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Including	  results/ideas	  from	  many	  of	  you.	  



In	  situ	  or	  in	  vitro?	  

Low-‐resoluBon	  “blobs”	   High-‐resoluBon	  detail	  

Simple	  systems	  
Purified	  components	  in	  vitro	  

Complex	  systems	  
Components	  in	  situ	  



	  1.	  Why	  do	  it?	  



MulBdimensional	  structures	  

Complex	  may	  flex	  between	  many	  different	  conformaBons	  
	  



MulBdimensional	  structures	  

Complex	  may	  have	  many	  different	  composiBons,	  depending	  on	  which	  sub-‐
components	  are	  bound	  
	  



MulBdimensional	  structures	  



MulBdimensional	  structures	  

Understanding	  funcBon	  and	  mechanism:	  

•  What	  is	  the	  structural/composiBonal	  
landscape	  of	  the	  complex?	  

•  What	  are	  the	  dynamics	  of	  the	  various	  
transiBons	  

•  How	  does	  funcBon	  depends	  on	  posiBon	  within	  
the	  landscape	  



MulBdimensional	  structure	  

Many	  of	  these	  quesBons	  can	  be	  addressed	  by	  
single	  parBcle	  approaches,	  combined	  with	  
funcBonal/dynamic	  assays.	  But…	  



Structure	  and	  dynamics	  in	  situ	  



Structure	  and	  dynamics	  in	  situ	  
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Structure	  and	  dynamics	  in	  situ	  



Structure	  and	  dynamics	  in	  situ	  

David	  Goodsell	  



Structure	  and	  dynamics	  in	  situ	  

•  The	  composiBon,	  conformaBon	  and	  dynamics	  
of	  the	  complex	  may	  be	  different	  depending	  on	  
the	  cellular	  environment	  

•  Ideally	  we	  would	  determine	  structure	  within	  
the	  cell	  



Structure	  and	  dynamics	  in	  situ	  

•  For	  many	  protein	  complexes	  the	  cellular	  
context	  is	  inseparable	  from	  funcBon	  

•  eg	  nuclear	  pore,	  endocytosis,	  electron	  
transport	  chain	  



InvesBgate	  structure	  and	  dynamics	  in	  the	  cell	  

David	  Goodsell	  



InvesBgate	  structure	  and	  dynamics	  in	  the	  cell	  

In	  here	  is	  the	  real	  thing	  

David	  Goodsell	  



2.	  A	  brief	  intro	  to	  how	  
it	  is	  done	  today	  



Cellular	  ultrastructure	  determinaBon.	  1960’s	  Palade	  



How	  it	  is	  done	  today	  

	  
Sample	  preparaBon	  
	  
Data	  collecBon	  
	  
Image	  processing	  



How	  it	  is	  done	  today	  

	  
Sample	  preparaBon	  
	  
Data	  collecBon	  
	  
Image	  processing	  



Sample	  Requirements…	  

•  Sample	  must	  preserve	  structure	  
•  Sample	  must	  be	  thin	  
•  Sample	  must	  give	  contrast	  
•  Sample	  must	  be	  stable	  in	  vacuum	  
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Cellular Sample preparation methods 

FIB milling 

Claude	  Antony	  
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Cellular Sample preparation methods 

FIB milling 
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Cellular Sample preparation methods 

FIB milling 
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Ultrastructure or Structure? 

FIB milling 

Ultrastructure	   Ultrastructure	  and	  Structure	  
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Structure 

FIB milling 

Ultrastructure	  and	  Structure	  



High-pressure Freezing 
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Structure 

Ultrastructure	  and	  Structure	  



The	  end	  	  

 
HIGH PRESSURE FREEZER 

 
 PRESSURE 2100 bar 

 
VITRIFICATION  OF CELLS 

WITHIN ~10-20 ms 
 







 
•  50-200 nm sections are cut at 
   -(140-160ºC) 
 
 
 

Electron Tomography Methods for Three- Dimensional 
Visualization of Structures in the Cell, J. Frank, 
2006,Springer 

High	  pressure	  freezing	  (HPF)	  
	  	  
	  vitreous	  ice	  (no	  crystals)	  

	  
• 	  2050	  bar	  the	  freezing	  point	  of	  pure	  	  	  	  	  	  	  	  	  	  	  	  

	  water	  drops	  to	  -‐22ºC	  
• 	  Freezing	  rate	  500ºC/s	  

Cryo-‐secBoning	  	  

HPF device 

picture by Peter Peters 

CEMOVIS	  



Nucleus 

ER Mitochondria 

Lipid droplet 

Multivesicular 
structures 

HPF CEMOVIS 

no	  chemical	  fixaBon	  
no	  dehydraBon	  
no	  contrasBng	  

CEMOVIS	  



Plunge Freezing 

Cryo-TEM 

Structure 

FIB milling 

Ultrastructure	  and	  Structure	  





Focused	  Ion	  Beam	  –	  FIB	  

FEI	  Quanta	  3D	  FEG	  dual	  beam	  FIB/SEM	  instrument	  as	  installed	  at	  the	  MPIB	  

