https://cdn.rcsb.org/pdb101/molecular-machinery/

Synchrotron Radiation and
Structural Biology

Montserrat Soler Lopez

Structural Biology Group




Outline:

A What is Structural Biology?

[Macromolecular] crystallography (MX)

Why use Synchrotron Radiation for Structural Biology?
Using Synchrotron Radiation for Structural Biology
Landmarks in MX

Radiation damage in MX @ 4™ generation synchrotrons

Structural Biology without crystals: SAXS, cryo-EM

o To o Do Io Io Do

The future of MX @ SR: time-resolved/room-temperature
serial crystallography

T

The role of structural biology in the new biology

T

In-house research

Page 2 | 10th ESRF/ILL International Summer Program | 24 September 2024 | Montse Soler Lopez The European Synchrotron | ESR?



WHAT IS STRUCTURAL BIOLOGY

The human body is immensely complex, comprising trillions of cells, proteins and molecules that work in concert to keep
all of our systems up and running. Each of these microscopic workers has a specific job; when these jobs a r e ca@i¢d
out correctly, diseases can result.
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Mycoplasma cell at the beginning of its life cycle
M. Maritan, Scripps Research https://ccsb.scripps.edu/gallery/mycoplasma_model/
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- WHAT IS STRUCTURAL BIOLOGY

One approach scientists use to understand how these systems work is structural biology, which focuses on
determining the architecture of biological molecules at atomic resolution
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- WHY WE NEED X-RAYS TO ACHIEVE ATOMIC RESOLUTION
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- X-RAY CRYSTALLOGRAPHY

Visible light is refracted by lenses and can be focused.
X-rays are (mostly) not refracted/focused, but if we have a regular structure of the
object (like a crystal) one can use diffraction (not a focused image)
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- MACROMOLECULAR X-RAY CRYSTALLOGRAPHY (MX)

Diffraction data should suffice to define the atomic structure of a crystallized macromolecule

Nevertheless, it took decades before the pioneering o

efforts of M. Perutz and J. Kendrew provided the inter?;g{:gt('ﬁ:)are

means to solve the problem of turning diffraction Crystals are 6coll ectedd and
patterns into atomic coordinate sets. They received grown measured

the 1962 Nobel Prize for their work on protein
structure determination
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ACHIEVING CLOSE TO ATOMIC RESOLUTION FROM CRYSTALS OF BIOLOGICAL MACROMOLECULES IS NOT EASY
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A For a crystal of a given size, energy of a diffracted beam
IS:

A proportional to incident X-ray beam
A proportional to volume of crystal

A inversely proportional to square of the unit cell
volume

Y for crystals of macr omol
small volumes) we need intense sources of X-rays
to get maximum information (i.e. data resolution).
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- X-RAYS SOURCES
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- SYNCHROTRON RADIATION (SR)

Synchrotron radiation was seen initially as a costly waste product in the design of accelerators for high-energy physics experiments, but it
was realised later that synchrotron radiation could, in principle, compete favorably with conventional X-ray tubes for X-ray studies.

This opportunity came to the attention of biological crystallographers with the report, published in 1971, of diffraction experiments
conducted on muscle at the DESY synchrotron in Hamburg. The interest then focused on the prospect of greater X-ray fluxes; later on,
other properties of synchrotron radiation have been exploited as well, including its continuous spectrum and definite time structure.
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THE PROTEIN DATABANK (PDB: HTTPS://WWW.RCSB.ORG/)
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First MX experiment at the ESRF
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- MX AT SYNCHROTRON SOURCES

Optimised SR gives a bright, highly collimated source of X-rays that allow the study of weakly diffracting macromolecule
crystals, enabling smaller crystals and/or crystals with large unit cells
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- THE STRUCTURAL BIOLOGY BEAMLINES AT THE ESRF
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- THE STRUCTURAL BIOLOGY BEAMLINES AT THE ESRF

X-ray Macromolecular crystallography
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THE EXPERIMENTAL SETUP OF AN MX BEAMLINE
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MX AUTOMATION: USER FRIENDLY, ON-LINE DATA ANALYSIS
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LANDMARKS IN MX'1T THE CRYSTAL STRUCTURES OF CELL ION CHANNELS

R. MacKinnon was awarded with the Nobel Prize for Chemistry in 2003 for his pioneering
research on ion channels in cell membranes PEn )

lon channels control the pace of the heart,
regulate the secretion of hormones and

generate electrical impulses in the nervous
system
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LANDMARKS IN MX'T THE CRYSTAL STRUCTURES OF TRANSCRIPTION ENZYMES

R. Kornberg was awarded with the Nobel Prize for Chemistry in 2006 for his studies of the molecular basis of

eukaryotic transcription

RNA polymerase Il is a multiprotein complex that transcribes DNA into RNA. It is one of the three RNAP enzymes found
in the nucleus of eukaryotic cells. A 550 kDa complex of 12 subunits. A wide range of transcription factors are required

for it to bind to upstream gene promoters and begin transcription
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LANDMARKS IN MX - THE CRYSTAL STRUCTURE OF THE RIBOSOME

V. Ramakrishnan, T. A. Steitz and A. E. Yonath were awarded with the Nobel Prize for Chemistry in 2009 for studies of
the structure and function of the ribosome

Ribosomes are macromolecular machines that carry out protein synthesis (MRNA translation). Ribosomes consist of a
small and large ribosomal subunits. Each subunit consists of RNA molecules and many ribosomal proteins. The
ribosomes and associated molecules are also known as the translational apparatus
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- LANDMARKS IN MXT THE CRYSTAL STRUCTURE OF A MEMBRANE RECEPTOR

