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Macromolecular Crystallography is a technique used to study biological molecules such as proteins,
viruses and nucleic acids (RNA and DNA) to a resolution higher than ~5 A. This high resolution helps
elucidate the detailed mechanism by which these macromolecules carry out their functions in living
cells and organisms.

DNA double helix: A, B, Z RNA molecules
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P D B Yearly Growth of Total Structures

number of structures can be viewed by hovering mouse over the bar
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Methods in Structural Biology

X-ray
Crystallography(113958)
e High resolution

e Static snapshot

e Requires crystals

i

crystals (entarged view) diffraction patterns eleciron density maps atomic models

e il NMR(1427)

. 8% |z . .
o= 2| |2 e High resolution

: e@® %2 : .
v sk e Molecules in solution

= e Dynamics

a9 X . ..

ST e Size limit (<40 kDa)

TH chemical shift (ppm)

. _resonance assignment and protein structure
internuclear distance measurement

Electron
Microscopy(1427)
¢ Low resolution

e Sample preparation
e Size limit (>400 kDa)




Nobel Prize winners associated with macromolecular crystallography

2012 Chemistry R. J. Lefkowitz and B. K. Kobilka For studies of G-protein-coupled receptors

2009 Chemistry V. Ramakrishnan, T. A. Steitz and A. E. Yonath Studies of the structure and function of the
ribosome

2006 Chemistry R. D. Kornberg Studies of the molecular basis of eukaryotic transcription
2003 Chemistry P. Agre and R. MacKinnon Discoveries concerning channels in cell membranes

1997 Chemistry P. D. Boyer, J. E. Walker and J. C. Skou Elucidation of the enzymatic mechanism underlying
the synthesis of adenosine triphosphate (ATP) and discovery of an ion-transporting enzyme

1988 Chemistry J. Deisenhofer, R. Huber and H. Miche For the determination of the three-dimensional
structure of a photosynthetic reaction centre

1982 Chemistry A. Klug Development of crystallographic electron microscopy and discovery of the structure of
biologically important nucleic acid-protein complexes

1972 Chemistry C. B. Anfinsen Folding of protein chains

1964 Chemistry D. Hodgkin Structure of many biochemical substances including Vitamin B12

1962 Physiology or Medicine F. Crick, J. Watson and M. Wilkins The helical structure of DNA

1962 Chemistry J. C. Kendrew and M. Perutz For their studies of the structures of globular proteins
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R Radius 1.95 A Radius 3.40 A
(a) (b)

(@) The density in a cylindrical mantle of 1.95 A radius, corresponding to the mean
radius of the main-chain atoms in an a-helix. The calculated atomic positions of the
a-helix are superimposed and roughly correspond to the density peaks. (b) The
density at the radius of the B-carbon atoms; the positions of the (3-carbon atoms
calculated for a right-handed a-helix are marked by the superimposed grid
(Kendrew & Watson, unpublished). Reprinted with permission from Perutz (1962 ).
Copyright (1962) Elsevier Publishing Co.

A model of the myoglobin molecule at
6 A resolution (1959).
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A Steric Mechanism for Inhibition of CO Binding to Heme Proteins
Kachalova, G. S., Popov, A. N. & Bartunik, H. D.. (1999). Science, 284, 473
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Biasticdin™

\

Vicginiamycin

Carbomycin

The peptidyl-transferase center in the 50S ribosomal subunit is attacked by a large number of existing antibiotics, now
revealed at high resolution in 50S subunit crystal structures (Figure 8) (Franceschi and Duffy, 2006).




Primary structure
amino acid saquence

Structure in four dimensions:
Primary Structure: Amino-acid sequence.
Secondary Structure: Local regular structure: a-helices and
B-sheets.
Tertiary Structure: Packing of secundary structure into one or
several compact globular domains
Quarternary Structure: The arrangement of several folded
chains together:multimeric proteins

Water in and around protein _

Secondary structure
regular sub-structures

Tertiary structure
three-dimensicnal structure

Water density isocontour for the bulk water
density. AChE (actylcholine esterase) is the
dark gray ribbon, oriented with the Quatemary structure

amino terminus at the top and carboxyl complex of protein molecules
terminus at the lower left. In the middle is the

active site gorge
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KOHUEHTPaUuWa ocagutens

