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Specimen preparation for cryo-EM

Lori Passmore



What prevents us from routinely achieving 
atomic resolution in biology?



CPF

200	nm



Passmore & Russo 2016 Methods in Enz



Limitations of electron beam instruments
• Vacuum
•  Damage Damage Damage Damage Damage Damage Damage

Electron microscopes are used to simulate damage in the core of a 
nuclear reactor!

• Electron lenses terrible (relative to photon lenses) and hard to make
• Have to record many many noisy images, lots of data (just ask Jake & 
Toby!)
• Charging:  non-conductive samples charge up and act like lenses
• Samples must be very thin and are quite fragile, move 
around in the beam and are often difficult to make
• Expensive (From £300k to £10M)   Krios is £3000/day

Chris	Russo



Goal of sample prepara,on

• Preserve the biological specimen in a na2ve state such that it will 

give maximum contrast 

• To obtain a high resolu,on structure: 

• Best specimen 
• Use op,mal magnifica,on 
• Use detector with best DQE possible 
• Obtain best micrographs possible 

• Leading to highest	resolu2on structure with	least	data



Jacques	Dubochet

Vitreous	=	glass,	amorphous	
NOT	crystalline



Hexagonal ice

Cubic ice

Vitreous ice Dubochet et al QRB 1988



Adrian et al Nature 1984



Dubochet and colleagues 1984   EMBL

Vitrifica,on



Vitrifica,on



metal grid bar

amorphous carbon membrane

ice embedded 
protein particles

electron microscope grid80 μm

1 μm

Tradi,onal substrates for cryo-EM



Passmore & Russo MiE 2016

Protein	preparation

Negative	stain

Diagnostic	cryo-EM

Initial	cryo-EM	data	collection

High	resolution	cryo-EM	data	collection
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• Composition
• Purity homogeneity
• Stability
• Biochemical activity
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Protein	preparation



SEC-MALS 
Superose 6

SEC MALS
(Size exclusion chromatography coupled 

to multi-angle light scattering)

DLS
(Dynamic light scattering)

Size exclusion chromatography

Homogeneity

*Optimise buffer conditions 
(salt, pH, detergent, etc)



Quantity
2 – 4 µl / grid
50 nM – 5 µM concentration
– Make sure your complex is stable at these 

concentrations (e.g. consecutive SEC runs)



What if my complex dissociates at low 
concentrations?
• Work at higher concentrations, adjust 

plasma and blotting
• Buffer conditions
• Crosslinking can stablise protein-

protein interactions (between subunits 
or domains)
– Changes surface properties so can 

change particle orientations on grid
– Must minimise or remove 

aggregates due to intra-complex 
crosslinks Kastner et al (2008); Stark (2010)
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Protein	preparation

Negative	stain
• Discrete particles
• Stability
• Particle size and shape

Entry level 
electron microscope



Negative stain
• Sample is embedded in a layer of heavy metal salts (e.g. uranium, 

molybdenum, tungsten) which surrounds the protein like a shell
• Reveals the solvent-excluded surface and shape of the molecule

Carbon	support

Electron	beam

Negative	Stain

Protein	



Inelastic vs elastic scattering

Reimer	2008



Schreiber	et	al	(2011)	Nature	
Da	Fonseca	et	al	(2011)	Nature



Negative stain
• Advantages

– Quick to screen lots of conditions (10-20 in a day)
• Evaluate homogeneity and size, presence of binding partners

– Very high contrast – small molecules
– Mildly radiation sensitive
– Relatively straightforward

• Disadvantages
– Limited resolution (20 Å) 
– Protein damage or distortion (high salt, low pH, dehydrated) 
– often proteins are flattened

– Uneven staining leads to difficulties with processing/classification
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Protein	preparation

Negative	stain

Diagnostic	cryo-EM

• Stability
• Particle size & shape
• Particle distribution vs 

concentration

Entry level or mid-range 
electron microscope



Cryo-EM
• Sample is rapidly frozen in buffer (vitrification) to 

prevent formation of crystalline ice 
– Vitrification is fast (10-4 s)
– Protein is preserved in a “hydrated”, near-native 

environment (amorphous ice)

• Contrast is low so need to minimise background 
signal
– Protein is 1.36 g/cm3 (compared to water at 1.0 g/cm3)

• Layer of water must be thin

• At 4°C and 90% relative humidity, the evaporation 
velocity is of order 100 Å/s so in the 2 s between the 
blot and the freeze, a 400 Å film can be concentrated 
by a factor of two 



Cryostat design

Control unit

Foam lid

Ethane cup

Gridbox storage

  ring

Dewar liner

Foam dewar

Control feed thru

Foam cap

Overflow drain

Russo et al. 2016  Rev Sci  Instrum
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Russo and Passmore, Curr Op Struct Biol, 2016
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B

