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1. Why studying 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, ...

Membrane proteome (human)

(Almén et al, BMC Biol, 2009)

Half drug targets are membrane proteins.

(Yildirim et al, Nat Biotech, 2007)

Available atomic/near-atomic models of
membrane proteins (2021-9-29)

Available atomic/near-atomic models of
membrane proteins (2021-9-29)
9/29/21, 11:36 AM
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2. 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.

Choosing the appropriate expression hosts for
recombinant proteins

Budding yeast

E. coli

Sf9 insect cells

HEK 293sus
(Zorman et al, Curr Opin Struct Biol, 2015)

Things to consider for membrane protein
extraction and purification
• Cell disruption
• Solubilization agent
• Detergents
• Polymers
• Protein engineering
• Column chromatography
• In vitro reconstitution

Membrane proteins are present in an anisotropic
and hydrophobic environment

i.

Must remove the protein from lipid-rich
membrane to separate it from other
membrane proteins.

ii. Must be able to stabilize them as single
“particles” in an aqueous environment.

(https://www.creative-proteomics.com/services/membrane-proteomics.htm)
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Solubilization of membrane proteins using detergents:
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Tools for Studying Membrane Components
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strongly dependent on the ionic strength of the aqueous
medium (see Table 3.2), as well as the kind of counterions available to shield the charged
headgroups.
Detergents

Critical Micellar Concentration (CMC)

Membrane

Membrane Solubilization

More detergent

Mixed micelles:
Detergent-lipid-protein
complexes

More detergent

!

Mixed micelles:
Detergent-protein
complexes and
detergent-lipid
complexes

" " " " " "

detergents exhibit even more fluctuations in shape as
they can deform, split, and fuse over time.
Logitudinal
PC
Micelle
formation is a direct consequence of the
3.7. The stages in membrane solubilization. This schematic illusview
tration follows the addition of increasing amounts of detergent
degree
of
amphiphilicity
(Mary Luckey, Membrane Structural Biology, 2008) of surfactants. The surfactant
to a membrane. Initially, integral membrane proteins are embedmolecules that form micelles are more water soluble
Bile salt
ded in the lipid bilayer. At low concentrations of detergent, some
than most lipids but still contain nonpolar groups with
detergent molecules penetrate the bilayer but do not disrupt it.

"

Solution property

Membrane with
bound detergent

Detergents are used to extract membrane lipids and
proteins into an aqueous suspension. When a low conMicelles
centration of detergent is added to a membrane, the
detergent molecules intercalate into the bilayer. When
a higher concentration is added, the detergent disrupts
the bilayer and forms mixed micelles containing lipid,
protein, and detergent (Figure 3.7). Mixed micelles
vary considerably in structure and size. The detergent
Monomers
concentration must be kept above its CMC to maintain the mixed micelles. Sometimes adding still higher
concentrations displaces the lipid completely, producing detergent–protein complexes free of lipid. Thus
both the detergent concentration and the detergentto-protein ratio are important variables that influence
how a particular membrane protein will be extracted
Total concentration
from the membrane. The behavior of the membrane
CMC
protein in further purification and characterization
steps will depend on detergent–protein
and
detergent–
3.4. The critical micellar concentration. As detergent (or surdetergent interactions, along with
detergent–lipid
andan aqueous solvent, the concentration of
factant)
is added to
lipid–protein interactions if lipid dissolved
remains. monomers increases until the critical micellar concen(CMC)that
is reached.
At that concentration, micelles form.
The amount of a particulartration
detergent
solFurther
addition of to
detergent increases the concentration of
ubilizes the membrane is roughly
proportional
micelles without
affecting the concentration of
its CMC. Bile-type detergents solubilize
segmentsappreciably
of
monomers. Redrawn with permission from Helenius, A., and K.
! ! ! ! ! !Simons,
" Biochim Biophys Acta. 1975, 415:38.
"

Concentration in the state

Detergent

CMC

3.5. Variation in surface tension (
and turbidity (τ) as a function of d
schematic plots show the dependen
gent (surfactant) in solution of prope
the CMC. (Note that conductivity
tants.) At the CMC, denoted by the
in the line for each property. Redraw
Chapman, Micelles, Monolayers and
C 1995. Reprinted with
1995, p. 65. !
& Sons, Inc.

Thus the Krafft point falls at
lines for the CMT and the CMC
the temperature dependence o
as the result of micelle format
insoluble crystalline detergent
monomers and micelles, so if
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Detergents are dynamic and can interfere with the
formation of the protein-protein contacts in a
crystal.

•

You have to find the right detergent (size, shape,
charge) and conditions (concentration) that
solubilize well and generate homogeneous protein
preparation for structural biology.

