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Tilt series

Back-projection &
3D reconstruction 

Sali et al., (2003) Nature 422(6928): 216-225.
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In reciprocal space, every 2D projection of 
a 3D object corresponds to a central 
section in the 3D Fourier transform of the 
object. Each central section is orthogonal 
to the direction of of projection. 

Central projection
theorem

1 2 76543

Constraints of cryoEM on biological objects :

Work with low electron dose (~10e-/Å2)
=> the less exposures, the better.

Images have a low signal-to-noise ratio
Compromise defocus level with resolution (CTF)
Computing 2D or 3D numeric averages 
Correct for the Contrast transfer function (CTF)

Use internal symmetries of the objects :
helicoïdal symmetry, icosaedral symmetry, 
2D crystals, or no symmetry at all…
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Convention for Euler 
angles in SPIDER
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With two exposures a conical tilt series can be generated

Angular distribution 
represented on a 
spherical angular map

Radermacher, M., Wagenknecht, T., Verschoor, A. & Frank, J. Three-

dimensional reconstruction from a single-exposure, random conical tilt 

series applied to the 50S ribosomal subunit of Escherichia coli. J Microsc

146, 113-36 (1987).
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Reciprocal space

Principle of random
conical tilt series

Z

Radermacher, M. (1988) Three-dimensional reconstruction of single particles 

from random and nonrandom tilt series. J Electr.Microsc. Tech. 9(4): 359-

394.

You just need to determine de 
Euler angles specific to each 
tilted-specimen image.

Ψ = 0° Ψ = 90°

Interactive particle
selection. Picking of 

image paires (45° & 0°) 
provides a mean to 

compute the :

• direction of tilt axis (ψ)

• and the tilt angle (θ).  

θ= Tilt angle =>  COS (θ ) = d / D 

(but you don’t know if it is + or – θθθθ)

d dD D
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Ψ = in-plane direction of tilt axis
If Ψ parallel to axis Y, then Ψ = 0°
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0°

45°

Interactive windowing
at 0° and  45° tilt

2D projections are 
identical, except for an 
in plane rotation 

corresponding to φφφφ. 

2D projections are not 
identical due to the tilt, 
Moreover, neighboring 
particles start 
overlapping. 

2D alignment of untilted-specimen
images and computation of angle φ

Centering and masking of tilted-
specimen images

Rotation of each 0°
projection by its -φ angle

A circular mask hides 
(up to a certain point) the 
neighboring particles.

Simple back-projection 

Reciprocal space half-volume

φ =36° φ =36°

Once the 3 Euler angles are determined, the 3D reconstruction can be performed from the tilted-
specimen projections. The simple back-projection is nothing more than adding in reciprocal space 
the FT of the 2D projections in their relative orientations (waffle-like distribution of central 
sections), followed by Fourier transform of this 3D distribution to come back in real space.

Uneven distribution of the signal

Why does it look so bad?

Weigthed back-projection

Reciprocal space half-volume

φ =36° φ =36°

Missing cône

Similar as previously, but after applying a band-pass filtering or weighting of the 
signal (lowering contribution in low spatial frequencies.  

It is better, but we have a non-
isotropic reconstruction. Why ? 
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Simultaneous Iterative reconstruction techniques (SIRT) 

Real space & iterative:

φ =36° φ =36°

In real space iterative methods, a 
starting volume is computed by simple 
back-projection. Then, the volume is re-
projected and its 2D projection maps are 
compared with the experimental EM 
images. The difference 2D maps (EM) 
minus (2D projection of the computed 
volume) are also back-projected to 
correct the 3D reconstruction volume. 
To avoid “over-correcting” the structure, 
the 2D difference maps are multiplied 
by an attenuation factor λ, with (λ ~ 
0.5.E-04 to 0.1.E-06). This process is 
iterated and at each step the “global 
error” between EM images and the 
computed volume is measured to check 
improvement. 

