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Overview

* What systems can one study?! And what information can be obtained!?
* A quick glance at the electron microscope

* Negative stain EM

* Cryo-EM single-particle analysis

e Cryo-electron tomography

e Some recent technical advances



Size scales in biology
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Size scales in biology

APPROACHING THE ACUITY LIMIT OF THE HUMAN EYE
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Size scales in biology
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Size scales in biology

APPROACHING THE RESOLUTION LIMIT OF A LIGHT MICROSCOPE
'?ﬁ"'f’."f'—_’—-ﬁ

X chromosome ' - @ Desyest

7 pm

red blood cell
8 um

Genetic Sciences Learning Center, University of Utah
http://learn.genetics.utah.edu/content/begin/cells/scale/



E. coli swarming

Zhang, R., Turner, L. and Berg, H.C. The upper surface of an Escherichia coli swarm is stationary. PNAS 107: 288-290 (2010)



Size scales in biology

3-D structures of these can be imaged by electron tomography
~3nm resolution limit
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Tomography of whole micro-
organisms

Jensen GJ and Briegel A, Curr Opinion Struct Biol 2007, 17:260—267

Briegel A, Dias DP, Li Z, Jensen RB, Frangakis AS, Jensen GJ,
Mol Microbiol 2006, 62:5-14.

Murphy GE, Leadbetter JR, Jensen GJ, Nature 2006,
442:1062-1064.




Size scales in biology

3-D structures of these can be imaged by electron tomography
~3nm resolution limit
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Size scales in biology

3-D structures of these can be imaged by electron tomography
~3nm resolution limit
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Reconstructed 3-D density of influenza virus bound to a liposome




Section through reconstructed electron tomogram
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By comparison... this is what you might see in a light microscope
(confocal, fluorescence)
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Cy3-labeled 55nm diameter HK97 Prohead-Il (PEGylated)
~150pM in SlowFade Gold (~65% glycerol)



Size scales in biology

3-D structures of these can be imaged by electron tomography
~3nm resolution limit
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Size scales in biology

Single-particle cryo-electron microscopy can provide near-atomic

resolution of complex macromolecular assemblies (e.g. adenovirus)
A B

y Outer surface

(T penton

Inner surface

Liu et al., Science (2010)



Size scales in biology

3-D structures of some of these can be determined by cryo-EM with
image reconstruction to ~2-3 A resolution!
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Size scales in biology

&a methionine

(an amino acid)
1100 x 700 pm

. T e
- -

glucose g

900 pm

water molecule » adenine ~
‘""E p0s (a nucleotide)

1300 x 760 pm

Genetic Sciences Learning Center, University of Utah
http://learn.genetics.utah.edu/content/begin/cells/scale/



Electrons are waves (and particles)...

...ahd one can construct an electron microscope that operates
analogously to a light microscope, but provides resolution of fine
structures to | A instead of ~2000 A

For a 200kV electron, A~0.025A, but electron optics limits practical
resolution to ~| A



Electrons

® Electrons behave as waves
® amplitude
® phase
® undergo diffraction and scattering when they interact with matter



Electrons

® Electrons behave as waves
® amplitude
® phase
® undergo diffraction and scattering when they interact with matter

® The charged nature of electrons make it amenable to bending by
electromagnetic lenses.

® |00-300kV electrons are also ionizing radiation, rapidly degrades
the sample

® Electrons can interact with air molecules as well as the specimen,
so the beam and specimen are kept under high vacuum



General similarities of light vs transmission electron microscopes (TEM)

Light source: Electron source:

Lightbulb Tungsten fi f‘Iament.

LaBg filament . ﬁ || F ano
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Images are projections (transmission)

® As the electron beam pass through the specimen, both the amplitude
and phase of the transmitted wave can change. This gives rise to
“contrast” and forms the image we see.



Images are projections (transmission)

® Amplitude contrast: The difference across the sample in total
transmitted (and detected) intensity of the electron waves is imaged.
® Dominant effect in negative stain-EM. Electrons are scattered by the heavy
metals and hence not transmitted along the axial path to the detector; the
objective aperture also removes much of these electrons.

Lo i

objective
aperture



Images are projections (transmission)

® Phase contrast: Interference between unscattered and elastically
scattered electrons that have experienced a phase shift due to

interaction with the specimen as well as electron optics.

