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Serial Crystallography

(and related developments)
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We* have built apparatus to obtainr®y diffraction patterns
from a beam of icgacketted proteins

AIM: To solve protein structures which cannot be crystallized.
"The most important problem in structural biology"

Serial Crystallography

Injectors

Tests with powder, capsid
Correlation analysis of SAXPLUS
Recent results from Flash
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Spence and Doak, P.R.L. 92, 198102 '04. Acta A61, 237.'05. J.Chem Phys 123, 2443

*Spence, Doak, Weierstall, Starodub, DePonte, Schmidt, Fromme,Hembree. ASU NSF IDBR
*Chapman, Spence, Howells, Shapiro, Weierstall, Doak. ALS, ASU XRD CBST $



Three droplet beam methods
CCD detector 1. Rayleigh

Protein dro@ 2 Electrospray.
source .
3 Aerogjet.

Four alignment methods
1. Laser

2. Static field

3. Magnetic field

4. Flow alignment.

Focussed elliptically-
polarized laser beam

aser beam

X-ray beam k diffraction

pattern Plezo

1IMHz

Qui ckTimeE and a
TIFF (LZW) decompressor
are needed b See this picture.

Experimental image of 4micron droplet beam
(Current droplets are about 1 micron diam)



Serial Xtallography

Consider a singléile stream of identical , aligned molecule
traversing an Xay beam. Assume their spacing exceeds t
width of the Xray beam, so there is only one mol in the be
at any instant.

Because thenotionof one molecule across the collimatec
X-ray beam has no effect on the diffraction pattern,

the pattern is equivalent to that from one immortal,
stationary molecule, which never damages*.

Spence and Doak, PRL 2004

*The transit time for one mol travelling at 50m/sec across a ten micron beam is 200ns.



Experimental demonstration of laseralignment of a molecular bearr

*The non-resonant laser induces a dipole moment p for polarizabilitya.
Pi(t) =a;(g) E(t)

*Because the induced moment is not parallel to the field which caused it, there is a torque
Torqueist =px E
When elliptically

polarized light is used,
all 3 molecular axes are

(a) No YAG pulse (b) YAG pulse on

aligned in direction, but *
not sense (Elser 06). I :
There are no absorption | #

lines in protein at one micron.
At 108 watts/cn? no damage is ?
expected. g

Molecules of lodobenzene in a gas jet aligned by linearly polarized light.
After alignment, mols are ionized and exploded by circularly polarized
laser pulse, producing the pattern shown.

Larsen, J. Chem Phys 111, 7774 (1999); Stapelfeldt, Seideman, '03 etc.
Rotational temp 20 K



Electron diffraction from laser-aligned molecules

Qui ckTi meE and a QuickTi meE ar
decompressor decompressor
are needed to see this picture. are needed to see this picture.
C2F4|2

Reckenthaeler et al. Phys Rev Letts 102, 213001 (2009)

Pump-probe with delay less than 2.6 ps



Charge-density maps can be reconstructed from diffraction patterns
from partially-aligned molecules using new iterative phasing methods

Qui ckTi meE and a
TIFF (LZW) decompressor

are needed to see this picture. G ro EI



EXpOSUfG times* (Full HIO sim with noise. Scat Fac. for GroEL )
0. ERL (Cornell, planned) 8kV, Flux 3E8

NSLS 2 ?
Resolution N Exp time
2nm 1 30 seconds
0.7 (a-helix) 10 204 sec.

1. Current APS capability, 4.5 kV Undulator, Flux 7.7E5 ph/sec/nm?.(0.1% BW)

Resolution Number of mols. N Exp Time.
0.7 nm 1 2.5E5 sec
2nm 1 3.8E3
1nm 10 6.1E3=1.6 hrs

2. Summer 07 ALS upgrade. 1.5 kV, Flux 1E4 ph/sec/nm?.

Resolution Number of mols.  Exp time.
2 Nm 100 324 sec
1.5 nm ) 2E4

Divide this exposure time by 1000 if ALS 9.0.1 optimized for our experiment.

*Scaling: T=s2k/(N*l, d*Il2) with k= 9.8E6 (nm, sec) . Oversampling ratio s -sqrt (2) above.
For constant T, d goes as N4 Analytic result (Rez, Howells) for S/IN=5 gives 100 times shorter



Injectors for hydrated particles.

Over past 3 years we have built and evaluated the following types at ASU.
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Electrospray -

Rayleigh jet -

Nebulizer -

Aerojet -
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Sheds water by coulomb explosion, Fenn.

Proteins may be charged and so unfold

Very low particle density (mist)

Cannot be synchronized. Is used in current TOF of proteins.

High particle density (single file) cf Ink Jets

Dondot shed water.

Small nozzles (<10 microns) clog. Droplets twice nozzle diam
Can be synchronized (driven by piezo)

Not charged.

Low particle density (mist) AIM: To collect data

Not charged from proteins which
Can be synchronized (piezo) cannot be crystallized,

Dondt shed water, b (£EPecllypenbrane
Proteins. (P.Fromme)

Water shedding difficult so far

Not charged. Monodispered.

High density (single file)

Can be synchronized

Does not clog. Mixing experiments possible (protein folding)



We developed the capability for ns imaging of droplet beam JEGZ )

Electrospray in air
Shows breakup, water shedding.
8 micron Nozzle produces 1 micron droplets

Droplets freeze at 10° °/sec in vacuum,
Fast enough for vitreous ice.

>.W-o-o.oooooooooooooooooooooooo

Rayleigh jet in air. Can be synchronized with FEL.

4 micron nozzle produces 8 micron droplets

Piezo drive produces monodispersed drops, equally spaced, phase-locked to the driving waveform

The piezo-driven nozzle is vibrating at 1.2 MHz and the image obtained with 100 nsec stroboscopic
flashes (LED) synched to the piezo. Droplet velocity 50 meters per sec. (Mag: 200)

U. Welerstall



iquid cone enhances flow alignment

Av = const

Gas accelerates liquid _ _ _ _

Making cone as shown. ~1 Mhz single-file micron-sized droplet
Higher pressure for smaller droplets beam. Big nozzle makes Small droplets

Operating Aerojet. Note liquid cone. Can be synchronized with FEL

Dan DePonte, Mark Hunter



We can image jet in SEM to see sub-micron drops

When droplets are too small for optical viewing.

Dan DePonte

A submicron droplet beam (800nm) has been achieved

Uses of aerojet.

On-demand version can be synchronised with LCLS. Electrospray cannot.
Less damage than SAX cell, esp. for next gen synchrotrons. No window
Droplet jacket may act as tamper.

By reducing filter size, we can reduce crystallites to single molecule.

Use all liquour in protein xtal growth cells to improve yield (Von Dreele)
Windowless SAXS. Aerojet beam is thin enough for soft X-rays.

oOUhowNE



Tests of Diffraction Camera for S.C. and fs XRD at
ALS

Retractable nozzle and cold trap

Adjustable sample/detector distance (3.5-5.5 inches)

Computer controlled optics/laser positioning

Maximum spatial frequency corresponds to 2 nm pixel size (after
upgrade to 1.5 keV)

g Fully enclosed laser system

© © © ©

~Droplets

First experiments with soft-xays at 2 nm wavelength at LBL Berkeley _
D. Shapiro



Aerojet test with CW X-rays.

1. 50nm gold balls in droplet beam

2. Photosystem | membrane protein 200nm crystallites.

3. Genome-free MS2 virus capsids.

Our Aerojet fits ALS - SMALL droplets from BIG nozzle - won't clog. lcoz gas in



