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The synchrotron as a scientific zoo
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Elettra pre-upgrade layout. Scientific communities overlap.

XRD1 / XRD2: Structural biology (MX)

XAFS / XRF: chemistry and elements

APE / BACH: electrons and magnetism

SYRMEP / TwinMic: imaging

MCX / Xpress: materials and pressure

SAXS / SISSI: soft matter and biology
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What does this molecule or macromolecular complex do?

Protein 3D structure

Protein engineering

Basic science

Drug design

Structure - Function

Let’s look at the structure
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Single crystal diffraction - crystallography workflow

diffraction elep tron
pattern density map
calculation
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refinement

Prof. Macchi’s lecture “X-ray diffraction”— intensities, reciprocal space, structure factors, phases
Today — what changes when the crystal contains macromolecules?

Why does MX need synchrotron radiation?
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How synchrotrons became part of the workflow

1958

1960s

1970s

1981-2008

Later decades

Kendrew: myoglobin, the first protein structure solved

Early protein structures used laboratory sources

Pioneering synchrotron diffraction

SRS Daresbury: MX user operation in dedicated beamlines

Specialist MX beamlines and shared user facilities
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PDB entries deposited per year

Synchrotron and laboratory sources in the PDB

Synchrotron radiation became the dominant X-ray source for the PDB
Annual X-ray structures deposited in the PDB, by reported radiation source - 1972-2025

=== Synchrotron === | aboratory X-ray source

12,000

Source metadata too sparse for comparison 4000 Incomplele source meladala

1999: sustained crossover

10,000

3000

8,000

1999: sustained crossover

6,000
2000

4,000

1,000

2,000

0 T T 1 T T T T T T T 1 01 T T T T T T T T ]
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 1995 199 1997 1998 1999 2000 2001 200 2003 2004 205

Deposition year Deposition year

Source: RCSB PDB Search API, queried 31 Aug 2026. Known reported sources only; XFEL, other and unreported sources excluded. 2026 is incomplete and omitted.

Deposition year. Archived RCSB query, 31 Aug 2026.
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The macromolecular crystallography workflow

crystals diffraction electron atomic model

density map
attern : f \
P calculation 3

refinement

EDE»

The workflow begins with a suitable biological sample.
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A good experiment begins with the protein
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Construct design Expression Purification Analysis
and cloning

Homogeneous sample means >99.9% purity
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Crystalllsatlon is a BRUTE FORCE search

Crystallisation is often a bottleneck
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A search for conditions that support ordered growth
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Protein crystals

Macromolecular crystals are small

High intensity X-rays amplifies
the crystal signal
(at high resolution)

Beam size matched to useful
crystal volume
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Crystal contacts and biological contacts

1) Small surface contacts hold the
lattice together— xtal fragility

asymmetric
unit

2) Macromolecules are big molecules:
2-20nm— Huge unit cells

N\ Crystal symmetry
operator

Crystal contacts
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Protein and salt diffraction

Protein: large unit cells, closely spaced reflections lllustrative orthogonal cells: a* = 1/a
Salt: smaller unit cells, more widely spaced reflections

Low beam divergence helps separate reflections— Synchrotron radiation helps (collimation)
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A crystal with a lot of water

Hydrated molecules and solvent channels

3) High solvent content. Often
roughly 30-80% solvent

— High disorder

— Radiation damage
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Disorder limits the information

Disorder weakens high-resolution information
-Solvent is disordered

-Macromolecules contain flexible parts
-Mosaicity

Macromolecular crystals diffract at low resolution

More photons cannot restore missing crystal order
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The measurement damages the sample

X-rays are ionizing radiation— Radiolysis of water molecules produces ROS

ROS diffuse within the xtal and chemically react (damage) with macromolecules
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Cryocooling and dose management

X-ray beam

crystal

cryo-loop

Cooling at LN2 slows ROS diffusion — It delays, but it do not elimate,

code

Data Matrix 1D

Human readable

Magnetic ring

Vent hole ,_"1-.. L

Ferro magnetic disc

radiation damage
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Automation at the beamline

Fast sample exchange and
alignment

High photon flux speeds up data
collection and enables high-
throughput screening of many
crystals.
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Workflow checkpoint: diffraction data

electron
density map
calculation
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crystals diffraction atomic model

pattern
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refinement

REAL ET FOURIER OR FT- REAL
SPACE — " RECIPROCAL ¥ SPACE
SPACE = -y
- fo=F, cos 2z (o) - ) "PB“.
fx) ——1t.= F,cos2x (x+a) — X F, cos 2n (hx + o) = f(x) T
he

fo = F, cos 2z (2x+u)

We have intensities. We still need phases.
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The phase problem

atomic structural property
property (position)

N atoms

Foo= 2:1 f.exp [2ni (hx, + ky, + [z))] = |F,, | exp (i)

structure factor module phase

Vv

L |F,, -

2
VCeII

electron =13 F axD [-27ti( ix+kv+]
density  PXY = 52 IFad expxp[ mi(hxtky +iz)]

inverse Fourier transformation

e o

Measured intensities give structure-factor amplitudes
An electron-density map also needs phases
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Where can the phase information come from?