Correct λ value ?
Global error

1.0

0.01 Iterations

λ to small

λ correct

1

2
3

λ to big

Original object Simple 
back-projection 

Weigthed
back-projection

SIRT

Comparing 3D reconstruction techniques

Front views

Top views

The missing cone
artifact

+ =

+ =

Top views Front views
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Boisset N., Penczek P., Taveau J.C., You V., de Haas F., Lamy J. (1998) Overabundant single-particle electron microscope views
induce a three-dimentional reconstruction artifact. Ultramicroscopy, 74: 201-207.

even angular
distribution

uneven angular
distributions

0°

45°

Titled-specimen 45° Untilted specimen 0°

Interactive particle picking with determination
of tilt axis direction (ψ) and tilt angle (θ)

0°

45°

Original Side views Aligned side views

Alignment

Determination
of angle (φ)

MSA and clustering � 5 views

External surface
rendering

Central cavity

Hémocyanine of Helix pomatia

Mur
collier

a b

c d e

f g h

Model of  Mellema & Klug (1972)

Question : Which EM views would you use to suppress the missing cone  while enforcing a D5 symmetry ?
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If 0° tilt images = TOP 
views,  the missing cone
axis is parallel to the five-
fold axis of the cylinder.

If 0° tilt images = SIDE 
views the missing cone axis 
is orthogonal to the five-fold
axis of the cylinder.

When enforcing symmetry D5 or C5, you will fill up the missing cone of the SIDE views, 
but the missing cone of the TOP views will always superpose to itself and remain empty. Lambert, O., Boisset, N., Taveau, J. C. & Lamy, J. N. (1994) Three-dimensional reconstruction from a frozen-hydrated 

specimen of the chiton Lepidochiton sp. hemocyanin. J Mol Biol 244, 640-7.

How to sort cylindrical particles with Cn symmetry ?

Lambert, O., Boisset, N., Taveau, J. C., Preaux, 

G. & Lamy, J. N. (1995) Three-dimensional 
reconstruction of the αD and βC-hemocyanins of 
Helix pomatia from frozen-hydrated specimens. J 

Mol Biol 248, 431-48.

The Orthogonal tilt reconstruction method
Andres E. Leschziner & Eva Nogales

Two images are recorded with specimen tilts of -45° and +45°

In this case you don’t get a conical tilt but the equivalent of a 360° tomogram (without missing wedge ?).
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Single layer negative staining technique

Double-layer negative staining

or « sandwidch » technique

Why not use negatively stained images ?

a b

a b

Frozen-hydrated sample

Double-layer negative staining techique

Model based refinement

Untilted-specimen images recorded selected defocuses for CTF correction

Top view

Profil view

Direct attribution of euler angles to 
the new images by comparison with
2D projections of a model or low
resolution reference reconstruction 
volume. 

Yang C, Ng EG, Penczek PA. (2005) Unified 3-D structure and projection 
orientation refinement using quasi-Newton algorithm. J. Struct. Biol 149:

53-64.

• Simultaneous update of the density map and orientation parameters. 
(Angular refinement and optimized 3D reconstruction are computed at 
the same time).

• Direct minimization of the discrepancy between the 2-D data and the 
projected views of the reconstructed 3-D structure. (angluar steps of 
projection matching and lambda value of 3D reconstruction are evolving 
automatically along the refinement).

Alignement in real space : Penczek, P.A., Grassucci, R.A., Frank, J. (1994) The ribosome at
improved resolution: new techniques for merging and orientation refinement in 3D cryo-electron microscopy of 
biological particles. Ultramicroscopy 53: 251–270.

Alignment in reciproqual space: Grigorieff, N. (1998). Three-dimensional structure of bovine NADH:
ubiquinone oxidoreductase (complex I) at 22 A in ice. J. Mol. Biol. 277: 1033–1046.

