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CepumnHaa Kpucrtannorpadpus
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Habopa.
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Cbop ANPpPaKLUMOHHbBIX AaHHbIX UCMOb3YSA
KPUCTaN/ibl MUKPOHHbIX Pa3MepOoB



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

A.Popov 4



How fast does damage occur? (100K)
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Q223 Q2T 22229
lllustration of some processes involved in the radiation damage cascade.(a) X-ray-induced ejection of a primary photoelectron. (b) Generation of jjj‘jj 3*3‘;‘3“3 jjjj‘j
several hundred relatively low-energy (100 eV) electrons. (c) Bond breaking leading to internal stress and radical formation. (d) Radical attack of 3’«’ PRI 2R Qi‘s
the protein. (e) Conformation changes of side chains and flexible loops in response to chemical damage. ( f ) Displacement and reorientation of Q 333’3’ 333::3 f,f,iq 2
individual damaged molecules. (g) Deformation and Q22 3 3 3 jgj
reorientation of local lattice domains. (h) Plastic failure and crystal cracking. 3‘$'§j ﬁ 3‘333 22229

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




Micro-crystallography

* Thermolysin, Space Group P6,22; B-factor=11.5 A2

Crystal size, pm
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* For acrystal 1x1x1 um?3in 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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Potential for biomolecular imaging
with femtosecond x_ray pulses NATURE|VOL 40617 AUGUST 2000 | www.nature.com

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

t=—2fs t=2fs t=5fs t=10fs t=—20fs t=50fs

t=—10fs t=0fs t=10fs t=—50fs t=0fs t=50fs
Figure 2 Explosion of T4 lysozyme (white, H; grey, C; blue, N; red, O; yellow, 5)induced by~ because of an inertial delay in the explosion. A, = 3%, R... = 11%b, Lysozyme exposed
radiation damage. The integrated X-ray intensity was 3 102 (12 keV) photons per 100-  to the same number of photons asin a, but the FWHM of the pulse was 10 fs. Images show
nm diameter spot (3.8 =1 0f photons pcrf\Q) in all cases. a, Aprotein exposed to an X-ray  the structure at the beginning, in the middle and near the end of the X-ray pulse. A, =
pulse with an FWHM of 2 fs, and disintegration followed in time. Atomic positions inthe 7%, Aa.. = 12% ¢, Behaviour of the protein during an X-ray pulse with an FVHM of 50 fs.
first two structures (before and after the pulse) are practically identical at this pulse length Ao = 26%, Ruee = 30%.



X-ray free-electron lasers
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Femtosecond X-ray protein nanocrystallography

Henry N. Chapman'?, Petra Fromme?®, Anton Barty!, Thomas A. White!, Richard A. Kirian*, Andrew Aquila!, Mark S. Hunter?,
Joachim Schulz', Daniel P. DePonte!, Uwe Weierstall, R. Bruce Doak®, Filipe R. N. C. Maia®, Andrew V. Martin',

IIme Schlichting®’, Lukas Lomb’, Nicola Coppola't, Robert L. Shoeman’, Sascha W. Epp®®, Robert Hartmann®, Daniel Rolles®”,
Artem Rudenko®®, Lutz Foucar®’, Nils Kimmel'®, Georg Weidenspointner™"'?, Peter Holl’, Mengning Liang’,

Miriam Barthelmesslz, Carl Caleman‘, Sébastien Boutet‘a, Michael J. Bogan“, Jacek Krzywinski“, Christoph Bostedt”, Sasa Bajtu,
Lars Gumprecht', Benedikt Rudek®, Benjamin Erk®#, Carlo Schmidt®-®, André Homke®®, Christian Reich®, Daniel Pietschner'®,
Lothar Striider®'°, Giinter Hauser'?, Hubert Gorke'®, Joachim Ullrich®®, Sven Herrmann'®, Gerhard Schaller'®,

Florian Schopper'’, Heike Soltau’, Kai-Uwe Kiihnel®, Marc Messerschmidt™, John D. Bozek', Stefan P. Hau-Riege'®,

Matthias Franklé, Christina Y. Hampto_n“, Raymond G. Sierga“, Dmitri Staroglub“, GarthJ ._Wﬂ]iams”, Janos Hajdus,

Nicusor Timneanu®, M. Marvin Seibert™t, Jakob Andreasson®, Andrea Rocker®, Olof Jénsson®, Martin Svenda®, Stephan Stern’,
Karol Nass?, Robert Andritschke!?, Claus-Dieter Schriter®, 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'?, Daniela Rupp'®, Marcus Adolph'®, Tais Gorkhover'®, Inger Andersson®’, Helmut Hirsemann'?,

Guillaume Potdevin'?, Heinz Graafsma'?, Bjorn Nilsson'? & John C. H. Spence4

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 2 pm 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.