®aszogan gMarpamma, NOKa3blBalW an pacTBoOPUMOCTE BeNKa Kak yHKLNI0 KOHLEH-
Tpauuu ocagutens. NpueeseHbl KpUBaa pacTBOPUMOCTH (1) M KPMBAA KPUTHYECKO-
ronepecslwerunn (2), Hag KoTopoii Genok BEINaAaeT B BUAE aMOPhHOro MM MeNKo-
KpUCTannn4ecKoro ocagka. B 30He HyKneaunu ofgHOBpPEMeHHO NpoMCcxoauT obpaso-
BaHMe KpUCTanNM4ecknx 3apoabi eil U pocT Menkux Kpucrannos. OnTUMansbHble yc-
NOBUA ANA POCTa KPYMHLIX KPUCTannoB — B MeTacTabuibHOW 30He (noKasaHo
cTpenkamu).
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Crystal Screen Kit -

Growth TechniqM Hanging drop
1- Hanging Drop R

2- Sitting Drop _
3- Sandwich Drop >
4- Free interface diffusion (NASA)
5- Batch (Robots)

6- Microbatch - under oil.

Micro-bridges
(Sitting drop)

Virus Crystal

~0.15mm Dialysis Buttons




High-Throughput Nanovolume

Crystallization (R. Stevens, TSRI)
L= m

Storage racking with fixed
runners at 11mm intervals,

containing storage trays

Tray transfer
robot (TTR)

Vessel transfer
robot (VTR)

Automated b}spcns:ng S!at:on-
High-throughputiCrystallization Robots




Lipidic cubic phase
Tools and Technologies

LCP TOOLS LCP ASSAYS
©) LCP Mixer () LCP Dispenser 9 Novel LCP Lipids

© 96-Well Glass
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atoms

Foin = Efm '3"‘9[2‘“r (R ) + Ry + Izw)]

=1

p(x.y.z)

= %EEEEW exp[ -2 - i(hx + ky +12)]

hki -

The importance of phases in
carrying information. Top, the
diffraction pattern, or Fourier
transform (FT), of a duck and of a
cat. Bottom left, a diffraction
pattern derived by combining the
amplitudes from the duck
diffraction pattern with the phases
from the cat diffraction pattern.
Bottom right, the image that would
give rise to this hybrid diffraction
pattern. In the diffraction pattern,
different colours show different
phases and the brightness of the
colour indicates the amplitude.
Reproduced courtesy of Kevin
Cowtan

from G.Taylor, Acta Cryst. (2010). D66, 325-338
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Isomorphous replacement

Argand diagram for SIR. |FP| is the amplitude of a reflection for the

native crystal and |FPH]| is that for the derivative crystal.

(b)

(a)
(a) An uninterpretable 2.6 A SIR electron-density map with
the final C trace of the structure superimposed. (x) = (1/V)
m|FP|exp(i best)x exp(-2 ih-x). (b) A small section of the

map with the final structure superimposed.

from G.Taylor, Acta Cryst. (2010). D66, 325-338

Harker construction for SIR.

Harker diagram for MIR with two

heavy-atom derivatives.



The process of molecular replacement.

Homology model

xnew =~ R xncw + t

Unknown structure

from G.Taylor, Acta Cryst. (2010). D66, 325-338



Electrons

Anomalous scattering

The atomic scattering factor contains three components: a normal scattering term fO
that is dependent on the Bragg angle and two terms f' and ' that are not dependent

Faol /N

on scattering angle but are dependent on wavelength.
Dispersive term
l i\bsorptlon term |Fp(+)|
SO, ) =£O) +f' (M) + if"(A)
2 A
0
-2
-8 [Fp ()
-10 : : : . -
10 000 12 000 14 000 16 000 ‘i
X-ray energy (eV) an(_)l

Se K edge = 0.9795 A

Variation in anomalous scattering signal versus incident X-ray

energy in the vicinity of the K edge of selenium

from G.Taylor, Acta Cryst. (2010). D66, 325-338

Breakdown of Friedel's law when an anomalous
scatterer is present. f(, ) =f0() + f'() + if"'().
|[FhKl| |F-h-k-l| or |[FPH(+)| |FPH(-)]. F£=
|[FPH(+)| - |FPH(-)| is the Bijvoet difference.


http://reference.iucr.org/dictionary/Atomic_scattering_factor
http://reference.iucr.org/dictionary/Bragg_angle
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Estimation of signal size. The expected Bijvoet ratio is r.m.s.(
Ft)/rm.s.(|[F]) (NA/2NT)1/2(2f"AlZeff). The expected dispersive
ratiois rm.s.(F )/rm.s.(|F|) (NA/2NT)1/2[|f'A(i) - FA(])[)/Zeff,
| where NA is the number of anomalous scatterers, NT is the total
- 5{/ - number of atoms in the structure and Zeff is the normal scattering
% ‘ power for all atoms (6.7 e- at 2 =0)

()
MAD phasing. (a) Typical absorption curve for an anomalous
scatterer. (b) Phase diagram. |FP| is not measured, so one of the from G.Taylor, Acta Cryst. (2010). D66, 325-338
data sets is chosen as the “native'. (c) Harker construction.



