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Part I: Technology
a) Importance of membrane proteins
b) A brief history
c) Where to start?
d) Old techniques and new discovery
e) New methodology and old problems

Part II: Structural Determination
a) X-ray crystallography: bolts and nuts
b) Cryo-electron microscopy: bolts and nuts
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TECHNOLOGY
Part I:
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Importance of membrane proteins

• Encoded by some 20-30% genes in typical genome.

• Major components of the mosaic lipid bilayers in cellular membranes

• Mediate cell-to-cell communication and signaling events.

• Disruptions or mutations in humans have been implicated in diseases, 
such as cardiovascular and metabolic diseases, cancer, rare genetic 
diseases, ...
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Human Membrane Proteome
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Half Drug Targets are Membrane Proteins.

(Yildirim et al, Nat Biotech, 2007)
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Drug Discovery Work Flow
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Figure 5
Advances affecting the drug discovery work flow. High-throughput screening and rational design are two contrasting approaches to
drug discovery. Improved membrane protein (MP) structural information (red ), improved biological understanding of membranes
( green), and new technologies (blue) affect different segments of the discovery pipeline. Abbreviations: EM, electron microscopy; MD,
molecular dynamics; MS, mass spectrometry; SAR, structure–activity relationship; TM, transmembrane.

(104). These hits were synthesized and tested in cell-based assays, followed by optimization of
synthetic routes and structure–activity relationship studies. Biophysical confirmation of TLR3
binding came with fluorescence anisotropy assays, which demonstrated competitive binding be-
tween the final lead compounds CU-CPT-4a and rhodamine-labeled polyinosinic:polycytidylic
acid (a synthetic dsRNA analog and TLR3 agonist). Later, the Uematsu and Akira groups (108)
showed that CU-CPT-4a ameliorates radiation-induced gastrointestinal syndrome in mice after
acute γ-ray exposure.

Parkinson disease and diffuse Lewy body disease are synucleinopathies, or prion-like accu-
mulations of misfolded oligomeric α-synuclein in the central nervous system. These oligomers
play a central role in the development of a chronic neuroinflammatory milieu and ultimately
neurodegeneration; some reports suggest that neuron-released oligomers are DAMPs capable
of activating TLR signaling in microglia (109). The Yin lab (106) discovered a small molecule
through HTS, CU-CPT-22, that selectively inhibits the TLR1/2 association, providing a useful
tool to study the role of this PPI in cell signaling and disease pathology. Recently, CU-CPT-
22 was tested for the ability to inhibit the TLR1/2-dependent inflammatory response caused by
higher-order α-synuclein oligomers. As measured by NF-κB reporter translocation and TNF se-
cretion in primary mouse microglia, CU-CPT-22 attenuated the overactive microglial response.
This finding demonstrates that TLR1/2 is a druggable target that can treat neuroinflammation in
synucleinopathies (110).

These studies highlight the need for further research into the role of TLR signaling in neu-
roinflammatory diseases, as well as the therapeutic potential of TLR inhibitors. Similar methods
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(Yin & Flynn, Annu Rev Biomed Eng, 2016)
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Structural Biology

• Understanding biology by examining three dimensional (3-D) molecular 
architectures and their changes.

• Learning life in action with the eyes of atoms: chemical and physical properties 
of biological matters.

• Structures of biological molecules determine their functions.

Central dogma:
Sequence ➜ Structure ➜ Function
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Atomic/Near-Atomic Models of Proteins (2021-3-7)
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Atomic/Near-Atomic Models of Membrane Proteins (2021-3-7)
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A brief history: some “atomic” milestones

Hemoglobin
(X-ray)

1953
Nobel Prize 

1962

Photosynthetic 
reaction center

(X-ray)

1984
Nobel Prize 

1988

Ion channel 
KcsA

(X-ray)

1998
Nobel Prize 

2003

Aquaporin
(EM/2D xtals)

2005

Bacteriorhodopsin
(EM/2D xtals)

1990

Nobel Prize 
2017

GPCR
(X-ray/LCP)

2007
Nobel Prize 

2012

TRPV1
(EM/SPA)

20131993

Gramicidin
(NMR)

BtuCD
(MS/micelles)

20081993

Gramicidin
(MD)
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Where to start?

• Challenges

• Things to consider

• Right ways to address right questions

• Optical basics



14

uOttawa.ca

Challenges in Membrane Protein Structural Biology

• Naturally occurred proteins exist in low abundance, with only a few exceptions 
(e.g., bacteriorhodopsin or aquaporin), and form complexes.

• E. coli is often not suitable for producing recombinant membrane proteins of 
eukaryotic origins.

• No so-called standard protocol of protein extraction, largely due to the complexity 
of protein-lipid interaction.

• Protocols of purification, crystallization, and in vitro reconstitution remain empirical 
for individual cases.
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Choosing the appropriate expression hosts for recombinant proteins.

(Zorman et al, Curr Opin Struct Biol, 2015)

E. coli

Sf9 insect cells

Budding yeast

HEK 293sus
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Things to consider for membrane protein extraction and purification.

• Cell disruption

• Solubilization agent
• Detergents
• Polymers

• Protein engineering

• Column chromatography

• In vitro reconstitution
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Ways to study membrane protein structures: optics & spectroscopy.

Resolution limits:• FRET
• FTIR
• CD
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Optical diffraction & X-ray diffraction.

If   F(X)=FT[f(x)],  then  f(x)=IFT[F(X)]

where FT=Fourier transform & IFT=Inverse 
Fourier transform.

