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•  Jensen, G. (2010) Methods in Enzymology 
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Why CryoEM? 
•  Can determine structures at different chemical 

or biological conformation states 
•  Can work with large complex of mixed/dynamic 

conformations  
•  Can determine Structure that cannot be tackled 

readily by NMR or crystallography 
•  Need only low concentration (<1mg/ml) in less 

than 100 µl sample 
•  Resolution can be reached to ~3.5 Å in 

favorable cases 



Growth of EM Entries 
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Cryo-Specimen Preparation 
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Basic Requirements for Vitrification Apparatus 
1. Ambient 

•  low humidity & proper electrical grounded 
 

2. Blotting mechanism 
•  manual, pneumatic or electronic  

 
3. Blotting chamber 

•  high humidity 

4. Plunging mechanism 
•  high entrance velocity 

5. Cryogen 
•  high cooling efficiency Liquid N2  

 -196°C 

Liquid 
ethane 

-172°C 

3-5 µl 



Cryo-Specimen Preparation 
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Courtesy Dr. Peter Frederik, University of Masstricht 



Vitrification 

cooling speed 
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cooling rate: 106 °C/sec (for 1 µm thick layer) 
               

vitrification time:  tV = 10-4  sec 

-  rapid cooling rate 
 
- small mass of specimen 

For pure water: 

Vitrification –  immobilization of H2O is achieved before its crystallization 



Sublimination of ice in an electron microscope ? 

** Sublimation of vitreous ice is very small at  T ≤ Tv    

(a)  Vapour pressure P in Pa as function of the temperature in °C. 
 (133Pa = 1 Torr; 105 Pa = 1 bar = 0.987 atm) 

 
(b) Sublimation of ice in perfect vacuum as a function of the temperature in °C.  

 (1 mg/m2 corresponds to 1 nm thickness at a density of 1 g/cm3). 

Courtesy of Dr. J. Dubochet 



1.2 µm  

Vitrified Sample 
 in 20 mM Mops (pH 7.4), 300 mM KCl, 1 mM DTT, 0.4% CHAPS, 5% sucrose 

Courtesy of 
Dr. I Serysheva 



1.2 µm  

200 kV image of ice-embedded Ion Channel   

500 Å Courtesy of 
Dr. I Serysheva 



Radiation Damage Assessment 
of Protein Crystals 

Record a series of 9-10 electron images or electron diffraction 
patterns from a single thin protein crystal (catalase crystal) 
 
 
Measure quantitatively the fading of the diffraction spot  
intensities as a function of cumulative exposure (also known as 
dose) 



Radiation Damage Studies of Ice 
Embedded Catalase Crystal 

B Bammes, J Jakana, M Schmid, W Chiu JSB  169: 331-341 (2010) 



Quantification of Damage 

Ne (1/e) decay dose 
 
Dissimilarity factor 



Fading of Fourier Amplitudes at different temperatures 

B Bammes, J Jakana, M Schmid, W Chiu JSB  169: 331-341 (2010) 



Fading of Fourier Amplitudes at different temperatures 

B Bammes, J Jakana, M Schmid, W Chiu JSB  169: 331-341 (2010) 



Image of a  
2D protein 
crystal  
 
 
 
G Ren 



Ren & Mitra 

Electron  
Diffraction 
Pattern 
of a Protein 
2-D  
Crystal 



Detector Physical Sizes 
•  4x4 K CCD (16 megapixels with 15 μm pixel size) 
•  10x10 K CCD (111 megapixel  with 9 μm pixel size) 
•  3x4 K DDD (12.6 megapixel with 6 μm pixel size) 
•  Photographic film 



TEM CCD Architecture 
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Field of View and Microscope Ports 

35 mm Port 
(Large) 

Bottom 
(Small)  

CCD 

CCD 

Field of view Magnification 

35 mm Port 
(Small) 

Bottom 
(Large)  

C Booth, Gatan 



Magnification Factor 

Depends on MAG 

Δd varies in different magnification of the scope 



•  Resolution:	
  	
  Simply,	
  the	
  ability	
  to	
  distinguish	
  contrast	
  (usually	
  
:ine	
  detail.)	
  	