Fast iodide-SAD phasing for high throughput membrane protein structure
determination

Igor Melnikov2*, Vitaly Polovinkince*, Kirill Kovalevee, Ivan Gushchince, Mikhail Shevtsove, Vitaly Shevchenkocd, Alexey Mishine, Alexey Alekseevee,
Francisco Rodriguez-Valera', Valentin Borshchevskiye, Vadim Cherezoved, Gordon Leonard?, Valentin Gordeliybee **, Alexander Popova**

21



2.1 A electron-density map for the S-SAD example before and after density modification using SHELXE.

from G.Taylor, Acta Cryst. (2010). D66, 325-338



Autotraced polyalanine
model produced by
SHELXE
superimposed on the
density-modified
electron-density map
at 1.45 A resolution.

from G.Taylor, Acta Cryst. (2010). D66, 325-338



Improving phases for the S-SAD problem. (a) 2.1 A resolution density-
modified map. (b) 1.45 A resolution phase-extended map. (c) 1.0 A
resolution’ free-lunch map

from G.Taylor, Acta Cryst. (2010). D66, 325-338
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[C) Bemnhard Rupp 2010

Figure 1-6 Data quality determines
structural detail and accuracy. The
qualitative relation between the extent
of X-ray diffraction, the resulting amount
of available diffraction data, and the
quality and detail of the electron density
reconstruction and protein structure
model are evident from this figure: The
crystals are labeled with the nominal
resolution d,, given in A (Angstrom) and
determined by the highest diffraction
angle (corresponding to the closest
sampling distance in the crystal, thus
termed d_) at which X-ray reflections are
observed. Above each crystal is a sketch
of the corresponding diffraction pattern,
which contains significantly more data

at higher resolution, corresponding to

a smaller distance between discernible
objects of approximately d ;. As a
consequence, both the reconstruction of
the electron density (blue grid) and the
resulting structure model (stick model)
are much more detailed and accurate.
The non-Sl unit A (10 cm or 0.1 nm

= 107"° m) is frequently used in the
crystallographic literature, simply because
it is of the same order of magnitude

as atomic radii (~0.77 A for carbon) or
bond lengths (~1.54 A for the C-C single
bond).



Resolution and electron density

Low resolution ~5 A Medium resolution~3 A High resolution <2 A
Errors in secondary Good secondary structure All residues
structure Most residues Water molecules

High fidelity
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Darwin’s Formula

\V/ 3
I(NKI) = 1 oq T2 —2 P A| F(hkl) |2
cell wvcell
- photons/spot (fully-recorded) w - rotation speed (radians/s)
- incident (photons/s/m?) L - Lorentz factor (speed/speed)
- classical electron radius P - polarization factor
GRS ) (1+C0s2(26) -Pfac-cos(2P)sin2(26))/2
- volume of crystal (in m3) A _ absorption factor

V
A

cell

- volume of unit cell (in m3)

- X-ray wavelength (in meters!)

eXp('“xtal'lpath)

F(hkl) - structure amplitude (electrons)

C. G. Darwin (1914)



Macromolecular crystallography problems

 Weak diffraction intensity — light atoms
* Poor crystal quality — big B-factor
« Background intensity > diffraction intensity

+ reflection intensity
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Macromolecular crystallography problems




How fast does damage occur? (100K)

| Absorbed Dose
10> MGy

MGy

) C z

olution.
xviation
Xylation

)

> o MGy may lead to wrong (@) )
nterpretation of chemistry for some protein o -
L
residues X-ray / —— s
-
M‘ ® e *
"q’\ o "
® .
() (d)

Acetvicholinesternse L

Wesk ¢r al. PNAS, 97 (2), 623-628 3

(2000 (
re &

LIRS
Owen R o7 ol PNAS. 103 (13), 4912-4917 (2006)

lllustration of some processes involved in the radiation damage cascade.(a) X-ray-induced ejection of a primary photoelectron. (b)
Generation of several hundred relatively low-energy (100 eV) electrons. (c) Bond breaking leading to internal stress and radical
formation. (d) Radical attack of the protein. (e) Conformation changes of side chains and flexible loops in response to chemical
damage. ( f) Displacement and reorientation of individual damaged molecules. (g) Deformation and

reorientation of local lattice domains. (h) Plastic failure and crystal cracking.