Note: important in X-ray crystallography 
and 3D reconstruction algorisms.
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Old techniques and new discovery
X-ray Crystallography: ≤ 3.0 

Neuropeptide Y Y2 Receptor
(Tang et al, Nat Comm, 2021)

Protein-ligand interaction

Drug discovery/design
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Old techniques and new discovery
Nuclear magnetic resonance (NMR): small/median MP

Bacterial OMPX
(Hagn et al, JACS, 2013)

Protein dynamics
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Old techniques and new discovery
Cryo-electron microscopy (cryo-EM): ≥ 100 kD

Human D1 and D2 Dopamine Receptors
(Zhuang et al, Cell, 2021)

• Ligand/drug-binding sites/kinetics
• Receptor signaling mechanism
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Old techniques and new discovery
Mass spectrometry: native conditions

Native Mass Spestrometry
(Calabrese & Radford, Methods, 2018)
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Old techniques and new discovery
Molecular dynamics (MD) simulation: membrane-embedded MP 

Four scales of MD simulations
(Goossens & Winter, J Chem Inf Model, 2018)

Full-atomistic United-atom
(Ca-H)

Hybrid Coarse-grained
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New methodology and old problems
Lipid cubic phase (LCP) / microdiffraction

(Caffrey, Acta Cryst F, 2015)
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2.4.3. Cholesterol crystals. Cholesterol and MO at a 1 : 3 mole ratio were
co-dissolved in methanol. Solvent was removed under a stream of argon initially and
subsequently under vacuum (20 mTorr) for 24 h at room temperature (B20 1C). The
dry cholesterol/MO was then homogenized with water in a 3/2 weight ratio using the
lipid mixer. The mixture formed a transparent and homogeneous cubic phase.
Crystallization of cholesterol was initiated by the addition of 500 nL 0.3 M Na–K

Fig. 2 Photomicrographs of crystals grown by the in meso method in microcells at 20 1C. (a)
bR crystals growing in meso in the microcell. In this view, the entire window of the microcell is
shown. (b) The same view as in (a) but taken between crossed polarizers to highlight crystal
birefringence and the non-birefringent nature of the hosting cubic mesophase (dark back-
ground). At certain orientations the bR crystals appear as bluish birefringent objects. Clusters
of such dots in the upper left hand corner likely originate from bR microcrystals that are not
visible under normal light in (a). (c) A zoomed in view of several bR crystals growing in meso in
a microcell. Crystals typically reach a size of 20–25 mm and are randomly oriented with respect
to the microcell windows. (d) A crystal of lysozyme growing in meso in a microcell. (e) Plate-like
crystals of cholesterol growing in meso in a microcell. The crystals were usually quite large and
were aligned parallel to the microcell windows. Often crystals grew to fill the depth (25 mm) of
the microcell. (f) X-Ray damage footprints left by the focused 400 nm beam after stepwise scans
along orthogonal directions across a bR crystal. This picture illustrates the level of accuracy
attained in positioning the sample in the X-ray beam. In this instance, scan lines were supposed
to cross at the centre of the crystal. The mismatch of B6 mm represents the error in beam
position determination. Such tracks of radiation damage were used during analysis to improve
absolute positional accuracy.

Faraday Discuss., 2007, 136, 195–212 | 199This journal is !c The Royal Society of Chemistry 2007
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( Cherezov & Caffrey, Faraday Discuss, 2007)

Bacteriorhodopsin Bacteriorhodopsin
(Birefringence)

Bacteriorhodopsin Lysozyme

Cholesterol
Bacteriorhodopsin
(X-ray damaged)
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New methodology and old problems
Antibodies: antibody fragment (Fab)

( Hino et al, Curr Opin Struct Biol, 2013)

A2A adenosine receptor (A2AAR)
G-protein coupled receptor)

(Hino et al, Nature, 2012)
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New methodology and old problems
Antibodies: single-chain nanobody

Camelidae antibodies
(Muyldermans, Annu Rev Biochem, 2013)

(Brunner & Schenck, Methods Mol Biol, 2020) (Brunner et al, eLife, 2020)
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New methodology and old problems
Protein engineering: fusion proteins

b2-adrenergic receptor (b2-AR) 
(Rosenbaum et al, Science, 2007)
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New methodology and old problems
Reconstitution: nanodiscs

( Denisov & Sligar, Nat Struct Mol Biol, 2016)
TRPM4

(Autzen et al, Science, 2018)
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New methodology and old problems
Reconstitution: styrene maleic acid lipid particles (SMALPs)

( Overduin & Esmaili, SLAS Discovery, 2009) ( Qiu et al, PNAS, 2018)

Lipid 
bilayers
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New methodology and old problems
Reconstitution: peptidisc

(Carlson et al, eLife, 2018)

NSP: nanodisc scaffold peptide
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New methodology and old problems
Direct detector: X-ray

(Föster et al, Philos Trans A 
Math Phys Eng Sci, 2019)

(https://www.dectris.com/features/features-
pilatus3-r/high-dynamic-range/)
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New methodology and old problems
Direct detector: cryo-EM

(Koning et al, Annals Anatomy, 2018) (Yifan Cheng, Cell, 2015)
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New methodology and old problems
Motion correction / phase plates: cryo-EM

(Yifan Cheng, Cell, 2015)

IV. Data collection: Phase plate
• Phase plate increase the contrast of image.
• Phase plate is usually suitable for small proteins

Radostin Danev et al., 2017(Danevet & Baumeister, Curr Opin Struct Biol, 2017)
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STRUCTURAL DETERMINATION
Part II:
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X-ray crystallography: bolts and nuts

• Protein preparation

• Crystallization

• Data collection

• Data processing

• Model building
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Protein preparation

Void 150kD

Mono-disperse High purity
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(Ghosh et al, Nature Rev Mol Cell Biol, 2015)

Coarse vapor diffusion

Crystallization
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(Naomi Chayen, Curr Opin Struct Biol, 2004)
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(Ghosh et al, Nature Rev Mol Cell Biol, 2015)

Bicelle (stacked 2-D crystals)

Crystallization
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(Ujwal & Bowie, Methods, 2011)
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(Ujwal & Bowie, Methods, 2011)
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D[AmSO4] < 0.5 M (Precipitant)
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(Ghosh et al, Nature Rev Mol Cell Biol, 2015)