•

Structural biology of membrane proteins is thus a
distinct field!
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Detergent solubilized proteins can be purified and
crystallized, but too much detergent or types of
detergents may denature the protein.
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3. Ways to study membrane protein structures
• X-ray crystallography ✔
• Electron microscopy ✔
• Fluorescence ✔
• Magnetic resonance ✔
• Computer simulation, NMR, mass spec, cross-linking, …

Membrane protein crystallography
Coarse vapor diffusion

ii
i.

Transfer purified proteins to a microcentrifuge tube
Mix proteins with desired chemicals, other proteins,
ligands, etc.

ii.

Transfer the protein mixture to a robot-customized
syringe

iii.

Mix with the reservoir solution (by robot)

i
iii

Seal each crystallization well
Monitor over time for crystal growth

(Ghosh et al, Nature Rev Mol Cell Biol, 2015)

Membrane protein crystallography
Bicelle (stacked 2-D crystals)

i
i.

Transfer purified proteins to a microcentrifuge tube

ii

Mix proteins with desired chemicals, other proteins,
ligands, etc.
Add bicelle solution to the protein mixture
ii.

Transfer the protein mixture to a robot-customized
syringe

iii.

Mix with the reservoir solution (by robot)

iii

Set up hanging-drop crystal trays and seal each
crystallization well
Monitor over time for crystal growth

(Ghosh et al, Nature Rev Mol Cell Biol, 2015)

(Ujwal & Bowie, Methods, 2011)

(Ujwal & Bowie, Methods, 2011)

Membrane protein crystallography
In meso lipid cubic phase (LCP)
i.

Mix proteins with desired chemicals, other proteins,
ligands, etc.

i

Transfer the protein mixture to a robot-customized
syringe
Transfer pre-made LCP lipids (usually monoolein ±
cholesterol) to another robot-customized syringe.

ii

Mix proteins and the lipids until the mixture shows
no cloudiness
ii.

Mix with the reservoir solution on sandwich plates
(by robot)

iii

Seal the LCP sandwich plates
Monitor over time for crystal growth (usually at 20°C
- room temperature)

(Ghosh et al, Nature Rev Mol Cell Biol, 2015)

iv

(Caffrey, Acta Cryst F, 2015)

(Caffrey, Acta Cryst F, 2015)

(Caffrey, Acta Cryst F, 2015)

X-ray crystallography: micro-diffraction
View Article Online

LCP

Published on 10 April 2007. Downloaded by University of Ottawa on 2/26/2019 8:36:05 PM.

Bacteriorhodopsin

Bacteriorhodopsin
(Birefringence)

Bacteriorhodopsin

Lysozyme

Cholesterol

Bacteriorhodopsin
(X-ray damaged)
( Cherezov & Caffrey, Faraday Discuss, 2007)

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 background). 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

( Warren et al, in “The Next Generation in Membrane Protein Structure Determination”, 2016)

Published on 10 April 2007. Downloaded by University of Ottawa

Fig. 3 Microdiffraction 1s
patterns
recorded with lipidic10s
mesophases
exposure
exposureand 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
(Cherezov
Faraday
Discuss,
recorded with a focused beam
next &toCaffrey,
a bR crystal
grown
in a 2007)
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.

X-ray crystallography: micro-diffraction
Bicelle

A

B

C

100 µm

100 µm

100 µm

50-500 µm

100-300 µm

50-150 µm

25-30 Å

7-10 Å

3.5-4 Å

3.6 Å

3.9 Å

• Long exposure
2-5 sec @ APS
30 sec @ ALS

• Radiation damage
3-5 frames (< 5°)

• Signal (I/s = 11.5 at 3.9-4Å)

Cryo-electron microscopy (cryo-EM)
• Electron crystallography ✔
• 2-D crystals / MicroED
• Helical crystals
• Single-particle cryo-EM ✔

• Cryo-electron tomography (cryo-ET)

Only 2-D projections are recorded (x,y)!!

e-

Specimen

Images

(Amos et al, Prog Biophys Mol Biol, 1983)

Microelectron Diffraction (MicroED) &
Electron Crystallography
Cryo-EM applications in protein
structural biology:
2) Microelectron diffraction:
(need to generate protein crystals, but
much smaller than that for X-ray
crystallography)
a. Prepare purified protein samples,
crystallize and and freeze them.

Samples
2-D or microcrystals

b. Take electron micrographs of protein
crystals and diffraction images.
c. Use diffractions to establish the
amplitude information and images to
find the phase information, then
calculate the structural factors to
generate the electron clouds for the
target proteins.
d. Model building like that in X-ray
crystallography.

