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• Electron microscopy ✔
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• Magnetic resonance ✔
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proteins



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 Cumulative Unique MP Structures
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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

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

E. coli

Sf9 insect cells

Budding yeast

HEK 293sus



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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Membrane

Membrane with
bound detergent

Mixed micelles:
Detergent-lipid-protein
complexes

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

Detergent

More detergent

More detergent

3.7. The stages in membrane solubilization. This schematic illus-
tration follows the addition of increasing amounts of detergent
to a membrane. Initially, integral membrane proteins are embed-
ded in the lipid bilayer. At low concentrations of detergent, some
detergent molecules penetrate the bilayer but do not disrupt it.
As more detergent is added, disruption of the bilayer results in
mixed micelles containing detergent, lipid and protein. At even
higher detergent concentrations, most of the lipid is removed
from the protein, producing detergent–protein complexes, along
with detergent–lipid complexes.

for nonionic surfactants and the common bile salts is
below 0!C.

The size of detergent micelles is usually described
by the aggregation number (N), the average number of
surfactant molecules per micelle, although for some sit-
uations the molecular weight or hydrodynamic radius
is reported (Table 3.1). The aggregation numbers given
in the literature are averages, and the size distribution
may be quite large. Micelle size can be determined by
light scattering, ultracentrifugation, viscometry, and gel
filtration. It varies widely, reflecting the size of the non-
polar domain: N increases with increasing tail length
for a series of surfactants in which only the hydrocar-
bon chain length is varied. For ionic surfactants, N is

strongly dependent on the ionic strength of the aqueous
medium (see Table 3.2), as well as the kind of counter-
ions available to shield the charged headgroups.

Membrane Solubilization

Detergents are used to extract membrane lipids and
proteins into an aqueous suspension. When a low con-
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
concentration must be kept above its CMC to main-
tain the mixed micelles. Sometimes adding still higher
concentrations displaces the lipid completely, produc-
ing detergent–protein complexes free of lipid. Thus
both the detergent concentration and the detergent-
to-protein ratio are important variables that influence
how a particular membrane protein will be extracted
from the membrane. The behavior of the membrane
protein in further purification and characterization
steps will depend on detergent–protein and detergent–
detergent interactions, along with detergent–lipid and
lipid–protein interactions if lipid remains.

The amount of a particular detergent that sol-
ubilizes the membrane is roughly proportional to
its CMC. Bile-type detergents solubilize segments of
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3.8. Schematic illustration of the structure of mixed micelles of
bile salts and phospholipid sandwiches of bile salt detergent with
lipids. Redrawn from Jones, M. N., and D. Chapman, Micelles,
Monolayers and Biomembranes, Wiley-Liss, 1995, p. 97. C" 1980
by American Chemical Society. Reprinted with permission from
American Chemical Society.
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Solubilization of membrane proteins using detergents:
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3.4. The critical micellar concentration. As detergent (or sur-
factant) is added to an aqueous solvent, the concentration of
dissolved monomers increases until the critical micellar concen-
tration (CMC) is reached. At that concentration, micelles form.
Further addition of detergent increases the concentration of
micelles without appreciably affecting the concentration of
monomers. Redrawn with permission from Helenius, A., and K.
Simons, Biochim Biophys Acta. 1975, 415:38.

detergents exhibit even more fluctuations in shape as
they can deform, split, and fuse over time.

Micelle formation is a direct consequence of the
degree of amphiphilicity of surfactants. The surfactant
molecules that form micelles are more water soluble
than most lipids but still contain nonpolar groups with
a propensity to form hydrophobic domains. They also
tend to have conical shapes with bulky headgroups rel-
ative to their nonpolar groups (see Figure 2.17). In addi-
tion to detergents, lysophospholipids (phospholipids
lacking one acyl chain) form micelles, as do PLs with
very short acyl chains (e.g., PC with four to nine carbon
chains) under certain conditions.

Self-association of detergents into micelles is
strongly cooperative and occurs at a defined concentra-
tion called the critical micellar concentration, or CMC
(Table 3.1). Below the CMC, the amphipath dissolves as
monomers; as its concentration increases beyond the
CMC, ideally the monomer concentration is unchanged
while the concentration of micelles increases (Fig-
ure 3.4). The CMC can be detected by measuring sur-
face tension or other aqueous properties, such as con-
ductivity or turbidity (Figure 3.5). Micelle formation is
dynamic, allowing constant interchange between con-
stituents of aggregates and soluble monomers. For ionic
surfactants, it is strongly affected by ionic strength (see
Table 3.2).