DC

A

cryogen cryogen

Handling of supports

• Always check in optical microscope before use
– Discard any grids with defects

• Clean tweezers, glass slides and storage dishes



100 µm scale bar1 mm scale bar

A B

C D

Handling of supports

1	mm 100	µm

Passmore	&	Russo,	MiE	(2016)





Storing grids

BA

glass dish
plastic dish

gloved
hand

no glove

wrist grounding strap

Store in glass dish in desiccator cabinet, ideally in dry nitrogen



Plasma treatment
• Plasma created by ionisation of a low pressure gas

– E.g. in air (glow discharge), oxygen, argon, hydrogen

• Ions interact with surface to remove organic contamination and 
render it hydrophillic

• Other molecules can be introduced to alter the surface, e.g. 
Amylamine

Ted Pella easyGlow (c. 2015) Edwards S150B (c. 1995) Edwards 12E6 (c. 1962)





No treatment after 20 sec 9:1 Ar:O2 plasma



Evaluate:

1. Ice thickness and uniformity
2. Phase of the ice
3. Protein concentration and 

stability



1. Ice quality
• Vitreous
• Free of 

contamination



Ribosomes,	Chris	Russo Vinothkumar

Optimise plasma exposure time and blot force.

1. Ice thickness and uniformity



Dobro	et	al	(2010)

Incomplete	
wetting



Tomogram of ribosomes in ice. 
Tanmay Bharat, Jan Löwe MRC LMB

Contamina,on
Air-water interface

Ice
Carbon

Protein distribution in ice

Do the number of particles in the 
image match what you would 
expect from the protein 
concentration in free solution?
e.g. 250 kDa protein at 2 mg/ml 
→400 particles/µm2

(Vinothkumar and Henderson 2016)



Vinothkumar & Henderson 2016

Expected particle distribution on grids 
Given the concentration of the molecule of interest in mg/ml and the molecular 

weight (MW), how many particles should you see in the image if the frozen specimen 
has the same concentration of molecules that you expect in free solution?



What if I don’t see 
the expected number of particles?

If it is stable in solution, the following parameters can be 
optimised:
• Buffer optimisation (pH, salt), crosslink
– change charge on protein

• Addition of small amounts of detergents, lipids
– Protect protein from air-water interface

• Blotting and plasma conditions 
– Is the ice too thick? Too thin?

• Use of an extra continuous supporting layer 
– Provides another surface for proteins to adsorb to



Depositing	thin	carbon	onto	grids

siphon

thin 
amorphous 
carbon

stainless 
steel ring

glass 
crystallization 

dish

supports stainless 
steel mesh

filter 
paper

flow

A B

Passmore & Russo MiE 2016



gold grid bar

amorphous carbon membrane

ice embedded 
protein particles

electron microscope grid80 μm

1 μm

graphene

Graphene supports for cryo-EM

Russo and Passmore (2014) Nature Methods 



70S Ribosomes 
on  graphene as 

synthesised

1.2 μm hole

Partial	Hydrogenation:	Russo	&	Passmore	2014	Nat	Methods	
						Passmore	&	Russo	2016	Methods	in	Enzymology	

Graphene	oxide:	Pantelic	et	al	2010;	Martin/Scheres	2016	
https://figshare.com/articles/Graphene_Oxide_Grid_Preparation/3178669



Graphene	oxide:	Pantelic,	Thomas	Martin	
Separase–securin	Boland	et	al	NSMB	2017	
https://figshare.com/articles/Graphene_Oxide_Grid_Preparation/3178669



no graphene graphene + 
20 s  hydrogen

graphene + 
40 s  hydrogen

Russo and Passmore (2014) Nature Methods 



Diagnostic	cryo-EM



Protein	preparation

Negative	stain

Diagnostic	cryo-EM

Initial	cryo-EM	data	collection

Passmore & Russo MiE 2016

• High resolution 2D classes
• Initial 3D model
• Orientation distribution
• Particle yield

180°

150°

120°

90°

60°

30°

0°

-180° -120° -60° 0.0 60° 120° 180°

Mid-range or high-end 
electron microscope



Glaeser, Henderson, Downing, Jensen, Grigorieff, Kühlbrandt, Scheres, Cheng ….

Image: Chris Russo



Glaeser, Henderson, Downing, Jensen, Grigorieff, Kühlbrandt, Scheres, Cheng ….