® Primary effect in cryo-EM. By imaging under focus, we emphasize phase
contrast and can distinguish low frequency (large scale) features more
clearly, but we lose high resolution information.




Negative stain TEM

® A specimen is adsorbed to a carbon coated grid and blanketed in

I“

a layer of electron dense heavy metal “stain”.

Ohi M et al., Biol. Proced. Online, 2004



Negative stain TEM

® A specimen is adsorbed to a carbon coated grid and blanketed in
a layer of electron dense heavy metal “stain”’.

® Amplitude contrast: The transmitted image shows differential
transmission of electrons through varying thicknesses of stain.

Ohi M et al., Biol. Proced. Online, 2004



Negative stain TEM

® A specimen is adsorbed to a carbon coated grid and blanketed in
a layer of electron dense heavy metal “stain”’.

® Amplitude contrast: The transmitted image shows differential
transmission of electrons through varying thicknesses of stain.

® Can be useful for observing complex formation, oligomerization,
general shape and global contours, sample “purity”
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Negative stain TEM

® A specimen is adsorbed to a carbon coated grid and blanketed in
a layer of electron dense heavy metal “stain”’.

® Amplitude contrast: The transmitted image shows differential
transmission of electrons through varying thicknesses of stain.

® Can be useful for observing complex formation, oligomerization,
general shape and global contours, sample “purity”

® Samples are dehydrated and frequently end up flattened

® One does not obtain an image of internal organization of the
macromolecule

Ohi M et al., Biol. Proced. Online, 2004



Negative stain TEM

image by Long Gui)
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Overview of negative stain TEM

sample solution : :
wick away air dry

excess buffer deformation can happen

— o —> pa—

Carbon-coated grid

stalnlng

. . . lution
image wick away excess stain solutio
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side




Sample requirements

® Depending on size of macromolecule, ~3ul of 0.01-1mg/ml to grid.

® Purity not as critical (though it helps). Neg-stain EM is often used to
determine how pure or stable prep of a complex or macromolecule
may be.



Electron dense heavy metals used in staining
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Commonly used electron dense negative stains

STAIN Conc (w/v) pH range Notes

(check w/ pH paper)

Sodium Phosphotungstate
(PTA)

| -3% 5-8 PTA can perturb membranes. Lower contrast.

Good contrast, fine grain.Acidic. Positive

Ul‘an)’| Acetate (UA) | -3% 42-45 staining (affinity for protein, sialic acid, lipid

headgroups). Can precipitate with phosphate.

Compatible with membranes. Good contrast

Sodium Silicotu ngstate (SST) |-5% 5-8 and grain. Make stain fresh before use, check
pH.
. o Lower contrast. Good for osmotically sensitive
Ammonium Molybdate 1-2% 5-7 organelles,

Methylamine Tun gstate 2% ~7 Compatible with membranes. Decent contrast,
(Nano-W) 2 good grain.

Other stains you may encounter:
® Uranyl formate (pH~4), uranyl oxalate (pH 5-7)
® Methylamine vanadate (pH 8)

http://web.path.ox.ac.uk/~bioimaging/bitm/instructions_and_information/EM/neg_stain.pdf


http://web.path.ox.ac.uk/~bioimaging/bitm/instructions_and_information/EM/neg_stain.pdf

The difference a stain can make

E. coli with nano-W E. coli with nano-Van

p 1 P At RS - u
%‘ffé i1l 2‘5? 1)

® Nano-W (atomic weight of W = 183.8) cannot penetrate into periplasmic
space whereas Nano-Van (atomic weight of V = 59.9) appears to be able to go
pass through the outer membrane..

Images by Long Gui



Negative stain TEM

® A specimen is adsorbed to a carbon coated grid and blanketed in a layer
of electron dense heavy metal “stain”.

® Amplitude contrast: The transmitted image shows differential
transmission of electrons through varying thicknesses of stain.

