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Best Resolution from EM Techniques

5-10 Å 1.1 Å



Structures Solved by MicroED
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EMDB Released Entries
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Structures Solved by MicroED



Sample Structures



Toxic core of a-synuclein
from invisible crystals



Structure of Amyloid core



Brief review of X-ray
crystallography



Diffraction Review

• Set of scattering points 
separated by distance d
• Beam hits at angle θ relative to

plane
• Constructive interference only 

when their path length 
difference keeps them in phase
• Bragg’s law
• nλ = 2d sin θ



X-Ray Diffraction

• Mount crystal, expose to x-ray beam at 
defined wavelength

• Collect images of reflections on detector
• Only collect intensities and positions, not

phases
• Rotate crystal (180 deg) to get all 

reflections
• From positions, get 3D lattice parameters
• Phasing

• Ab initio (small, high resolution)
• Heavy atom derivatives
• MAD/SAD
• Molecular replacement

Beam Stop



Ewald Sphere

• Sphere of radius 1/λ surrounding 
the crystal
• Only see diffraction spots which 

intersect the sphere
• For different wavelengths, get a 

differently sized sphere
• Rotate crystal on the beam to see

different spots
• Xray:

• λ=0.709 Å (Αg Ka)
• Λ=1.54 Å (Cu Ka)



Ewald Sphere

• If you rotate the crystal, the
sphere rotates about the origin
O
• Yellow area is swept out
• Only observe reflections in the 

yellow area



Oscillation Method

Still Image Oscillating Image

lunes



Oscillation method

Image 1
Rotate crystal 5 degrees, oscillate 0.5 
degrees



Limitations of X-ray crystallography

• Approximately 30% of proteins that crystallize do not produce crystals 
large enough for x-ray diffraction experiments
• Rupp, 2004; Quevillon-Cheruel et al., 2004

• XFEL?
• Need many crystals
• Expensive experiment



Back to EM



Wavelengths

• X-ray
• λ=70.9 pm (Αg Ka)
• λ =154 pm (Cu Ka)

• EM
• 80 keV: 4.18 pm
• 120 keV: 3.35 pm
• 200 keV: 2.51 pm
• 300 keV: 1.97 pm



Standard Optics

Objective aperture inserted

No SA aperture



Diffraction Optics
No objective aperture

SA aperture inserted

Beamstop to block direct beam



Modes of Collection



Missing Wedge (-70 to +70 degrees)



Crystal Thickness

• Diffuse scattering: caused by partial disorder within crystal, as well as 
inelastic scattering
• Increased background noise, errors in measurement of intensity levels

• Dynamic scattering: when inelastically scattered electrons have a 
second scattering effect
• Intensities meant for a specific reflection are redistributed to other ones, 

leasing to inaccuracies of integrated reflection counts
• Lysozyme: crystals thicker then 500 nm unusable
• Maximum thickness may depend on packing and density



Larger (imperfect) crystals



Details



Workflow Overview



Collection Setup: Initial screen

• Screen by negative stain for crystals
• Plunge freeze
• Screen for optimal conditions to preserve crystals and have proper ice 

thickness
• Align microscope for low-dose electron diffraction
• Optics well aligned for diffraction mode, diffraction astigmatism corrected

• Eucentric sample
• Screen at low mag (100X) for location of crystals and relative ice 

thickness
• Dose minimal: <10-6 e-Å2s-1



Collection Setup: Crystal

• Examine crystals in over-focused diffraction mode
• High contrast imaging at low dose: <10-3 e-Å2s-1

• Finely tune eucentricity at crystal location
• Set up diffraction: direct beam centered and blocked by beam stop
• Dose rate 0.01-0.05 e-Å2s-1

• Beam 5-10 μm diameter
• No objective aperture
• Selected Area (SA) aperture inserted, approximately size of crystal

• Collect image: 2-5s 
• If high quality diffraction seen: collect tilting data set