Direct methods exploit statistical relationships among diffraction intensities to infer the
missing phases. They work when the ratio of independent observations to unknown
parameters is sufficiently high; in macromolecular crystallography, however, the large
number of atoms, disorder and limited resolution produce too few independent data for
too many unknowns, making the phase problem severely underdetermined.

\NUMBER OF MEASUREMENTS )

Too many unknowns, too few independent data



Molecular replacement

target protein

N
CRYSTAL LATTICE

Cell parameters

[ {

N

Symmetry - asymmetric unit

Place a related model in the new crystal

Use it to estimate starting phases
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Isomorphous replacement

native
crystal

Heavi atom I
Soaking co-crystallization

N

Compare native and heavy-atom derivative diffraction
MIR uses several derivatives
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derivative
crystal
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SAD and MAD

Fol= [Fal and oy, = -a
Diffraction is centro-symmetric— Friedel’'s law IFoal= 1F il hkd -k

Near the absorption edge of a heavy atom, resonant scattering breaks Friedel's law.

Anomalous scattering — Friedel pairs (h,k,l) and (-h, -k, -I) have different intensities

Al o
NI T L=
. o - -
TS l grammgme s ) SAD and MAD require tunable X-rays—
f ' \ f.r" | A3 f T Synchrotron radiation
'|
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Workflow checkpoint: model interpretation

electron
density map
calculation
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Model building and refinement are iterative processes T ——
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An electron-density map needs interpretation

File Edit Caleulate Draw Measures Validate HID About Extensions

rg‘ WinCoot 0.7 [ I o il e e - i -

= Q Reset View EDispln}' Manager =& e

Refing/Regulanze Control..

What you see What you think

Euccassfulhf read coordinates file C:\Users\Ryan\QsynclLab Researdh\Crystal Data'\Crystal_Data_Exmerdse..

Phases and amplitudes produce a map
The map needs an atomic interpretation

Select Map...

@ Real Space Refine Zone
&) Reqularize Zona
i 2 Fixed Atoms...
TP  Rigid Body Fit Zone
e Rotate Tran<late
13

] Auto Fit Rotamer
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Edit Chi Angles
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&, Mutate & Auto Fit...
wr Simple Mitata.. .
+4 Add Terminal Residue...
15 Add Alt Can...
+  Place Atom At Painter
Clear Pending Picks

=1 Delete. ..

Unda
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Resolution changes what we can claim

High resolution makes your life easier
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The model-building and refinement cycle

N atoms

alc : Ic . |
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Crystallographic 1 3 1
refinement

building

Improved model, revised phases, a new map
Repeat until further changes no longer improve the supported model
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Refinement combines data and chemistry

Crystallographic refinement

Iterative process of model correction to minimize: HOENOEANLY,

Q= 2 W (IF ol = [Frcl)?
hki

U=2 12k, (b, —b, )2+ 2 12Kk, (t,—t )2+

] + 2 k[1+cos (nf,— d)] + 2 [(Ar?); + (Bro),]
bond lengths j i

bond angles

torsion angles

van der Waals

Diffraction data constrain the fit
Chemical restraints stabilise an underdetermined model
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Rwork and Rfree

Resolution S o S S L 8 !
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Rwork measures the working-set fit
Rfree checks reflections withheld from refinement
lllustrative guide, not universal acceptance limits
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Deposition makes the model inspectable

Initial phases
@* Data collection Reme MR, MIRAS,

SIRAS, MAD
/
PITIS
Crystallographic 1 ‘1 |
refinement , interpretation

\' Model

building

Validation and PDB 4/

Deposit the atomic model and experimental data
Validation makes strengths and limitations visible
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Why synchrotrons matter for protein crystallography

High flux and small beams for small or weak crystals

Automation and high intensity enable collection of diffraction data from many crystals
Low divergence for closely spaced reflections