R. Lefkowitz and B. Kobilka were awarded with the Nobel Prize in 2012 for studies of G-protein-coupled receptor
signalling G-protein-coupled receptors (GPCRS)

GPCRs are cell surface receptors that mediate most of our physiological responses to hormones, neurotransmitters
and environmental stimulants
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- RADIATION DAMAGE IN MX

Global radiation damage Specific radiation damage

A Degradation of diffraction properties of a

) A 2000s: 3 generation synchrotron sources
crystal as a function of absorbed dose.

revealed damage in the real space, on specific

chemical groups
Resolution (A) group

A Before 1990: room temperature
crystallography requires data from several

crystals to obtain a complete dataset TI T T T T T T A r T T YT Ty
Adapted from Weik et al., PNAS (2000)

A 1990s: cryo-crystallography extends the
lifetime of crystals to be able to record a full
dataset (or more) on one single crystal
(Garman & Schneider, J. Appl. Cryst. (1997))

A A The onset of damage is faster than

Even at cryo-temperatures maximum global damage at cryogenic temperature
absorbed dose/crystal ~20 - 30MGy

radiation damage is a concern in
crystallography at cryogenic temperature
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GLOBAL RADIATION DAMAGE, CRYSTAL SIZE AND DATA SET RESOLUTION
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A The resolution of a complete diffraction dataset (i.e. symmetry unigque reciprocal
lattice points) that can be collected from a crystal of a biological macromolecule is

limited by radiation damage.

A For small crystals, the merging of partial data sets from many crystals will be
required in order to collect a complete data set at moderate resolution.

A New (old) paradigm for MX: Multi-crystal data collection
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MULTI-CRYSTAL DATA COLLECTION WORKFLOW: MESH AND COLLECT
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- ROOM TEMPERATURE DATA COLLECTION

6 Cryo-MX was one of the keys for success of structural
biology, but
o Cryo-structures do not display the same range of ’ §
conformations as the RT structures. '
6 They might hide functional conformations and
prevent binding of substrates or inhibitors
o RT temperature crystal structures reveal physiologically )
relevant conformati ons
s Present ther mal mot i
conditions
o Better interpretation of crystal structures,
including for the design of new therapeutic
agents

A Hydrated microcrystals at room temperature can:

6 be activated A 03.100

5 be soaked 6 H94- X1

65 We can carry out (and follow) reactions in B
them

o

o Because of radiation damage, serial crystallography
Is the most valuable route to obtaining RT structures.

Electron density (o)
w

0 180 350

Fraser et al., PNAS 2011
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MOVING TOWARDS AN UNDERSTANDING OF CONFORMATIONAL VARIABILITY/DYNAMICS

Single structure/ data point doesno6t give the full
and molecular movies of molecules in action: time-resolved serial crystallography

Orders of magnitude in timescales
Neuronal ATP
Fastest enzyme coincidence synthase Protein Gene Budding yeast Taste bud
turnover time detection rotation folding splicing generation time cell lifespan
7 7 7 T 7 7 7 7 7 7 7
106y [ 103 me | / 10% () / / 10° (=20 min) 10° (=2 weeks)
{ / L / / J / / ¥) /
Electron transfer Action Average enzyme Protein Minimal bacterial Circadian Red blood
by cytochrome ¢ potential turnover time translation generation time clock cell lifespan
duration

A Optimising the acquisition time in the micro-to-millisecond time range allows to
study a vast majority of enzymatic processes

o 3rd generation synchrotrons are mostly limited to milliseconds due to detector and
available flux at the sample position

s 4th generation allows for a x10 flux and x10°-10° flux density
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- ID29: ADDING THE 4™ DIMENSION TO THE STRUCTURAL ANALYSIS (1)

< <

< < < <

Time-resolved serial crystallography (TR/RT SSX)

Room temperature serial crystallography Mosniliody
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high repetition rate . N
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) crystals screening
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by synthetic biology structure:ligand complexes

ID29 webinar: https://www.youtube.com/watch?v=C27tHuV9KUS
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ID29 BEAMLINE- EXPERIMENTAL SETUP

A new ID29 optical layout was designed to tackle this time Energy 10-20 keV
resolution, with support laboratory facilities and in synergy with in Bandwidth 0.4% and 1% |( @E/ E)
crystallo spectroscopy Flux 1015 - 10%6 ph/s
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Time series of UV-vis abs spectra from a
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gl sample position
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Pulsed beam . . .
Movie of diffraction images
collected with 70 us exposure
time at ~700 Hz repetition rate
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- ID29 BEAMLINE- SAMPLE DELIVERY PORTFOLIO: FIXED TARGET
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ASU injector SACLA injector MPI injector
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- ID30A3: ADDING THE 4TH DIMENSION TO THE STRUCTURAL ANALYSIS (Il)

time-resolved serial oscillation crystallography (TR-SOX)
fast collection rates of small-sized crystals in the millisecond time-resolved range
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|ID23-2: ADDING THE 4™ DIMENSION TO THE STRUCTURAL ANALYSIS (llI)

Micro-crystallization on In situ serial crystallography (i1SX)

facilitating direct measurement from crystallization plates
mounted on a rapidly exchangeable universal plate holder

iSX data collection at EE )
ID23-2 microfocus beamline
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- IN CRYSTALLO OPTICAL SPECTROSCOPY: THE icOS FACILITY

|

Fluoresce cei _

Absorption icOS

. Raman

Raman probe
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IN CRYSTALLO OPTICAL SPECTROSCOPY: THE icOS FACILITY
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CRYO-ELECTRON MICROSCOPY (CRYO-EM)
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