Warkentin et al, 2013, J.Synchrotron Radiation, 20, 7-13




Cryo-crystallography
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Transport and ship in LN2

Dry shipper

~0oam insulation
Pour off LN2
~edex, Airborne
Checked luggage
Get the paperwork







Micro-crystallography

* Thermolysin, Space Group P6,22; B-factor=11.5 Az

Crystal size, pm

10 100 100000
1.00 4 e Te
] ‘. ‘ ‘ E
1.50 . eee ¢ 10000 § .
] * . E
2.00 3 * = 1
] * 2 1000 4@
2.50 3 3 E ;
vt ] = i
£ 3.00 2 100 ™ .
:'5 ] = E -
g 3.50 3 z : *
& ] 10 *
4.00 3 u
4.50 3 A 5 B D
5.00 0 5 10 15 20 25
5.50 Crystal size, pm

Number of crvocooled crystals of a given size required to

Complete data set resolution vs. crystal size achieve dataset resolutions of 1.5 A (black) and 2.0 A (blue).

* For acrystal 1x1x1 um?3 in dimensions partial data sets from about 1000 crystals would be needed
to achieve a final data set resolution of d_, = 2.0A .
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CepunHan kpuctannorpacdua

CyTb MeToga 3akfo4vaeTcd B M3MEPEHUM YacTUYHbIX HabOpOB [aHHbIX,
ncnonb3ysa  OonbluOoe  KONMMYecTBa  KpuUCTasnmnoB, C  MOcCneayowmm
LUKanupoBaHneM u o0beauHEeHMeM 3TUX OdaHHbIX ONs MNoSlydeHUM MOSTHOro
Habopa.

MoTtuBauus

[MpeogorneHne apdeKToB paanaLMoOHHOIo NoBpeXaeHnsd

C60op AMdpaKkLUMOHHbIX AaHHbBIX UCMONb3Ys KPUCTanNbl MUKPOHHbIX
pa3meposB



Fully automatic multi-crystal position recognition, enhanced
characterisation and data collection

Upload data collections to mxCuBE
Collect and process data >

Check threshold > >
Input Port > S Check images veer '”P“t "——*‘ —> xy P Output Port
D il < ol ),  Find all positions and upload to ISPyB J" t — | ‘ r I D
D——p » 5 = = ’ ) =
oo < o p | i o s

P XY : Check if signal J ,1 1 Redo find positions with different threshold

P (— 3R —————

J >—

>

P ; =Dy vy >
— A

D
T |
No diffraction signal error message
No images acquired error message > >

(,‘ Xy »
> S <

—Df xy

‘ /7Ly

[

TVVY

(8

Fast Two-dimension
mesh scan

Recognition of crystals
using diffraction images

"

Data collection

1 No diffraction signal

"



Thaumatin

Dtraction signal

Micromesh with crystals, size about 20um

Results: Result of mesh scan: 22 hits,

» All data sets could be processed 10 deg oscillation per spot were collected
 all were usable for merging

» Resolution: 1.3 A

» Completenness: 99.8%

» 1/Sigmal: 13.13

» Rmeas: 14.8%



———

Bacteriorhodopsin crystals,
size about 5um

Bacteriorhodopsin

s lv’\-‘

IR W

N U EHNANE TGO S UL T WS A R AR TN

Result of mesh scan: 59 hits,

10 deg oscillation per spot were collected

Micromesh used
for data collection

Bacteriorhodopsin crystals Results:

size 10—20um .