Tunable wavelength for phasing experiments

Expert support and shared access

36






Why photon facilities host electron microscopes

Established MX user community Shared cryo-EM infrastructure

Expert staff, stable environments, preparation and computing
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Cryo-EM across synchrotron campuses

Europe - 9 sites

/ see detailed map
NSLS-Il / BNL
SLAC / ssrué 3 . 2 SPring-8 / SACLA
S 4 \
® ®
[ ] ..
/. A Photon Factory /| KEK
®
- PETRA Ill/ DESY
3 4

SOLARIS
2

\ Sirius / CNPEM
3

1

Selected campuses. Numbers count biological TEMs, including screening instruments.
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Cryo-EM is reshaping the structural-method landscape

Entries released per year

PDB structure growth: X-ray crystallography and cryo-EM

Annual structures released by experimental method - complete PDB timeline, 1976—-2025

=== X-ray crystallography (PDB X-ray) === Cryo-EM / 3DEM (PDB EM)

12,000

cryo-EM acceleration

10,000

8,000

6,000

4,000

2,000

0 —

1976 1981 1986 1991 1996 2001 2006 2011 2016 2021 2025

PDB release year
Source: RCSB PDB Statistics, Experimental Method, accessed 23 Sep 2026. 2026 is incomplete and omitted.
“EM” is the archive category for electron microscopy/3DEM and is used here as the cryo-EM proxy.

I T
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A different structural experiment

Protein crystal + X-rays

Particles in ice + electrons

Different techniques, “the same” structural information
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A different structural experiment

Protein crystal + X-rays

Particles in ice + electrons

Different techniques, “the same” structural information
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An appetizer for cryo-EM

- The Reyal Swedeh Acadesry *\_): 3 s decvded o award the
2017 NOBEL PRIZE IN CHEMISTRY

- ﬁx

Jacques Dubochet
Joachim Frank
Richard Henderson



Cryo-EM most important property

Cryo-EM is a low contrast imaging technique
TEM CHALLENGES ON BIO-SAMPLES

Sample in solution - Incompatibility of TEM (vacuum)

Sensitivity to Radiation damage — Low dose = Low contrast B

Atomic composition -» C,O,N,H,S vs O,H = Low contrast % |

cryo-EM
Vitrification technology

Million particles — Better algorithms

Better microscopes

Better detectors

N
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Cryo-EM in three minutes

Specimen preparation, imaging and reconstruction
CRYO-EM IN 3 MINUTES
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The cryo-EM grid

(a) (b) (c)

3 mm

O~

ice embedded 500 A

pmtni\ particles |
! continuous film

A support with small holes
Particles occupy a thin layer of vitreous ice
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Sample preparation: The vitrification experiment

Vitreous ice preserves a hydrated specimen
Solid samples are compatible with TEM vacuum

Rapid plunging into liquid ethane cooled by
liquid nitrogen produces vitreous ice.

Vitreous ice is electron-transparent

Ice thickness matters

47



The microscope (TEM)

Electrons are extracted at
200000 eV
(~70% speed of light)

Several pumps are required for
high vacuum in the colum
(up to 10 Pa)

Elettromagnetic lenses to make
the electron beam coherent and
stable

Liquid nitrogen dewars to
maintain low temperature
(- 195 °C)

The sample is here




Why cryo-EM improved so dramatically

Direct Detection Camera

DOE

CCD Camera

Direct electron detectors record movies

0.8

0.6

0.4

¥ K2 Summit

& DE-20

0 0.2 04 0.6 0K
Fraction of Nyquist

Motion correction preserves high-resolution information
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Many noisy particles, clearer averages

Align and classify u

R o SR Pk
ity a5\ -
N 1 ¥ . Y ¥

Single prticles with low S/N
Individual particles are noisy
Alignment and classification reveal common views

Averaged 2D Classes
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Three-dimensional reconstruction and heterogeneity

Initial model

W?anf E%;a

26.4% 21.3% 14.9% 14.0%
133,305 particles 107,521 particles 118, 090 part icles 75,144 particles 70,577 particles

3D auto-refinement (C1) I
ey o 1o o
. B
e 0 " J
x ¥

Masked refinement (C1)
Postprocessing

You can end up
with more than one
structure! -—

3.5 A resolution

Plug complex

Different orientations support a 3D reconstruction
Different conformations may need separate classes
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What to take home

Protein 3D structure

Protein engineering

v
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S

Basic science W}%

Drug design od "’ ?  Biotech applications

Structure - Function

The protein crystal sets the X-ray experiment

Phase information turns diffraction into a map

Refinement and validation support interpretation

Cryo-EM adds an alternative structural method

Shared facilities connect the techniques
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