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Structure & Function

Moving beyond the static picture; relate molecular structure to bio-function %
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Barty, Kiipper, Chapman, Ann. Rev. Phys. Chem. 64, 415-435 (2013)
Chang, Horke, Trlppel KUpper, Int. Rev. Phys. Chem. 34, 557-590 (2015); arXiv:1505.05632 [physics]



Watching chemistry
with atomic spatial (100 pm) and temporal (10 fs) resolution

@ Imaging chemical reactions of single molecules
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Momentaufnahme der Reaktion

with atomic resolution in real time



Controlled Molecule Imaging
Toward a microscopic understanding of molecules at work




Atomic-resolution imaging of ultrafast chemical dynamics




The ‘Quantum Molecular Movie’

© 2017 Jolijn Onviee/CFEL-CMI



Spatially separated indole-water dimer
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What could be happening?
lon-imaqing of ultrafast dynamics in pure indole-water-dimer sample

Water acts as molecular sunscreen!
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cf. Sobolewski, Domcke, Computational studies of the photophysics of hydrogen-bonded molecular systems, J. Phys. Chem. A 111, 11725 (2007)



Laser-induced electron diffraction of indole & indole-water
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The ‘Quantum Molecular Movie’

Rn_o = 300 pm Rx_—0 = 300 pm

© 2017 Jolijn Onviee/CFEL-CMI



Structure and dynamics of large biomolecules and nanoparticles

nmA

large nanoparticles and viruses
100 _
small nanoparticles
Top-down and bottom-up approaches toward
10 _ molecular-physics studies of proteins.
single proteins
single proteins
1 _
small peptide
0.4 —
small molecules (e.g., NH3, H20)
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any size molecule small molecules larger molecules

atomic resolution but closer to real protein near-atomic resolution, fast
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X-ray crystallography

Defining property of a crystalline material is that

,) '\- N £ ,\ it Is periodic In space
‘ Ao ‘. Id scattering of X-rays from a crystal lattice,
A‘ /l\ NN Bragg'’s law
: ‘. : Path difference between
.A‘ RN N 6N mA = 2d sin@ two rays reflected from
adjoining planes

7 o B B O

(. '\ Jay é\

This is the condition for the constructive interference of waves which have an angle of incidence
0 to a set of lattice planes a distance d apart.



Crystallography: structures of molecules

The Structure of the Benzene Ring g Lg!CH.,)..
;

By KATHLEEN LoNSDALE, I).Sc. dy T4

(London),
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P ccelv®d January

(Communicated by R. Whiddgton, F.R.S.
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The Nobel Prize in Physiology or Medicine 1962 was
awarded jointly to Francis Harry Compton Crick,
James Dewey Watson and Maurice Hugh Frederick
Wilkins "for their discoveries concerning the
molecular structure of nucleic acids and its

significance for information transfer in living
material."

The Nobel Prize in Chemistry 1964
was awarded to Dorothy Crowfoot Hodgkin
"for her determinations by X-ray techniques of
the structures of important biochemical substances."

Lonsdale, Proceedings of the Royal Society of London A 123, 494 (1929)

Crowfoot, Bunn, Rogers-Low, Turner-dones in Clarke, Johnson, Robinson, (eds.) “Chemistry of Penicillin” Princeton University Press, pp. 310-67 (1949)



Todays X-ray crystallography
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Todays X-ray crystallography

One can solve protein structures to <2A
resolution from crystals <1 mm in size.

Laue diffraction from photoactive yellow protein, 10 exposures, ~3700 reflections



Todays X-ray crystallography

Protein Data Bank statistics (as of March 2017)

Rate of Protein Structure Determination (Log Scale)

o
Experimental Proteins Nucleic Acids A Other Total i
Method complexes Q- 1000

X-ray diffraction 106595 1820 5471 4 113890 g
NMR 10296 1180 241 8 11735 é
Electron microscopy 1021 30 367 0 1418 %

Hybrid 99 3 2 1 105 % - /7
Other 181 4 6 13 204 é
Total: 118192 3047 6087 26 127352 =

< é\qla < Cg\:b \q%lo \q%f'z, \g%b‘ \q%é \g%% \qgs \qqf'z, ,\g%;‘ ,\g@é’ \g@‘;’ q/gglo q/ggflv Q,QQ‘; q/QQQ) (}9@ q/g,\o Q/Q,\Q, q,Q\‘;

Year

- Electron Microscopy = NMR = Total X-Ray

f But there are a few things crystallography cannot do / struggles with: \

* Not every molecule (esp. proteins) crystallises, especially into such
comparatively large crystals!

