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Image  Formation 

• Light  

      Photography 

• Electron Microscopy 

• X-Ray 

  ~  400 - 700 nm 

  ~  0.001 - 0.1 nm 

  ~  0.1 nm 

• NMR 
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Optical Microscopy  vs.  Electron Microscopy 

  

Resolution is directly influenced by the wavelength: 

 

    visible light ( ~ 4000–7000 Å; 1 Å = 10−10 m) 

 

    electron sources in EM ( ~ 0.02 Å for operation at 300 kV).  

The wavelength of an electron is given by the de Broglie equation: 

 

      where “p” is the relativistic momentum (mv) of the electron. 

 

 The velocity is related to the kinetic energy:  ½ mv2   = eU (voltage) 

 

    so                        ,  thus   

 

Note: at 200 kV  the electron velocity is ~70%  the speed of light    relativistic mass.  

Time course of  ODC 

decay in electron beam 

Images 2 sec intervals during 10 sec exposure:  

Notice that the dodecamer begins to dissociate 

with dimers moving / changing orientations. 

Ornithine 

Decarboxylase 

Judith A. Sharp and R. Malcolm Brown, Jr.  

Department of Botany, The University of 

Texas at Austin, Austin, Tx. 

EM Resolution    -    solutions 
 

Extensive damage results from the interaction of electrons with organic matter. Electron 

irradiation leads to the breaking of chemical bonds and creation of free radicals, which in turn 

cause further secondary damage.  

 

a)  Negative staining - accessible molecular surfaces are coated with reagents containing heavy 

atoms, such as uranyl acetate, that are much less radiation-sensitive than organic matter.   

Because these stains do not penetrate into biological samples, they essentially make a cast of 

the specimen surface, a high contrast “relief” of the surface, albeit at the expense of internal 

structural information and with the potential for artifacts such as sample flattening. 

 

b)  Low dose imaging -  lower electron doses result in images with a poor signal-to-noise ratio.  

Electron doses that are low enough to minimize radiation damage and preserve the specimen 

generate noisy images. 

 

c)  Modern “high-resolution” electron microscopy  

• “cryo-electron microscopy” – imaging frozen specimens (liq. N2 or He)  

    6-fold less radiation damage 
 

•    averaging images of a large number of identical units (~X-ray scattering by billions of  

   molecules is averaged to obtain structural information in X-ray crystallography.  

        

         

Microscopy:  Goals  for  this  unit 

1. Basics:  Understanding differences of common microscopies 

TEM – Transmission Electron Microscopy 

 

SEM -  Scanning Electron Microscopy 

 

STM  -  Scanning Tunneling Microscopy 

 

AFM -  Atomic Force Microscopy 

 

Scanning Transmission EM 

2. Cryo-EM  (3D images of complex macromolecular assemblies) 

 - single particles  /  heterogeneous samples  /  image galleries 

 - power of symmetry averaging to improve S/N 

 

3.  Medical Imaging:  CAT / PET  /  MRI  /  Ultrasound 
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Image   Formation TEM – Transmission Electron Microscope 

Sample preparation is key to 

getting useful data. 

 

Thinly sliced samples of fixed 

cells are stained with osmium 

tetroxide to provide contrast. 

 

Individual particles are 

stained with uranyl acetate 

(negative stain). 

 

Cryo-EM involves examining 

particles in ice – low contrast 

so image averaging is 

required 

 

 

Comparisons of the low-resolution structures of ornithine decarboxylase by electron microscopy 

and X-ray crystallography: the utility of methylamine tungstate stain and Butvar support film in 

the study of macromolecules by transmission electron microscopy. J. Electron Microsc. Tech.  1991 

Jun;18(2):157-66.  JK Stoops, C Momany, SR Ernst, RM Oliver, JP Schroeter, JP Bretaudiere, ML Hackert 

 

Abstract 

The structure of ornithine decarboxylase (Mr approximately 1.04 x 10
6
) from Lactobacillus 30a was 

investigated by electron microscopy and x-ray crystallography.  Electron micrographs showed the 

structure to be well preserved in methylamine tungstate stain. The molecules interacted little with the 

Butvar support film, yielding three unique projections: a hexagonal ring (front view) and two rod-

shaped projections (edge views). Stereo pairs revealed a novel feature of the Butvar film in that some 

molecules were suspended in the stain in random orientations. Consequently, the relatedness of the 

hexagonal ring and the rod-shaped particles could be demonstrated since some particle shapes 

interconverted when the stage was tilted +/- 45 degrees. The two edge views were related by a 30 

degrees rotation about the sixfold axis. Image averaging of the three primary views suggested a 

dodecamer (point group symmetry 622) composed of two hexameric rings, apparently in an eclipsed 

configuration.  

