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Zeolite

N
Fpp = Z f ei2n(hx;+ki;+lz,-)

Atomic model

J=1

Smeets et al., J. Appl. Cryst. 51 (2018), 1262 Xu et al., Structure 26 (2018), 667




Electrons as a radiation source

Ewald sphere

A=1.0 A e Accelerating voltage: 100 to 300 keV
« Wavelength: 0.0251 A @ 200 keV

* Probe electrostatic potential

A=0.025 A

» Strong interaction (10° stronger than X-rays)
* Require small samples (< 1 um)

* High vacuum (<103 mbar)
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Continuous rotation method
Nederlof et al., Acta Cryst. D (2013), 69:1223

3 D E IeCtrO n d iffraCti o n Nannenga et al., Nat. Methods (2014), 11:927

Gemmietal., J. Appl. Cryst. (2015), 48:718
Cichocka et al., J. Appl. Cryst. (2018), 51:1652

Detector
readout time

Tilt range: up to 150°
Detector Oscillation angle: 0.1-0.5°
Rotation speed: 0.5-2.0°/s
<5 minutes 14




Zeolite mordenite

Rotate: -43.90° to 58.65° @ 0.45°/s (102.55°)
Exposure: 0.5 s, oscillation angle: 0.23°
JEOL 2100-LaB, @ 200 kV (Timepix camera)

Cichocka et al., J. Appl. Crystallogr. 51 (2018), 1652
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Reconstructed reciprocal lattice S -
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Cichocka et al., J. Appl. Crystallogr. 51 (2018): 1652-61
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Determine charge states

2541

204

w 154
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Enhanced constrast in scattering factors

X-rays
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» Electrons
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Catalase
Yonekura et al., PNAS (2015), 112(11):3368
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Structure determination of R2lox using ED

&80 =

Ser235-Gly249 Prlﬁ"l—‘Ter Glyzoz—-Hiszn
Merge 21 crystals
Solved with molecular replacement
Resolution: 3.0 A
Completeness: 62.8 %

Xu et al., Sci. Adv. (2019), 5(8):eaax4621
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No standard for data collection

* No software — many labs use ad hoc data collection protocols
« Manual data collection: tedious and not reproducible
* Lack of automation

Unnecessary dose accumulation
Low redundancy
Biased crystal selection

> =

Electromagnetic lenses | €

Goniometer |«

Alignment coils |

Computer
control

Detector system
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instamatic v0.6.0

fps: 1357 interval (ms): 73.68 [ Increase size /] Auto contrast

- o

eposure(s) [005  [3|Brightness [10 &]Di [17e00 =]

Directory: | Ci\instamatic\work_2018-06-13

| Browse.

Sl Harts epis

It

Flatfield: | Cinstamaticflatfield.tiff

e

Open work directory

| Open settings directory

alED RED ctrl learning expert about

| Delete last experiment

- Modular GUI

- Crystal finder/tracking

- Neural network

- Calibrations/alignments

Select output formats:

Start Collection

Aiff
[ DIALS (smv)

- Automated experiments
- SerialEM integration

2] XDS (.smw)
REDp (.mrc)

Instamatic

Stop Collection

(Python3.6+)

Data reduction
server

Source code:
http://github.com/stefsmeets/instamatic

Serial rotation
electron diffraction

Continuous rotation
electron diffraction

tiff (patterns + images)

REDp (.ed3d, .mrc)
XDS (XDS.INP, .smv)
DIALS (.bat files)

Serial electron
diffraction

.hkl files

Phase analysis
Input files

A

Simulated

g4 Microscope control

ASI Cheetah

Simulated

> Camera interface

Gatan Orius

TVIPS (X)F416
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JEOL JEM-3200FSC (FEG)
Gatan K2

JEOL JEM-1400 (LaBy)
TVIPS F416

@ instarnatic v1.1.0dev

Input/Output

Directory: Chinstamatic\work_2018-09-20

Browse..

Sample name: | experiment

Flatfield:

Browse..

Open wark directary I Open settings directory

TVIPS cRED cRED_FEI serialED autocRED RED leaming control advanced about

Continuous rotatien electron diffraction (TVIPS)

Target angle (degrees): | Invert (] Toggle beamblank

Diff defocus: 1500 | Reset [ Toggle defocus

Exposure (ms): | start live view [] Toggle DIFF

Meode: diff ~ | Stop live view [ Toggle screen

Delete last experiment

Instruction file:|

[ Search I Focus I
| Strt serial acquisition
Get Ready Acquire

| Browse.