Micelle formation is also a function of tempera-
ture. The critical micellar temperature (CMT) is defined
as the temperature above which micelles form (Fig-
ure 3.6). The Krafft point, also called the cloud point,
is the temperature at which a turbid solution of surfac-
tant becomes clear due to the formation of micelles.
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3.5. Variation in surface tension (!), specific conductivity ("),
and turbidity (#) as a function of detergent concentration. The
schematic plots show the dependence on concentration of deter-
gent (surfactant) in solution of properties commonly used to find
the CMC. (Note that conductivity only applies to ionic surfac-
tants.) At the CMC, denoted by the dashed line, there is a break
in the line for each property. Redrawn from Jones, M. N., and D.
Chapman, Micelles, Monolayers and Biomembranes, Wiley-Liss,
1995, p. 65. C! 1995. Reprinted with permission from John Wiley
& Sons, Inc.

Thus the Krafft point falls at the intersection of the
lines for the CMT and the CMC, and at the Krafft point
the temperature dependence of solubility rises steeply
as the result of micelle formation. At the Krafft point,
insoluble crystalline detergent is in equilibrium with
monomers and micelles, so if the temperature is low-
ered, the detergent crystallizes out of solution. A famil-
iar illustration is the precipitation of SDS in aque-
ous solutions below 4"C (its Krafft point). The CMT
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3.6. Detergent phase diagram. At temperatures below the Krafft
point, the detergent exists as monomers at very low concentra-
tions and insoluble crystals at higher concentrations. Raising the
temperature increases the monomer concentration until the criti-
cal micellar temperature (CMT) is reached, when micelles form. At
(and above) that temperature, the solution clears at temperatures
because the only two phases present are micelles and monomers.
The Krafft point falls at the intersection of the lines for the CMT
and the CMC, where the temperature dependence of solubility
rises steeply due to micelle formation. Redrawn from Helenius,
A., and K. Simons, Biochim Biophys Acta. 1975, 415:37. C! 1975
by Elsevier. Reprinted with permission from Elsevier.

�**')���---���$�( ����&(���&(��*�($)���**')����& �&(��������������������������

�&-%#&������(&$��**')���---���$�( ����&(���&(����% ,�() *.�&���**�-����� �(�(.���*-&("��&%��	���'�������*����	���
��)+�!��*�*&�*�����$�( �����&(��*�($)�&��+)����,� #��#���*

(Mary Luckey, Membrane Structural Biology, 2008)

Critical Micellar Concentration (CMC)



• Detergent solubilized proteins can be purified and 
crystallized, but too much detergent or types of 
detergents may denature the protein. 

• 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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ANIONIC
Sodium dodecyl sulfate
(Sodium lauryl sulfate)

CATIONIC
Cetyl trimethylammonium bromide
(Hexadecyl trimethylammonium bromide)
(CTAB)

ZWITTERIONIC
Lauryldimethylamine oxide (LDAO)
(Dodecylamine N-oxide)

Sulfobetaines
(Zwittergent brand)

$-D-octylglucoside $-D-Dodecylmaltoside
(lauryl maltoside)

Digitonin

UNCHARGED

Alkyl-N-methylglucamides
(MEGA* brand)

Fatty acid esters of polyoxyethylene sorbitan
(denoted Cx-sorbitan-En)

Polyoxyethylene alcohols
(denoted CXEN)
 (1) Brij series
 (2) Lubrol (WX,PX)

Sodium deoxycholateSodium cholate

BILE SALTS

Polyoxyethylene p tert octylphenols
(denoted  tert " C8 O En)
 (1) Trion X-100, n # 9.6
 (2) Trion X-114, n # 7.8
 (3) Nonidet P-40, n# 9

Sodium dodecyl-N-sarcosinate
(Sodium lauryl-N-sarcosinate)
(Sarkosyl L)

CHAPS

Tween series

3.1. Structures of some detergents used to solubilize membrane components. From Gennis, R. B.,
Biomembranes, New York: Springer-Verlag, 1989, pp. 90–91.
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Non-ionic



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

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

Coarse vapor diffusion

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)

Seal each crystallization well

Monitor over time for crystal growth

i

ii

iii



Membrane protein crystallography

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

Bicelle (stacked 2-D crystals)

i

ii

iii

i. Transfer purified proteins to a microcentrifuge tube

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)

Set up hanging-drop crystal trays and seal each 
crystallization well

Monitor over time for crystal growth



(Ujwal & Bowie, Methods, 2011)