® Can be useful for observing complex formation, oligomerization, general
shape and global contours, sample “purity”

® Can be used for 3-D reconstruction: limited to nanometer resolutions
® Samples are dehydrated and frequently end up flattened

® One does not obtain an image of internal organization of the
macromolecule

Ohi M et al., Biol. Proced. Online, 2004



Example of a negative stain EM reconstruction

Raw negative stain EM micrograph: 3:1 Fab:HIV Env trimer

James Williams and Hans Verkerke



Example of a negative stain EM reconstruction

Raw negative stain EM micrograph: 3:1 Fab:HIV Env trimer “Class averages”

James Williams and Hans Verkerke



Example of a negative stain EM reconstruction

“Low resolution™ sample refinement

——3 Cells |
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and purification

[ Proteinz 1

Specimen
preparation
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(Negative stain)‘. (Vitrified ice) 1

] e |

—{_20 images 2D images —
1 Particle picking 1

~ Setof  Setof

particles particles

Alignment and
2D classification Y
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Initial 3D map |
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— 2D averages | 2D averages —

'Refined 3D map

Quality control,
analysis and
validation

———— e

[”Fin?al 3‘6vmap -

Interpretation l

 Model |

“High resolution” sample refinement

ChengY et al., Cell (2015)



Example of a negative stain EM reconstruction

James Williams and Hans Verkerke



Cryogenic TEM (cryo-EM)

Lander GC et al., Science, 2006



Cryo-EM

® Specimen is embedded in vitreous ice. Samples flash frozen under
native conditions (in buffer), no stain



Cryo-EM

® Specimen is embedded in vitreous ice. Samples flash frozen under
native conditions (in buffer), no stain

® Obtain 3-D structural information to near atomic resolution



Cryo-EM

® Specimen is embedded in vitreous ice. Samples flash frozen under
native conditions (in buffer), no stain

@ Obtain 3-D structural information to ~3.5 A resolution

® No need to grow crystals for structure-determination
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® Specimen is embedded in vitreous ice. Samples flash frozen under
native conditions (in buffer), no stain

® Obtain 3-D structural information to ~3.5 A resolution
® No need to grow crystals for structure-determination

® Radiation sensitivity. Cryogenic temperatures help, but still need
to image in low dose ~10-20 e/ A2
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® Extremely low contrast. Signal-noise-ratio <l|



Cryo-EM

® Specimen is embedded in vitreous ice. Samples flash frozen under
native conditions (in buffer), no stain

® Obtain 3-D structural information to ~3.5 A resolution
® No need to grow crystals for structure-determination

® Radiation sensitivity. Cryogenic temperatures help, but still need
to image in low dose ~10-20 e/ A2

® Extremely low contrast. Signal-noise-ratio <l

® Difficult to identify, orient particles <250 kDa unless they have a
very well-defined shape (e.g. a cylinder)



Ribosomes imaged by cryo-TEM (image from Joachim Frank)



Cryo-EM specimen grids

3mm diameter grid 200
copper mesh 300
carbon-coated 400 copper mesh

2 or 4um holes
2 or 4um separation



Cryo-EM sample grid prep

THIS IS ONE OF THE MOST CRITICAL STEPS, GETTING “GOOD ICFE”

/ cells/proteins
I

o o o., ! '
& o s |
Sof 8 ! : e
N CRR
/ solution " I

ley carbon film \ \
filter paper

liquid ethane reservoir (IN,cooled)

Ice layer ~100-200nm thick

Figure by Daniela Nicastro



*Ice thickness impacts contrast, resolution, electron dosage



Plunge freezing

Baker lab, UCSD

® Plunge the grid into liquid ethane (Tm -182"C) or propane is
equilibrated near liquid nitrogen temperatures

® Rapid freezing (AT~10-100,000°C/s), <ms, can freeze water before
crystalline ice can form. Samples are in their hydrated states.

® Despite the vacuum environment of the microscope column, the
vapor pressure of vitrified ice held near liquid nitrogen temp (sample
temp -195-180°C) is low enough that the it doesn’t sublimate.



Manual or “robot”







target SQUARE



target HOLE



target REGION in hole



FOCUS



COLLECT DATA



To obtain 3-D information, need to sample different views of the object

AR R ERER

Figure by Joachim Frank



To obtain 3-D information, need to sample different views of the object

Figure by Joachim Frank



Single-particle analysis

collect data

|

box particles

|

align multiple similar boxed
particles; AVERAGE them
together (class averages)

|

determine orientations of the
class average projections

l iterate

RECONSTRUCT



Factors that affect resolution of cryo-EM

® Conformational heterogeneity

® Number of particles used in reconstruction; averaging to improve
signal-to-noise

® Orientation determination
® Radiation damage
® Beam-induced movement of particles and grid charging