>
>

All data sets could be processed
6 were usable for merging
Resolution: 2.4 A
Completenness: 95.3

Results:

» 14 data sets could be processed
» Resolution: 3 A

» Completenness: 91.2%

Result of mesh scan: 10 hits,
10 deg oscillation per spot were collected



PETRA III @ DESY

2.3km =6 GeV - 100 mA - 280 M€

01/07/07 Start of Reconstruction
13/04/09 First positrons stored
20/07/09 First X-ray beam
05/10/09 1 nmrad reached
07/09/10 100 mA stable
15/12/12 Users on 3/3 EMBL BLs
02/02/14 Shutdown for extension
04/15 Restrart




. Redecke, L., ... Chapman, H. (2012): Natively Inhibited
Cat h ep Sin B Trypanosoma brucei Cathepsin B Structure Determined by
Using an X-ray Laser. Science 339:227 [4HWY:2.1 A]
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Cathepsin B suspension in a cryo loop




Cey,

* 4.81A .

13.48A




Fast rastering by rotation exposures

empty

indexed

empty

T

‘ngl...
®
2
-

detector frames

Series of frames acquired shutter-less during continuous motion of sample mount
In such a way that each crystal passes through the beam while rotating by 1-2° and
receiving its life-dose exposure

« Rotation method - angular integration (vs Monte-Carlo in SFX)

47



Cathepsin B data collection and
22800 frames recorded p rOCESSI ﬂg

2200 frames indexed (CRYSTFEL, White et al. 2012)
600 frames passing successfully integrated/scaled (XDS, Kabsch 2010)
80 crystals contributed to the final data set

SSX

SFX + continuity

P4,22 a=123.5 A, c=54.3 A
Resolution= [88.1-3.0 A]
Completeness= 99.8%
Multiplicity=12.3

CC,,=0.99 (0.79 high-res)
<|/Sigl>= 3.7 (8.9 low, 1.0 high)

Mol. Replacement + refinement
Rwork,free = 22.9, 26.1

initial hits final data

23/03/2017 48



X-ray free-electron lasers

Peak Brilliance [Photons/(s mrad® mm> 0.1% BW)]

« FLASH: 2005
« Fermi: 2009
9 Orders Of « LCLS: 2009
sl [ 2 it - SACLA: 2011
g magthde. . Fermi 2011
107 | « XFEL: 2017

« PSI, LCLSII, KVI, Shanghai,...

« 10213 photons ~ 3-500 fs pulses
* repetition rate: 120 Hz
» photon energy: 300 eV-10 keV
10°l « transversally fully coherent

Energy [eV]




Potential for biomolecular imaging

with femtosecond X-ray pulses

NATURE | VOL 406 |17 AUGUST 2000 | www.nature.com

Richard Neutze*, Remco Wouts*, David van der Spoel*, Edgar Weckert

& Janos Hajdu*

1=-21s t=21s {=5fs 1=10fs 1=-20fs

t=—10fs t=0fs t=10fs

Figure 2 Explosion of T4 lysozyme (white, H; grey, C; blue, N; red, O; yellow, S) induced by
radiation damage. The integrated X-ray intensity was 3 x 102 (12 keV) photons per 100-
nm diameter spot (3.8 x 10° photons per A% in all cases. a, A protein exposed to an X-ray
pulse with an FWHM of 2 fs, and disintegration followed in time. Atomic positions in the
first two structures (before and after the pulse) are practically identical at this pulse length

t=—50fs t=0fs t=50fs
because of an inertial delay in the explosion. R, = 3%, A= 11% b, Lysozyme exposed
to the same number of photons asina, but the FWHM of the pulse was 10 fs. Images show
the structure at the beginning, in the middle and near the end of the X-ray pulse. R =
7%, Ras = 12% ¢, Behaviour of the protein during an X-ray pulse with an FWHM of 50 fs.
Rt = 26%, Ruee = 30%.
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Femtosecond X-ray protein nanocrystallography

’, Petra Fromme?®, Anton Barty', Thomas A. White', Richard A. Kirian*, Andrew Aquila’, Mark S. Hunter”,
Joachim Schulz', Danh.lP DePonte!, Uwe Wdersxall" R. Bruce Doak®, FilipeR. N. C. Maia®, Andrew V. Martin', .
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Nicusor Timnean® » M. Marvin Seibertt, Jakob Andreasson”, Andrea Rocker”, Olof Jénsson®, Martin Svenda®, Stephan Stern’,
Karol Nass”, Robert Andritschke'”, Claus-Dieter Schroter®, Faton Krasniqi®”, Mario Bott’, Kevin E. Schmidt*, Xiaoyu Wang®,
Ingo Grotjohann®, James M., Holton'?, Thomas R. M. Barends’, Richard Neutze'®, Stefano Marchesini'’, Raimund Fromme”,