  Often	
  expressed	
  in	
  conjunction	
  with	
  MTF.	
  

•  Sensitivity:	
  	
  The	
  level	
  of	
  (incoming)	
  signal	
  required	
  to	
  produce	
  an	
  
intensity	
  (output)	
  change.	
  

•  Point	
  Spread	
  Function	
  (PSF):	
  	
  Distribution	
  of	
  photons	
  from	
  
incoming	
  electron	
  (i.e.,	
  cloud	
  due	
  to	
  random	
  motion	
  of	
  electron.)	
  

•  Dynamic	
  Range:	
  	
  Simply,	
  the	
  range	
  of	
  values	
  that	
  can	
  be	
  
distinguished	
  between	
  a	
  maximum	
  level	
  and	
  zero	
  (noise.)	
  	
  Driven	
  
by	
  combination	
  of	
  full	
  well	
  (affected	
  by	
  pixel	
  size)	
  and	
  noise	
  
baseline	
  with	
  no	
  exposure.	
  	
  Can	
  be	
  increased	
  with	
  binning.	
  

•  DQE	
  (Detection	
  Quantum	
  Ef:iciency):	
  	
  Best	
  “overall”	
  measure	
  of	
  a	
  
camera’s	
  ability	
  to	
  transfer	
  signal	
  accounting	
  for	
  noise	
  from	
  
sensor	
  to	
  output.	
  	
  Expressed	
  over	
  a	
  range	
  of	
  spatial	
  frequencies.	
  	
  
Noise-­‐free	
  image	
  DQE	
  =	
  1.	
  

C Booth, Gatan 



Resolution (d) in object (real) space and 
Frequency (s) in Fourier (diffraction) space 

Object space resolution: d (nm) 
Total sampling points in an image: N 

Fourier space sampling distance: Δs (1/nm) = 1/(Nd) 
Maximum frequency (Nyquist) in Fourier space 

smax = ½ d 
 



Nyquist Frequency 

Nyquist-Shannon 
Sampling Theorem 

If a signal contains 
no information at 
frequencies higher 
than Smax=B, then it 
can be reconstructed 
by sampling with a 
frequency of 2Smax or 
higher 



Modulation Transfer a Function of 
Frequency 



Practical Assessment of CCD 
Using C-film Image 



Bammes 
JSB 175(3): 
384-393 
(2011) 

Gatan 10 K 
CCD for 
300kV 
at ~70K x 
mag 



Scope 
Mag 

Detector 
Mag 

Pixel 
size 

(Nyquist)-1  
(Å) 

(1/2Nyquist)-1 

(Å) 
(2/3Nyquist)-1 

(Å) 

 
30,000 

 
42,000 

 
3.57  

 
7.14  

 
14.29  

 
10.71 

40,000 56,000 2.68  5.36  10.71  8.04 

50,000 70,000 2.14  4.29  8.57  6.42 

60,000 84,000 1.79  3.57  7.14  5.37 

80,000 112,000 1.34  2.68  5.36  4.02 

100,000 140,000 1.07  2.14  4.28  3.21 

120,000 168,000 0.89  1.79  3.57  2.67 

150,000 210,000 0.71  1.43  2.86 2.13 

Gatan 4k CCD Performance w/ 300kV 

Donghua Chen et al  (2008) JSB 



CCD Detector Resolution vs 
Magnification 

Bammes et al.  JSB 175(3): 384-393 (2011) 



Sensor	
  type	
  plays	
  major	
  role	
  in	
  camera	
  performance	
  and	
  
optimization:	
  
•  CCD:	
  	
  Charge	
  is	
  transferred	
  between	
  neighboring	
  cells,	
  
and	
  “read-­‐out”	
  (i.e.,	
  noise)	
  is	
  seen	
  at	
  :inal	
  stage:	
  	
  
Binning	
  minimizes	
  impact	
  of	
  read-­‐out	
  noise.	
  