Juergen	  Plitzko	  



Focused	  ion	  beam	  milling	  

Villa	  et	  al.	  2013	  



Focused	  ion	  beam	  milling	  

Villa	  et	  al.	  2013	  



MPI of Biochemistry Max Planck Society 

Cryo-‐ET	  of	  FIB	  milled	  specimens	  

5	  µm	  

5	  µm	  

1	  µm	  

5	  µm	  

TEM	  projecBon	  
(high-‐pass	  filtered)	  

slice	  from	  3D-‐	  
reconstrucBon	  

200	  nm	  1000	  nm	  

Juergen	  Plitzko	  



Plunge freezing 

Cryo-TEM 

Structure 

Ultrastructure	  and	  Structure	  



Cryo-‐electron	  tomography	  
Medalia	  et	  al.	  Science	  	  2002	  



Medalia	  et	  al.	  2002	  



How	  it	  is	  done	  today	  

	  
Sample	  preparaBon	  
	  
Data	  collecBon	  
	  
Image	  processing	  



Automated	  Electron	  Tomography	  

Thicker	  samples	  means	  benefits	  from	  use	  of	  an	  energy	  filter	  and	  300kV	  



How	  it	  is	  done	  today	  

	  
Sample	  preparaBon	  
	  
Data	  collecBon	  
	  
Image	  processing	  



Analysing	  the	  images	  

•  Direct	  funcBonal	  insights	  

•  Influences	  how	  we	  think	  
about	  biological	  
problems,	  how	  we	  
develop	  hypotheses,	  
how	  we	  design	  
experiments.	  



Analysing	  the	  images	  -‐	  Stereology	  

•  Should	  ideally	  be	  analysed	  
quanBtaBvely.	  

•  There	  are	  robust	  and	  
powerful	  approaches	  for	  
extracBng	  quanBtaBve	  
data	  from	  such	  images,	  
used	  within	  cellular	  EM	  
community.	  SystemaBc	  
uniform	  random	  
sampling.	  Stereology.	  



From	  ultrastructure	  to	  structure	  
Subtomogram	  averaging	  

tomogram

subtomograms
(randomly oriented)

aligned to
reference subtomograms

(aligned)

averaged subtomograms
(new reference)

use new reference for alignment
iterate until reference is stable

Figure 1

Briggs	  2013,	  Curr.	  Opin.	  Struct.	  Biol.	  	  



3.	  Some	  examples	  
from	  the	  literature	  



Al	  Ahmoudi	  …	  Frangakis.	  Nature,	  2011	  

Desmosomes	  (skin)	  



Al	  Ahmoudi	  …	  Fragakis.	  Nature,	  2011	  

Desmosomes	  (skin)	  



Zhao	  …	  Liu,	  PNAS	  2013	  

Flagellar	  motors	  



Brandt	  …	  Grünewald.	  Mol.Cell	  2010	  

Ribosomes	  in	  
intact	  cells	  



Dai	  …	  Chiu,	  Nature	  2013	  

Phages	  (with	  Zernike	  Phase	  Plate)	  



Dai	  …	  Chiu,	  Nature	  2013	  



	  
There	  are	  not	  many	  examples	  in	  cells.	  	  
	  
More	  examples	  in	  “intermediate	  
systems”:	  
	  
	  lysates	  
	  organelles	  
	  in	  vitro	  reconsBtuted	  systems	  
	  pleiomorphic	  viruses	  



symmetry that differed from the adjacent matrix layer
with which the nucleocapsid interacts. The Marburg virus
study was extended to look at nucleocapsids during
assembly within infected cells. By applying subtomogram
averaging to specific regions of nucleocapsids at different
stages of budding, it was shown that the nucleocapsid
adopts its mature assembled state before being wrapped
in its membrane envelope [12].

The structural protein lattice of immature HIV has also
been studied by subtomogram averaging, allowing
approximate positioning of protein domains, as well as
showing the overall arrangement of the proteins within
the virus [13,17]. These studies led to a model of HIV
assembly where the structural protein, Gag, forms a
hexameric lattice that becomes curved by the incorpora-
tion of irregularly shaped defects. The lattice is incom-
plete, containing a large gap at the point at which the
immature virus particle underwent membrane scission to
release it from the infected cell. By studying structural

changes in virus particles containing mutations limiting
proteolytic maturation of the virus, the role of individual
proteolytic sites in disassembling the immature lattice
was explored [14,15,18].