Image: Chris Russo
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gold grid bar

gold membrane

ice embedded 
protein particles

electron microscope grid80 μm

1 μm

Russo and Passmore (2014) Science 
 

UltrAuFoils





1.2 μm holes
UltrAuFoilsTM (Quantifoil)
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Without ice

Carbon

Gold

No ice
228 Å vs. 3.8 Å

Russo and Passmore (2014) Science
 

50x less movement in the z direction



amorphous carbon 
on quantifoil quantifoil graphene 

on quantifoil

Ribosome speed plots on different substrates

gold
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ATPγS

NBD1

Central
Pore

NBD2

b

a

c

NBD1

NBD2

Residues 460-467 
(linker region)

Residues 563-568

peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was not. http://dx.doi.org/10.1101/105866doi: bioRxiv preprint first posted online Feb. 3, 2017; 

Ripstein et al. 2017

p97 AAAase  
3.9 Å

Chen et al. 2016

STRA6 
3.9 Å

the CTD (Figures 2A and 2B). Comparison of difference maps
calculated from reconstructions that have Ca2+, but lack ATP/
caffeine, and those that have ATP/caffeine, but lack Ca2+, allow
us to uniquely assign a peak corresponding to Ca2+; density fit
considerations allow us to infer which of the two remaining peaks
is ATP and which is caffeine (Figure 2C; Star Methods). Ca2+

binds at the interface of the CTD and CSol (Data S1, 1), ATP
binds at the mutual junction of S6c, the CTD and TaF domains
(Data S1, 2), and caffeine binds between the CTD and the
S2S3 domain (Data S1, 3; Figures 2D–2F).
The putative Ca2+-binding site is between the carboxylate side

chains of E3893 and E3967 of the core solenoid, and the back-
bone carbonyl of T5001 from the CTD (Figures 2D and S3A;
Data S1, 1). In addition, Q3970 and H3895 contribute to the sec-
ond coordination sphere of Ca2+ (Figure S3A; Data S1, 1). These
five seemingCa2+–interacting residues are conserved in both the

D

(Ca2+-only)-(EGTA-only) (EGTA/ATP/Caf.)-(EGTA-only)

EE4032

Q5006

T5004

E3967

T5001 E5000

E3893

ATP

Caffeine

Ca2+

A

E F

R4215

Y5014

I4996

W4716 E4239

F3753

K4211

M4954

E4955

T4979

C4958

N4954

L4985

F4959
K4214

C

B

CSol

CTD

ATP

Ca2+

Caffeine

S2S3

Figure 2. Ca2+, ATP, and Caffeine Bind to the
C-Terminal Domain of RyR1
(A) The architecture of RyR1/Cs2 is depicted in

ribbon representation, with the shell (residues

1–3666) colored light blue, the core solenoid (resi-

dues 3667–4253) dark green, the transmembrane

region and S6c (residues 4540–4956) orange, and

the CTD (residues 4957–5037) dark red. In the

boxed area, a locally aligned difference density map

calculated between the EGTA-only reconstruction

(all classes combined) and the reconstruction ob-

tained in the presence of Ca2+, ATP, and caffeine

(classes 3 and 4) is depicted in green/red mesh,

contoured at 5s. Putative binding sites for Ca2+,

ATP, and caffeine are labeled.

(B) Enlarged view of the inset in (A), with ligands and

interacting residues on RyR1 depicted in stick rep-

resentation.

(C) Locally aligned difference maps, all contoured at

5s, between the following respective pairs of

structures: (Ca2+ only) - (EGTA only) (left) and (ATP/

Caffeine/EGTA) - (EGTA only) (right).

(D–F) The binding sites of Ca2+, ATP, and caffeine,

respectively, with likely interacting residues labeled

and depicted in stick representation, and putative

RyR-ligand interactions indicated as thin black

sticks. The RyR1 backbone is shown in licorice/

worm representation. One plausible orientation of

caffeine is depicted, as it cannot be determinedwith

certainty from the density alone.

RyR and IP3R families (Figure S3B),
consistent with a possible role for this
site in Ca2+-dependent activation of RyR
and IP3R channels, both of which display
a similar biphasic response to Ca2+ (Bez-
prozvanny et al., 1991). Mutation of residue
E4032 severely impairs Ca2+ activation in
both RyR1 and RyR2 (Fessenden et al.,
2001; Li and Chen, 2001). E4032 appears
to stabilize the CTD-CSol interface by
directly H-bonding to the amide nitrogens
at the end of one of the CTD helices, but
it does not directly contribute to the Ca2+-

binding site (Figures 2D and S3; Data S1, 1), and E4032 is not
conserved in IP3R channels (Figure S3B).
The ATP-binding site of RyR1 is located at the interface

formed by the S6c-CTD junction and the C-terminal half of
the TaF motif, with the entrance of the pocket facing away
from the channel axis, not directly accessible from the perme-
ation pathway. The adenine base is buried in a hydrophobic
cleft lined by M4954, F4959, T4979, and L4985, while the ribose
ring and triphosphate tail interact with S6c and the ‘‘forefingers’’
of the TaF domain (Figure 2E; Data S1, 2). Three positively
charged residues (K4211, K4214, and R4215) from the first
TaF finger are positioned to interact with the triphosphate tail
of the nucleotide, while E4955 appears likely to interact with
the ribose ring. The adenine-binding site is located directly adja-
cent to the recently identified Zn-binding site in the CTD (Yan
et al., 2015).

