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-galactosidase 4Å map
Relion, Sjors Scheres



b -galactosidase
450kDa, tetrahedral 2.2 Å map, 
Bartesaghi et al, Science (2015)



Sample → Microscope → Structure 

Structure of TRPV1 channel
Liao et al, Nature (2013) 504, 107-112







Boettcher, Wyne and Crowther Nature 386 (1997) 88-91



  

Why use electrons?Why use electrons?
● Photon wavelengths are too short and Photon wavelengths are too short and 

interactions too weak to see individual interactions too weak to see individual 
molecules.molecules.

● Electron wavelengths are ~10Electron wavelengths are ~1055 times  times 
smaller e.g. 300 keV electron has a smaller e.g. 300 keV electron has a 
wavelength of 0wavelength of 0.02.02Å.Å.  

● Strong lens aberrations Strong lens aberrations 
● Short wavelength peaks scattering in Short wavelength peaks scattering in 

forward directionforward direction



  

Problems with electronsProblems with electrons

● Radiation damage to sampleRadiation damage to sample  
● ChargingCharging
● Expensive machinesExpensive machines



  

Perfect samplePerfect sample

Perfect detectorPerfect detector

20 el/pixel20 el/pixel

2 2 m defocusm defocus

Perfect imagePerfect image Bright field Bright field 
phase contrastphase contrast

Weak phaseWeak phase
 approximation  approximation 



Weak phase approximation (simplified)
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Sample

Lens

Image

Focusing wavefunction back to image plane introduces 
a phase shift of  exp(-i) where:

in which 
f
is the defocus, C

s
 the spherical aberration,  the 

wavelength and  the scattering angle (d).  

Scattered component of wavefunction is small and given by i
in which  is the projected  potential and =2meh2.

Wavefunction at image plane is  

so image i.e, probability of an electron arrival, is  



Contrast Transfer Function

Simplest approxiamtion the spatial 
frequencies are mutiplied by
          -sin(2
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Recorded image is “almost” the projection of 
the atomic potential. 

Erickson Klug, Phil. Trans. Roy. Soc. London. 
B. 261 (1971) 105-118.

Wade, Ultramicroscopy 46 (1992) 134-156.

Note: 4Å  with 300 keV electrons  0.0197Å 
and  mrad = 0.28 degrees.
     



Pt/Ir

Falcon III, 128 e/pixel Noise whitened power spectra 



  Daily use of Thon Rings Daily use of Thon Rings 

FEI Falcon III 
Detector

(carbon film)

Alignment:

Pivot points

Astigmatism

Beam tilt



  

Is the weak phase approximation Is the weak phase approximation 
valid?valid?

● To date it works (at least to 3To date it works (at least to 3ÅÅ).).
● Single scattering assumed, but if  there is Single scattering assumed, but if  there is 

enough contrast to see the particle there enough contrast to see the particle there 
will be multiple scattering.will be multiple scattering.

● Problems such as Problems such as Ewald sphere (difference Ewald sphere (difference 
in defocus through the sample) or in defocus through the sample) or 
convergent illumination, don't seem to convergent illumination, don't seem to 
hurt much (given enough particles).hurt much (given enough particles).



CryoEM Image FormationCryoEM Image Formation

Bright field phase contrastBright field phase contrast

In focusIn focus 3 um3 um1 um1 um



  

Computationally correct for CTFComputationally correct for CTF

● Known functional formKnown functional form
● Know CKnow Css, set defocus., set defocus.
● Fill in zeros with images Fill in zeros with images 

of different defocus.of different defocus.●

● Problem: real defocus is Problem: real defocus is 
not what is says on the not what is says on the 
screen.screen.

● Measure actual defocus from Measure actual defocus from 
the images themselves.the images themselves.

● With new detectors you can With new detectors you can 
do movie collection with long do movie collection with long 
exposures and determine exposures and determine 
the CTF accurately.the CTF accurately.

● Sample height variation Sample height variation 
effects the magnification.effects the magnification.