Serial femtosecond crystallography

Crystals 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 u jet - Partial reflections not fully integrated
l - Crystals may be hit by center of the

beam, or just be grazed by it



Gas-focused liquid microjets %

Daniel DePonte, Uwe Weierstall, John Spence, Bruce Doak

Convergent 50-100 ym

~" Glass| tube
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S. Botha, R. Shoeman, R.B. Doak Heidelberg Liguid wilh
Q=30 uL/min [ sample
PHelium=30 pSI Helium

Frame Rate= 300 000 fps

Play Back= 30 fps
Gas-dynamic virual nozzle
Sample at room temerature,

in solution
Weierstall, Spence, Doak, Rev. Sci. Inst 83, 035108 (2012)




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 2 keV 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 ef 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
T8% water content. Some of the 12 proteins making up this complex
of 72000 non-hydrogen atoms are labelled. This complex, together
with Photosystem 11, 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 er al
(2011a). Copyright 2011 International Union of Crystallography.



It is possible to do a Monte Carlo integration
over multiple indexed femtosecond images and
obtain a dataset of fully integrated reflections

Kirian et al (2010), Optics Express,18, 5713-5723:
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High-Resolution Protein Structure

Determination by Serial

Femtosecond Crystallography ~

Sébastien Boutet,™* Lukas Lomb,>* Garth ]. Williams,* Thomas R. M. Barends,>* Andrew Aquila,*
R. Bruce Doak,® Uwe Weierstall,> Daniel P. DePonte,® Jan Steinbrener,> Robert L. Shoeman,*?
Marc Messerschmidt,* Anton Barty,” Thomas A. White,* Stephan Kassemeyer,” Richard A. Kirian,®
M. Marvin Seibert,* Paul A. Montanez," Chris Kenney," Ryan Herbst,® Philip Hart,® Jack Pines,®
Gunther Haller,® Sol M. Gruner,”® Hugh T. Philipp,” Mark W. Tate,” Marianne Hromalik,”

Lucas J. Koerner,® Niels van Bakel,** John Morse,*? Wilfred Ghonsalves, David Arnlund,**
Michael J. Bogan,** Carl Caleman,* Raimund Fromme,® Christina Y. Hampton,* Mark S. Hunter,*®
Linda C. Johansson,** Gergely Katona,*> Christopher Kupitz,> Mengning Liang,* Andrew V. Martin,*

Interaction Point
(10 um?2 focus) ; \
Karol Nass,* Lars Redecke,*’"*® Francesco Stellato,* Nicusor Timneanu,*’ Dingjie Wang,5
Nadia A. Zatsepin,® Donald Schafer,” James Defever,” Richard Neutze,"* Petra Fromme,** Be lenses

5 4,16 : TR
John C. H. Spence,” Henry N. Chapman,™® Ilme Schlichting CSPAD detector Undulator
(z=93mm) (420 m upstream)

o

Structure determination of proteins and other macromolecules has historically required the growth
of high-quality crystals sufficiently large to diffract x-rays efficiently while withstanding radiation
damage. We applied serial femtosecond crystallography (SFX) using an x-ray free-electron laser H H H _ H H H

(XFEL) to obtain high-resolution structural information from microcrystals (less than 1 micrometer EXpe'rlm_enta.l ggometry for SFX at the CXl instrument. Slngle pUIse _d'lffraCtlon patterns from Smgle crystals
by 1 micrometer by 3 micrometers) of the well-characterized model protein lysozyme. The flowing in a liquid jet are recorded on a CSPAD at the 120-Hz repetition rate of LCLS. Each pulse was

agreement with synchrotron data demonstrates the immediate relevance of SFX for analyzing focused at the interaction point by using 9.4-keV X-rays
the structure of the large group of difficult-to-crystallize molecules. ) '
A _ 6 B

_ Fig. 2. (A) Final, refined 2mF,us — DFcaic (1.56) 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,y (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 af (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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Comparison of FEL and synchrotron data

40 fs 5fs Synchrot.
Dose / crystal | 33 MGy | 3 MGy | 0.02 MGy
Dose rate 8.3x 5.8x 2
[Gy/s] 100 | 100 | 96x10
~1.5x ~2X
Number of DP 108 108 100
Hits 66442 | 40115 100
Indexed DP 12247 | 10575 100
B-factor [A2] 28.3 285 19.4
19.2/ 18.5/ 16.8/
RRwee (%] | 2009 | 227 | 200