In meso lipid cubic phase

Crystallization
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(Caffrey, Acta Cryst F, 2015)
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( Warren et al, in “The Next Generation in Membrane Protein Structure Determination”, 2016)

Data Collection
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Accordingly, we sought to exploit other characteristics of the assorted phases to
assist in their identification. Under the prevailing experimental conditions the bulk
cubic phase always gave rise to discrete Bragg reflections or spots (Fig. 3(a)). These
arise because the domain size of the cubic phase exceeds the diameter of the beam
(r5 mm) and the thickness of the sample-holding microcell (25 mm). Accordingly, a
spotty pattern plus the corresponding d-spacings of the discrete reflections were used
to identify the cubic phase.
In contrast, the lamellar (La) phase tended to produce powder diffraction rings or

arcs (Fig. 3(b)). Such patterns were never observed with the cubic phase in the
microcells. Accordingly, powder-like diffraction along with a d-spacing range that is
characteristic of the phase were used as hallmarks or signatures of the lamellar
phase.
Our working hypothesis posits that a lamellar phase acts as a conduit between the

bulk cubic phase and the crystal. Thus, diffraction characteristic of the lamellar
phase was looked for in the vicinity of crystals growing in the cubic phase housed in

Fig. 3 Microdiffraction patterns recorded with lipidic mesophases and next to bR crystals
growing in meso. (a) Pattern from a fully hydrated monoolein sample in the cubic Pn3m phase
recorded with a focused beam. Exposure, 1 s. (b) Pattern from a sample of monoolein in excess
0.4 M OG detergent in the La phase recorded with a focused beam. Exposure, 1 s. (c) Pattern
recorded with a focused beam next to a bR crystal grown in a mesophase prepared with 10%
bromo-monoacylglycerol in monoolein. Exposure, 1 s. (d) Pattern recorded with a defocused 5
mm beam in the vicinity of bR microcrystals grown in a mesophase prepared with monoolein.
Exposure, 1 s. (e) Pattern recorded with a focused beam next to a bR crystal grown in a
mesophase prepared with monoolein. Exposure, 1 s. (f) As in (e) with an exposure of 10 s.

Faraday Discuss., 2007, 136, 195–212 | 201This journal is !c The Royal Society of Chemistry 2007
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(Cherezov & Caffrey, Faraday Discuss, 2007)

Data Collection
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many data sets  as  you can get  your  hands on.   Process  all  your data from this  course,
regardless of whether you go on to solve and refine the structure.  Reprocess existing data sets
from your home lab.  Download data sets from online repositories and process them.  The more
data sets you process, the more likely you are to come across unusual or difficult cases that
force  you  to  learn  something  new.   Luckily,  XDS  and  its  associated  tools  have  detailed
documentation, both online and in the literature.  Don’t hesitate to search the documentation
and literature if you don’t understand something and want or need to learn more.

· Here are a few critical resources for information about XDS data processing.  There are many
more good sources than can be listed here, but these will help you get started:

General XDS documentation: http://xds.mpimf-heidelberg.mpg.de/html_doc/XDS.html

What  intermediate  files  are  used  by  each  processing  step,  and  what  files  does  the  step
generate? http://xds.mpimf-heidelberg.mpg.de/html_doc/xds_files.html

XDSWiki: a wide-ranging resource of XDS information, tips, and case studies.  It is useful to
explore the wiki in detail – you’ll always learn something new:

https://strucbio.biologie.uni-konstanz.de/xdswiki/index.php/Xds

Great review article for considering sources of error and optimizing XDS data processing:
Diederichs, K. Crystallographic Data and Model Quality.  Methods Mol Biol. (2016) 1320:147-
173.

Tutorial Data Set #1: Putative lipoprotein from Bacillus anthracis
Data archived at proteindiffraction.org under ID 4NOHIDP05511

I recommend that you create a specific directory for processing within the general folder for
this project in order to store all the processing output.  Go there, and then launch XDSGUI.

> mkdir process-xds

> cd process-xds

> xdsgui

HKL 2000/3000 XDS

Data Processing
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Data model - diffraction
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9 APS Data collection workshop and CCP4 school, June 7 - June 15, 2011

Data Model – Experimental Setup
` Obscuration:
` Beam stop
` Cryo cooling` Cryo-cooling
` Goniostat

` Always remove beam 
stop shadow!

` Goniostat shadow 
rotates with the crystal 
(use Reject Low Value)

10 APS Data collection workshop and CCP4 school, June 7 - June 15, 2011

6/6/2011

8

It finds the strongest intensity
peaks

500 spots – very good
50 t

Peak Search Procedure

50 spots – so-so
10 spots – absolute minimum

Spot size in ‘peak search’
procedure is specific for the
detector type
Sometimes it makes sense to
increase the spot size particularlyincrease the spot size, particularly
for laboratory detectors when too
small spot size causes rejection of
peaks resulting in smaller number
of peaks used in autoindexing
procedure.

15 APS Data collection workshop and CCP4 school, June 7 - June 15, 2011

Autoindexing in primitive lattice and choice of 
higher symmetry Bravais lattice (if possible)

` Refine first parameters describing the
experiment before moving to a higher
symmetry Bravais lattice

16 APS Data collection workshop and CCP4 school, June 7 - June 15, 2011

Inspection of diffraction data / Preparation for data merging
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6/6/2011

8
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for laboratory detectors when too
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peaks resulting in smaller number
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15 APS Data collection workshop and CCP4 school, June 7 - June 15, 2011

Autoindexing in primitive lattice and choice of 
higher symmetry Bravais lattice (if possible)

` Refine first parameters describing the
experiment before moving to a higher
symmetry Bravais lattice