To investigate the structural organization of the 

complex, the dissociation of the enzyme was studied 

by electron microscopy. The dissociation process 

involved the initial breakage of the ring followed by 

separation of dimers from the ring (one subunit from 

each of the two hexamers). Thus, the dodecamer 

forms as a hexamer of dimers rather than a dimer 

of hexamers.  

 

edge 

views 

front view 

ODC 
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SEM -  Scanning Electron Microscope 

Scanning electron microscope (SEM) 

 

With SEM, the sample is coated with metal atoms before imaging.  This 

provides a conducting surface that prevents the accumulation of charge 

on the sample (a charged sample would deflect incoming electrons). 

To form the SEM image, a focused beam of electrons is reflected from 

the surface of the sample and the scattered electrons collected on an 

imaging screen. 

 

A view of the surface of the sample is obtained, without any information 

on the sample interior. 

SEM, algae : 
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http://www5.pbrc.hawaii.edu/microangela/index.html  

“Seeing” as the Blind Person “Sees”  

The microscope can be regarded as an extension of the human 

eye. But sight is not the only sense we use to orientate us in 

our surroundings, another is touching and feeling.  

The "finger" in this case is a very fine needle. Needle's 

movements in the vertical direction as it traverses the 

surface    topographical map   

Two breakthroughs – 

1. The so-called tunneling effect - a method for keeping the tip of the needle at 

a very small and exact constant distance from the surface was developed, 

thus eliminating the mechanical contact between the needle and the surface.  

This involves applying a potential between the needle tip and the surface 

so that an electric current flows between the needle and the surface 

without actually touching them, provided that the tip of the needle and the 

surface are close enough together.  

2. To produce extremely fine needles so that the tip consists of only a few 

atoms.  

STM, Scanning Tunneling 

Microscope (1981), is an 

excellent technique, but 

STM is limited to imaging 

conducting surfaces 

         AFM (~1986) 

 

http://www5.pbrc.hawaii.edu/microangela/index.html
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Atomic Force Microscopy (AFM) is often 

called the “Eye of Nanotechnology” - a 

high-resolution imaging technique that can 

resolve features as small as an atomic 

lattice in the real space 

AFM works by bringing a cantilever tip in 

contact with the surface to be imaged. The 

amount of bending, measured by a laser 

spot reflected on to a split photo detector, 

can be used to calculate the force. By 

keeping the force constant while 

scanning the tip across the surface, the 

vertical movement of the tip follows the 

surface profile and is recorded as the 

surface topography by the AFM. 

AFM has much broader potential and 

application because it can be used for 

imaging any conducting or non-

conducting surface.  

AFM – surface topography 

Self-assembled nanoparticles on a pre-

patterned substrate – “chemical lithography”. 

Photo credit: Prabhakaran, et al.  Red blood cells 

Chinese Hampster Ovary Cells Virus Crystal 

Examples of AFM  Images 

Scanning Transmission EM 

Brookhaven National Lab - STEM 

1. Sample is applied to a carbon film and dried. 

2. In the vacuum chamber, the sample is scanned with a 

focused beam of electrons 

3. The scattering intensity is recorded to create an 

image. 

 

Scattering intensity is proportional to mass 

Johnson and Wall, Structure and Molecular Weight of the Dynein ATPase, J. Cell Biol. (1983)  

96, 669-678 

Simultaneous measurement of mass and observation of structure 

Studies showed that dynein had 3 head and a net mass of 2 x 106 daltons 
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Electron cryo-microscopy (cryo-EM)  

 

•  versatile technique to visualize the 3D structure of macromolecules 

and their assemblies 

 

•  atomic structure of assemblies with molecular masses as low as ~200 

kDa (for example, a membrane protein) or as high as hundreds of MDa 

(for example, a large virus). 

 

•  assemblies can be visualized single-fold, thus avoiding the need for 

crystals. This "single-particle" approach requires extremely small 

amounts of material, typically only a few tens of picomoles 

 

•  apply the single-particle technique to assemblies that are difficult to 

study by more traditional techniques such as X-ray crystallography and 

nuclear magnetic resonance (NMR). For example, membrane proteins 

are usually too large for NMR analysis or are difficult to crystallize 

for X-ray crystallography 
 

 

JEOL 1200 cryo-EM  
Freezing the samples protects them from 

radiation damage by the electron beam.  