Cell 167, 145–157, September 22, 2016 149

RyR1 
3.6 Å

des Georges et al. 2016

 

 

Fig. S8. Cryo-EM density for GluA2-1xSTZ. (A) Overall view of GluA2-1xSTZ model 

fit into the GluA2-1xSTZ (non-symmetrized) cryo-EM density map (shown as mesh). 

Protomers of GluA2 are colored mint (A), coral (B), light-blue (C), and gold (D). STZ is 

shown in purple. (B) Stereo view of STZ fit into the GluA2-1xSTZ density map. Maps 

are shown at 7V.  

Twomey et al. 2016

AMPA receptor 
5.6 Å

Pol I 
3.8 Å

Neyer et al. 2016
LETTER RESEARCH

Extended Data Figure 3 | Quality of single-particle cryo-EM 
reconstructions. a, Top and bottom view of local resolution surface maps. 
b, Representative areas of the single-particle cryo-EM density for Pol I 
EC (left panel) and Pol I monomer (right panel). The A190 helix α 19 
(upper panel) and the A135 strand β 40 (lower panel) are depicted together 
with the refined model superimposed. c, Angular distribution of particle 

images. Red dots indicate views with at least one particle assigned  
within 1°. Black shading represents the number of particles. The 
orientation occupancy is similar for both structures and covers most  
of the angles. d, FSC curves. Blue lines indicate the FSC between half  
maps of the respective reconstruction and red lines indicate FSC between 
the derived model against the single-particle cryo-EM map.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Davis et al. 2016

60S ribo 
4.4 Å

Figure S5. Reconstructed Maps of bL17-Limited Assembly Intermediates, Related to Figure 5
(A) View of the peptide exit channel with each super-class shown as a colored semi-transparent surface. Classes colored as in Figures 4 and 5. Proteins marking

the exit tunnel are noted.

(B) Detailed view of the peptidyl transferase center (PTC) disordered (class E4, top) or nearly native (class E5, bottom) confirmation. A-site and P-site rRNA

residues colored red.

(C) Maps from classes C1 (orange and yellow) or D1 (green, right) with docked LSUmodel (PDB: 4YBB, blue). 5S and rRNA helices near the central protuberance

(CP) colored red and purple, respectively.

(D) 2D-class averages showing undocked CP (top) or properly docked CP (bottom), which is noted with a white arrow.
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Figure 3. Structure of rabbit muscle aldolase at ~2.6 Å resolution. 
(a) The ~2.6 Å resolution aldolase EM density (D2 symmetric) segmented based on protomer 
organization. (b) The gold-standard Fourier shell correlation curve indicates a final resolution of 2.6 Å at 
0.143 FSC. (c) The local resolution estimate of the final aldolase reconstruction calculated using BSOFT 
reveals that most of the molecule is resolved to better than 2.8 Å, with the core of the molecule resolved 
to ~2.5 Å. (d and e) Representative regions of the aldolase EM density (gray mesh, zoned 2 Å within 
atoms) indicate the map is of sufficient quality to unambiguously assign side-chain conformations as well 
as (f) the placement of putative ordered water molecules. 
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Adolase 
2.6 Å

Herzik et al. 2017

Proteasome 
3.1 Å
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300 K

100K

Coefficient of thermal expansion

↵L(copper) = 16.6⇥ 10�6
m/mK

↵L(carbon) = 2� 6⇥ 10�6
m/mK

0.1% relative shrinkage

eg. Glaeser..Henderson 2011
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How do I focus without 
carbon?





–4 μm –2 μm 0 μm +2 μm +4 μm 

Defocus series



How should I set up 
the electron beam?
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Surface Orientation distribution PSF Efficiency

Amorphous C 
Glow discharged 0.55

Amorphous C 
H-treated 0.45

Graphene 
H - treated 0.38

Air-water 0.29

Measuring the quality of an orientation distribution

Naydenova & Russo in review  2017



• Validation
• Motion statistics
• Angular accuracy
• Local/overall resolution
• Conformational states

High-end 
electron microscope

Passmore & Russo MiE 2016

Protein	preparation

Negative	stain

Diagnostic	cryo-EM

Initial	cryo-EM	data	collection

High	resolution	cryo-EM	data	collection
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Motion tracking software:

Can now use to detect  
problems  
with microscope 
and incorrect beam 
alignments



Future Challenges
Moving from a trial-and-error 
process to a controlled and 
reproducible method

This will need to address 
• better vitrification methods
• rapid screening methods 
• radiation induced motion, charging
• tunable interaction with surfaces
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