Sebastian Schorb', Dameln Rupp®”’, Marcus Adolph™, Tais Gorkhover™,

Guillaume Potdevin'”, Heinz Graafmna , Bjorn Nilsson'? & John C. H. Spence*

X-ray crystallography provides the vast majority of macromolecular
structures, but the success of the method relies on growing crystals of
sufficient size. In conventional measurements, the necessary increase
in X-ray dose to record data from crystals that are too small leads to
extensive damage before a diffraction signal can be recorded'>. It is
particularly challenging to obtain large, well-diffracting crystals of
membrane proteins, for which fewer than 300 unique structures have
been determined despite their importance in all living cells. Here we
present a method for structure determination where single-crystal
X-ray diffraction ‘snapshots’ are collected from a fully hydrated
stream of nanocrystals using femtosecond pulses from a hard-X-
ray free-electron laser, the Linac Coherent Light Source®. We prove
this concept with nanocrystals of photosystem I, one of the largest
membrane protein complexes’. More than 3,000,000 diffraction
patterns were collected in this study, and a three-dimensional data
set was assembled from individual photosystem I nanocrystals
(~200 nm to 2pm in size). We mitigate the problem of radiation
damage in crystallography by using pulses briefer than the timescale
of most damage processes®. This offers a new approach to structure
determination of macromolecules that do not yield crystals of suf-
ficient size for studies using conventional radiation sources or are
particularly sensitive to radiation damage.

lnger Andersson®’, Helmut Hirsemann'?,



Serial femtosecond crystallography

Crysta|s of Detector

different sizes
randomly oriented

fs snapshot

exposures
- Each crystal is immediately destroyed
- Crystals effectively stand still during a
X-ray [ 50 fs pulse
pulse | ujet - Partial reflections not fully integrated

- Crystals may be hit by center of the
beam, or just be grazed by it

flow



Figure 5. Gas-dynamic virtual nozzle (upper) and breakup of a
Rayleigh droplet beam (lower). In the upper figure. a cone of liquid
is seen at A being focused as it speeds up under the influence of a
coaxial high pressure gas jet running between the outer glass
capillary tube B (inner diameter 40 2m) and the inner hollow
fiber-optic line C carrying the buffer and protein mixture. The
stream emerges into vacuum where it will break up into droplets as
shown below. The x-ray beam may be positioned in either the
continuous-flow or droplet region, along which temperature falls,
producing micrometer-sized balls of ice.

5 microns

Figure 4. Liquid jet nozzle seen operating inside an environmental SEM (submicrometer droplets cannot be resolved in an optical
microscope). The hollow fiber-optic carrying the fluid terminates just to inside (to the right) of the ground cone on this glass capillary tube.
From this is seen a bright diverging stream of gas, which is focusing the liquid stream. The positions of the XFEL and pump laser beams are
shown. The droplets freeze over a distance of about 1 cm as they cool by evaporation into vacuum, travelling at about 10ms~'. A flow rate
of 10 I min~" is common.



Data analysis

Figure 6. Shape transforms. Single 40 fs XFEL diffraction pattern
from a single nanocrystal of Photosystem I recorded in the liquid jet
at 2keV on a rear detector. The thick streak running up the page
through the center results [from diffraction by the continuous column
of liquid. From the number of subsidiary minima we can determine
that this nanocrytal consisted of just 17 unit cells between facets
along direction g. Reproduced with permission from Chapman e al
(2011). Copyright 2011 Nature Publishing Group.

Stroma

Psa

.“membrane

Figure 7. Charge-density map at 0.8 nm resolution, for Photosytem |
(PSI) complex (1 MDa, two trimers per unit cell) reconstructed from
tens of thousands of 2 keV XFEL snapshots, taken from size-varying
nanocrystals in random orientations at 100 K. The cell membrane is
indicated, with the Stroma side outermost toward the light. The
crystals are hexagonal (P63, a = b = 28.8nm, ¢ = 16.7 nm) with
78% water content. Some of the 12 proteins making up this complex
of 72000 non-hydrogen atoms are labelled. This complex, together
with Photosystem II. in all green plants is responsible for all the
oxygen we breath (by splitting water in sunlight) and for CO,
degradation. Reproduced with permission from Kirian ef al

(201 1a). Copyright 2011 International Union of Crystallography.
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High-Resolution Protein Structure
Determination by Serial