 

Cryo-EM samples are frozen in “vitrified” 

ice.  This is glass-like ice, rather than 

crystalline ice.  Vitrified ice can be 

obtained by flash-freezing the samples at 

liquid nitrogen temperatures.   
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3D structure by Fourier inversion: 
  

Central projection theorem - for a 3D 

object, the Fourier transform of each 

2D projection is a central slice through 

the 3D Fourier transform of the object. 
 

“Fourier duck” as prototypical 

biological specimen. 
 

Projection images of the object, each 

with a different orientation, have 2D 

Fourier transforms that correspond to  

sections (indicated by red arrows) 

through the 3D Fourier transform of the 

original object. 

 

The 3D Fourier transform is built up 

from a collection of 2D images 

spanning a complete range of 

orientations,  Fourier inversion enables 

recovery of the 3D structure. 

TEM schematic.  Electron beam is generated at a hot metal filament. 

“Lenses” are magnetic fields (compare with optical microscope). 

Cryo-EM is a type of TEM.  That is, cryo-EM is a transmission method. 

A single wavelength of electrons is used (remember, 

electrons have wavelength!). 

 

The amount of magnification is controlled by varying the 

shape of the objective lens.   This is similar to optical 

microscopy, where magnification is varied by switching to a 

lens with a different curvature.  In TEM, the lens is a 

magnetic field; the shape of the TEM lens is changed by 

varying the magnetic field. 

 1) Collect transmission micrographs.  

Ribosomes in vitrified ice =>  

A transmission image of ribosomes 

in vitrified ice  =>.  
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2) Select images of individual particles.  

Ribosomes in transmission 

image  =>  

Improvement in image quality comes through the averaging of thousands of similar projections of the 

object being imaged.  Determining the angular orientations for each set of projections is a difficult part 

of the process. 

Ribosomes in vitrified ice =>  

Sample platform may be tilted (by 

typically 20 to 45 degrees) to change 

the projections in a known way.  

Images are projections of the 

ribosomes in various orientations   =>  

3)  Image reconstruction.  

Identify particles in similar orientations,  

average their densities to get an initial  

improved image for each projection. 

Estimate angular orientations for each set of 

projections (this is a hard part). 

Make an initial image reconstruction:  

Essentially, answering the question:  

What distribution of electron density  

would account for the observed projections? 

Iteratively refine the orientations of the  

particles, and average up to thousands of  

projections to improve the final image. 

The cryo-EM image reconstruction method 

depends on having many (thousands) of 

images to average. 

Stereo views of the 30S ribosome subunit bound to translational initiation factor IF3 with positive 

(magenta) and negative (blue) differences identified Proc. Natl. Acad. Sci. USA 96, 4301-4306 (1999). 

L 

L L 

L R 

R R 

R 
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Automated particle analysis of macromolecular a structure determination by cryo-EM.  

(a) Images of a cryo-EM grid at sequentially higher magnification, beginning (left) with an 

image of the entire grid and concluding with an image of individual structures (right).  

(b) Representative projection image from a frozen-hydrated specimen of purified GroEL 

protein complexes. Complexes with distinct orientations relative to the electron beam 

can be discerned as indicated in the boxed examples. 

Milne et al. FEBS J. 2013 January ; 280(1): 28–45. 

(c) 3D reconstruction using ~ 28,000 individual projection images such as those boxed in panel (b) to 

generate a density map of the complex at ~ 7 Å resolution. The initial 3D reconstruction was derived by 

sub-volume averaging using ~ 2000 GroEL particles.  Refinement of the initial reconstruction was 

carried out using almost completely automated procedures as implemented in the software package 

FREALIGN.  (d) Demonstration that the resolution achieved is adequate to visualize α-helices, illustrated 

by the superposition of a density map of a region of the polypeptide with the corresponding region of a 

GroEL structure determined by X-ray crystallography (PDB ID:3E76). 

Structural visualization of the 

bacteriophage SPP1 portal 

protein Nature Struct. Biol. 6, 842-846 (1999).  

 

Top row: displayed surface is  

determined by calculating the 

appropriate mass of the structure 

given a threshold value. 

 

 

Middle row: computationally 

manipulated views to reveal 

areas otherwise hidden. 