Flagella, cilia and microtubules
The arrangement of microtubules and their associated
proteins in flagella and cilia has been explored by a series
of subtomogram averaging studies of flagella, both pur-
ified and in situ (see also [31]). The central axoneme of the
flagella contains nine microtubule doublets arranged in a
circle around a central microtubule pair. Dyneins mediate
sliding of the doublets against one another to bend the
flagella. Subtomogram averaging has been used to gen-
erate 3D reconstructions of flagella in the 3–4 nm resol-
ution range [32–34,35!,36,37!]. By comparing the
structures of flagella from wild-type cells with flagella
from mutants lacking particular proteins, the positions of
individual proteins have been defined, and compared
between different doublets within the axoneme

264 Macromolecular assemblies

Figure 2

50 nm

(a) (b) (c)

(d) (e)

Current Opinion in Structural Biology

Examples of recent structures solved by subtomogram averaging, shown approximately to scale. (a) Ribosomes on the ER membrane [46!!]. (b) COPI
coated vesicles [30!!]. (c) The glycoprotein spike of HIV [11]. (d) The human nuclear pore [23]. (e) A microtubule doublet from a Chlamydomonas
flagellum [36]. Panels were adapted from the original references. Panel e # 2011 Rockefeller University Press. Originally published in Journal of Cell
Biology. 195:673–687. http://dx.doi.org/10.1083/jcb.201106125.

Current Opinion in Structural Biology 2013, 23:261–267 www.sciencedirect.com

Briggs	  2013,	  Curr.	  Opin.	  Struct.	  Biol.	  	  

Förster	  lab	  
Ribosomes	  

Briggs	  lab	  
COPI	  vesicles	  

Medalia	  lab	  
Nuclear	  Pore	  

Ishikawa	  lab	  
Flagellum	  

Subramaniam	  lab	  
HIV-‐1	  glycoprotein	  



Schur	  et	  al.	  Nature,	  in	  press	  

Structure	  of	  the	  immature	  HIV-‐1	  capsid	  in	  intact	  virus	  parBcles	  at	  8.8	  Å	  resoluBon.	  
Cryo-‐electron	  tomography	  and	  subtomogram	  averaging	  

Typical	  resoluBons	  have	  been	  around	  2nm	  (with	  CCD	  cameras).	  
ResoluBons	  of	  8	  Å	  have	  been	  obtained	  using	  both	  CCD	  cameras	  and	  DDs.	  
Further	  improvements	  should	  come	  soon	  from	  DD	  equipped	  labs.	  



4.	  CorrelaBve	  
methods	  and	  labelling	  



Cryo-‐CLEM	  

•  If	  you	  are	  not	  sure	  what	  you	  are	  looking	  for	  

•  If	  what	  you	  are	  looking	  for	  is	  hard	  to	  find/see	  

•  If	  what	  you	  are	  looking	  for	  is	  rare	  

•  If	  you	  need	  to	  catch	  a	  dynamic	  state	  



Cryo-‐CLEM	  
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Product Flyer  FEI CorrSight

Experience the Benefits of an Immobile Sample Stage

At the core of FEI’s CorrSight concept is a truly static sample stage. This 
allows uncompromised compatibility with different sample environments 
and peripherals in correlative experiments as well as optimal support for a 
multitude of applications. A high-end fluorescence microscope is moved 
precisely to scan the complete sample, allowing for high-speed image 
acquisition and a broad choice of applications, including the following:

 
 with environmental control 

 
Choose from Various Modules

For sophisticated experiments, FEI’s CorrSight can be complemented by 
numerous modules.

 
 increases contrast in thicker samples

 
 high-speed, living specimen imaging

 
 (photoactivation, bleaching or local uncaging)

 
Optimize Workflow Automation with FEI

In all variants, FEI’s CorrSight offers a high degree of workflow automation 
and seamless integration between different imaging platforms. 

 
 closer together

Figure 1: Low magnification overlay of light- and electron 
microscopy images (above) and the high resolution electron 
microscopy image of the region of interest (below) 
resulting from the FEI correlative workflow using the CorrSight,  
a Nova NanoSEMTM in STEM mode and MAPS.  
The images show mouse myoblasts transfected with a protein 
labeled with AlexaFluor® 488 and ProtA 19 nm gold.

Leica	  (Briggs)	  

Linkam	  (Koster)	  FEI	  (Baumeister)	  

Some	  examples	  
(There	  are	  others)	  
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Fiducial	  based	  correlaBon	  

Schorb	  and	  Briggs	  2014,	  Ultramicroscopy	  



100 nm

C

P22	  bacteriophage	  (circle	  radius	  50	  nm)	  

Schorb	  and	  Briggs	  2014,	  Ultramicroscopy	  



Schellenberger…	  Grünewald,	  2014	  Ultramicroscopy	  

Adenovirus	  



Cryo-‐CLEM	  

•  High	  precision	  is	  needed	  to	  locate	  things	  

•  High	  (super-‐)	  resoluBon	  is	  needed	  to	  separate	  
signals	  that	  are	  close	  together	  





Cryo-‐CLEM	  

•  Cryo-‐stages	  and	  transfer	  systems	  are	  now	  
becoming	  robust	  and	  user-‐friendly.	  

