3 Machine Learning

] W) cleaning ) normalizing®p transformingmp ]

Model Development
Feature selection and engineering !

Model selection and validation

-black box: e.g. NN

-gray box: e.g. Shapley additive
explanations

-glass box: e.g. subgroup

discovery

-physicochemical properties
-reaction conditions

Reactant Il

de Araujo, Leandro Goulart, et al. "Recent developments in
the use of machine learning in catalysis: A broad perspective
with applications in kinetics." Chemical Engineering Journal
(2025): 160872

Cheng, Xiran, et al. "Leveraging machine learning potentials
for in-situ searching of active sites in heterogeneous
catalysis." Precision Chemistry 2.11 (2024): 570-586.

MLPs Construction

Coordinates,

Explore different
configurations

Regression

HDN

Dataset Preparation

Force, Energy etc.

Feature Selection

ACSF output vector

Neural Network
Preparation

* Network selection
* Network setting

Iterative Machine Learning Potential Training

_ DFT eg. Label uncertain
Exploration Labelling configurations
MD Active learning Add
Train
Model omn
Start with a small
labelled dataset
BPNN
NP SingleNET
DeePMD
EANN
Validation
Final MLPs

Structure search
Define Search Space

Chemical composition
Cell parameters
Symmetry

GA, PSO, Simulated
Annealing, etc. to search

1
1
: First-principles calculations
I 3
1 lower energy configurations

(e.g. DFT)

\
I
I
I
I
I
I
U

Assess and rank candidate
structures based on their
optimized energy and other
physical properties

Find lowest energy crystal No
structure or reached a preset
number of iterations

Yes

Statistical mechanics method to simulate
reactive catalyst system
SSW GCGA

GCMC

92




Who is currently developing uMLIP?

Model Oorg r..: Links Date Added Targets Params Training Set
eSEN-30M-OAM M 6A RoNE|n 2025-03-17 EFSg 30.2M  6.6M (113M) OMat24+MPtrj+sAlex
EquFlash ﬁ' 6A R+NOn 2025-06-23 EFSg 28.7M  6.6M (113M) OMat24+MPtrj+sAlex
Nequip-OAM-L o: 6A RoNEL 2025-09-08 EFS;  9.6M 6.6M (113M) OMat24+sAlex+MPtrj
GRACE-2L-OAM-L 16AMS 6A R<«>NE L 2025-09-09 EFSg 26.4M  6.6M (113M) OMat24+sAlex+MPtrj
ORB v3 s 6A RoNEL 2025-04-05 EFSg  255M  6.47M (133M) MPtrj+Alex+OMat24
SevenNet-MF-ompa [ 6A R<«+NBEn 2025-03-13 EFSg 257M  6.6M (113M) OMat24+sAlex+MPtrj
Allegro-OAM-L .3 7A R+NE|n 2025-09-08 EFSg 9.7M 6.6M (113M) OMat24+sAlex+MPtrj
GRACE-2L-OAM IEAMS 6A  ReNE | 2025-02-06 EFSg 12.6M  6.6M (113M) OMat24+sAlex+MPtrj
DPA-3.1-3M-FT AlSE 6A RoONE L 2025-06-05 EFSg; 3.27M  163M OpenLAM

For Training set the number of uniaue comnounds in the set is indicated without parentheses, while the number of ab initio molecular
dynamics steps for these str

SAMSUNG , 3
Advanced Institute 2 "N Orbital C A M S

of Technology Al Lab  =lIF Materials N
Montreal q

.



uMLIP in tandem with DFT: reaction profile description

Energy (eV)

| === 0,/Pd(100)
41 —0,/Pd(111)

. ‘
10.00 (0.00
P

{0.00 (0.00)%:+,:0.75 (-0.76) o+ 1
o140 (-1.44) 126 131)"

....... —

&F

-0. 16( 0|<)

52,08 (-2.11)

0,(2)