(Martynowycz & Gonen, Curr Opin Colloid Interf Sci, 2018)
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Single-Particle Analysis (SPA)
Cryo-EM applications in protein
structural biology:
1) Single particle analysis:
(no need to generate protein crystals)
a. Prepare purified protein samples and
freeze them.

Samples

b. Take electron micrographs of isolated
protein particles.
c. Collect several of “identical” images
and add altogether to enhance the
signal of the objects (darker area).
d. Then place amino acid models in the
electron density.
(Bai et al, eLife, 2013)

A. Raw image data typically seen from a
cryo-EM experiments. Protein particles
are usually shown as the dark objects.
This image shows particles of a
proteasome complex.

(motion correction)

Image film

B. However, often time, each particle
looks “blurred”, largely because of
image drifting during the picture
taking, as well as the microscopic
movement of protein molecules in
the ice. ”Motion correction” is thus
necessary to help enhance the image
quality, i.e., making the images sharper.
C. We use power spectrum to evaluate the
quality of an image. Power spectrum
Power spectrum
can be seen as a theoretical diffraction
(Computed
pattern of the image in A.

diffraction)

D. Corrected and sharpened images from
A. As indicated in C, the corrected
picture clearly reveals potential
information that can be resolved as
better as 3Å.

(Cheng et al, Cell, 2015)
What’s this?

(Cheng et al, Cell, 2015)

(Cheng et al, Cell, 2015)

EM Samples: Membrane Proteins
•

Use of detergents: starting with the one used for purification,
e.g., DDM.
• Mild non-ionic
• Amphipols

•

Nanoparticles: a membrane-mimetic scaffold that stabilizes
proteins in the native lipid-bilayered environment.
• MSP-nanodiscs (MSP: membrane scaffold protein)
• SMA nanodiscs (SMA: styrene–maleic acid)
• Bicelles
• Peptidiscs

EM Samples: Membrane Proteins
Biophys Rev (2018) 10:307–316

309

Peptidisc
Fig. 2 Structures of various artificial membranes. Solubilization of
membrane proteins with detergents forms micelle structure.
Hydrophobic acyl chains interact with the transmembrane surface of
membrane proteins. Amphipathic polymer amphipoles are substituted
(Mio
with detergents to form a stable complex in solution. Bicelles are
generated by mixing two components. Phospholipids with a long chain
form interact with the protein and form a bilayer, and detergents with a

and purity. They are enriched by a combination of different purification procedures, including affinity chroma-

short chain fill the rim of the disc. In the nanodisc, two membrane scaffold
proteins assemble around detergent-solubilized membrane proteins with
lipids to form disc shaped particles. Styrene–maleic acid (SMA) copolyare polymer-based
cover the acyl chains of the lipid
&mers
Sato,
Biophysparticles
Rev,which
2018)
bilayer. Membrane proteins assemble into liposomes to form
proteoliposomes

adsorbed to the EM grid to ensure that it is homogeneous (Mio et al. 2007).

(Carlson et al, eLife, 2018)

cr yoem

Tools and Reagents for Cryo-EM
The past few years have been revolutionary for the field of single-particle electron cryo-microscopy (Cryo-EM), with over 50% of the total deposited
structures being determined since 2014. Currently, there are over 1,300 unique (<95% sequence identity) Cryo-EM structures deposited in the PDB,
over 150 of which are membrane proteins. Here, we have curated all of the commonly used tools from Anatrace and Molecular Dimensions in Cryo-EM
experiments.

EM Samples: Membrane Proteins
DETERGENTS FOR CRYO-EM

The following detergents have been sucessfully used in the Cryo-EM studies of membrane proteins. Want to learn more? Check out our compilations
of membrane protein strucutures for 2016(/Landing/2016/Cryo-EM-Update-Sept16), 2017(/Landing/2017/Cryo-EM-Update-Oct17), and
2018(/Landing/2018/Cryo-EM-Update-Oct18).
GDN101 - GDN(/PRODUCTS/SPECIALTYDETERGENTS-PRODUCTS/COMPLEX/GDN101)

A835 - AMPHIPOL A835(/PRODUCTS/SPECIALTYDETERGENTSPRODUCTS/AMPHIPOL/A835)

P5008 - AMPHIPOL PMALC8(/PRODUCTS/SPECIALTYDETERGENTSPRODUCTS/AMPHIPOL/P5008)

(/Products/Specialty-Detergents(/Products/SpecialtyProducts/COMPLEX/GDN101)

Digitonin is commonly used for Cryo-EM, but there are many drawbacks
including batch-to-batch variability and solubility. GDN has been shown to
be an effective drop-in substitute for Digitonin which is being used in a
number of recent structures.