(Ujwal & Bowie, Methods, 2011)



Membrane protein crystallography

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

In meso lipid cubic phase (LCP)

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

Transfer the protein mixture to a robot-customized 
syringe

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

Mix proteins and the lipids until the mixture shows 
no cloudiness

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

Seal the LCP sandwich plates

Monitor over time for crystal growth (usually at 20°C 
- room temperature)

i

ii

iii
iv



(Caffrey, Acta Cryst F, 2015)



(Caffrey, Acta Cryst F, 2015)



(Caffrey, Acta Cryst F, 2015)



X-ray crystallography: micro-diffraction

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)

LCP



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



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 di!raction rings or

arcs (Fig. 3(b)). Such patterns were never observed with the cubic phase in the
microcells. Accordingly, powder-like di!raction 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, di!raction characteristic of the lamellar
phase was looked for in the vicinity of crystals growing in the cubic phase housed in

Fig. 3 Microdi!raction 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)



Bicelle

X-ray crystallography: micro-diffraction

100 µm100 µm 100 µm

A B C

50-500 µm 100-300 µm 50-150 µm

25-30 Å 7-10 Å 3.5-4 Å



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

• Radiation damage
3-5 frames (< 5°)

• Signal (I/s = 1-
1.5 at 3.9-4Å)

3.9 Å

3.6 Å



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

Samples
2-D or micro-
crystals

(Martynowycz & Gonen, Curr Opin Colloid Interf Sci, 2018)

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.

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.



Image Diffraction
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Tilted Images

±70°
Non-tilting Images
0°
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Single-Particle Analysis (SPA)

Samples

(Bai et al, eLife, 2013)

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.

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.



(Cheng et al, Cell, 2015)

Image film

Power spectrum
(Computed 
diffraction)

(motion correction)

What’s this?

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.

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 
can be seen as a theoretical diffraction 
pattern of the image in A.

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)



(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

and purity. They are enriched by a combination of dif-
ferent purification procedures, including affinity chroma-
tography, ion exchange chromatography, and size exclu-
sion chromatography (SEC). SEC also reveals the con-
dition of the protein, with additional peaks appearing if
there is significant denaturation or aggregation. In the
case of membrane proteins, the peaks obtained by
SEC frequently become ambiguous due to the presence
of the detergent in the buffer. Fluorescence-detection
SEC (FSEC) is frequently used to identify the absor-
bance of proteins from various contaminants. In FSEC,
the target protein is usually expressed as a fusion pro-
tein with a fluorescence tag, such as green fluorescent
protein (Kawate and Gouaux 2006). The condition of
the protein, especially the formation of the proper
multimeric structure or the degree of aggregation, can
be also monitored by negative staining transmission
EM. The protein is adsorbed to the carbon film of an
EM grid and surrounded by a high-scattering salt, which
gives a negative contrast in the microscopy image
(Bremer et al. 1992) (Fig. 1a, left). The atmospheric
scanning EM (Nishiyama et al. 2010) in combination
with metal staining is also useful in a direct observation
of protein aggregation in buffer. It is recommended to
carry out SEC immediately before the sample is

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

To prepare samples in vitrified ice, a solution contain-
ing target proteins is applied to an EM grid coated with a
perforated carbon film (holey grid), and excess liquid is
blotted away using a filter paper. At this stage, the re-
sidual protein suspension spans the large numbers of
small holes in the perforated carbon film. To avoid dif-
fraction from the ice crystal, the sample should be rap-
idly frozen using liquid ethane slush at liquid nitrogen
temperature (Fig. 1a, right). The proteins embedded in
vitrified ice (thickness of ice <500 nm) are in a close-
to-native state (Adrian et al. 1984; Taylor and Glaeser
1976). As the density of the protein (~ 1.36 g/ml) is
slightly higher than that of the vitrified ice, the particle
images appear dark in a lighter background.

The vitrified ice functions as a Bsupporting film^ for
the target proteins, which require neither fixation nor
staining. However, the contrast of particles in ice is
very low and, in most cases, large-scale, image-
alignment classification and averaging is required to ob-
tain a clearer view of the particles. The cryo-embedded
samples are transferred to the cryo-EM using a cryo-
transfer instrument and observed at liquid nitrogen or
liquid helium temperature.