Resolution limit: 1.9 A

R-factor vs resolution
40 fs LCLS data
(1 pm lysozyme crystals)
and
SLS synchrotron data

(200 pm lysozyme crystal, room
temperature)

0.6

= 40 fs Rsplit

= 5fs Rsplit

e
S

—— SLS Rmerge

RsplittRmerge
o
~N

2 4 6 8 10 12
Resolution (Angstrom)

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
is2 A

-Good definition of side
chains

9

1.5 0 2mFo-DFc

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

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

are good enough to see small differences

2mFo-DFc1.50
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)



PETRA I1I @ 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




Table 1: Main beam and bare lattice parameters

Parameter Existing Lattice New Lattice
Energy, E [GeV] 6.03 6.03
Circumference, C [m] 844 844
Beam current [mA] 200 200
Horizontal Emittance [pm -rad| 4000 160
Vertical Emittance [pm -rad] 5 3.2

13 11
Energy spread, s 1.06 103 1.06 103
Tune, vy, vy, Vs 36.44,13.39, 0.0054 75.60,25.60,0.0034
Momentum compaction 17.6 105 8.7 10
Damping time, Ty, Ty, Ts [s] 7.7,35 7,11,79
Natural chromaticity, £x0, £y0 -130, -58 -97,-79
Energy loss per turn, U0 [MeV] 4.9 3.05
RF voltage, VRF [MV] 9 6
RF frequency, fRF [MHz] 352 352
Harmonic number 992 992
Beta at ID center, Bx, By [m] 37.6, 3.0 (high ) 3.35,2.79

0.35, 3.0 (low f3)
Beam size at ID center, ox, ay [um] 413, 3.9 (high B) 235,37
50, 3.9 (low B)

Beam div. at ID center, ox’, gy’ [prad] 10, 1.3 (high 8) 6.9,1.3

107, 1.3 (low )

Beta, beam size and div. at BM

Bx=1,16 PBy=42,32 [m]
0x=85,113 oy=13,11 [um]
ax'=114,99 gy’=0.5,0.4 [urad]

Bx=0.68 PBy=4.02 [m]
ox=13.1 oy=35 [um]
ox=15.4 ay’= 0.9 [urad]

ESRF UPGRADE PROGRAMME
PHASEII (2015-2019)

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,

Reduce the energy consumption of the storage ring
by 309,

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



European XFEL and PETRAIlIIl in Hamburg
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XFEL SPB/SFX beamline PETRAIIl P14 beamline
Focus size 0.1-1pum Focus size: 4-5 um

Photons/pulse 1 -8 x 1012
Photons/second 7 1012
Pulse length  few — 100 fs /

Altarelli & Mancuso (2014)
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Diffraction signal gated by radiation damage

SFX

Barty et al. 2011

1.4 70fs
1 100 s
124 2007s
1 ‘- 250fs
" ] 300fs
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0.0 0.2 0.4 0.6 0.8 1.0 12 1.4
g=1/d (cycles/nm)

Dose limit
20-200 GGy

100GGy @ 1 fs
Chapman, Caleman & Timmenau (2014)

strong dose rate dependency

(Na(J))

Synchrotron MX

Bourenkov and Popov. 2006

— Instrument limit

p=5,Ap=1° /

Resolution shell = 1.55-1.50 A /

/

Absolute limit due to radiation damage

/\

0.01 100

Exposure time (s deg ')

Dose limit

30 MGy ~ 103-10%

<0.5 MGy @ 300K
<0.001 MGy redox centers

no dose rate dependency

07/11/2014
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3rd Generation MX PETRAII MX
mini-beam P14

source e —-
Sample ‘

8-10 um 4-5 um

Life-dose-exposure 10 sec 0.3 sec

@100K 30-fold flux on p-crystal

MAXIV, NSLSII, upgrades: ESRF, APS, SPRING8

<1l pum
<0.001sec

22



PETRII bamlin P14

Bourenkov et al.




0.08

EMBL-ARINAX

MD3: nano-diffractometrv

Spindle angle, (°)

» off-center component: 50 nm
* rmsd fromideal: 16 nm

|

wu 00T
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Fully automatic multi-crystal position recognition, enhanced

characterisation and data collection

Collect and process data

Input Port 4 Check images

User Input

T
U By : Check if signal

No images acquired error message

D I X? t | Find all positions and upload to ISPyB
L

P

| %y t

—'15.