- Radiation damage - the same crystal is bombarded for many
exposures with hard x-rays that can damage the structure

- ultrafast dynamics (except some special cases)




X-ray sources and the FEL revolution
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The European XFEL
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Peak brilliance (photons per (s mrad? mm? 0.1% BW))

X-ray sources and the FEL revolution
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* More incoming photons — more scattered photons

* Do not require the huge amplification from large
crystals anymore

* Very short pulses enable time-resolved studies (Note:
synchrotrons typically have ~100 ps pulses)

- Higher coherence beams for novel quantum-optics
experiments

- BUT: the huge intensity destroys samples - in a single
shot!




Serial femtosecond crystallography (SFX)

- The much higher x-ray intensities allow the use of much smaller crystals (100s of nm)
« Sample destruction issue is solved by providing a new (but identical) crystal every shot
* Every crystal only exposed to one x-ray pulse
» If the x-ray pulse is short enough, the diffraction image is recorded before the sample gets destroyed by the high intensity pulse

“Diffraction before Destruction”
Rear detector for low-

resolution scattering

: (shape transform of crystal)
T

Nanocrystals delivered in a
thin liquid jet

Rear pnCCD

(z = 564 mm)
Interaction Front pnCCD  Front detector for high-
point (z =68 mm) resolution scattering

Chapman et al., Nature 470, 73 (2011)



Serial femtosecond crystallography (SFX)

- The much higher x-ray intensities allow the use of much smaller crystals (100s of nm)
» Sample destruction issue is solved by providing a new (but identical) crystal every shot
 Every crystal only exposed to one x-ray pulse
- If the x-ray pulse is short enough, the diffraction image is recorded before the sample gets destroyed by the high |

low-resolution data

Rear pnCCD
(z =564 mm)

Interaction Front pnCCD
point (z =68 mm)

Chapman et al., Nature 470, 73 (2011)



Serial femtosecond crystallography (SFX)

- The much higher x-ray intensities allow the use of much smaller crystals (100s of nm)
» Sample destruction issue is solved by providing a new (but identical) crystal every shot

 Every crystal only exposed to one x-ray pulse
- If the x-ray pulse is short enough, the diffraction image is recorded before the sample gets destroyed by the high |

Visualisation of diffraction intensities from 15k patterns
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Chapman et al., Nature 470, 73 (2011)



Coherent diffractive imaging CDI
(Single particle imaging SPI)

- SFX allows structure determination of many systems that previously could not be studied
- But it still relies on (albeit very small) crystals...can we image isolated molecules/particles?

Chapman et al., Nature 470, 73 (2011)



Coherent diffractive imaging CDI
(Single particle imaging SPI)

For 3D reconstruction we need images from many orientations of an identical object!
= many identical objects in known orientations

* Image an ensemble of identical objects at

 Image a single object (molecule, 2 time

nanoparticle) at a time
- Make sure all object are aligned in a

 Recover the orientation from the recorded
known way

pattern afterwards
» Change alignment of objects to sample

- Sample different orientations “randomly” orientation space

Pro:

» no need for alignment Pro:

Con: » Can have scattering from many objects

- orientation recovery not trivial (might - No need for difficult orientation recovery

require a-priori knowledge) Con:
* orientation recovery requires a certain * Need to align all objects in a well-
number of scattered photons in each defined and controlled fashion

diffraction pattern

Barty, Kipper, Chapman; Annu. Rev. Phys. Chem. 64, 415 (2013)



Single particle imaging (SPI)

For 3D reconstruction we need images from many orientations of an identical object!

Beam dump\\
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Loh, Elser et al
PRE 80, 026705 (2009)
PRL 104, 225501 (2010)

Seibert et al, Nature 470, 78 (2011)
Ekeberg et al, PRL 114, 098102 (2015)



ALS: towards single proteins
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Atomic-resolution coherent-x-ray-diffractive single-particle imaging

Sample conditions

* In vacuum

* identical

* intact, ‘native’

* high density

synchronized to XFEL pulses

5 Barty, Kiipper, Chapman, Ann. Rev. Phys. Chem. 64, 415-435 (2013)
Chang, Horke, 'Izrlppel, KUpper, Int. Rev. Phys. Chem. 34, 557-590 (2015); arXiv:1505.05632 [physics]



Our approach towards optimal sample

COMOTION
\Naporizq i (@1)
/p'< 2 v

3 P : : :
<) - Efficient creation of isolated nano-objects.
‘C(""‘N
< Control techniques to optimize the particle beam.
atomic o
resolution © o Shock-freezing using cryogenic cooling techniques.
~ imaging o
/ ~ Where we are going.....
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Aerosolization techniques