•  CMOS:	
  	
  Charge	
  immediately	
  converted	
  to	
  voltage	
  (read	
  
out	
  with	
  digital	
  output):	
  	
  Supports	
  high	
  frame	
  rates,	
  low	
  
overall	
  electronics	
  noise.	
  

“Read-Out” Noise 
Generated 

http://en.wikipedia.org/wiki/Active_pixel_sensor 



DDD Performance with Graphite 

Bammes et al (2012) JSB 177:589-601. 
 



DDD performance test with C-film 



DDD performance with virus particle 



DDD performance with virus particle 





• Vitrobot	
  

• JEM3200FSC	
  

• 	
  300	
  kV	
  

• In	
  column	
  energy	
  
filter	
  

• Recorded	
  on	
  films	
  

• Scanner:	
  Nikon	
  

Joanita	
  	
  Jakana	
  at	
  
NCMI,	
  Houston	
  

	
  

600Å	
  600Å	
  

Epsilon15 Phage 
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Data	
  Quality	
  Assessment:	
  
Computed	
  FFT	
  of	
  ParDcle	
  Images	
  

Joanita	
  Jakana	
  
1.04µm	
  defocus	
  



	
  
 

 F2(s)  CTF2(s)  Env2(s)  + N2(s) 

Structure	
  factor	
  

Contrast	
  transfer	
  funcDon	
  

Envelope	
  funcDon	
   Background	
  

Saad et al JSB 133: 32-42 (2001) 

Computed Diffraction Pattern 



Resolution (Å) 

X ray Scattering Intensity of GroEL  

Ludtke et al  (2001) J Mol Biol 314, 253-262 

Intensity 



Computed diffraction pattern 
 
 F2(s)  CTF2(s)  Env2(s)  + N2(s) 

Structure factor 

Contrast transfer function 

Envelope function Background 



Contrast Transfer Function 

CTF (s)  = - A [(1-Q2)1/2 sin(γ) + Q cos(γ)]	


	


γ(s) = - 2π (Csλ3s4/4 - ΔZ λs2/2)	


	


ΔZ is vector dependent if there is an astigmatism 







Jiang & Chiu Microsc. and Microanal. 7:329-334 (2001) 



Computed diffraction pattern 
 
 F2(s)  CTF2(s)  Env2(s)  + N2(s) 

Structure factor 

Contrast transfer function 

Envelope function Background 



EM Envelope Functions : Env(s) 
Gaussian type source: 

Gsc(s) = exp[−π
2α2 (CSλ

2s3 − ΔZs)2 ]
Gaussian type fluctuation: 

Gtc (s) = exp[−
π 2

16ln2CC
2λ2 ( ΔEE )

2s4 ]
Gaussian type fluctuation: 

Gol(s) = exp[−
π 2

4 ln2CC
2λ2 ( ΔII )

2s4 ]

Glm(s) = JO(πΔfλs
2 )

Sinusoidal type fluctuation: 

Gtm(s) =
sin(πsΔr)
πsΔr

Drift: 
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SpaDal	
  Frequency	
  (1/Å)	
  

Spatial Coherence Envelope Function 

α=.12 mrad	



α=.2 mrad	


α=.3 mrad	



α=.5 mrad	



∆Z=0.5 µm 



Power Spectrum of Images of C-Film 

R Rochat 
J Jakana 
 



Gaussian Approximation for 
Cumulative Envelope Function 

 
 

Env2(s)  ~ exp (-2Bs2) 



 
 F2(s)  CTF2(s)  Env2(s)  + N2(s) 

Structure factor 

Contrast transfer function 

Envelope function Background 

Computed diffraction pattern 
 



Noise Function 

N2 (s) = n1exp (n2s + n3s2 + n4s ½) 





5.5 Ǻ 

Application 

500 Å 