Transmission Electron microscope
(bright field phase contrast)

Source

Condenser lens 1

Condenser lens 2

Objective lensSample
Objecive aperture

Intermediate lens

Projector lens

Detector

● Condenser lens combination sets virtual 
source position.

● Condenser aperture set illumination angle

● Objective aperture provides a high frequency 
cut-off.

● Objective aperture provides a source of 
secondary electrons to help neutralise charge. 
build up on sample.



Which microscope?



  

What matters in a microscope?What matters in a microscope?
● Coherence (FEG)Coherence (FEG)
● Contamination rateContamination rate
● DriftDrift
● Ease of use:Ease of use:

– Constant power lensConstant power lens
– Triple condenser lensTriple condenser lens
– IntegrationIntegration
– AutomationAutomation



Sample, Sample, Sample, Sample, Sample 

Christos Savva, MRC-LMB 

 ~ 9 Å,  < 3.5 Å,



Detectors: DQE and MTF
● Shadow Shadow 

image of a image of a 
gridgrid

● Same Same 
DetectorDetector

● (a)-(b) (a)-(b) 
IntegratingIntegrating

● (c)-(d) (c)-(d) 
CountingCounting

McMullan, Clark, Turchetta, Faruqi,  Ultramicroscopy 109 (2009)  1411-16 



  

Noise whiten Falcon IINoise whiten Falcon II

Should also work with DE, no need with Gatan K2Should also work with DE, no need with Gatan K2



Falcon II, ~100 e/pixel Noise whitened power spectra 



Falcon II, ~328 e/pixel, 141 frames 

Noise whitened power spectra 

Thon rings from 
double distilled water 

(a) Power spectra of summed image 

(b) Sum of power spectra of 
     individual  frames 

McMullan, Vinothkumar, Henderson Ultramicroscopy 158 (2015) 26-32 



Falcon II, 28 e/pixel Noise whitened power spectra 



Drift corrected image Motion of selected particles 





Movie processingMovie processing

● Why?Why?
– Correct for driftCorrect for drift
– Allow radiation Allow radiation 

damage weightingdamage weighting

● Frame alignment has to be Frame alignment has to be 
done carefullydone carefully
– Fixed pattern in detectorFixed pattern in detector
– Low signal to noise in framesLow signal to noise in frames
– Images in frames is changing Images in frames is changing 

with radiation damage and with radiation damage and 
chargingcharging

– Motion might not be simpleMotion might not be simple



  

What's changed?What's changed?
● Microscopes are betterMicroscopes are better

– Field emission gunsField emission guns
– More stable stagesMore stable stages
– Lower contaminationLower contamination
– AutomationAutomation

● Imaging detectors are betterImaging detectors are better
– Higher DQEHigher DQE
– Movie captureMovie capture
– Faster (more data)Faster (more data)

● Reconstruction Programs are Reconstruction Programs are 
betterbetter
– More accurate less noise biasMore accurate less noise bias
– Easier to useEasier to use
– Bigger computersBigger computers



  

FutureFuture
● Improved microscopesImproved microscopes

– AutomationAutomation
– Easier to useEasier to use

● Better detectorsBetter detectors
– Higher DQEHigher DQE
– FasterFaster
– BiggerBigger

● Reconstruction Programs Reconstruction Programs 
– Easier to useEasier to use
– Faster (CPU + GPU)Faster (CPU + GPU)
– Integrated pipelinesIntegrated pipelines

● Improved samplesImproved samples
– Charging and initial movementCharging and initial movement



  

ThanksThanks

● Richard HendersonRichard Henderson
● Wasi FaruqiWasi Faruqi
● Shaoxia ChenShaoxia Chen
● Christos SavvaChristos Savva
● Vinoth KumarVinoth Kumar
● Sjors ScheresSjors Scheres
● ……..

● Alan BoswellAlan Boswell
● Mark CrabbMark Crabb
● ......

● Jake GrimmettJake Grimmett
● Toby DarlingToby Darling
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