16 APS Data collection workshop and CCP4 school, June 7 - June 15, 2011

Space group / Scaling / Integration
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	reading	from	a	file:		C3_2_0012.x 	reading	from	a	file:		B3_2_0012.x 	reading	from	a	file:		B13_1_0032.x
	reading	from	a	file:		C3_2_0013.x 	reading	from	a	file:		B3_2_0013.x 	reading	from	a	file:		B13_1_0033.x
	reading	from	a	file:		C3_2_0014.x 	reading	from	a	file:		B3_2_0014.x 	reading	from	a	file:		B13_1_0034.x
	reading	from	a	file:		C3_2_0015.x 	reading	from	a	file:		B3_2_0015.x 	reading	from	a	file:		B13_1_0035.x
	reading	from	a	file:		C3_2_0016.x 	reading	from	a	file:		B3_2_0016.x 	reading	from	a	file:		B13_1_0036.x
	reading	from	a	file:		C3_2_0017.x 	reading	from	a	file:		B3_2_0017.x 	reading	from	a	file:		B13_1_0037.x
	reading	from	a	file:		C3_2_0018.x 	reading	from	a	file:		B3_2_0018.x 	reading	from	a	file:		B13_1_0038.x
	reading	from	a	file:		C3_2_0019.x 	reading	from	a	file:		B3_2_0019.x 	reading	from	a	file:		B13_1_0039.x
	reading	from	a	file:		C3_2_0020.x 	reading	from	a	file:		B3_2_0020.x 	reading	from	a	file:		B13_1_0040.x

	reading	from	a	file:		B3_2_0021.x
	reading	from	a	file:		B3_2_0022.x
	reading	from	a	file:		B3_2_0023.x
	reading	from	a	file:		B3_2_0024.x
	reading	from	a	file:		B3_2_0025.x
	reading	from	a	file:		B3_2_0026.x
	reading	from	a	file:		B3_2_0027.x
	reading	from	a	file:		B3_2_0028.x
	reading	from	a	file:		B3_2_0029.x
	reading	from	a	file:		B3_2_0030.x
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Output / Statistics
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Output / Statistics
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PHENIXREFMAC

Model Building
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1. Fitting the electron density to build a model

The next step is to fit the amino acid sequence of the protein into the 
electron density map.  You do this “by hand” in silico, i.e. using a computer.  

Once you have a reasonable fit – i.e. a starting model - you then use 
computer programs to rotate bond angles, adjust bond lengths, etc. to 
improve fit between the amino acid sequence and the electron density to 
arrive at the final protein model.  

Electron  Density Map Fitting the aa sequence Starting Protein 
into the map Model
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COOT
Model Building
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2. Parameters used to assess accuracy of a protein model
ii) R-factor (accuracy of “fit”)

Experimental
diffraction pattern

Diffraction pattern 
calculated from 
protein model  
placed in a unit cell

Protein 
crystal

Protein 
model
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2. Parameters used to assess accuracy of a protein model
ii) R-factor (accuracy of “fit”)

Experimental (observed) 
Diffraction Pattern

Calculated 
Diffraction Pattern
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2. Parameters used to assess accuracy of a protein model
ii) Rwork (or cryst) v.s. Rfree

To avoid over-modeling, we assess by setting aside a small set of data and measuring
free R-factor (Rfree), how well the model predicts experimental observations that are not
themselves used to fit the model. Then compare with the R-factor calculated for the
working set (Rwork).

In a good model, Rfree is close in value to Rwork (i.e. within ~10% difference).

Fitting the aa sequence Starting Protein 
into the map Model

A

B
Rfree model

Rwork model
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2. Parameters used to assess accuracy of a protein model
iii) Cross Correlation (CC1/2)

CC1/2 between intensity estimates from half data sets. Primary indicator for use for selecting
high resolution cutoff for data processing. Is related to the effective signal to noise of the data

Fitting the aa sequence Starting Protein 
into the map Model

A

B
Model (1st half data)

Model (2nd half data)

Box 1 Approximate relation between CC1/2 and ᝧI/͵ᝨmrgd

Assuming that the ū�= ūmrgd values obtained from data processing are consistent with the 
spread of observations around their mean, we can derive an approximate expected 
relationship between CC1/2 and I/ūmrgd in a high resolution shell. From the derivation 
of equation 1 in Karplus and Diederichs [5] we have

where ūŝ denotes the mean error within a half-dataset. Introducing q2 I2/I2 – I2, we 
can write

At this point, we note that for acentric reflections following a Wilson distribution q2 = 2 

and , which lets us write CC1/2 for acentric reflections as

Then, since I/ū is close to I/ū, in particular at high resolution where ū is 
approximately the same for all reflections, it is a reasonable approximation that

Two factors that may shift this relationship are (1) that real data may include some 
centric reflections, for which q2 = 3/2, changing the 4 in the above equations to a 3, and 
(2) that at very low I/ūmrgd the measured intensities are dominated by Gaussian noise 
and will not follow Wilson statistics and q2 = 1 applies, which changes the 4 in the above 
equations to a 2. Thus in resolution shells having weak data, the CC1/2 versus I/ūmrgd 
relationship should be fall between the extreme cases of:

And tending to be closer to the first equation for data with  ≥1 for which 
Wilson statistics are still relevant. As seen in the figure, this implies that for accurately 
estimated ūmrgd values, CC1/2 between ~0.1 and ~0.4 can be roughly equated to I/ūmrgd 
values between ~0.5 and ~1.5.

Karplus and Diederichs Page 12

Curr Opin Struct Biol. Author manuscript; available in PMC 2016 October 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript
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2. Parameters used to assess accuracy of a protein model
iv) B-factor

Even in a high resolution electron density map, some atoms have tight density 
around each atom (often in the protein core), while others have “smeared” 
electron density (often on the protein surface).  The smearing of density can 
arise due to different factors, including movement of the side chain in the 
crystal.  The B-factor or “temperature” fact defines the amount of smearing 
and thus how accurately one can define the position of a side chain.  

tight electron smeared 
electron

density density
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B-factor values of less than 30 Å2 signify confidence in an side chains position 
due to tight electron density, while a temperature value of greater than 60 Å2

signifies disorder due to smearing of the density.  The Protein Data Bank has 
plots of B-factor versus residue number.  Residues on the surface of proteins 
tend to have higher B-factors!  