® Imaging conditions



Conversion e- to Y to e-

Direct

A - B

A new type of detector: Direct detection of electrons
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A new type of detector: Direct detection of electrons

Fiber-coupled camera Direct detection camera
(OneView, Orius) (K2 Summit, K2-IS)

Scntiiator i
—t Slectron 1o charge
electron 1o ght converson caron | s

V CONYarson
Fiber oplhe

ght image transfer

CCD or CMOS sensor

Gatan-workshop (http://workshop.iisertvm.ac.in)


http://workshop.iisertvm.ac.in

A new type of detector: Direct detection of electrons

® Cryo-EM images of alphaviruses

CCD detector Direct electron detector

Left: Zhang et.al., EMBO, 2011
Right: IU Bloomington



A new type of detector: Direct detection of electrons

® No intermediary scintillator
® More efficient detection: greater sensitivity

® Electron counting
® Higher resolution
® Work closer to true focus (better preservation of high res info)
® Can use lower dosage = less damage to sample

® Very fast readout of frames (20-400 fps), making it possible to
correct for mechanical or beam-charging induced specimen drift
(sharper image, less motion blurring)

® Dose fractionation/weighting possible due to capturing of images as
frame stacks



Drift/motion correction (rotational, translational) increases resolution

Campbell et al., Structure 2012



Drift correction increases resolution

(A) (€)

(B)

(F)




Increase in resolution of deposited cryo-EM structures

Number of Structures in EMDB
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Trends in Cryo-EM data deposition

Resolution [A]
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Major advances in EM imaging are starting to challenge crystallography

Rhinovirus B14 - common cold virus

Non-enveloped virus
Resolution: 2.3 A

Individual amino acids and side
chains can be resolved

Dong et.al., PNAS, 2017



With near atomic resolutions now achievable for lower symmetry
macromolecules also..

145 kDa
28 A

B-galactosidase
465 kDa
22 A

29A

Dengue Virus
11,200 kDa
36 A

Neutral, nonpolar

Basic and acidic

Neutral, polar

Gin®'

Merck et.al., Cell, 2016



Even for challenging objects like HIV Env glycoprotein (4.4 A)

N-linked glycan chains can be resolved

Lee, J.H. et al., Structure (2015)



New algorithms enable sub-classification of heterogeneous samples

3 Fabs 2Fa/ﬂ’abc\0l’abs

templates for raw particle Euler angle assignment

. \.-,tv

l l l

C 49,572 panticles (43.7%) 40,817 partcies (36.0%) 17.972 particies (15.3%) 5,139 particies (4.5%)

101 101 103
raw particle refinement

'\’\ \

Lyumkis et al., Science, 2013



Electron Tomography

- R AN
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Grunewald K and Cyrklaff M, (2006) Curr. Op. Microbiol. 9: 437



Electron Tomography

® Obtain 3-D structural information to ~20 A resolution for non-
symmetrical, highly variable structures such as enveloped viruses,
bacteria, organelles (e.g. mitochondria)
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bacteria, organelles (e.g. mitochondria)

® For cryo-ET, samples are flash frozen under native conditions (in
buffer), no stain
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® Thin-section and high-pressure frozen, freeze-substituted
specimens can also be examined by tomography
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® For cryo-ET, samples are flash frozen under native conditions (in
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® Thin-section and high-pressure frozen, freeze-substituted
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® Radiation sensitivity. End up with total doses ~60-150 e /A 2



Electron Tomography

® Obtain 3-D structural information to ~20 A resolution for non-
symmetrical, highly variable structures such as enveloped viruses,
bacteria, organelles (e.g. mitochondria)

® For cryo-ET, samples are flash frozen under native conditions (in
buffer), no stain

® Thin-section and high-pressure frozen, freeze-substituted
specimens can also be examined by tomography

e Radiation sensitivity. End up with total doses ~60-150 e /A 2

® [ncomplete information due to sample geometry (£70°)



Electron cryo-tomography to determine
3-D architecture of biological nano-scale objects

Ideally would like to gather -90° to +90° views

Figure adapted from Lucic V, et al., Ann. Rev Biochem, (2005)



Gather projections over as wide an angular range as is possible

TEM projections

Can gather -70" to +70° —>» missing “wedge” of information

Figure adapted from Lucic V, et al.,, Ann. Rev Biochem, (2005)



The weighted back-projection method is one way to reconstruct
the 3-D density

Figure adapted from Lucic V, et al.,, Ann. Rev Biochem, (2005)



reconstruction of series with reconstruction of series with
+ 90° tilt angle range + 60° tilt angle range

Figure by Daniela Nicastro



Aligned tilt series showing a field of X3 flu virions and DOPC lipsomes at pH 5.5

120kV FEI T12 microscope; automated data aquisition using Leginon’s Tomography suite
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Stacked M1 ribs line the inner surface of the viral envelope

distance (nm)

Long Gui, Lee lab



LIMITATIONS

® Missing wedge effect. Incomplete information.

