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Armed with the knowledge of
where every atom is ...
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20th Century - Setting the Stage

1985: First Membrane Protein

1935: First Protein Crystal Diffraction (Deisenhofer Huber, Michel)

(Crowfoot, Fankuchen, Bernal)

A v 3 .5_.,. v
1958: Experimental Phasing WS Y é*& , f}?
First Protein Structures i R
(Perutz, Kendrew) = -~ 1986: HTS Screenlng
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1965: First Enzyme &=
Structure (Philips) : B

g '\?'éix'.-'f 1995: accessible 3D graphics
1970: Protein Data Bank A

1972: Recombinant DNA
1976: Synchrotrons

1978: Computer
Graphics

PSI:BIOLOGY

1981: SAD/MAD Phasing




21st Century - Structural Explosion

5 Apr 24: 217,966 structures deposited
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21st Century - Sequence Explosion

National Library of Medicine

THIRTY YEARS OF GROWTH:
GenBank Sequences & NCBI Web Users

Genome Reference
Consortium
Antimicrobial
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Human Genome
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Crystallography in 5 Steps

1. Purify Protein 3. X-ray Diffraction Data
5. Building and

Refining the Model

2. Grow Crystals 4. Phasing the Structure

\

Protein & Crystallization Advances
1. Purify Protein

* robotic gene cloning/gene synthesis
~100 over expression cloning vectors - 20,000 constructs per year

* protein expression
bacterial, yeast, insect cell, mammalian cell expression systems
cell-free systems

- semi-automated protein purification
parallel workstations for multiple, large-scale

* semi-automated
crystallization and image
nL drops, robotic
crystallization, incubation,
monitoring
~7,000 proteins per year

Lynch et al (2023) Acta Crystallogr D



Synchrotron Sources
3. X-ray Diffraction Data  [INGINIEGE %@t@m S@um@
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Beamline Technology

* remote data collection (robotics) detector tech - PILATUS - 100 images/sec
+ point-and-click sample centering roboﬁc

~
-

semi-automated structure

determlnatlon S\I;IKLBOOO

high-intensity beam
flexible beam size -
1x1umto

200 x 200 um { '
data as/Seis‘mer;lt heavy atom/scatter search,

phasing, mol;emauto buﬂd refinement




Next? X-ray Free Electron Lasers (XFEL)
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* based on linear electron accelerator
+ high brightness with femtosecond pulse
+ fully coherent light

Ullrich et al (2012) Ann Rev Phys Chem
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* based on linear electron accelerator
+ high brightness with femtosecond pulse
+ fully coherent light

Ullrich et al (2012) Ann Rev Phys Chem




Next? X-ray Free Electron Lasers (XFEL)

nature methods Wmm,ﬁlfhﬁ

Time-resolved serial femtosecond crystallography
at the European XFEL

\
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reaction progress - 3, 10, 30, 80, 100 ps Pandey et al (2020) Nature Methods

Next? Serial Data Collection

crystallization in microgrid serial data collection

protein dynamics and reaction kinetics




Next? Data Collection in situ and in cellulo

crystallization and in situ data collection diffraction in cellulo
in microfluidic devices - insect cells

APS/SBC - G Babnigg/Y Kim/B Nocek APS/SBC - G Babnigg/Y Kim

Next? Fragment Screening in Crystals

“come with crystals, leave with hits”

. L multi-crystal analysis - PanDDA
robotic crystallization _§ =

+ fragment library

fast crystal soaking
100 cpds in 30 sec

shifter harvesting bulk data processing -
100 xtals/hr XChemExplorer for bulk refinement,
ligand building, deposition

User input Database Computation Filesystel

automated data collection

2-5 min/sample 'é“?lm (&% _}—_Dm processing < |||
~600 datasets/day (Totoronca o seocton (i) — [,

Evaluation

r// ‘!l-'.\-} 3 ‘ "" \_Troubleshooting
$ § 7N 2
- Y]

Database
compound entry

(" Crystal form selection v
L»Q\ndud nodel buidvg‘ ~
A

Review model and maps [
Annotation f

[ Database:
metadata entry
\




Next? Fragment Screening in Crystals
PNAS P

Iterative computational design and crystallographic screening

identifies potent inhibitors targeting the Nsp3 macrodomain of
SARS-CoV-2

SARS-CoV-2 NSP3 Mac1

W s
"  wo,

Fragment linking/merging

z7873 25722
ICso=90pM  ICso =460 uM
Schuller ot al., 2021
232 Mac1-bound structures
oK *5_\,,/. 178 in the
.