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
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

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

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/SPECIALTY-
DETERGENTS-PRODUCTS/COMPLEX/GDN101)

 

(/Products/Specialty-Detergents-

Products/COMPLEX/GDN101)

A835 - AMPHIPOL A8-
35(/PRODUCTS/SPECIALTY-
DETERGENTS-
PRODUCTS/AMPHIPOL/A835)

 

(/Products/Specialty-Detergents-

Products/AMPHIPOL/A835)

P5008 - AMPHIPOL PMAL-
C8(/PRODUCTS/SPECIALTY-
DETERGENTS-
PRODUCTS/AMPHIPOL/P5008)

(/Products/Specialty-

Detergents-Products/AMPHIPOL/P5008)

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.

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.

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 -
DDM(/PRODUCTS/DETERGENTS/MALTOSIDES/D310)

(/Products/Detergents/MALTOSIDES/D310)

NG310 -
LMNG(/PRODUCTS/DETERGENTS/NG-
CLASS/NG310)

(/Products/Detergents/NG-CLASS/NG310)

LIPID
NANODISCS(/PRODUCTS/LIPIDS/LIPIDS)

(/Products/Lipids/LIPIDS)

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-CHS-

Pre-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-Pre-

Made-Solution).

Lipid nanodiscs allow for the reconstitution of a

detergent solubilized membrane protein into a lipid

environment, and are being increasingly used in Cryo-

EM. Anatrace offers a full selection of the lipids

commonly used in nanodisc reconstitution.

SCREENS TO IMPROVE SAMPLE PREPARATION
As with any strucutral biology method, sample preparation is paramount to success. The following screens are designed to quickly optimize your

protein buffer conditions and increase overall thermostability, allowing you to spend more time on the things that matter, like solving structures and
publishing papers!
 

THE DURHAM THE RUBIC

Search

ABOUT(/ABOUT) PRODUCTS(/PRODUCTS) TECHNICAL(/TECHNICAL-DOCUMENTATION) NEWS/EVENTS(/NEWS-EVENTS)

CONTACT(/CONTACT-US) PROMOS(/PROMOTIONS) CART(/SPECIALPAGES/CHECKOUT/CART)

cr yoemcr yoem

(Anatrace, Inc.)



(Bartels et al, ChemBioChem, 2021)

Fluorescence as a mean to study membrane 
protein structures:

Fluorescence Resonance Energy Transfer (FRET)



(Taraska, Curr Opin Struct Biol, 2012)

shift from excitation wavelength to emission wavelength
is called the stokes shift. The ability of a fluorophore to
absorb encountered light is known as the extinction coeffi-
cient. Once energy is absorbed, the fluorophore has some
probability less than one of releasing this absorbed energy
as light. This characteristic is called the quantum yield.
Together, these properties dictate the basic fluorescent
properties (brightness and spectra) of an individual fluor-
escent dye [11].

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

quenchers, pH, and the local chemical environment. Thus,
when a fluorophore moves from one position to another,
moving from one local environment to another, a change in
the emission strength or peak emission wavelength of a
fluorophore can result. In this regard, tracking the bright-
ness (quantum yield) or spectrum (stokes shift) of a fluor-
ophore are key methods for mapping a protein’s structure
with fluorescence (Figure 1). Some of the earliest structural
measurements that use fluorescence took advantage of
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].

508 Membranes

Figure 1
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Current Opinion in Structural Biology

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
change. The approximate distance scales that each technique works over are indicated by the surrounding arrows.

Current Opinion in Structural Biology 2012, 22:507–513 www.sciencedirect.com

(Bartels et al, ChemBioChem, 2021)
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Magnetic resonance as a mean to study membrane 
protein structures:

Nuclear magnetic resonance (NMR): function and dynamics
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CPMG and R1R relaxation dispersion experiments are designed  
to capture microsecond-to-millisecond conformational-exchange 
processes amid a collection of modulated relaxation rate constants 
upon the change of the ‘spin-echo’ or effective ‘spin-locked’ radio  
frequency field strength, respectively39. A comprehensive CPMG 
relaxation dispersion study has revealed that slow conformational 
exchanges in the mitochondrial ADP/ATP carrier (AAC) are asym-
metrically distributed, and large exchanges are concentrated in domain 
I despite its unique three-fold quasisymmetry42. The exchange rate of 
the TM region is substantially increased or decreased after binding 
of a substrate or inhibitor, respectively. Unexpectedly, the relative 
populations of the bound and unbound states do not significantly 
change, thus suggesting that ligand binding changes the energy bar-
rier of conversion by stabilizing (substrate) or destabilizing (inhibitor) 
the transition state.