 

 

Bottom row: computationally 

extracted component of the 

structure. 
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Rotavirus – the most common cause of severe 

diarrhea among infants and young children. 

Capsid / icosahedral symmetry  

     diameter of 80 nm (800 A) 

     inner capsids - diameter of about 50 nm 

     core - diameter of ~35 nm 

     genome is 16500-21000 nucleotides 

Rotavirus structure 

reconstructed from 8400 

particles:  power of 13-

fold nonicosahedral 

averaging.  

 

(a) Rotavirus DLP 

  

(b) Trimer of VP6 after 13-

fold averaging (13 

copies of VP6 in a.u.).  

      A slab of density (red 

rectangular in (b)) 

superimposed with the 

X-ray model before (c) 

and after (d) averaging. 

Power of Symmetry Averaging 

Structure of a non-enveloped icosahedral virus using cryo-electron microscopy.  
 

             a) Visualization of entire structure. 

Milne et al. FEBS J. 2013 January ; 280(1): 28–45. 

Structure of a non-enveloped icosahedral virus using cryo-electron microscopy.  
 

b) selected region demonstrating near-atomic resolution e.d. maps for highly ordered 

assemblies such as icosahedral viruses using advanced image processing methods. 
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(a) Tomographic slice through a field of HIV plunge-frozen and stored at liquid nitrogen temperatures.  The viral 

membrane is decorated with trimeric envelope glycoproteins, which are required for viral entry into target cells.  

(b) Density map at ~ 20 Å resolution of the trimeric envelope glycoproteins complexed with the neutralizing 

antibody VRC01. The map was obtained by subvolume averaging of cryoelectron tomographic images. The map 

was then fitted with three copies of the X-ray crystallographically determined structure for the complex of 

monomeric gp120, a portion of the HIV envelope glycoprotein, complexed with VRC01.  

(c) Projection image of individual molecular complexes of soluble trimeric envelope glycoproteins from human 

immunodeficiency virus (HIV; strain KNH1144).  

(d) Density map at ~ 20 Å resolution of the complex of HIV envelope glycoproteins (molecular weight of polypeptide 

portion ~ 240  kDa) with soluble CD4 (molecular weight ~ 24 kDa) and Fab fragment (molecular weight ~ 50 kDa). 

The map is fitted with three copies of the structure of the ternary complex of monomeric gp120, sCD4 and 17b Fab 

determined by X-ray crystallography. 

Milne et al. FEBS J. 2013 January ; 280(1): 28–45. 

Structural analysis of 

membrane protein complex 

using cryo-electron 

tomography combined with 

sub-volume averaging.  

 

Determination of membrane protein structure by electron crystallography of 2D crystals. 

(a) Electron diffraction pattern from bacteriorhodopsin crystals, with reflections extending to 

~ 2 Å. (b) Structures of bacteriorhodopsin in native and intermediate conformations at 3.2 Å 

resolution were obtained by combining phase information present in images of 2D crystals 

with amplitude information obtained from electron diffraction patterns. 

(c) (2FO-FC) map of the open intermediate of bacteriorhodopsin in the center of a lipid 

bilayer. The map is fitted with the refined atomic model (PDB ID: 1FBK).  

(d) Sections of bacteriorhodopsin in wild-type (purple) and open intermediate (yellow) 

conformations, showing the helix movements (from magenta to yellow coordinates) at 

the cytoplasmic ends of transmembrane helices F and G.  The maps are superimposed on 

the structure of wild-type bacteriorhodopsin, derived by cryo-electron microscopy at 3.2 

Å resolution. 

Milne et al. FEBS J. 2013 January ; 280(1): 28–45. 

Summary of Cryo-EM: 

Cryo-EM is a way of generating almost-atomic-resolution images of 

biomolecules, without the need for crystals. 

There is low image contrast, so many thousands of projections must be averaged to 

generate an image of high quality. 

Typical resolutions are typically 7 to 20 Å, so the method is most appropriate for 

particles that are 100 to 1000 Å in diameter. 

3 to 4 Å resolution may be achievable by cryo-EM, through the averaging of 

millions of images, tracking movements associated with decay by recording movie 

frames / correct. 

It is a transmission EM method. 

Samples are frozen in vitrified ice, to reduce damage from the electron beam. 

What ultimately limits resolution?  Ability to prepare identical particles for 

averaging; patience to average very large number of low-contrast images. 

Regular lattice, helical arrangement, or high molecular symmetry 

(viruses) in of particles enables obtaining higher resolution images. 


