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20th Century - Setting the Stage
1935:  First Protein Crystal Diffraction

(Crowfoot, Fankuchen, Bernal)

1958:  Experimental Phasing
First Protein Structures

(Perutz, Kendrew)

1965:  First Enzyme 
Structure (Philips)

1970:  Protein Data Bank

1978:  Computer 
Graphics

1972:  Recombinant DNA

1981:  SAD/MAD Phasing

1985:  First Membrane Protein
(Deisenhofer, Huber, Michel)

1986:  HTS Screening

1995:  accessible 3D graphics

1976:  Synchrotrons

2000:  Protein Structure Initiative
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21st Century - Structural Explosion
5 Apr 24:  217,966 structures deposited + 1,068,577 computed structure models

~90-95% synchrotron

21st Century - Sequence Explosion



1. Purify Protein 3. X-ray Diffraction Data

4.  Phasing the Structure

5.  Building and 
Refining the Model

2.  Grow Crystals

Crystallography in 5 Steps

1. Purify Protein
Protein & Crystallization Advances

• 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

2.  Grow Crystals
• semi-automated 

crystallization and image
nL drops, robotic 

crystallization, incubation, 
monitoring

~7,000 proteins per year

Lynch et al (2023) Acta Crystallogr D



3. X-ray Diffraction Data

4.  Phasing the Structure

Synchrotron Sources

Beamline Technology
• remote data collection (robotics)
• point-and-click sample centering

detector tech - PILATUS - 100 images/sec
robotic goniometer (rapid)

semi-automated structure 
determination - HKL3000

data assessment, heavy atom/scatter search, 
phasing, mol rep, auto build, refinement

• microcrystals & mini-beams

high-intensity beam
flexible beam size - 

1 x 1 um to 
200 x 200 um



Next?  X-ray Free Electron Lasers (XFEL)

• based on linear electron accelerator
• high brightness with femtosecond pulse
• fully coherent light

“diffraction by destruction”

XFEL serial crystallography

Ullrich et al (2012) Ann Rev Phys Chem

Next?  X-ray Free Electron Lasers (XFEL)

• based on linear electron accelerator
• high brightness with femtosecond pulse
• fully coherent light

laser activation = time resolution

“diffraction by destruction”

Ullrich et al (2012) Ann Rev Phys Chem



Next?  X-ray Free Electron Lasers (XFEL)

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

in microfluidic devices
diffraction in cellulo

- 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”

robotic crystallization
+ fragment library

fast crystal soaking
100 cpds in 30 sec

automated data collection
2-5 min/sample

~600 datasets/day

multi-crystal analysis - PanDDA

shifter harvesting
100 xtals/hr

bulk data processing - 
XChemExplorer for bulk refinement,

ligand building, deposition



Next?  Fragment Screening in Crystals

effector-based regulation feedback-based regulation

fragment screening for natural &  
non-natural effectors

design variants to release or  
modulate regulation

Next?  Fragment Screening in Crystals

engineer allosteric paths 
optimizing response curves



https://www.rcsb.org/stats/all-released-structures

X-Ray

year

annual
PDB 

deposits

NMR

EM

21st Century - Structural Explosion
5 Apr 24:  217,966 structures deposited + 1,068,577 computed structure models

~90-95% synchrotron

Deep Neural Network Applications

https://www.science.org/doi/epdf/10.1126/science.adl2528https://www.nature.com/articles/s41586-021-03819-2



Deep Neural Network Applications

https://www.nature.com/articles/s41586-021-03819-2

Know Your Tools - 
Powerful Hypothesis Generator

Limited Scope (protein not systems)
Conformations & Dynamics
Experimental Accelerator



What’s Ahead - Molecular Design

https://www.science.org/doi/epdf/10.1126/science.adl2528

What’s Ahead - Molecular Design
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Many Tools but Little Integration,  So Far

multi-omics
based

models

protein
MPNN

RoseTTA
fold

ESMfold
RGN2

RoseTTAfold
AlphaFold2

mutational
landscape
predictions

theoretical model

physics-based models

quantum

protein

protein
complex

intracellular

whole
cell

Meszaros et al (2023) Curr Opin Struct Biol

genome & 
next-gen 

sequencing

marker-assisted 
breeding

monitoring & 
field experiment tech

phenotyping 
& imaging

gene silencing 
& editing

organelle, cell 
tissue specific 

expression

protein 
engineering

metabolic 
engineering

synthetic 
biology

pathways & 
network models

Jez, Lee, Sherp (2016) Science

Tools at All Scales