•  ConBnuous	  improvement	  of	  opBcs	  and	  
usability.	  



Cryo-‐CLEM	  

•  can	  your	  feature	  of	  interest	  be	  labelled?	  
•  does	  the	  labelling	  affect	  the	  funcBon?	  

•  Typically	  there	  is	  a	  need	  for	  supporBng	  FM	  
data.	  



5.	  A	  general	  strategy	  



A	  general	  strategy	  

•  Prepare	  the	  sample	  

•  IdenBfy	  the	  features	  of	  interest	  

•  Image	  them	  by	  cryo-‐electron	  tomography	  

•  Perform	  image	  processing	  to	  solve	  the	  
structure	  



6.	  What	  are	  the	  
challenges?	  



	  
•  Sample	  preparaBon	  

•  IdenBfying	  the	  features	  of	  interest	  

•  Finding	  enough	  of	  them	  

•  IdenBfying	  opBmal	  condiBons	  for	  imaging	  

•  Processing	  the	  data	  properly	  

•  Dealing	  with	  heterogeneity	  



	  
•  Sample	  preparaBon	  

•  IdenBfying	  the	  features	  of	  interest	  

•  Finding	  enough	  of	  them	  

•  IdenBfying	  opBmal	  condiBons	  for	  imaging	  

•  Processing	  the	  data	  properly	  

•  Dealing	  with	  heterogeneity	  



Ideal	  sample	  preparaBon	  

•  Very	  large	  imaging	  area	  on	  the	  grid,	  so	  we	  can	  
image	  many	  copies	  of	  rare/disperse	  objects	  

•  Artefact	  free	  

•  Robust	  and	  cheap	  



Sample	  preparaBon	  
•  CEMOVIS	  allows	  large	  areas	  to	  be	  generated	  
•  Suffers	  from	  compression	  artefacts	  
•  Is	  robust	  only	  in	  a	  few	  labs	  



Sample	  preparaBon	  
•  FIBSEM	  does	  not	  allow	  rapid	  generaBon	  of	  large	  areas	  
•  Seems	  to	  be	  relaBvely	  artefact	  free	  
•  Is	  robust	  only	  in	  a	  few	  labs	  
•  Is	  not	  cheap	  



	  
•  Sample	  preparaBon	  

•  IdenBfying	  the	  features	  of	  interest	  

•  Finding	  enough	  of	  them	  

•  IdenBfying	  opBmal	  condiBons	  for	  imaging	  

•  Processing	  the	  data	  properly	  

•  Dealing	  with	  heterogeneity	  



Ideal	  methods	  to	  find	  the	  features	  of	  
interest.	  

•  Op#on	  1:	  An	  EM	  label	  

•  A	  label	  visible	  directly	  in	  EM	  in	  cryo	  samples	  
•  Visible	  at	  single	  molecule	  level	  
•  Visible	  in	  low	  mag	  grid	  scans.	  
•  GeneBcally	  encodable	  



Ideal	  methods	  to	  find	  the	  features	  of	  
interest.	  

•  Op#on	  1:	  An	  EM	  label	  

•  FerriBn	  
•  Metallothionine	  
•  Others?	  

Wang	  …	  Löwe.	  Structure	  2011	  	  



Ideal	  methods	  to	  find	  the	  features	  of	  
interest.	  

•  Op#on	  2:	  Correla#ve	  cryo-‐FM/EM	  

•  Single	  molecule	  sensiBvity	  cryo-‐FM	  
•  Super-‐resoluBon	  FM	  
•  MulBcolour	  imaging	  
•  High-‐precision	  correlaBon	  

•  Robust	  and	  rapid	  cryo-‐FM	  



Methods	  to	  find	  the	  features	  of	  
interest.	  

•  OpBon	  2	  may	  be	  only	  a	  few	  years	  away,	  but	  
there	  are	  challenges	  to	  overcome.	  

•  Dye/Fluorescent	  protein	  behaviour	  
•  Immersion	  objecBves	  
•  Engineering	  challenges	  



•  Sample	  preparaBon	  

•  IdenBfying	  the	  features	  of	  interest	  

•  Finding	  enough	  of	  them	  

•  IdenBfying	  opBmal	  condiBons	  for	  imaging	  

•  Processing	  the	  data	  properly	  

•  Dealing	  with	  heterogeneity	  



Finding	  enough	  copies	  of	  the	  object	  of	  
interest	  

•  How	  many	  do	  we	  need?	  