Femtosecond Crystallography ~

Sibastien Boutet,™* Lukas Lomb,”” Garth ). Williams," Thomas R. M. Barends,”” Andrew Aquila,
R. Bruce Doak,” Uwe Weijerstall,” Daniel P. DePonte,* Jan Stelnbrener,”” Robert L. Shoeman,™*
Marc Messerschmidt,’ Anton Barty,* Thomas A. White," Stephan Kassemeyer,”” Richard A, Kirian,*
M. Marvin Seibert,' Paul A. Mantanez, Chris Kenney,* Ryan Herbst,* Philip Hart,® Jack Pines,”
Gunther Haller,® Sol M. Gruner,”” Hugh T. Philipp,” Mark W. Tate,” Marianne Hromatik,”

Lucas ). Koemer,* Niels van Bakel,** John Morse,”” Wilfred Ghonsalves,’ David Amlund,*’
Michael ). Bogan,** Carl Caleman,” Raimund Fromme,™ Christina Y. Hampton,™ Mark 5. Hunter, ™

Interaction Point
Linda C. johansson,* Gemel! Katona,™ Christopher Kupitz,* Mengning Liang,* Andrew V. Martin,*
Karol Nass,™ Lars Redecke,”’*" Francesco Stellato,* Nicusor Timaeanu,"” Dingjie Wang,*

ST A
Nadia A, Zatsepin,” Donald Schafer, James Defever,' Richard Neutze, ™ Petra Fromme,™ Be lenses

John €, H. Spence,” Henry N. Chapman,*'* ime Schiichting™ CSPAD detector Undulator
(z = 93 mm) (420 m upstream)

quuld Jet

Structure determination of proteins and other macromolecules has historically required the gromth
of high-guality orystals sufficiently large to diffract x-rays effidently while withstanding radiation
damage. We spplied serial femtasecond crstaliography (SFX) usng an wray freedleciron e Eynerimental geometry for SFX at the CXI instrument. Single-pulse diffraction patterns from single

(XFEL) to obtain high-resolution structural information from microcrystals (less than 1 micrometer

by 1 micrometer by 3 micrometers) of the well-characterized modet protein lysozyme. The crystals flowing in a liquid jet are recorded on a CSPAD at the 120-Hz repetition rate of LCLS.

agreement with synchrotron data demonstrates the immediate relevance of SEX for analyzing H H H H _ _
I sunacoiot ok e Aok it o AMIC-Ao-cravtitie mobocslés: Each pulse was focused at the interaction point by using 9.4-keV x-rays.
B

-

Fig. 2. (A) Final, refined 2mFp — DFcak (1.50) electron density map (17) of lysozyme at 1.9 A resolution

Figure 8. Single-shot 40 fs XFEL diffraction pattern from a single calculated from 40-fs pulse data. (B) F,.(40 fs) — F, (synchrotron) difference Fourier map, contoured at
lysozyme nanocrystal recorded at 9.4 keV in the liquid jet at RT, +3 o (green) and -3 o (red). No interpretable features are apparent. The synchrotron data set was
extending to 0.18 nm resolution. The dose of 33 MGy is similar to collected with a radiation dose of 24 kGy.

the Henderson ‘safe dose’ for frozen samples. but 30 times higher
than the tolerable dose for RT synchrotron data collection.
Reproduced with permission from Boutet ef al (2012). Copyright
2012 American Association for the Advancement of Science.



High resolution femtosecond diffraction of
micron-sized lysozyme crystals

Lysozyme crystals
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40 fs pulse”, 3 md/pulse
10 um? focus
Transmission 15%

0.6 mJ/sample

33 MGy/pulse

94 keV,A=132A
Resolution 1.9 A

‘electron bunch length




Comparison of FEL and synchrotron data

R-factor vs resolution

40 fs LCLS data
40fs 5fs | Synchrot. (1 pm lysozyme crystals)
and
Dose / crystal | 33 MGy | 3 MGy | 0.02 MG
5 ayte 3 Y 5 4 ¥ SLS synchrotron data
ose ra = X o X
9.6 x 102 (200 pm lysozyme crystal, room
ylg 110: 1;20 temperature)
~19X ~Z X 0.6 T
Number of DP 108 106 100 =1
Hits 86442 | 40115 | 100 & I
E ! — LS Rmerge
Indexed DP 12247 | 10575 100 T el el
Bfactor[A?) | 283 | 285 19.4 B o2
19.2/ 185/ 16.8/
RRwe %] | 2200 | 227 | 200 b