(/Products/Specialty-DetergentsProducts/AMPHIPOL/A835)

First described in 1996 by Jean-Luc Popot,
amphipols are a class of polymers that can stabilize
membrane proteins in a detergent-free, aqueous
solution. To date, there have been over 20 Cryo-EM
structures of membrane proteins determined using
Amphipol A8-35.

Detergents-Products/AMPHIPOL/P5008)
In recent years, PMAL-C8 has been gaining traction for
use in Cryo-EM(/Landing/2018/PMAL-July18) with a
number of unique structures published. PMAL amphipols
are zwitterionic, and contain repeating units of a
carboxyl, ammoniumamidate, and alkyl chain.

D310 NG310 LIPID
DDM(/PRODUCTS/DETERGENTS/MALTOSIDES/D310) LMNG(/PRODUCTS/DETERGENTS/NG- NANODISCS(/PRODUCTS/LIPIDS/LIPIDS)
CLASS/NG310)
(/Products/Lipids/LIPIDS)

(/Products/Detergents/MALTOSIDES/D310)
(/Products/Detergents/NG-CLASS/NG310)
The most commonly used detergent in membrane protein crystallization,
Dodecyl Maltoside (DDM), has also been used in the Cryo-EM structures of a
number proteins. DDM is also often used as a mixture with Cholesteryl
Hemisuccinate (CHS)(/Products/Detergents/MALTOSIDES/10-1-DDM-CHSPre-Made-Solution).

Due to its very low CMC, the concentration of LMNG
in the buffer can often be reduced to low
concentrations, reducing the amount of free
detergent micelles, and reducing background. Like
DDM, LMNG is often used as a mixture with
Cholesteryl Hemisuccinate (CHS)
(/Products/Detergents/NG-CLASS/LMNG-CHS-PreMade-Solution).

Lipid nanodiscs allow for the reconstitution of a
detergent solubilized membrane protein into a lipid
environment, and are being increasingly used in CryoEM. Anatrace offers a full selection of the lipids
commonly used in nanodisc reconstitution.

(Anatrace, Inc.)

Fluorescence as a mean to study membrane
protein structures:
Fluorescence Resonance Energy Transfer (FRET)

(Bartels et al, ChemBioChem, 2021)

Transporters

The fluorescence of many dyes can be modulated by
environmental factors [12]. These factors include soluble

intrinsic changes in a dye’s fluorescence [13–17]. Similarly,
intrinsic changes in the fluorescence of the native amino
acid tryptophan have been used to map structures [18].

Ion channels / Receptors

Figure 1
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(Bartels et al, ChemBioChem, 2021)

Fluorescent methods used to explore a membrane protein structure. In the center is the crystal structure of the acid sensing ion channel ASICS1 (PDB
2QTS) positioned with its transmembrane domains in a membrane [61]. Surrounding the structure are example fluorescent methods including FRET
between the two fluorescent dyes Cy3 and Cy5, transition metal ion FRET between the dye bimane and a di-histidine bound metal, photo-induced
electron transfer (PET) between bimane and a tryptophan, and a tetramethyl-rhodamine fluorophore undergoing an environment-induced fluorescent

(Taraska, Curr Opin Struct Biol, 2012)

Magnetic resonance as a mean to study membrane
protein structures:
P E R S function
P E C T I V E and dynamics
Nuclear magnetic resonance (NMR):
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Magnetic resonance as a mean to study membrane
protein structures:

The DEER Age of EPR
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Spin-labeled Electron paramagnetic resonance (EPR) spectroscopy
Distance Distribution

(Mchaourab et al,
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4. Other strategies in studying
membrane protein structures
• Fusion proteins ✔
• Antibody
• Ligands
• Library of small molecules
• Protein re-engineering
• …

iccbm15
ibility complex (MHC) class II !1 chain through a 16-residue
glycine-rich linker (Fremont et al., 1996). An analogous
approach has subsequently been used for a number of other
MHC class II–peptide complexes, as well as T-cell receptor
(TCR)–peptide and TCR–peptide–MHC class II ternary
complexes (Reddy Chichili et al., 2013b). Another successful

example involved the nuclear LIM (Lin-11/Islet-1/Mec-3)
domain-containing zinc-binding transcription factors. An
11-residue Gly/Ser-rich linker was used to link the LIM
domain of LMO4 to the C-terminus of LDB1 (LIM-domain
binding protein 1), facilitating structure determination by both
NMR and crystallography (Deane et al., 2003, 2004). Again,

Fusion protein strategy:

(Kobe et al, Acta Cryst F, 2015)

Figure 2

Examples of successful application of the heterologous fusion-prote
the structure of HTLV-1 gp21 (subunits are shown in different colo
linker (red; PDB entry 1mg1; Kobe et al., 1999). (b) Cartoon diagra