•  If	  minimal	  structural	  heterogeneity	  in	  sample	  of	  150nm	  
thick:	  

	  
Sub-‐nm	  with	  30000	  copies	  on	  CCD	  camera	  (Schur	  et	  al	  
2013).	  

(small	  test	  dataset	  collected	  in	  MarBnsried	  on	  K2	  gave	  
12Å	  with	  1500	  copies).	  Others	  may	  have	  more	  current	  
data?	  



Finding	  enough	  copies	  of	  the	  object	  of	  
interest	  

•  How	  many	  do	  we	  need?	  

•  If	  minimal	  structural	  heterogeneity	  in	  sample	  of	  150nm	  
thick:	  

	  
Sub-‐nm	  with	  30000	  copies	  on	  CCD	  camera	  (Schur	  et	  al	  
2013).	  

(small	  test	  dataset	  collected	  in	  MarBnsried	  on	  K2	  gave	  
12Å	  with	  1500	  copies).	  Others	  may	  have	  more	  current	  
data?	  



Finding	  enough	  copies	  of	  the	  object	  of	  
interest	  

•  Template	  matching.	  

•  By	  eye.	  

•  Otherwise	  CLEM.	  



Finding	  enough	  copies	  of	  the	  object	  of	  
interest	  

•  Need	  Highly-‐
automated	  
(correlaBve)	  data	  
collecBon	  



	  
•  Sample	  preparaBon	  

•  IdenBfying	  the	  features	  of	  interest	  

•  Finding	  enough	  of	  them	  

•  IdenBfying	  opBmal	  condiBons	  for	  imaging	  

•  Processing	  the	  data	  properly	  

•  Dealing	  with	  heterogeneity	  



Data	  CollecBon	  and	  image	  processing	  

Why	  is	  the	  resoluBon	  of	  structures	  from	  
tomography/subtomogram	  averaging	  not	  
as	  good	  as	  for	  single	  parBcle?	  
	  



Data	  CollecBon	  and	  image	  processing	  

	  
	  
Higher	  apparent	  sample	  thickness	  (especially	  at	  Blt)	  
	  
Two	  separate	  alignment	  and	  reconstruc#on	  steps	  
	  
Sample	  can	  change	  during	  data	  collec#on	  
	  
Higher	  total	  electron	  dose	  
	  
Smaller	  datasets	  (due	  to	  more	  Bme-‐consuming	  data	  collecBon)	  
	  
Difficult	  in	  determina#on	  of	  defocus	  in	  individual	  images	  
	  



Data	  CollecBon	  and	  image	  processing	  

	  
	  
Higher	  apparent	  sample	  thickness	  (especially	  at	  Blt)	  
	  
Two	  separate	  alignment	  and	  reconstruc#on	  steps	  
	  
Sample	  can	  change	  during	  data	  collec#on	  
	  
Higher	  total	  electron	  dose	  
	  
Smaller	  datasets	  (due	  to	  more	  Bme-‐consuming	  data	  collecBon)	  
	  
Difficult	  in	  determina#on	  of	  defocus	  in	  individual	  images	  
	  



At	  which	  resoluBon	  will	  errors	  in	  defocus	  esBmaBon/correcBon	  be	  
limiBng?	  

mean (Fig. 1D). This deviation incorporates both errors in deter-
mining the CTF and errors in the autofocus routine. These values
range from 61 nm at!30! to 47 nm at 0!, up to 71 nm at +30!. Over
all angles the root mean squared deviation was 54 nm.

These analyses gave us confidence that both the autofocus rou-
tine and the determination of the CTF were accurate to better than
the required 100 nm and therefore appropriate for high-resolution
reconstruction.

2.3. Tomogram reconstruction and sub-tomogram extraction

80 tilt series were selected from the total dataset of 102 tilt
series based on a visual assessment of tilt series quality and were
reconstructed using the IMOD software suite (Kremer et al.,
1996). The dataset contained 133 individual tubular arrays of M-
PMV DPro CANC protein. The tubes displayed varying lengths up
to several hundred nanometers and diameters ranging from 55 to
72 nm. Within the reconstructed tomograms, the hexameric Gag
lattice on the surface of the tube could be clearly visualized, con-
firming the high quality of the acquired data (Fig. 2A).

For later validation of the structure, the set of tomograms was
divided into two halves containing roughly the same number of
tubes and with a balanced distribution of nominal defoci. Each half
of the data was subsequently processed completely independently.

Sub-tomograms were extracted from all tubes at arbitrary,
uniformly distributed positions along the tubular surface by mark-
ing the central axis of the tube and defining an array of extraction
positions at a distance from this line corresponding to the radius of
the tube. The cubic sub-tomograms had an edge length of 243 Å,
and overlapped such that their centers were separated by approx-
imately 40 Å. Sub-tomogram averaging was carried out as
described in the next section: the process is essentially that de-
scribed previously (Bharat et al., 2011, 2012; de Marco et al., 2010).