® Radiation damage. Loss of information. Sample changes with imaging.

® Anisotropic resolution
® Worst in the z-direction
® Even when good, limited to about 2 nm (20 A)



Missing wedge/cone

Tilt range Sinle Double
+70° 78% 93%

+60° 67% 84%
+45° 50% 67%

Figure from Lucic V, et al., Annu Rev Biochem, (2005), 74:833






Despite the limitations...

® For some biological questions, there simply is no other way of
obtaining structural information

® Good for imaging the architecture, organization of complex systems



Other examples of tomography applications: whole cell imaging

Herpes Simplex Virus-1 cell entry Maurer UE et al. (2008) PNAS 105:10559



Other examples of tomography applications: whole cell imaging

HIV virus budding Carlson L-A et al. (2008) Cell Host Microbe 4:592



Electron Tomography

® Obtain 3-D structural information to ~20-30 A resolution for non-
symmetrical, highly variable structures such as enveloped viruses,
bacteria, organelles (e.g. mitochondria), etc.

® Thin-section and high-pressure frozen, freeze-substituted specimens
can also be examined by tomography allowing whole cells/tissues to
be studied

® Feasible with negative stain or cryo samples

® Incomplete information due to missing wedge



Electron Tomography: sub-tomogram averaging

/ e N
v use new reference for alignment \
iterate until reference is stable \
\
{ \
| I
aligned to
reference
subtomograms » subtomograms >
(randomly oriented) (aligned)
tomogram
averaged subtomograms
- o T , (new reference)

TR A

Current Opinion in Structural Biology

Briggs, JAG, Current Opinion in Structural Biology, 2013



Electron Tomography: sub-tomogram averaging

Current Opinion in Structural Biology

HIV Gag lattice in intact immature particles

Briggs, JAG, Curr. Opin. Struct. Bio., 2013
Schur et.al., Nature, 2015;
Schur et.al., Science, 2016



TECHNICAL ADVANCES



Energy filter

e Enhances amplitude contrast in cryo-EM images by selectively filtering out

scattered electrons

e Energy fi

ters used more diligently for cryo-ET due to it’s very low signal

to noise ratio, but increasingly being used for single particle cryo-EM also

Yonekura et.al., J. Struct. Bio., 2006



Phase plate

e Shifts phase of scattered electron beam to create contrast

e Can achieve near-focus phase-contrast
® Especially advantageous for smaller protein complexes

e Implementation is still tricky, but shows promise
“

Cryo-EM image of 205 Near focus cryo-EM image using
proteasome at ~|.7um defocus.  Volta phase plate

Max Planck Institute for biochemistry



The case for automation

e Can increase the particle sampling by 10-50x over manual data
collection (up from 10,000 particles per reconstruction to 500,000)

e Standardization and greater uniformity
e NRAMM: National Resource for Automated Molecular Microscopy.

® Developed the “Leginon” software package that controls data
collection over an entire grid.

More particles included in reconstruction can improve averaging and

signal-to-noise (but if there is heterogeneity among particles in a
population, need to sort that out)




Data collection: film

The case for automation

08:00 Cﬁﬂ‘-m{""’w
09:00 'n.;'&
10:00 Scroen prids

.