Data Collection: Single Images

• Single images (like tomography)
• Discrete angles (0.5-1 degree increment)
• Can adjust exposure time depending on diffraction strength
• CMOS camera at best operating condition: enough time to re-charge 

electronics for each pixel, best signal to noise ratio
• BUT
• Due to Ewald sphere, most reflections are only partially recorded
• Need to either sum the partial observations or figure out what is the full 

intensity reflection
• Need special software for this processing



Original implementation (Shi et al, 2013)

• Image single images at various tilts (1 deg increment)
• Oscillation generally used in x-ray crystallography

• Reflections recorded in this manner are generally partial reflections
• Needed in-house scripts to index the data and group symmetry-related 

reflections
• Lysozyme at 2.9 Å resolution
• 200 keV on TVIPS F416 CMOS detector



Three-dimensional electron crystallography of 
protein microcrystals.
Elife 2013 Nov 19



Critical Dose for Diffraction Imaging



Diffraction from single crystal



Small changes in tilt alter intensity



Better Data Collection: Continuous rotation

• Rotate stage at continuous rate (hardware or trick)
• Rotate to coordinate with exposure time
• Camera needs to be in continuous “rolling shutter” mode
• High rotation rate: increases the recorded reflection fraction on each 

frame
• Too high: spot overlap

• Low rotation rate: makes weaker, high resolution reflections more 
visible
• Too low: too few spots per image



Data Collection: more specifics

• To date, most MicroED data was collected on TVIPS F416 CMOS camera (4k 
x 4k) in “rolling shutter” mode (2k x 2k)
• Continuous readout of microscope parameters disabled
• In processing software, need to define

• Beam Center
• May not be center of image
• May change due to microscope instabilities

• Rotation rate of stage – angle and range of each frame
• Need to record starting angle and direction (clockwise/counter-clockwise)

• Virtual sample-detector distance
• Calibrate from powder diffraction pattern of gold or graphite

• Conversion of movie to SMV (Super Marty View) format
• Supported by x-ray software such as DIALS, MOSFLM, XDS



Lens magnification means physical distance to 
physical detector (d) is smaller than distance to 
virtual detector (D)



Processing Complications

• Interpretation of detector gain depends on downstream processing 
software
• Ratio of variance and mean of intensities in background pixels

• Camera does not label hot or dead pixels
• Because patterns are collected at very low electron dose, even the 

strongest low-resolution reflections still within linear range



Indexing

• MOSFLM/AIMLESS and XDS
• Electron wavelength at 200 keV: 2.5 pm

• Scattering angles small, Ewald sphere less curved
• Each orientation is almost planar in reciprocal space

• 5-10 images spanning 20 degrees rotation wedge are generally enough for
autoindexing
• Sample orientation calculated from the rotation rate and image timestamp

• Large inaccuracies in initial estimate of rotation angle

• Errors in crystal orientation: absorb residual errors in the mosaicity
• Mosaicity then acts as a sink for errors, not a model of lattice disorder



Phasing

• For most structures, phasing was done through molecular 
replacement
• Standard X-ray crystallography tools
• CNS, Phaser, phenix.refine, REFMAC all have electron scattering 

factors built in
• Ab initio phasing: has been done for small peptides
• Need diffraction to 1.4 Å or better



Extended Data Table: Same as 
for x-ray crystallography



Structure of Amyloid core



2Fo-Fc Density map shows location of 5/73 
protons (green)  



Future Directions

• Direct phasing rather than molecular replacement
• Requires resolution 1.4Å or better

• Heavy atom derivatives?
• Use images of 3D crystals for phasing?
• Develop more accurate electron scattering factors for improved 

refinement



Imaging 3D crystals (Igor Nederlof, Yao Wang Li, Marin van 

Heel and Jan Pieter Abrahams, 2013)



Summary

• Advantages
• Mid-level equipment (200 keV, FEG, CMOS detector with movie mode)
• Alignment probably less difficult than for imaging mode
• Highest resolution yet achieved by cryo-EM technique
• Processing software (X-ray) mature and well understood by a large community

• Disadvantages
• Need crystals – screening is slow
• Crystals must be small (400 nm max thickness) and randomly oriented
• High quality stage essential, continuous slow tilting mode needed
• Phasing problem: molecular replacement unless quality is extremely high
• Maybe maximum size?



Questions
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