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Imaging can be achieved with or without a lens
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X-ray diffraction led to the discovery of the double helix

Rosalind Franklin

James Watson &
Francis Crick
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 Photograph 51, the X-ray image produced by Rosalind Franklin and her PhD
student Raymond Gosling in 1952. The cross pattern visible on the X-ray
highlights the helical structure of DNA. — Wellcome Images
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The first protein structure to be determined was haemoglobin, in 1959




Over 200,000 macromolecular structures have been deposited in the

PDB, providing a database for deep learning
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X-ray sources have developed at a staggering pace since their discovery in 1895
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G. Branden and R. Neutze, Science 373 (2021)
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Polychromatic (Laue) diffract

Keith Moffat, U. Chicago
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Time-resolved structures let us see functioning proteins

A optical pump

E helix /| e ' S B G helix

Synchrotron
X-ray pulses
(100 ps)

* Polychromatic X-ray beam

- Large crystal to reduce
radiation dose

- Crystal larger than optical
extinction depth

O
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F helix O w after photolysis

100 ps el __10A

Schotte, et al et Anfinrud, Science 300 1944 (2003)



High radiation dose causes changes in molecular structure

Crystal of Bovine enterovirus 2 (BEV?2) after
subsequent exposures of 0.5 s, 6 X 108 ph/pm?2

300 kGGy dose
Room temperature

Cryogenic cooling gives 30 MGy tolerance

X_ray beam Diffraction
pattern

Axtord et al. Acta Cryst. D68 592 (2012)
Diamond Light Source (courtesy Robin Owen & Elspeth Garman)



David Sayre proposed to use crystallographic phasing methods on general

non-periodic objects

World’s first undulator, NSLS
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D. Sayre and H. N. Chapman. “X-ray microscopy” i b &
Acta Cryst A 51, 237 (1995). Bovy o3 L,

Successtul reconstruction using Fienup’s hybrid input-
output iterative phase retrieval algorithm

John Miao, P. Charalambous,
J. Kirz and D. Sayre,
Nature 400 (1999)
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X-ray sources have developed at a staggering pace
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50 fs

20 fs

5fs 10 fs

2 fs

R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, J. Hajdu, Nature 406 (2000)



“Diffraction before destruction” was demonstrated with
soft X-rays at DESY’s FLASH FEL

| micron E——

Chapman et al, Nature Physics 2 839 (2006)




S T r— ¢

s AV ~— O

e et L PPy

N

“Diffraction before dest
soft X-rays at DESY’s

F




S. Marchesini et al. Phys Rev B 68 140101 (2003)

H. Chapman et al, Nature Physics 2 839 (2006)
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Photosystem |

9.3 keV

Single shot pattern |
~1 mJ (5 x 1011 photons)
40 fs i

2 x 1017 W/cm?2
25 GW X-ray pulse

crystals by Pe
Fromme




Serial crystallography is made possible by four key technologies

Boutet et al Science (2012)
Chapman, Fromme et al Nature (2011)

: Gas-focused S
1. Bright source i o i o
2. Sample delivery F O F
3. Integrating detector ' it
pump laser
4. Software TS

Focusing

optic

X-ray FEL

0.2 - 2 ym crystals

<>
3 um jet 1 um X-ray beam
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Hard X-ray experiménts shiow Riigh-resolu

Photosystem |

9.3 keV

Single shot pattern '
~1 mJ (5 x 1011 photons)
40 fs A
2 x 1017 W/cm?2

25 GW X-ray pulse

Fromme




CrystFEL
http://www.desy.de/~twhite/crystfel

Free and open source (GNU GPLv3)
Documentation including a full tutorial online
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Bragg diffraction from a crystal gates the detection

0
40 fs 10 fs
30 fs 20 fs
d 2.2 2
I(g) < | F(g) \ZJ e~ dy
0

Integrated diffraction
rms displacement by end of pulse: 1 A
Resolution: 2 A




The serial approach can be applied to time-resolved measurements of
Irreversible reactions

A. Aquila, et al. Opt. Express 20 2706 (2012)
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Science 346 1242 (2014) SFX dark- TR-SFX 10 ns.
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X-ray free-electron lasers enable us to determine how protein structures

evolve, with femtosecond resolution

Photoactive Yellow Protein

excitation
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Experiments led by Marius Schmidt, U. Wisconsin

Tenboer et al Science 346 1242 (2014)
Pande et al Science 352 725 (2016)




Watching photolyase repair DNA: function from time-resolved serial crystallography

Photolyase repairs DNA damage

—caused by sunlight, using sunlight ...
| [ \\S"“‘\.;_J

\ Ja N A damaged DNA

(thymine dimer)

|

FAD
chomophore

Nina Christou,et al, TJ Lane. Science 382, 1015 (2023).

... our team captured the catalytic cycle
of this enzyme (3 ps = 100 us) using trSFX

How does photolyase productively use nearly all absorbed photons?
* FAD based models: < 5% efficient

* Photolyase: > 95% productive electron transfer

* We characterized this pathway: the long-lived excited state of FAD
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What is the mechanism of DNA repair?
* Debated for decades: one bond or two
* Our maps: unambiguous one-bond intermediate

e
Bl

* Much higher affinity for substrate vs. product
*Big changes of DNA upon repair are enough to
disrupt protein:product interactions



N.-E. Christou,.., T.J. Lane, Science 382, 1015 (2023)



Proteins can be measured at physiological temperatures....in action

Rhodopsin-arrestin
Y. Kang et al Nature 523 (2015)
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G-protein coupled

receptor

Photoactive Yellow Protein

J. Tenboer et al, Science 346 (2014)
K. Pande et al. Science 352 (2016)
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Latex spheres Soot particle Mimivirus

Andrew Martin, CFEL DESY Ekeberg et al PRL 114 (2105




Multilayer Laue lenses produce highly convergent beams

MLL (horizontal focus)

¢ MLL (vertical focus)

PP _ Microscopy

TODAY
2018 Innovation Award

50 mrad = 3°
atA=0.7 A

Bajt et al. Light: Sci Appl.
7, 17162 (2018)



We can focus to molecular sizes
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point spread function:
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The 3D crystal selects the particular angle that obeys the Bragg condition

A =2dsin@




Bragg’s law, A = 2d sin €, has only three variables




A convergence of 0.03 radian fills as much reciprocal space as 25% bandwidth
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Upon indexing, each streak can be mapped back to its incident
component

2NA = 0.05
G——

20 fs

O fs

hkl and incident wavevector



Single shot patterns can be indexed and diffraction mapped back to a

map of the diffraction efficiency of the crystal
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t = nilc

re=2nAf

Attosecond

pulse

2NA = 0.04
5.3 1s

Hmax
tmax
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Convergent-beam diffraction will be used for attosecond time-

resolved crystallography

I |
-10fs 0 10fs

Laue lens pump

l

|

Attosecond
pulse

!

Collaboration partners:
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—-rancesca Calegari

Nina Rohringer

Chapman et al, Structural Dynamics 12 014301 (2025)
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