Gas-focused liquid jet |
floarid - Table 1. Aerosolization parameters. Characteristic parameters for
| sample aerosolization with ES and a GDVN assuming an average droplet
; \ occupancy of 1.
‘ — - Sample Drgplet Sample. Particle rate
| | , \ flow rate size concentration
ES 0.06 pl/min 5x10'%/ml 5.7 x 10°%/s
2x10"%/ml 0.6 x 10%/s

Herpesvirus Rabies
200nm 180X80nm

Analyte molecule Solvent Coulomb Naked charged

, evaporation fission
Spraying nozzle

T+
Charged parent
droplet

Influenza virus Adenovirus Rotavirus
100nm 90nm 80nm

Charged progeny
droplets

/4

Charged droplet at 7, e, o/
Taylor cone the Rayleigh limit L8 B £ 1‘ Iz
Power supply e, ;
. L T Papillomavirus Dengue virus, Hepatitis Cvirus  Hepatitis B virus  Hepatitis A virus, Parvovirus
S Ebolavirus 60nm Zika virus 50nm 42nm Poliovirus 20nm
80x970nm 50nm 30nm

Beyerlein et al., Rev. Sci. Instrum., 86, 125104 (2015) Bielecki et al., Science Advances, 5, 5 (2019)




Differential Mobility Analyser (DMA) and particle counter
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ALS: towards single proteins

Electrospray

Ferritin
(OD ~ 13 nm)

BSA
(OD ~ 7 nm)

>
9

Differential Mobility Analyser (DMA)

Condensation Particle Counter (CPC)

147 ﬁ Ferritin 1.75 7 Bovine Serum Albumin (BSA)
1.2 *
10- Efficient creation of isolated proteins directly from buffer solution
: #
T S
S 0.8 - =
k= k=
S =
gn 0.6 - go 0.75 ~
2 S
S S
zZ
S g4 * © 0.50 -
0.2 v 0.25 -
0.0 - V\*N—o-o—o—o—.—.— 0.00 -
- - - - - hydrodynamic focusing 1 - - - 1

5 10 15 20 25 30
diameter in nm

5 10 15 20 25 30
diameter in nm

Worbs, Libke, Estillore, Samanta, Klpper, in preparation



Aerosolization and particle beam formation

arosolisation

um liquid jet

1 um x-ray focus

Beyerlein, Adgigno, Heymann, Kirian, Konska, Wilde, Chapman, Bajt, Rev. Sci. Instrum. 86, 125104 (2015)
Roth, Awel, Horke, Kipper, J. Aerosol. Sci. 124, 17-29 (2018) arxiv:1712.01795 [physics.flu-dyn]



Particle beam formation: Importance
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Roth, Awel, Horke, Kiupper, J. Aerosol. Sci. 124, 17-29 (2018) arxiv:1712.01795 [physics.flu-dyn]



Aerodynamic-lens-injectors for generating particle beams

rosolisation

um liquid jet
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Roth, Awel, Horke, Kiupper, J. Aerosol. Sci. 124, 17-29 (2018) arxiv:1712.01795 [physics.flu-dyn]
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ALS with gold simulation and experimental comparison

10 million diffraction patterns (Eu-XFEL, P2160)

100

% gold octahedra (35 nm edge length) i ) ::‘l::'l’;:::t

diameter (Um)

Y 15 2.0 25 30 35 a0 3D diffraction pattern of octahedral

z(mm)

nanoparticles
First experiment with the optimised lens i Optica Vol. 8, Issue 1, pp. 15-23 (2021)

Worbs, Libke, Estillore, Samanta, Klpper, in preparation



https://www.osapublishing.org/optica/issue.cfm?volume=8&issue=1

Pump-probe experiments

Proposed experiment:

Recording structural dynamics of electronically excited gold nanoparticles (AuNPs)

- coherent plasmon excitation followed by electron-electron
scattering and electron-phonon coupling

- energy is dissipated into different phonon modes and a
symmetric breathing mode on ps timescale

- the breathing mode modulates the particle size by ~1%

- monitored by optical transient absorption spectroscopy (in
solution)

- the breathing mode frequency is size dependent

- the plasmon damping rate depends on the local environment.