2.4. Sub-tomogram averaging

The procedure outlined in this section was carried out in its
entirety independently on each half dataset. Calculations were
performed using MATLAB scripts derived from the TOM (Nickell
et al., 2005) and AV3 (Forster et al., 2005) packages. The Dynamo
software package was used for generation of masks and for FSC
calculations (Castano-Diez et al., 2012).

To minimize computing time, initial processing was performed
on 4" binned, non-CTF corrected data. For each half dataset one
tomogram with a defocus of !2.5 lm was chosen to obtain an ini-
tial structure. Extracted sub-tomograms from this tomogram were
assigned initial angles based only upon the geometry of the tubes
and were averaged to generate a smooth starting reference. The
sub-tomograms from this tomogram were then iteratively aligned
and averaged in six dimensions against the reference as described
in Forster et al. (2005). Translational shifts were limited to 8 nm in
each direction, and rotations were limited to values reasonable
considering the tube geometry (approximately 60! in the plane
of the tube surface and 40! in other angles). After twelve iterations,
the structure had stabilized and was used as starting references for
the alignment of the sub-tomograms from the other tomograms.

At first the sub-tomograms from each individual tomogram
were aligned and averaged separately for five iterations. To verify
the success of this preliminary alignment we displayed the orien-
tations and positions of the aligned subvolumes in 3D space after
alignment using Amira (Visage imaging) and the EM toolbox
(Pruggnaller et al., 2008). We observed the expected clear helical
arrangement of the individual subunits (Fig. 2B). To reduce the
dataset size, redundant sub-tomograms (those that had converged
onto the same position as another sub-tomogram) were removed,
as were those that had radially deviated from the tubular lattice.
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Fig.1. Defocus stability and measurement. (A) The simulated CTF (red curve) of a
sub-tomogram reconstruction generated from a set of tomograms with defocuses
ranging between !1.5 and !3.3 lm without CTF correction (see Section 2.2) and
without considering envelope functions. The simulated CTF assuming the defocus
has been perfectly determined and the CTF has been corrected by phase flipping
(black line), tends towards a value of 2/p at high frequencies. The simulated CTFs
after correction assuming a normally distributed error in defocus determination
with a sigma of 50 nm (blue), 100 nm (green) and 200 nm (orange) are shown. (B)
Dividing the erroneously corrected CTF by the perfectly corrected CTF gives an error
envelope indicating the dampening effect of inaccurate defocus determination on
resolution. Colors as in A. With a normally distributed error of approximately
100 nm the information transfer at 8 Å is reduced to 50%. (C) Defocus measured on
individual images from ten tilt series plotted as a function of tilt angle between
!30! and +30!. Dotted lines indicate the mean defocus measured from the averaged
power spectra of the respective series. (D) Root mean squared deviation of the
measured defocus of individual images from the mean defocus of the series for 10
tilt series shown in C calculated at each tilt angle. The root mean squared deviation
is approximately 54 nm.
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50	  nm	  error	  

100	  nm	  error	  200	  nm	  error	  

uncorrected	  

perfect	  CTF-‐correcBon	  

SimulaBon	  of	  CTF	  of	  final	  average	  from	  
mulBple	  tomograms	  with	  mixed	  defoci	  

Schur	  et	  al.	  JSB	  2013	  



•  SoluBon	  1:	  stable	  defocus	  during	  data	  collecBon.	  Allows	  
power	  spectrum	  averaging	  and	  more	  accurate	  defocus	  
determinaBon	  

•  SoluBon	  2:	  buy	  a	  quantum	  K2	  and	  see	  the	  Thon	  rings	  in	  
individual	  images	  –	  This	  will	  make	  a	  big	  difference!	  

•  The	  need	  for	  3DCTF	  correcBon	  for	  thick	  samples?	  

At	  which	  resoluBon	  will	  errors	  in	  defocus	  esBmaBon/correcBon	  be	  
limiBng?	  