Low B-factor High B-factor

2. Parameters used to assess accuracy of a protein model
iv) B-factor
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2. Parameters used to assess accuracy of a protein model
v) Ramachandran Plots

When solving a structure, one always checks the Ramachandran Plots to 
ensure that residues are found within the “allowed regions”. 
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“Table 1” of structural biology works LETTER RESEARCH

Extended Data Table 1 | Data processing and refinement statistics

Native* [PW12O40
3-] [(CH3)3Pb-] (Ta6Br12

2+)
Data collection
Beamline 19-ID-D/23-ID-D 19-ID-D 19-ID-D 19-ID-D

Space group I 222 I 222 I 222 I 222
Cell dimensions
a, b, c (Å) 173.6, 224.8, 253.3 175.5, 227.5, 254.5 174.6, 225.9, 253.4

173.6, 225.9, 252.7||
176.0, 228.0, 253.7

Resolution (Å) 50-3.9 (3.93-3.9) 50-5.0 (5.04-5.0) 50-4.5 (4.54-4.5) 50-5.0 (5.04-5.0)

Rsym or Rmerge 16.1 (NA) 13.5 (33.5) 8.7 (NA)
7.1 (NA)||

8.8 (NA)

<I>/< I> 8.8 (0.15) 5.1 (1.4) 8.0 (0.45)
6.1 (0.18)||

8.6 (0.50)

Completeness (%) 99.4 (84.2) 94.4 (47.3) 97.4 (55.9)
94.7 (54.7)||

81.1 (18.3)

Redundancy 18.9 (2.5) 3.1 (1.7) 6.0 (2.3)
4.3 (2.5)||

3.7 (1.3)

Refinement
Resolution (Å) 25-3.94
No. reflections 34889
Rwork/ Rfree 24.5 / 32.9
No. atoms

Protein 18151
R.m.s deviations

Bond lengths (Å) 0.010

Bond angles ( ) 1.64
*Number of crystals: 19.
†Number of crystals: 2.
‡MAR CCD detector was used.
§Data collected at peak wavelength: 13.053 keV.
||Data collected at in!ection wavelength: 13.043 keV.

© 2016 Macmillan Publishers Limited. All rights reserved

LETTER RESEARCH

Extended Data Figure 3 | Experimental electron density maps and 
crystal packing in G5G8 bicelle crystals. a, Side view of Cα backbone for 
two G5G8 dimers in an asymmetric unit (containing two transporters) 
with the anomalous Fourier map calculated from W-clusters plotted at  
3σ. b, Orthorhombic G5G8 bicelle crystals with lateral crystal packing  
of TMDs indicative of G5G8 reconstitution into phospholipid bilayers  
(G5: orange; G8: blue). c, Electron density maps (2Fo − Fc) show the 
complete G5G8 heterodimer (centre, contoured at 1.5σ), selected residues 
at the G5 ECD (upper left, 1.5σ), conserved three arginines of G5 (R198/
R199/R200) in proximity to the Signature motif (bottom left, 1.0σ), R543 
of G8 where point mutation R543S causes sitosterolaemia (upper right, 
1.5σ), and Y432 on TMH5 (G5) and F561 on TMH5 (G8) at the TMD 
interface (bottom right, 1.5σ).

© 2016 Macmillan Publishers Limited. All rights reserved

(Human ABCG5/G8, 2016)
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Cryo-electron microscopy: bolts and nuts

• Protein preparation.

• Negative-stain screenig

• Data collection

• Data processing

• Model building
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(Same standard as X-ray crystallography)

100 nm

Void 150kD

LeeJY Lab / uOttawa

Protein preparation
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(But no need to purify several mg proteins!)

(Abeyrathne & Grigorieff, PLOS ONE, 2017)

Silver staining

Protein preparation
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(Functionally characterized)

(Qu/Takahashi/Yang et al, Cell, 2018)

Protein preparation
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EM Samples: Negative Staining
• Principle:

• Embedding objects in a layer of heavy-metal salts 
that surround the proteins like a shell.

• Shape of objects are visible in contrast to the 
optically opaque stains.

• Benefits:
• Small amount of proteins (0.01 mg/mL)
• Easy and quick (preparation and imaging)
• No need of high-end microscope; diagnostic

• Downsides:
• Low resolution (e.g., high noise from stains)
• Artifacts (lack of hydration)

electron beams

(Brenner & Horne, BBA, 1959)
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EM Samples: Protein Concentrations
• Negative staining: 0.01-0.05 mg/mL
• Cryo: 0.1-5 mg/mL

I. Protein Sample Evaluation: concentration

• For negative staining, 0.01-0.05 mg/ml.

• For cryo-EM, 0.1-5 mg/ml.

CTF3 complex, 130 kDa
0.2 mg/ml

Cas12a-AcrVA4/5 complex, 200 kDa
3 mg/ml

APC/C complex, 1.2 MDa
0.1 mg/ml on continuous carbon film



73

uOttawa.ca

Preparation of cryo-EM GridsII. Cryo-EM grids preparation: EM grids
§ Supporting grids for cryo-EM

• Holey carbon grids
• Quantifoil
• C-Flat
• Lacey

• Gold grids (Quantifoil UltrAuFoil® Holey Gold Films )

QuantifoilHoley carbon

Lacey Gold grids (Quantifoil UltrAuFoil)
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Preparation of cryo-EM GridsII. Cryo-EM grids preparation: EM grids
§ Supporting grids for cryo-EM

• Holey carbon grids
• Quantifoil
• C-Flat
• Lacey

• Gold grids (Quantifoil UltrAuFoil® Holey Gold Films )