O,(ad)
Reaction coordinate

TS

20(ad)

{H*+co,

-0.041(-0.035)

TS
Cu(111)-DFT ---~ Cu(111)-PES
Cu(100)-DFT - - - - Cu(100)-PES
Cu(110)-DFT - - - - Cu(110)-PES

0.779(0.789
0.522(0.527)
0.686(0.695)

-0.325(-0.319)
-0.633(-0.628)

-0.040(-0.037) AP -0.797(-0.791)
-0.060(-0.055) N
g -0.096(-0.088)
H®+CO, -0.221(-0.219)

mono-HCOO*
bi-HCOO*

JLin, Qidong, and Bin Jiang. "Modeling Equilibration Dynamics of Hyperthermal Products of Surface Reactions Using Scalable Neural Network Potential
with First-Principles Accuracy." The Journal of Physical Chemistry Letters 14.33 (2023): 7513-7518.
Yin, Rongrong, et al. "Theoretical insights into structure sensitivity in formate decomposition dynamics on Cu surfaces." ACS Catalysis 13.21 (2023):

14103-14111.

Cheng, Xiran, et al. "Leveraging machine learning potentials for in-situ searching of active sites in heterogeneous catalysis." Precision Chemistry 2.11

(2024): 570-586.
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Active learning strategies for ad hoc uMLIPs improvement

How the system identifies poorly covered

areas?

1) Large variance in predictions among
multiple MLP models members indicates
high uncertainty

2) Random neuron deactivation leads to
variance across dropout iterations

3) Large distance to nearest training examples

indicates extrapolation necessity

High uncertainty markers:

1)
2)
3)

4)
5)

New element combinations or
stoichiometries

Unusual bond lengths or angles not seen in

training

New coordination numbers or chemical
motifs

High-energy barriers

Saddle points and reaction pathways

Coordinate

Self-Learning Procedure

Structures

' [ Bulk ][ Surface

=)

LASP
lasp.in : input setups
lasp.str: structure XYZ coordinates

Energy and Force Evaluation PES Sampling of Aperiodic
and Periodic system
{ Interface to Common )

First principle and Local Global || Transition
Force field packages minima || minima States

Neural {SIESTA][ VASP ] Reaction Solid phase ‘
Pathway Transition

Network
Potential

Lowest energy pathway
for multistep reactions
Monte 1 Molecular
R — / Carlo Dynamics

Post-Processing Tools

Huang, Si-Da, et al. "LASP: Fast global potential energy surface exploration." Wiley Interdisciplinary
Reviews: Computational Molecular Science 9.6 (2019): e1415.

Cheng, Xiran, et al. "Leveraging machine learning potentials for in-situ searching of active sites in
heterogeneous catalysis." Precision Chemistry 2.11 (2024): 570-586.
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Reengineering T cells using
combinatorial approaches



Prof. Zelig Eshhar
Weizmann Institute of science



CAR T cell therapy

BioCat Lab ”g

CAR T structure

Remove blood from
patient to get T cells

Make CAR T cells in the lab

Insert gene for CAR
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Combinatorial selection of peptides to develop
novel CAR-mediated technology



Autocrine-based selection of ligands that target lymphoma cells utilizing redirected CTLs L _ag,
BioCat Lab 45

Lymphoma cells Lymphomacells Lymphoma cells Lymphoma BCH Lymhoma BCR Reporter cells
isolation BCR sequencing reconstitution  Jurkat cells modification activation assay

VH/VL ;LJ‘

Jurkat cells
Lymph node

biopsy sample | 7aa cyclopeptide

library on CARIII

Cy’totommty CARIII lgG1
assay generation  hinge

|
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ex vivo | |
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| CDEI+ CDB’f Sequencing
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=== NELILA | a AL .'. [/ |A

| LUV EVAL T Y
| in vivo
|
|

human CD8* CTL
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peptide library
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Stepanov et al. Science Adv., 2018
Jinqi Huang, Stepanov Alexey et al. Leukemia, 2019