Upload data collections to mxCuBE

Check threshold ,

A1 2

Output Port

U

edo find positions with different threshold

?Y :
s

No diffraction signal error message

L3}

A 3

Fast Two-dimension mesh | g&zecese
scan

Recognition of crystals
using diffraction images

Mo diffraction signal

Data collection

“

“



Thaumatin

Diffraction 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%

» |/Sigmal: 13.13

» Rmeas: 14.8%



Bacteriorhodopsin

Diffraction signal

510152025303540455 (6560657 07 580852093 0L0BI T B2 12 ESTB A TM B IS e IEE/ IV S8BT 20Z0EL PL R FPESFERADA 5
Axis 1

i = Result of mesh scan: 59 hits,
- 10 deg oscillation per spot were collected
Bacteriorhodopsin crystals, Micromesh used Results:
size about 5um for data collection * 14 data sets could be processed

» Resolution: 3 A
» Completenness: 91.2%

25.0
22.5
20.0
17.5
15.0
12 5
10.0
7.5
5.0
25
00

Bacteriorhodopsin crystals  Results: Result of mesh scan: 10 hits,

size 10—20um * All data sets could be processed
* 6 were usable for merging
» Resolution: 2.4 A
» Completenness: 95.3

10 deg oscillation per spot were collected



. Redecke, L., ... Chapman, H. (2012): Natively Inhibited
CathepSln B Trypanosoma brucei Cathepsin B Structure Determined by Using
an X-ray Laser. Science 339:227 [4HWY:2.1 A]

VY

Helios




Inspiration from Serial Femtosecond Crystallography

g
M

Interaction
point

Front pnCCD
(z=68 mm)

Rear pnCCD
(z=564 mm)

Ensemble distribution of Bragg spot intensities

140

120]

100]

80

80

Expected distribution

Theoretical

140; KL[10 5 1],6.1 Ang., N = 898 140) mKL [15 1 11], 4.7 Ang., N = 796
120} 120

100] Low resolution—> i

80¢ 80

0; 80

40 40

20§ 20 .

4 5 o 12 3 4 5 0=5a 1 (g,{ et 3 1

Sauter (2014), http://bioxfel.org

Chapman etal. (2011)

10°-10° crystals for
Monte Carlo intensity
integration

Kirian et al. (2011)
White et al. (2012)
Hattne et al. (2014)
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Cathepsin B suspension in a cryo loop







Fast rastering by rotation exposures

: empty
.fm‘ :

indexed

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)

32



Cathepsin B data collection and
22800 frames recorded p rOCESSI N g

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

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

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

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

initial hits final data

07/11/2014
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PETRA III XFEL

PETRAII XFEL

Crystal Size

107 unit cells [10 x less than
smallest crystals used at
synchrotrons before]

Resolution

o o

3A 2.1A

Material used

15 nl 10 ml

Propeptide

carbohydrate

Result

Models are identical within
error

Enzyme

carbohydrate




In-situ serial crystallography

Crystal Direct™ plate scanner
mounted on MD3

Cipriani, Marquez et al. (2012) 'CrystalDirect: a new method for
automated crystal harvesting based on laser-induced photoablation
of thin films.' Acta Cryst D68:1393.
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Data collection at Room Temperature




Beam size 6x6 um?
2x10'1 photons/sec @12.7 keV, attenuated

- —— — —

0.23 MGy in 150 ms

o nsulin'in 2,3 a=78 A

" "‘r',ueryaql size 10x10x5 um3

b




In-Situ SX dat

24000 frames x 0.1° rotation

1200 wedges indexed,0.5-1.7°

990 wedges integrated/scaled

300 crystals

Resolution [67-2.03]

777 _w.‘mww
RN

)
>
k=)
C
>
o))
LN
N =
~ .20
wn <
c LN
RS 0
R C )
2 0
T 2o
rCOJ.
N 5 0
B.m.__z
)
ZMCU
LN
< = O

w, 1.5 high)

1/Sigl=15 (25 lo

Indexing ambiguity resolved - no twinning!

0.143/0.184

R/Rfree
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SSX and SFX

Overlap in targets (range of nano-crystal dimensions)
between SSX and SFX

Higher resolution in SFX

Lower material consumption in SSX (on solid support)

— Use low resolution SSX data to bootstrap the intensity
integration in SFX experiment (math in development)

SSX can support preparation of pump-probe SFX
experiments (diffraction quality, triggering
mechanisms, etc.)