QuantifoilHoley carbon

Lacey Gold grids (Quantifoil UltrAuFoil)

II. Cryo-EM grids preparation: EM grids
§ Supporting grids for cryo-EM

• Holey carbon grids
• Quantifoil
• C-Flat
• Lacey

• Gold grids (Quantifoil UltrAuFoil® Holey Gold Films )

Carbon film: shining (dark-colored) side
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Preparation of cryo-EM Grids

II. Cryo-EM grids preparation: Glow discharging

L.A. Passmore et al., 2016

• Plasma is created by ionization
• Ions interact with grid surface to remove organic contamination and make the it 

hydrophilic Glow-Discharging

• Ionization-based plasma.
• Remove the organic contamination.
• Make surface hydrophilic.
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Preparation of cryo-EM Grids
Glow-Discharging

• Different machines.
• Different discharging duration.
• Different air conditions.

cannot provide information on the ligand specificity and
selectivity of each of the three distinct proteolytic sites of
eukaryotic 20S proteasomes. The selectivity of each of the
three distinct proteolytic active sites of the eukaryotic
complex, associated with subunits !1, !2 and !5, is dictated by
the different amino-acid side chains lining each of the ligand-
binding pockets, which differ from those lining the single
archaeal active site. Therefore, detailed structural information
on each of the eukaryotic active sites is essential to assist drug
development.

2.1. Preparation of cryo-EM grids of 20S proteasome samples
from higher eukaryotes

Samples of the human and P. falciparum 20S proteasome
cores were incubated in solution for 1 h at 37!C in the
presence of a concentration of ligand optimal for maximal
binding while still preserving active-site specificity, as deter-
mined by in vitro binding assays under similar conditions (da
Fonseca & Morris, 2015; Li, O’Donoghue et al., 2016). After
incubation, the samples were loaded onto electron-microscope
grids. We used Quantifoil 1.2/1.3 grids freshly coated with a
thin layer of carbon. For the preparation of these grids, thin
carbon films were prepared by carbon evaporation onto
freshly cleaved mica using an Edwards Auto 306 coating unit.
The Quantifoil grids were quickly dipped in acetone for 2–3 s
in order to improve their wettability, and immediately placed
on filter paper submerged in ultrafiltered water within a Petri
dish. The carbon film was floated from the mica surface and
the filter paper was raised so that the carbon film was
harvested on the surfaces of the grids. After the grids had been
rendered hydrophilic by glow discharge, 2 ml of 20S protea-
some sample was applied onto the thin carbon for approxi-
mately 20 s, the excess solution was removed by blotting and
the grids were flash-frozen into vitreous ice using an FEI
Vitrobot.

In the case of the human 20S proteasome, glow discharge of
the electron-microscope grids in a partial vacuum of atmo-
spheric air, at "20 Pa for "20 s, using an Emitech K950X led
to a strongly preferred top-view orientation of the complexes.
Under these conditions, the outer surface of the proteasome
"-rings preferentially interacts with the carbon film (Fig. 1a), a
behaviour that has previously been observed for other
eukaryotic 20S proteasome samples (Baumeister et al., 1988;
Tanaka et al., 1988). Since data sets with this orientation bias
are not suitable for three-dimensional analysis, we investi-
gated modifying the glow-discharge protocol. We found that
glow discharge of the grids in the presence of pentylamine
(also known as amylamine), at a pressure of "50 Pa for "20 s,
resulted in a radical reorientation of the human proteasome,
with >90% of the molecular images corresponding to side
views perpendicular to the long axis of the proteasome
(Fig. 1b). Since these side views have a complete and even
distribution 360! around the proteasome central axis, they are
well suited for an accurate and isotropic three-dimensional
reconstruction (da Fonseca & Morris, 2015). In order to render
the carbon surface of the electron-microscope grids hydro-
philic and suitable for an adequate orientation of the human
proteasome, pentylamine was introduced into the glow-
discharge chamber either as 3# 50 ml drops on a piece of filter
paper or as 50 ml in a small open vial. Interestingly, the 20S
proteasome from P. falciparum showed a different behaviour
and yielded a reasonable mixture of top and side views on
carbon films glow-discharged in atmospheric air (Li,
O’Donoghue et al., 2016), appearing to be closer to that
observed for archaeal proteasomes. Since pentylamine treat-
ment did not seem to affect this distribution, it was not used in
the glow discharge of grids prepared for structural analysis of
the Plasmodium complex.

Glow discharge in the presence of pentylamine has
previously been observed to modify the adhesion of macro-

molecules to carbon films by creating a
positively charged surface, in contrast to
the negative charge obtained by glow
discharge in atmospheric air (Dubochet
et al., 1971; Aebi & Pollard, 1987). We
were able to replicate this change in
the orientation of the human 20S
proteasome in a number of different
glow-discharge units. However, in all
cases we observed that significant care
was required to maintain the positive
charge on the carbon during glow
discharge. If the glow discharge was
either prolonged significantly beyond
20 s or the vacuum was allowed to
increase significantly, the pentylamine
effect was reversed and the grids
appeared to become negatively charged,
with the predominance of top views of
the human 20S proteasome returning.
This is related to the colour of the
glow discharge: in the presence of

research papers

524 Morris & da Fonseca $ Cryo-EM proteasome structures in drug development Acta Cryst. (2017). D73, 522–533

Figure 1
EM images of negatively stained fields of 20S proteasome complexes showing the effect of altering
the surface charge of the carbon support film on the orientation of the human 20S proteasome. (a)
Glow discharge of the EM grid in a partial vacuum of atmospheric air results in a strongly biased
proteasome orientation with predominant top views. (b) Glow discharge in a partial vacuum
containing pentylamine vapour results in a predominance of side views.