0 20 40 60 80 100 120 140 160 180 200
Delay time (ps)

Direct imaging of this structural dynamics: Optical-pump (400 nm) x-ray-probe (4.5 nm)



Recording structural dynamics of electronically excited gold nanoparticles

simulated diffraction patterns for gonm AuNP

Static sample (40 nm) Excited sample (40.4 nm) Difference image

0.20 A
A —_—  difference

0.15 -

0.10 -

Goal: Record molecular movie by changing the pump-probe delay = oos- (\/\/\/\
0.00 - J

signal in 10® photons

—0.05 A

0 200 400 600
radial position (pixel)

39



Recording structural dynamics of electronically excited gold nanoparticles

Direct imaging of this structural dynamics: Optical-pump (400 nm) x-ray-probe (4.5 nm)
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ALS: towards single proteins

Focusing plot for 20 nm polystyrene spheres in optimised ALS i particle beam diameter ~ 80 um h

Brownian motion
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Problem of focussing small particles, effect of Brownian motion

Focusing plot for 20 nm polystyrene spheres in optimised ALS with and without Brownian motion
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How we can reduce the Brownian motion??




Cryogenic buffer gas cooling




Cryogenic buffer gas cooling

Buffer gas cooling

Temperature Characterization
Multiphoton ionisation of NH3

ALY N ATV W

NH? signal (arb. units)
;

. . . —— 300 K cell dat
Buffer gas cooling of bio-nanoparticles: ek eollduts
. . . " . | 2K cimulati N
|. Fast freezing of nanoparticles preserving their native state. simulation
. . . — 5 K simulation _
2. Better utilisation of control techniques — GKsimulation | 3.1 _ _
* Better hydrodynamic focusing/beam formation (high density) 63850 63860 63870 63850 638590 | 63300 6391063920

. . . . Laser frequency (cm™)
* Conformer seperation/electrostatic deflection techniques

* Laser-induced alignment
3. Time resolved measurements,
* Better starting point!
* Trapping reaction intermediates!

Singh, Samanta, oth, Gusa, Ossenbriggen, Rubinsky, Horke, Kipper, Phys. Rev. A 97, 032704 (2018)




Similarity to supersonic expansion molecular beams

Properties of supersonic expansions

P~1bar P ~10-> mbar P~108 mbar | |
Rapid cooling of: directly cooled through
- » translation < collisions in the expansion
* rotation b cooled through coupling
* vibration < to the translations

—Convert random thermal energy
into directed (forward) motion

SRy
for ideal gas: Umax —
m
seeded Typical achieved temperatures:
thermal beam » translation ~ 0.1 K
: : : tells you something
distribution e rotation ~ 1 K about typical
coupling
- vibration < 50 K strengths...

0 500 _ 1,000 1,500
velocity (ms™)

e.g., van de Meerakker, Bethlem, Meijer, Nature Phys. 4, 595 (2008)



Similarity to supersonic expansion molecular beams

Buffer gas cooling

Rapid cooling of:

| directly cooled through
* translation <

collisions in the expansion

 rotation <

cooled through coupling
 vibration < to the translations

Typical achieved temperatures:
(temperature of helium, 4 K)
» translation ~ 4 K .

main factor cell

o rotation ~ 4 K length (number of

effective collision)

 vibration ~ 4 K

e.g., van de Meerakker, Bethlem, Meijer, Nature Phys. 4, 595 (2008)



Cryogenically shock-frozen focused and selected bio-nano-particles
Experimental setur

Final transverse position

g
o

Electrospray

Gas-dynamics virtual nozzle
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0.5 1.0 1.5 2.0
Position (mm)

1000 mbar

100 mbar 10 mbar

10 mbar

XYZ manipulator

Nanoparticle

Objective Camera

48 Samanta, Amin, Estillore, Roth, Worbs, Horke, Kipper, arXiv:1910.12606 [physics.bio-ph]
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Light-sheet imaging for the recording of transverse absolute density
distributions of gas-phase particle-beams from nanoparticle injectors
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Light-sheet imaging for the recording of transverse absolute density

distributions of gas-phase particle-beams from nanoparticle injectors
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Light-sheet imaging for the recording of transverse absolute density
distributions of gas-phase particle-beams from nanoparticle injectors
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Cryogenically shock-frozen, focused, and selected bio-nano-particles
— polystyrene spheres —

Samanta, Amin, Estillore, Roth, Worbs, Horke, Klpper, arXiv:1910.12606 [physics.bio-ph]



Cryogenically shock-frozen focused and selected bio-nano-particles
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Cryogenically shock-frozen focused and selected bio-nano-particles

Cooling rates
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* Shock freezing occurs on a few-microsecond timescale

* every single particle at a time
* No external parameters:

* layer thickness, distribution, temperature gradient, etc.
cf. plunge freezing

250 300

cf. Shoemaker, Ando, Biochemistry 57, 277 (2018)
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Conclusions & outlook
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separation (small molecules): Chang, Horke, Trippel, Kiipper, Int. Rev. Phys. Chem. 34, 557-590 (2015); arXiv:1505.05632 [physics]