/ active site
oS o

4 combinations
mpoun r
13 compounds purchased 28539 0023
8 X-ray structures =1y .

Next? Fragment Screening in Crystals

effector-based requlation feedback-based regulation

N-terminal

C-terminal domain

fragment screening for natural & design variants to release or
non-natural effectors modulate regulation

engineer allosteric paths
optimizing response curves
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Highly accurate protein structure prediction
with AlphaFold

Generalized biomolecular modeling and design with
RoseTTAFold All-Atom
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Deep Neural Network Applications
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Highly accurate protein structure prediction
with AlphaFold
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Know Your Tools -
Powerful Hypothesis Generator

hature methods

Article https://doi.org/10.1038/541592-023-02087-4

AlphaFold predictions are valuable
hypotheses and accelerate but donotreplace

experimental structure determination
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What’'s Ahead - Molecular Design

Generalized biomolecular modeling and design with
RoseTTAFold All-Atom

Rohith Krishna'*t, Jue Wang'*t, Woody Ahern'**t, Pascal Sturmfels'**, Preetham Venkatesh'**Z,
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Alex Kang’, Evans Brackenbrough’, Asim K. Bera’, Minkyung Back’, Frank DiMaio'?, David Baker'***

Molecular Inputs RF AB-Atoen (x36) Outputs
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What’s Ahead - Molecular Design

Geometric Deep Learning for Structure-Based Ligand Design

Alexander S. Powers, Helen H. Yu,© Patricia Suriana,° Rohan V. Koodli, Tianyu Lu, Joseph M. Paggi,
and Ron O. Dror*

Cite This: ACS Cent. Sci. 2023, 9, 2257-2267 l: I Read Online
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ABSTRACT: A pervasive challenge in drug design is determining how EYOM Expanded
to expand a ligand—a small molecule that binds to a target Stuous : O Lgad
biomolecule—in order to improve various properties of the ligand. P b Al Model . b Repeat - )
Adding single chemical groups, known as fragments, is important for lead : 1. k\’:
optimization tasks, and adding multiple fragments is critical for fragment- g& 1 N “3 I

based drug design. We have developed a comprehensive framework that

uses machine learning and three-dimensional protein—ligand structures 8 - -

to address this challenge. Our method, FRAME, iteratively determines

where on a ligand to add fragments, selects fragments to add, and ¥ | rragment
predicts the geometry of the added fragments. On a comprehensive « « I 4 B8 Library
benchmark, FRAME consistently i redicted affinity and 8

¥ oK




Many Tools but Little Integration, So Far

Native New
Structure  otates/  Dynamics  Design

Forms
qu% density

Modulation

function
approx.

Autodock
VirtualFlow
V-SYNTHES

mutational .
Egl\él:\;‘)zld landscape sampling protein

predictions tech. MPNN

RoseTTAfold

AlphaFold2 free
energy RoseTTA

perturb. fold

physics-based models

multi-omics
based
models

integrated structural
biology

theoretical model

molecular dynamics

virtual screening

Meszaros et al (2023) Curr Opin Struct Biol

Tools at All Scales

organelle, cell
tissue specific
expression

metabolic
engineering

pathways &
network models

phenotyping

synthetic & imaging

protein .
engineering monitoring &

field experiment tech

gene silencing \
& editing

marker-assisted
breeding

genome &
next-gen
sequencing

Jez, Lee, Sherp (2016) Science