(Proteasome, Morris & Fonseca, Acta Cryst D, 2017)

air only air + pentylamine
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Preparation of cryo-EM Grids
Sample Freezing with a Plunger

II. Cryo-EM grids preparation: Freezing by liquid ethane

Setup of liquid ethane

• Liquid ethane is a suitable coolant.
• Liquid nitrogen boils on contact, which makes it a poor coolant for cryo-EM.
• Cooling speed faster than 105-106 K/s ensure the formation of vitrified ice.

Different forms of ice contamination
(Image from Wen Jiang)

Jacques Dubochet et al., 1988

Cooling speed & 
forms of iceLiquid ethane

(Liquid N2 boils 
on contact)

Cooling speed
v.s.

Ice forms

Ice 
contamination

(Dubochet et al, Q Rev Biophys, 1988)
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Preparation of cryo-EM GridsII. Cryo-EM grids preparation: Plungers

Home-made Plungers FEI Vitrobot Gatan CP3 Leica EM GP2

✓✓ (Commercially available)
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Storage and TransferII. Cryo-EM grids preparation: Storage of cry-EM grids

• Top up liquid nitrogen routinely

• Grids can be saved from data collection

for future use.

• Grids can be stored forever in principle. 

Giovanna Scapin et al., 2016

II. Cryo-EM grids preparation: Transfer Grids

Gatan 626 holder

Toolset with the autoloader

• Avoid ice contamination.
• Avoid warmup.

§ Side-entry holder
§ Auto-loader (Krios, Arctica, and Glacios)
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• Very important for data collection
• Learn to compare different areas (squares and holes) on the grids
• Good grids, good and fast data collection

• Literature search for similar cases

• Types of EM grids
• Protein concentrations ± additives
• Blotting conditions: time, force, humidity & ethane temperature

Data Collection
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• Most area of a whole grid is 
likely not ideal.

• Red: too thick
• Blue: too thin
• Green: suitable

III. Screening and optimization: An example of a cryo-EM grid

• It’s likely most area of the whole grid is not ideal.

Images from
Christos Savva

Collecting area

Data Collection
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• Too thick
• Low contrast
• Low S/N ratios

• Too thin
• Not thick enough to accommodate particles
• Protein denaturation
• More preferred orientation
• Poor support and large motion during 

imaging
• Vulnerable to radiation damage

III. Screening and optimization: Importance of ice thickness

§ Too thick
• Contrast is low
• Signal-to-noise ratio is low

§ Too thin
• Cannot accommodate particles
• Denaturation of particles
• Cause preferred orientation problem
• Poor support > large motion during imaging

Empty Hole

Thick Ice

Thin Ice

Data Collection
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2-D è 3-D

Frank, J. (2009). Single-particle reconstruction of biological macromolecules in 
electron microscopy--30 years. Q. Rev. Biophys. 42, 139–158

computationally combine multiple views 

8. The jump into the third dimension

The main difficulty in realizing 3D reconstruction of single particles is to obtain an initial reliable

assignment of angles to the particle images. The random–conical reconstruction method (Fig. 5a)

(Frank et al. 1978 ; Radermacher et al. 1987 ; Radermacher, 1988) achieved this initial assignment

by taking advantage of one or more preferential orientations of the particles on the grid and by

making use of an additional tilt of the whole field of particles. At once, the extensive book-

keeping required in this approach proved worth the investment, made in the years before, in the

Fig. 5. Random–conical reconstruction. (a) Principle of the random–conical data collection method. Two
images are taken of the same field of molecules. Only molecules are considered that present the same view
on the grid. Azimuthal angles are obtained by aligning the images of the untilted micrograph. Thus, with
both azimuth and tilt angles known, the Fourier transform of each projection can be properly placed into
the 3D Fourier reference frame of the molecule. From J. Frank (unpublished hand-drawing on overhead
transparency, 1979). (b–d) Density map of the 50S ribosomal subunit from E. coli, the first 3D recon-
struction using the random–conical data collection method. (a) Surface representation of intersubunit face ;
(b, c) higher-threshold solid model obtained by stacking of contoured slices, viewed from front and back.
The subunit was negatively stained with uranyl acetate and air-dried, which accounts for the partial flat-
tening. The ridge of the deep groove running horizontally, termed interface canyon, is created by the helix 69 of
23S rRNA, as later recognized when the X-ray structure of the large subunit was solved. Annotations refer
to morphological details ; for example, pocket ‘P2 ’ was suggested to be the peptidyl transferase center and
CP the central protuberance. Data reproduced from Radermacher et al. (1987).

148 J. Frank

5,5 #56#9�5*��**D)-��---�75$6( 8�9�C(��7C(9�*9($)���**D)-��8C �C(���������3��		��	��,,,���,
/C-%#C5898�:(C$��**D)-��---�75$6( 8�9�C(��7C(9��4% ,9() *.�C:�2**5-5� �0 6(5(.�19*-C("��C%��
�27*����,�5*���-
�-���)+6!97*�*C�*�9�.5$6( 8�9�.C(9�*9($)�C:�+)9�

(Frank, Q Rev Biophysc, 2009)
1979 hand-drawing

Data Processing
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• cryoSPARC (GPU)
• Relion (GPU)
• EMAN/EMAN2
• Frealign/cisTEM
• Xmipps/Scipion
• Spider
• IMAGIC
• MRC/2dx (2-D 

crystals/MicroED)
• …

379

complex (OMC, encoded by the conjugative pKM101 plasmid) 
was solved with a resolution of 15 Å. This 1.1 MDa structure, 
which spans both the outer and inner membrane, is made of 14 
copies of VirB7, VirB9, and VirB10 proteins (Fig. 2a) [12]. 
Further, the resolution of the same core OMC was improved to 
12.4 Å, which provided further details on the structural organisa-
tion of the proteins that form this complex (Fig. 2b) [13]. Recently, 
the almost complete full structure of the T4SS (VirB3–VirB10) 
encoded by the conjugative R388 plasmid was solved by negative 
staining (NS). This remarkable structure provided the first view of 
both the outer and the bipartite inner-membrane complex (IMC) 
and how these are linked by a structure called stalk (Fig. 2c) [14].