Raiji cells



Unique CDR3 epitope targeting by CAR-T cells is a viable approach for
treating T-cell malignancies

. CDR3 scFv
personalized
CARTs _,. day 31
+te !!s - TD CAR backbone
gl
el )~ gy 2
Q
C - P
@
=) | Foni)
o0 s SR é
I ‘ g '-C:;f;-ln'
g Hse ; tagt ’
r’( o k o
ASSFSTCSANYGYT

_
o Isolated
"'" patient

';'i T-cells

day 1

immobilized CDR3
scFv phage panning

A~ L,~—

[ VB i Vo ‘
djr mahgnant T-cells TCR
| CDR3 identification

cays

day 18

transfer anti-CDR3 scFv Workflow for the selection of ligands for

personalized CDR3-selective CART therapy for
lymphoma and leukemia:

A biopsy sample from a patient with lymphoma
or leukemia was isolated, and the collected
tumor cells were utilized for identification of the
TCR CDR3 sequence on malignant T cells.
The identified CDR3 sequences were
chemically synthesized and used for scFv
phage panning.

Selected scFv clones were sequenced and
transferred to the CAR backbone.

Autologous T cells were modified by
personalized patient CDR3-selective CARSs.

Leukemia 2019



Unique CDR3 epitope targeting by CAR-T cells is a viable approach for treating T-cell malignancies
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Monitoring CAR-T pharmacokinetics.Switchable CARs based on the Bioca

Barnaza-Barstar system
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Catalytic Chimeric Antigen Receptor for the Remote Control Biotatlak
Over Therapeutic T Cells
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Generation of covalent CAR-Ts using organic adaptors selected from DNA-encoded libraries

WuXi DEL
DNA encoded library with
50+ billion compounds
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synthesis of the tumor-specific-diketone conjugate

Since the covalent bond-forming element of the CovCAR-T is universal, it can be engaged anew by simply using the power
of DELs to change the small molecule portion of the adaptor. This could be very useful clinically. For example, within the
therapeutic course of a single patient this might be necessary if the original surface protein is down-regulated, if metastatic
cells express a different surface protein or, less likely, if the patient develops a different type of cancer. Of course, the T cell
component of a CovCAR-T is still subject to the usual histocompatibility constraints, however the bi-functional adaptor
controlling covalent bond formation and tumor cell specificity is truly universal.

Nature Biomedical Engineering 2023



Control of the antitumour activity and specificity of CAR T cells via organic adapters covalently tethering

the CAR to tumour cells.
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In vivo activity of CovCAR-T cells and DUPA-diketone conjugates in prostate cancer model
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Genetic modification of CAR-T cells in vivo

Manufacturing
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Mind-map no CyLLEeCTBYHLUUM
TexHonoruam in vivo CAR
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IMMUNOTHERAPY

In vivo CAR T cell generation
to treat cancer and

autoimmune disease
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Methods of transgene delivery

Antlbody labeled LNP with mRNA scFv targeted lentivirus
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KomnaHnM Ha pbIHKe In VIVO nNpenapaTtos

In Vivo CAR-T Competitive Landscape
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Sources: Company reports; Wilkiam Blair Equity Research
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NCT06539338

INT2104 specifically targets CD7-
positive T and NK cells and
delivers a CAR (chimeric antigen
receptor) transgene to create
effector CAR-T and CAR-NK cells
in vivo. The CAR cells are then
intended to target CD20-positive
B cells for the treatment of B cell
malignancies.



Bo3morKHO i ncnonb3oBaTh in vivo CAR-T npoTmnB rMnobaactombl?
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KaKyto in vivo moaenb Bbibpatb an4 in vivo CAR Tepanumn?
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Mcnonb3oBaHKe NnpuMmaTtos 14 nccnegoBaHmna UMMyHOTepanm
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