Resolution limit: 1.9 A

2 4 6 L] 10 12
Resoksion (Angstrom)

Boutet et al Science 337:362 (2012)

Serial femtosecond crystallography

yields undamaged high resolution structures
No difference density Fobs (synchrotron (SLS) - Fobs (LCLS) )

Boutet et al Science 337:362 (2012)

FEL derived intensities
provide high resolution structures

Molecular replacement-
phased density, 1.9 A
resolution

-Resolution better than 2
A because S-atoms in
disulfides can be resolved
separately, S-S distance
is2A

-Good definition of side
chains

1.5 0 2mFo-DFc

FEL derived intensities
are good enough to see small differences

Molecular replacement
with turkey lysozyme
(Valine where there should
be histidine)

2mFo-DFc 160
Fo-DFc 3o




Applications of serial femtosecond
crystallography

» Analysis of (sub)micron crystals, including membrane proteins
In sponge (Nature Meth. 9: 263 (2012)) or lipidic cubic phase
(Science 342: 1521 (2013))

« SAXS and WAXS measurements
» Time-resolved pump-probe studies on light-sensitive systems

Ls time-delay

Placement of pump laser beam determines time delay

Aquila et al Optics Express 20:2706 (2012)



European XFEL and PETRAIII In
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XFEL SPB/SFX beamline PETRAIII P14 beamline
Focus size 0.1-1um Focus size: 4-5 ym
Photons/pulse 1 -8 x 1012 Photons/second 7 1012

Pulse length few — 100 fs

Altarelli & Mancuso (2014)
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ESRF UPGRADE PROGRAMME PHASE Il 2015 -2022

The Phase Il of ESRF UP will:

«  Make the ESRF synchrotron light source more than 30
times brighter than ever before,

* Increase the coherence of the X-ray beams to levels
approaching those of lasers,

»  Boost instrumentation capacities,

« Enable new technologies in magnet, radiofrequency
and vacuum systems,

Table 1: Main beam and bare lattice parameters

*  Reduce the energy consumption of the storage ring
by 30%,

= Optimise returns on previous investments by a 90%
re-use of existing infrastructure.

Phase | Phase |l

Parameter Existing Lattice New Lattice 180 million € during the 150 miillion € dun’n% the
Energy, E [GeV] 6.03 6.03 period 2009 to 2015 period 2015 to 202
Circumference, ¢ [m] ai4 844 « The constuction of 19 new generation « The construction of a new storage ring, inside the
Beam current [mA] 200 200 experimental stations to explore the nanoworld existing structure, with performance increosed by
Horizontal Emittance [pm ‘rad] 4000 160 « The crection of a new ultro-stoble experimental o factor of 100
Vertical Emittance [pm .r‘d] 2 34 . ’T‘:: ?r::;?:l:;m and refurbishment of most i ;::f:\‘;::i:m e
Bunch length, o: [ps) 13 1 of the cutting-edge scientific equipment and » An ambitious instrumentation programme
Energy spread, oz 106107 1.06 102 accelerator infrastructure {aptics. high-performance detectors)
Tune, vy, Wy, Vs 36.44,13.35,0.0054 75.60, 25.60, 0.0034 < An 'r':em:'m ”'g :::n ’::“z:- ::"h':"w
Momentum compaction 17.6 105 87 10% ::’:::cre;( :::,::d prrf;'nmu'r:u of !her:n:;: X-rou
Damping time, T Ty, T, [ms] 7,7.35 7,11,79
Natural chromaticity, £x0, §y0 -130,-58 -97,-79
Energy loss per turn, U0 [MeV] 49 3.05
RF voltage, VRF [MV] 9 6
RF frequency, fRF [MHz] 352 352
Harmonic number 952 992
Beta at ID center, fx, By [m] 37.6,3.0 (high B} 3.35,2.79

0.35.3.0 flow §§)
Beam size at 1D center, ox, oy [um] 413, 3.9 (high B} 235.3.7

50,39 (low )
Beam div. at 1D center, ox’, oy’ [urad] 10, 1.3 (high B) 69,13

107, 1.3 (low f)

Beta, beam size and div. at BM

Pr= 1,16 Py=4232

ox=85113 ay= 13,11 [um]
0x'=114,99 0y'=0.5,0.4 [urad]

[m]

Bx=0.68 fy=4.02 [m]
ox=13.1 oy=35 [um]
ox’=154 oy'= 09 [urad]