This review might not be complete from the point of view of a 
specialist and it might not provide sufficient mathematical back-
ground for the reader. However, we will try to give a general 

Fig. 1 Workflow of EM structural analysis. In green is the experimental part of 
structural analysis. The computational part is shown in light and dark blue; the 
initial steps of processing are shown in light blue. They include image frame 
alignment, CTF correction, normalisation, and filtering. The subsequent steps—
alignment, statistical analysis, determination of particle orientations, and initial 
three-dimensional reconstruction (3D)—are shown in dark blue. The final step 
(light purple) is the interpretation of the maps obtained

Cryo Electron Microscopy

Cryo-EM Image Processing
Motion Correction

CTF Fitting

Particle Selection

2D Classification

Initial 3D Model

3D Refinement

Resolution Assessment

3D Classification

2-D classification

Resolution Assessment

Data Processing
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Data Processing
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RELION SCIPION

Data Processing
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Motion CorrectionMotion Correction

Brilot et al. JSB 177(3):630–637, 2012

• Stage drift
• Beam-induced sample motion

Zivanov et al. IUCrJ 6, 5–17 (2019)(Zivanov et al, IUCrJ, 2019)(Brilot et al, J Struct Biol, 2012)
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(Cheng et al, Cell, 2015)
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CTF Assessment (Power Spectra)

389

should be mentioned that low frequencies are responsible for the 
overall shape and appearance of particles in images. However, high 
defocusing induces changes in the distribution of density informa-
tion related to fine details that could be lost owing to the attenua-
tion of amplitudes at high frequencies. The level of defocus used 
for imaging depends on the size of the biocomplex. The images of 
small particles (~100–300 kDa) are taken with a large defocus, 
sometimes up to 6–7 μm, while viruses with diameters of at least 
50 nm can be imaged at 0.5–1.0 μm.

Fig. 7 CTF with envelope function. Dotted blue line : amplitude of all frequencies 
in perfect microscope; green line: effect of envelope function on CTF (red) result-
ing in suppression of high spatial frequencies

Fig. 8 Assessment of CTF parameters. (a) Comparison of theoretically calculated 
CTF (left bottom quadrant ) with CTF seen in experimental spectrum. For an 
accurate CTF determination the Thon rings from both image parts should match 
accurately. (b) Identification of axes of astigmatism which are superimposed 
over Thon rings of an actual observed power spectrum and compared with the 
theoretical spectrum. The spectrum of a micrograph shown here indicates that 
there is a small astigmatism, ~2%, and the axes of ellipse are slightly tilted, 
shown in light blue

Cryo Electron Microscopy

(Costa et al, Meth Mol Biol, 2017)
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Power Spectrum è Image Quality
Good:
• Isotropic
• Thon rings at 

high resolution

Bad:
Thon rings only 
at low resolution

Bad:
Missing Thon 
rings at certain 
direction due to 
drift (can be 
corrected if 
movies are 
recorded)

Bad:
Elliptic Thon 
rings due to 
astigmatism 
(can be useful if 
properly 
processed)

CTF Assessment (Power Spectra)
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Particle Selection & 2-D ClassesParticle Selection
Manual Automated 

(template/deep-learning)

• Locate the center positions of all particles (bias to over-picking)
• Only discard obviously �bad� particles: contamination, broken, overlapped, close-packed
• Micrograph could be: shrunk, low pass filtered, gradient removed, etc. to enhance contrast
• Image box size must be large enough and have enough padding around particles
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2D Classification

• Remove bad particles
• Evaluate sample and image quality

• Manual selection of “good” classes
• Heterogenous states are still mixed

Particle Selection & 2-D Classes
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Initial Model & 3-D Classes

Random Conical Tilt Stochastic Gradient Descent

(Punjani et al, Nat Methods, 2017)

 

 
 

 
8 (16) 

Another challenge is to determine how the 2D 
classes are related to each other in 3D for a given 
structural sub-state. A general method to deter-
mine the relative 3D orientation from classes of 
2D projections of asymmetrical particles was 
presented by Frank and Michael Radermacher in 
1986-1987 (46,47). The method is called Random 
Conical Tilt; it is based on the general idea of 
obtaining 3D information from 2D projections 
presented earlier by Frank and colleagues (43), 
combined with the application of a tomographic 
conical tilt series, described by Radermacher 
(48) (Fig. 6). 

Frank developed many of the important mat-
hematical tools used for image analysis, which 
form the basis for single particle cryo-EM. He 
gathered them together in a suite of computer 
programs called SPIDER, making them readily 
available and useable for the scientific 
community (49,50). 

A sample-preparation method for cryo-EM 
As discussed above, cooling was expected to solve many of the complications that limited the use 
of electron microscopy for structural studies of biomolecules. Problems associated with 

formation of crystalline ice could, in 
principle, be overcome by cooling 
liquid water into a vitrified state.  

However, before 1980 whether bulk 
water could be transformed into a 
vitrified solid state was still 
controversial because theory predicted 
that the required cooling rate would be 
practically unattainable. The 
phenomenon had been demonstrated, 
but only for condensation of water 
vapour at cold metal surfaces (51,52).  

In 1980 the discussions were brought 
to an end with the demonstration that 
vitrified water could be formed by 

 

Fig. 6. Random conical reconstruction. (a) Randomly 
oriented particles; (b) projection of (a), tilted by 50°. The 
images in (b) form the conical tilt series, illustrated in (c) 
as a single particle that is randomly projected with all 
directions lying on the surface of a cone. Image from (47). 

 
Fig. 7 Plunger for freezing. A simple (a) and more elegant (b) 
freezing apparatus equipped for preparing thin vitrified layers of 
suspensions. Image from (55). 

(Radermacher et al, J Microsc, 1986)
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Refinement
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PHENIXREFMAC

Model Building



96

uOttawa.ca

COOT
Model Building