Getimage

Finalize

TVIPS (X)F416
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>

-
1. Global map (SerialEM)
-7 12. Medium mag map (roi)
. 13. Segmentation
4. Data acquisition (instamatic)

»

Serlal Iectron crystallography

Cailh )




| i . | AP
i Serial electron crystallography Y
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SerialED data collection (Zeolite SSZ-45)

difiimage 121.tiff diff\diff 121.tiff

JEOL 1400 LaB, @ 120 kV (TVIPS F416)
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Python (instamatic)

instamatic TEMController
instamatic.formats write_tiff
instamatic.serialem read_nav_file

ctrl = TEMController.initialize()
markers = read_nav_file("nav.nav", acquire_only=
i, marker enumerate(markers):
ctrl.stageposition.set_xy_with_backlash_corre~_.on(x=marker.stage_x,
=marker.stage_y)
img, h = ctrl.getImage(exposure=0.2)
write_tiff(f"sed_diff_{i:4d}.tiff", img, header=h)

ctrl.difffocus.defocus(offset=1500)

img, h = ctrl.getImage(exposure=0.2)
write_tiff(f"sed_image_{i:4d}.tiff", img, header=h)

ctrli.difffocus.refocus()
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28 crystals rotated from -15 to 15°

16-5-A-11

16-5-A-14 16-5-A-15
16-6-A-20 16-6-A-21 16-6-A-24




The crystal tracking problem

Frame 2
o<, D, e O,

500 O



Automated crystal tracking via beam shift

W

L)

JEOL 2100-LaB; @ 200 kV (Timepix)
Rotation: -44.0 to 47.4° @ 0.76°/s (91.4°)
Exposure: 0.5 s, oscillation angle: 0.39°

Wang et al., IUCrJ 6 (2019), 854-867
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Serial rotation electron diffraction

ZSM-5 +
PCN-416
mordenite
Data collection time 6 h 2h 2 h 4 h
Rotation (mean) /° 11.9 4.0 16.3 16.1
Rotation (max) /° 76.2 44.4 73.6 78.5
# crystals 250 139 123 148
n: ﬂ:‘ Sr=cmen / / ‘T BN T \ \
# data sets > 5° 126 66 89 99| | NN g”m NANA A_Eﬂ%jr?
# data sets > 20° 43 15 33 42 . & g
— jr i TN (W
# indexed data sets 47 27 42/11 31/19 Q F /% HC &
o < ot o SN £ = s o VT
Resolution /A 0.77 0.90 0.76/0.81 1.46/1.46 EM ,E e S Nj
ZSM-25 QML ,
PST-20



Serial rotation electron diffraction

PST-20 +

ZSM-5 +
PCN-416
mordenite

Data collection time

1.0+

Rotation (mean) /°

e
o

Rotation (max) /°

o
o

# crystals

Distance (1 — €C2)V2
o
e

# data sets > 5°

o
[¥]

# data sets > 20°

# indexed data sets

Resolution /A

PCN-416 (100)

Dendrogram (cutoff=0.36)

/

TEIED

ORYIQHPPOP ”"’4""»‘@@-&0"’4}“@%
Index ~ -

i

— o

Hierarchical cluster analysis selects

best matching data for merging
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Serial vs. manual ED

Sample WELIE] SerialED

Space group 142m 142m

Cell /A 16.7, 30.1 16.5, 29.8

# data sets 1 12

Resolution /A 1.05 0.90

Completeness 100% 97% I 21_2 m

# uniq. refls 1918 2825 a=16.496(3) A
# obs. refs. 912 1254 c=29.947(5) A
R1 0.258 0.216
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a)

SerialED on proteins

Mapping Diffraction

scanning to
identify random selectively
crystal locations | addressing mapped
crystal positions

b)

Lysozyme
P432,2 (tetragonal)
Completeness: 80.8 %
Resolution: 1.8 A (MR)
~1900 patterns (5h)

diffraction
data
stack

map of crystal positions

Using STEM nanodiffraction ! : e NG Granulovirus occlusion bodies
s gl 123 (cubic)
: Jos Completeness: 100%
Biicker et al., bioRxiv; doi: https://doi.org/10.1101/682575 e Resolution: 1.55 A (MR)

~32000 patterns (5h)



Summary

«  Electron diffraction is very well suited for structure analysis
— Reliable structures can be obtained routinely

«  Small, but growing community
- Data collection (and processing!) protocols are being developed
«  Automation for high-throughput data collection

«  Equally useful for structural biology / materials science applications
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