Zi0n° | M0m etee

Fhac:-uml

17:00 Hopohugoiri

MTM
bam Vv dress was o
Lanad Mo fo i Lonamin |
! el devsiate (3} dap)
Porg Qo ol ot e o

Owvwiog fim Srom caamenss |

18:00 e v weten

-
Foswh casrecse
23:00 (100 micrographs)

Mi‘-m
o Vrem Aepecwne

*’T. |wad bwwr Fm 2 enaere |
ol denvcmne (1.3 deprv)
h.—n-—-p

Mhz‘nmi

24:00 s dvn esflecdon

day 2 Prveh Casueese )
05:00 (150 micrographs)

Mhm
9 Oevecp fom Yom (assenis |
Fom o demsomor %

-lvT- Lowd Suh S 30t |
ot Gmvwene (1) Ao

T




The case for automation

Data collection: digital camera

08:00
09:00
10:00

12:00

day 2
08:00

Cool, tune microscope |
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Configure and start
automated data

collection
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L
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SUMMARY

® TEM is a versatile imaging technique that can be used to image a
variety of samples, from cells/tissues to high resolution protein
structure

® Tomography
® Single particle analysis
® Negative stained or cryo

® What it is NOT good for, though people frequently use it for this:

e Quantifying populations and interpreting that as representing populations in
solution: adsorption/grid effects can be dominant.

® Still more advances in methodology ahead... especially in software
development



Electron Microscopy REFERENCES

Three-dimensional Electron Microscopy of Macromolecular Assemblies. Joachim Frank (2006)
Oxford University Press.

http://www.rodenburg.org/guide/index.html Describes process of TEM microscope alignment and
some of the physics.

Ohi M et al,,“Negative staining and image classification- powerful tools in modern electron
microscopy’’ (2004) Biol. Proced. Online 6:23.

Electron Tomography. Joachim Frank, editor (2005) Springer.

LucicV, et al.,“Structural studies by electron tomography” (2005) Annu Rev Biochem 74:833.

Numerous reviews in Current Opinion in Structural Biology. Good starting point to get a summary
of a field and links to primary references.

http://nramm.scripps.edu/seminars/ Some lectures (with slides and audio) from recent workshops

on cryo-EM and structure determination held at the National Resource for Automated Molecular
Microscopy (NRAMM) in La Jolla, CA.

. Cryo-electron microscopy of biological nanostructures. Robert M. Glaeser (2008) Physics Today,
January: 48.


http://www.rodenburg.org/guide/index.html
http://nramm.scripps.edu/seminars/

More recent good reviews..

“Cryo-electron tomography and Sub-Tomogram averaging”,W.Wan and J.A.G. Briggs. Methods
Enzymol. (2016) 579:329:67.

. “A Primer to Single-particle Cryo-electron Microscopy”, Y. Cheng, N. Grigorieff, PA. Penczek,T.
Walz. Cell (2015)161:438.

“Cryo-electron microscopy for structural analysis of dynamic biological macromolecules”, K.
Murata and M.Wolf. Biochimica et Biophysica Acta (BBA) - General Subjects (2018) 1862(2):
324:334

. “Cryo-electron Tomography: The Challenge of Doing Structural Biology in situ”, V. Lucic,A. Rigort,
W. Baumeister. J. Cell Biology (2013) 202:407.

“Cryo-EM: A Unique Tool for the Visualization of Macromolecular Complexity”, Molecular Cell
(2015) 58:677.

“How Cryo-EM is Revolutionizing Structural Biology”, Trends in Biological Sciences (2015) 40:49.

“Structural Biology in situ- the Potential of Subtomogram Averaging”, Current Opinion in Structural
Biology (2013) 23:261.

. Grant Jensen’s fantastic on-line tutorial about cryo-EM: https://www.youtube.com/watch?
v=gDgFbAqdM c&list=PL8 xPUb5ep]dctoHdQjpfHmd z9VWvGxKS8-



https://www.ncbi.nlm.nih.gov/pubmed/27572733#
https://www.ncbi.nlm.nih.gov/pubmed/27572733#
https://www.sciencedirect.com/science/journal/03044165
https://www.youtube.com/watch?v=gDgFbAqdM_c&list=PL8_xPU5epJdctoHdQjpfHmd_z9WvGxK8-
https://www.youtube.com/watch?v=gDgFbAqdM_c&list=PL8_xPU5epJdctoHdQjpfHmd_z9WvGxK8-
https://www.youtube.com/watch?v=gDgFbAqdM_c&list=PL8_xPU5epJdctoHdQjpfHmd_z9WvGxK8-

Contrast Transfer Function correction is a step in the processing that is

critical for accounting for high resolution information, but beyond the
scope of this introduction (see references).

Three-dimensional Electron Microscopy of Macromolecular Assemblies.
Joachim Frank (2006) Oxford University Press