Data	  CollecBon	  and	  image	  processing	  

	  
	  
Higher	  apparent	  sample	  thickness	  (especially	  at	  Blt)	  
	  
Two	  separate	  alignment	  and	  reconstruc#on	  steps	  
	  
Sample	  can	  change	  during	  data	  collec#on	  
	  
Higher	  total	  electron	  dose	  
	  
Smaller	  datasets	  (due	  to	  more	  Bme-‐consuming	  data	  collecBon)	  
	  
Difficult	  in	  determina#on	  of	  defocus	  in	  individual	  images	  
	  



Schur	  et	  al.	  Nature,	  in	  press	  

Structure	  of	  the	  immature	  HIV-‐1	  capsid	  in	  intact	  virus	  parBcles	  at	  8.8	  Å	  resoluBon.	  
Cryo-‐electron	  tomography	  and	  subtomogram	  averaging	  

This	  structure	  is	  from	  about	  200000	  unit	  cells	  on	  a	  CCD	  
camera.	  Colleagues	  report	  at	  least	  factor	  of	  10	  reducBon	  
in	  dataset	  size	  for	  equivalent	  resoluBon	  when	  using	  DD	  
…so	  dataset	  size	  should	  not	  be	  limiBng	  for	  such	  samples.	  



Data	  CollecBon	  and	  image	  processing	  

	  
	  
Higher	  apparent	  sample	  thickness	  (especially	  at	  Blt)	  
	  
Two	  separate	  alignment	  and	  reconstruc#on	  steps	  
	  
Sample	  can	  change	  during	  data	  collec#on	  
	  
Higher	  total	  electron	  dose	  
	  
Smaller	  datasets	  (due	  to	  more	  Bme-‐consuming	  data	  collecBon)	  
	  
Difficult	  in	  determina#on	  of	  defocus	  in	  individual	  images	  
	  



Data	  CollecBon	  and	  image	  processing	  

Why	  do	  we	  do	  subtomogram	  averaging?	  
	  
	  
	  
	  



High-‐Blt	  images	  contain	  less	  
high-‐resoluBon	  informaBon	  
(thicker	  sample,	  and	  higher	  
accumulated	  dose)	  
	  
They	  are	  needed	  to	  determine	  
alignment	  
	  
They	  can	  be	  excluded	  from	  the	  
final	  average	  (or	  appropriately	  
weighted).	  
	  
(related	  to	  movie	  processing	  
for	  single	  parBcle)	  
	  
	  

Data	  CollecBon	  and	  image	  processing	  



Data	  CollecBon	  and	  image	  processing	  

tomogram

subtomograms
(randomly oriented)

aligned to
reference subtomograms

(aligned)

averaged subtomograms
(new reference)

use new reference for alignment
iterate until reference is stable

Figure 1

A	  two	  step	  process	  



Data	  CollecBon	  and	  image	  processing	  

The	  final	  reconstrucBon	  can	  be	  recalculated	  from	  the	  original	  
Blts	  to	  avoid	  interpolaBon	  errors	  from	  two	  reconstrucBon	  
steps.	  
	  
	  
But	  –	  the	  alignment	  of	  the	  subtomograms	  is	  sBll	  dependent	  
on	  the	  quality	  of	  the	  alignment	  of	  the	  tomogram.	  
	  
Can	  be	  iterated,	  or	  in	  some	  cases	  may	  be	  able	  to	  do	  later	  
alignment	  of	  individual	  Blts	  
	  



micrographs), keeping track of the geometric relationships
provided by the tilt geometry.
We compared the performance of CSPT against traditional or

unconstrained projection matching as a function of image
contrast, and in terms of the reference used for refinement to
study the effects of model bias. Contrast changes were simu-
lated by adding increasing amounts of noise to each particle
projection (we used 11 conditions ranging from the noiseless
option SNR=N, down to SNR= 0:01 to mimic actual experi-
mental conditions). Model-bias effects were studied by using
different starting models for refinement. Using the same set of
particle projections, multiple initial references were obtained
by changing the orientations assigned to each image and
computing the corresponding Fourier-based reconstructions.
Starting from the ground-truth orientations, we added perturba-
tions drawn from uniform distributions with increasing interval
sizes (0! to ± 30!) to simulate initial models at progressively lower
resolutions (11 conditions including the no perturbation option
were used). For each of the combined 121 conditions, we ran
20 iterations of traditional projection matching and our con-
strained approach. To eliminate the influence of the number of
particles in the quality of the reconstructions and in themeasure-
ments of resolution, we performed all reconstructions using the
noiseless particle projections and used the noisy projections
exclusively to derive their orientations using both refinement
strategies. To compare the performance between the two
strategies, we looked at Fourier shell correlation (FSC) plots
and the variance alignment error (VAE), which measures the
mismatch between alignments produced by the refinement
procedure and the ‘‘ground-truth’’ values (Figures S2 and S3).
To make the VAE insensitive to rigid body rotations, we define
it as the average Frobenius norm of the difference between the
rotation matrix assigned to each image and the mean rotation
of all images.
Constrained refinement consistently outperforms traditional

projection matching both in terms of resolution and in terms
of accuracy of orientation assignment, showing the benefits of
using the geometric constraints provided by the tilt geometry
in the refinement strategy. The gains in resolution obtained by
constrained refinement get progressively better the lower the
image contrast, indicating the increased usefulness of geometric

constraints in low-contrast conditions. The invariance of re-
solution with respect to the dimension that encodes perturba-
tions to the initial model shows the reduced effects of model
bias of the constrained approach. Consistently, plots of errors
in orientation assignment show a similar behavior, with the con-
strained approach doing a better job at recovering the ground-
truth orientations, especially at the weakest contrast settings,
and exhibiting improved robustness to model bias.