Alignment using Radon transform: Radermacher, M. (1994). Three-dimensional reconstruction from
random projections: orientational alignment via Radon transforms. Ultramicroscopy 53: 121–136.

Many other softwares and approaches: Xmipp, EMAN, Polar Fourier transforms, spherical 
harmonics, etc …
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model based approach using 2D averages

In IMAGIC, aligment, 

MSA, clustering are used 

to inject refined 2D 

averages in the 3D 

reconstruction.

Equivalent approach for particles 
with helical symmetry was 
proposed by Ed Egelman 2000, 
Ultramicroscopy, 85: 225-234.).

Figure from: 
Serysheva I, Orlova EV, 
Sherman M, Chiu W, 
Hamilton S, van Heel M, 
(1995) The skeletal 
muscle calcium-release 
channel in its closed state 
visualized by electron 
microscopy and angular 
reconstitution. Nature 

Struct. Biol. 2: 18-24.

model based approach and CTF correction

CTF correction is also taken into account during the model based approach 
refinement. 
- either phase flipping of original images.
-or Wiener filtering on 3D volumes corresponding to different defocuses.
-or even using astigmatic images to get a full CTF correction from one 
micrograph (Marine van Heel). 

Usually, despite all these refined tools to get high resolution, the bottle neck 
remains  the biochemistry, and how homogeneous your sample is in
solution…

model based approach the bottle neck

Present trends in cryo-MET 3D

• Freezing conformation intermediates (time resolved)

• Automation of low-dose exposure and image processing

• Multi-technique approach with X ray crystallography, 

molecular modeling, RMN etc ...

• Macromolecular Data bank and meta data banks. 

SprayTime resolved cryoEM
~10  millisecondes.

Multi-technique approach and  Cryo-MET 

Hybrid approaches :

• Molecular modeling, normal modes.
• Fitting atomic models from X ray Crystallography or NMR 
• Contacts, SAXS.

Sali et al., (2003) Nature 422(6928): 216-225.
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Integration of 3D Cryo-EM in MSD & other data banks

see Review: Sali A, Glaeser R, Earnest T, Baumeister W. (2003) From Words to literature in 
structural proteomics. Nature 422(6928): 216-225.

URL: http://ebi.ac.uk/msd/index.html

references:
Boisset N., Penczek P., Taveau J.C., You V., de Haas F., Lamy J. (1998) Overabundant single-particle electron
microscope views induce a three-dimentional reconstruction artifact. Ultramicroscopy, 74: 201-207.

Grigorieff, N. (1998). Three-dimensional structure of bovine NADH: ubiquinone oxidoreductase (complex I) at
22 A in ice. J. Mol. Biol. 277: 1033–1046

Penczek, P.A., Grassucci, R.A., Frank, J. (1994) The ribosome at improved resolution: new techniques for 
merging and orientation refinement in 3D cryo-electron microscopy of biological particles.
Ultramicroscopy 53: 251–270.

RaderRadermachermacher, M. (1988) Three, M. (1988) Three--dimensional reconstruction of single particles from random dimensional reconstruction of single particles from random 

and nonrandom tilt series. and nonrandom tilt series. J J Electr.MicroscElectr.Microsc. Tech.. Tech. 9(4):  3599(4):  359--394.394.

Radermacher, M. (1994). Three-dimensional reconstruction from random projections: orientational alignment via 
Radon transforms. Ultramicroscopy 53: 121–136.

Sali A, Glaeser R, Earnest T, Baumeister W. (2003) From Words to literature in structural proteomics. Nature

422(6928): 216-225.

Yang C, Ng EG, Penczek PA. (2005) Unified 3-D structure and projection orientation refinement using quasi-
Newton algorithm. J. Struct. Biol 149: 53-64.

Andres E. Leschziner & Eva Nogales (2005) The Orthogonal tilt reconstruction method: an approach to 
generating single-class volumes with no missing cone for ab initio reconstruction of asymmetric particles. 
J. Struct. Biol (submitted).