CSPT Applied to Low-Dose Tilt Series of GroEL
To test the performance of the proposed procedure with ex-
perimentally obtained data, we used tilt series of GroEL for which
high-resolution structures are available both from X-ray crystal-
lography and traditional single-particle cryo-EM. Tilt series
were acquired under low-dose conditions using "2 e#/Å2 per
exposure ("105 e#/Å2 total dose) and aligned using gold
fiducials (see Experimental Procedures) (Figures 2A and 2B).
Subtomograms representing individual GroEL particles were
extracted from the tomographic reconstructions and sub-
jected to subvolume averaging to obtain an initial reconstruc-
tion at low resolution. The defocus for each tilt series at the
untilted plane was determined using strip-based periodogram
averaging (Figure 2C). Particle projections were extracted from
the raw tilt series and defocus values assigned to each image
as previously described. Initial image orientations were assigned
according to the parameters of the tilt geometry and the orienta-
tions provided by subvolume averaging. The Fourier-based
reconstruction was calculated and compared to the one ob-
tained by subvolume averaging in terms of the FSC curve to
a map derived from X-ray coordinates, showing successful
CTF correction (Figure 2D).
We thenmeasured the relative contribution of different parts of

the tomographic data to the reconstruction, by analyzing the
mean phase residual value per exposure plotted as a function
of the tilt angle (Figure 2E). These results show the progressive
degradation (increase) of the phase residual with each succes-
sive exposure ð0!;#45!Þ due to the cumulative effects of dose
and the intrinsic problems of tilted projections. A transient
improvement is observed at the start of the second branch of
the tilt series ð2!;45!Þ, reflecting the better quality of untilted
projections and the irreversible effects of beam damage. Closer

A B Figure 1. Conceptual Foundation of
Constrained Single-Particle Tomography
Refinement
Imaging single-particles using cryo-ET imposes

geometric constraints between particle projec-

tions that can be enforced in the refinement of

image orientations.

(A) Imaging Pi = 1:3 single-particles using a series of

tilted projections produces a set of micrographs

Mi =1:3, each at a different tilt angle. Individual

particle projections Ii =1:9 are then extracted and

subjected to refinement to determine their relative

orientations in 3D.

(B) Particle projections can be arranged into a

2D matrix where each column represents projec-

tions of the same single-particle Pi, and each row

represents projections extracted from the same micrographMi. Constrained refinement of particle orientations guarantees that the angular relationship between

projections of the same single-particle does not change during refinement (red lock). Likewise, refinement of parameters of the tilt geometry guarantees their

coplanarity constraint throughout the refinement procedure (blue lock).

Structure

Constrained Single-Particle Tomography

Structure 20, 2003–2013, December 5, 2012 ª2012 Elsevier Ltd All rights reserved 2007

Bartesaghi	  et	  al.	  2012	  

“Constrained	  single-‐parBcle	  tomography”	  



Data	  CollecBon	  and	  image	  processing	  

So	  we	  need	  to	  
	  
IdenBfying	  the	  opBmal	  data-‐collecBon	  and	  reconstrucBon	  approach.	  
	  
	  
This	  will	  be	  a	  hybrid	  approach,	  and	  the	  opBmal	  approach	  will	  depend	  on	  
both	  the	  sample	  and	  detector.	  
	  
	  
It	  will	  be	  hard	  to	  overcome	  the	  problem	  of	  the	  sample	  changing	  during	  
data	  collecBon.	  
	  
	  
3D	  classificaBon/heterogeneity	  



7.	  The	  Future	  



The	  Future	  

Improvements	  in	  sample	  preparaBon	  
	  
Improvements	  in	  targeBng	  and	  throughput	  
	  
Development	  and	  opBmizaBon	  of	  hybrid	  SP/
tomo	  data	  processing	  methods	  (in	  ML	  
framework)	  and	  understanding	  how	  to	  adapt	  
them	  to	  different	  samples.	  
	  
Will	  benefit	  from	  technical	  improvements	  
(detectors,	  phase	  plates	  etc)	  
	  



Organisers	  (for	  telling	  me	  what	  to	  talk	  about)	  
	  
My	  lab	  for	  discussions	  
	  
Colleagues	  whose	  work	  I	  have	  shown	  (or	  not	  
shown!)	  
	  
Colleagues	  whose	  thoughts	  and	  discussions	  were	  
found	  in	  the	  talk.	  
	  