ZZ exchange is a powerful technique to measure millisecond-to-
second conformational exchange rates, i.e., rates that are slow on the 
NMR timescale. Morrison et al. have shown that the homodimeric 
small multidrug-resistance transporter EmrE adopts an antiparal-
lel topology43. Using TROSY ZZ-exchange experiments, they have 
further demonstrated that the tetraphenylphosphonium (TPP+)-
bound form of EmrE interconverts with equal rates between the 
inward- and outward-facing conformations. The interconversion 
rates change by almost three orders of magnitude among different 
substrates, a property that may be unique for multidrug recognition 
and transport44. Combined solution NMR and ssNMR dynamics 
measurements have been used to determine the rates of conforma-
tional exchange of apo and TPP+-bound forms of EmrE; apo-EmrE 
exchanges 50-fold faster than TPP+–EmrE8. Interestingly and impor-
tantly, the conformational exchange of EmrE does not depend on 
whether the experiments are performed in small isotropic (q = 0.33) 
bicelles, larger (q = 3.2) bicelles or dimyristoylphosphatidylcholine 
(DMPC) lipid bilayers. A generic model of functional and dynami-
cal aspects of a membrane transporter that can be studied by NMR 
is shown in Figure 2a.

Fast (picosecond-to-nanosecond) and slow (microsecond-to- 
second) time-scale dynamics have been connected in a study on 
the bacterial outer-membrane enzyme PagP45. The fast dynamics 
reveals that a long extracellular loop has an elevated mobility when 
the protein is solvated in dodecylphosphocholine (DPC), thus pre-
sumably permitting a DPC molecule to enter and block the active site. 
However, in the detergent CYFOS-7, which cannot enter the active 
site in the lumen of the B-barrel structure, PagP exchanges between at 
least two conformations to catalyze lipid synthesis46. ZZ exchange and 
CPMG relaxation dispersion experiments have revealed substantial 
conformational exchange in the mobile loop and adjacent catalytic 

residues of PagP. A palmitate may enter the active site in the more 
flexible conformation and then be followed by catalysis in the more 
rigid conformation.

Intermediate-time-scale protein dynamics in the nanosecond-to-
microsecond range can be detected by PRE or RDC measurements 
by using ensemble approaches. Extensive PRE measurements on the 
porin OmpG have been analyzed by fitting the data to multiple struc-
tural ensembles47. This analysis has revealed that some extracellular 
loops adopt three different exchanging conformations in lipid bicelles. 
The three conformations probably represent the open state, closed 
state and an intermediate state of the pH-gated pore of OmpG.

Functional studies
pH titration. Determinations of pKa values by NMR provide unique 
residue-specific information on amino acid ionization states, which 
frequently modulate protein function. In homodimeric EmrE, coupled 
deprotonation of two equivalent glutamates from each monomer had 
been thought to be prerequisite for substrate binding. However, a recent  
pH-titration NMR study has shown that the two glutamates are not 
equivalent and have distinct pKa values48. Interestingly, apo-EmrE 
switches conformations in a partially protonated state, thus calling the 
established single-site alternating-access model into question. This 
latter observation, first made by solution NMR, has been confirmed 
in a more recent combined solution NMR and ssNMR study49. The 
results have revealed that previously unknown intermediate states 
may exist, offering new mechanistic details on transport and possible 
additional functions of EmrE in the membrane.

Small-ligand screening. Saturation transfer difference (STD) or 
saturation transfer double difference (STDD) NMR, which works 
best for weakly bound ligands, is a sensitive routine method for drug 
screening of many soluble proteins. However, although membrane 
proteins constitute more than half of all drug targets50, STD so far 
has seen only limited use for membrane proteins, probably because  
of the complicating presence of the membrane mimetic. In recent 
STD-NMR studies of membrane proteins purified from eukaryotic  

Figure 2 Membrane-protein function and dynamics, elucidated  
by NMR. (a) Dynamics of a transporter, as modulated by the addition  
of a ligand. Conformational exchange between the global outward-facing 
and inward-facing states may be faster in the ligand-free apo form than  
in the ligand-bound form. Conformational-exchange dynamics may be 
further modified, depending on the chemical nature of different ligands.  
(b) GPCRs undergo conformational exchange in the ligand-free apo state. 
The motions of different domains may be connected but not strictly 
coupled. Different agonists and antagonists bound to one domain may 
differently affect the equilibrium of activated and inactivated states  
of another domain. This simplified cartoon shows only a two-state 
exchange of two transmembrane helices of a seven-helix receptor  
that participate in ligand binding, but each state may actually  
consist of multiple local conformational substates and, in addition,  
also involve coupled conformational changes of adjacent helices.
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Magnetic resonance as a mean to study membrane 
protein structures:

Nuclear magnetic resonance (NMR): function and dynamics

(Morrison et al, Nature, 2012)

we observe is open to one side of the membrane and is consistent with
the crystal structure (Fig. 4b).
The ZZ-exchange data assign pairs of peaks as exchange partners,

representing the chemical shift of a single residue in each state.
Chemical shift is quite sensitive to local structural changes. In the con-
formational exchange model proposed for EmrE, the two monomers
swap conformations during the transition from inward- to outward-
facing states (AB–BA). Thus, overlay of the two monomers (Fig. 2d)
highlights regions where local structure changes upon conformational
exchange in this model. The overlay reveals kinking of transmembrane
helix 3 and movement of transmembrane helix 4 relative to the
substrate-binding domain as the largest structural changes. This is
exactly where the largest chemical shift differences between the two
states (Supplementary equation (4)) are observed. The transmembrane
helices lining the binding pocket move as a generally rigid body, with
significant chemical shift differences only in the regions that close off or
open up access to the transport pore (Fig. 2d). These chemical shift
differences are entirely consistent with the structural differences
between the two monomers, supporting the AB–BA exchange model.
The two sets of NMR peaks correspond to the two distinct monomer
conformations within an exchanging antiparallel asymmetric dimer.

Antiparallel EmrE is competent for transport
We have used solution NMR spectroscopy to observe directly con-
formational exchange between inward- and outward-facing states of
the small multidrug resistance transporter, EmrE. This is the key step
in the transport cycle that moves the substrate across the membrane

from one aqueous compartment to another. Measurement of bulk
transport is not possible in a solubilized system. However, solution
NMR provides a powerful tool to follow directly the protein confor-
mational changes that effectively ‘transport’ TPP1, and we have
quantitativelymeasured this exchange process in TPP1-bound EmrE.
Our FRET experiments show that themonomers within each dimer

are antiparallel. Thus, antiparallel substrate-bound EmrE is able to
undergo the key conformational exchange step in the single-site
alternating access model of antiport. Together with our chemical shift
mapping and water accessibility data, this suggests that the low-
resolution crystal and cryo-electron microscopy structures are essen-
tially correct, and we are working to refine and improve the resolution
of this structure using NMR restraints.
Our results provide experimental evidence for the unusual model

proposed by Fleishman et al. that the inward- and outward-facing
states are identical18 (Supplementary Fig. 1). Thismodel reconciles the
asymmetric antiparallel structural data4,6,26,27,39,40 with biochemical
studies indicating functional symmetry of active site residues3,44,45

and single distances measured for most residues by electron para-
magnetic resonance (EPR)13. These results demonstrate that equal
insertion of EmrE in both orientations in the E. coli innermembrane17

is functionally relevant and they enhance the importance of EmrE as a
potential model for evolution of dual topology membrane proteins9.

METHODS SUMMARY
EmrE was expressed and purified using a 63 His-tag, which was then removed
with thrombin. Purification was performed in decylmaltoside or DDM. EmrE was
reconstituted into DMPC or DLPC liposomes using standard methods and then
formed into isotropic bicelles by addition ofDHPC and several freeze–thaw cycles.
Protein concentration was determined using absorbance at 280nm, with an
extinction coefficient determined by amino-acid analysis. Isothermal titration
calorimetry (ITC) was performed by titrating 54mM TPP1 stock solutions into
10mMEmrE, withmatching concentrations of detergent or lipid in both solutions.
Bulk FRET labellingwas performed in liposomes to label residues separately on

either side of themembrane. An ‘antiparallel’ sample was labelled with donor and
acceptor on opposite sides, and a ‘parallel’ sample was labelled with donor and
acceptor on the same side. Donor-only and acceptor-only controls were labelled
with dye only on the exterior of the liposome, reconstituted into bicelles and then
mixed. Single-molecule FRET samples were labelled in micelles and experiments
were performed using a wide-field total internal reflection fluorescence micro-
scope set up43.
NMR experiments were performed using a 700MHz Varian NMR spectro-

meter or 800MHz Bruker spectrometer equipped with a cryoprobe. All NMR
samples contained 0.5–1.0mM 2H/15N-EmrE in buffer conditions of 2mM
TPP1, 20mM NaCl, 20mM potassium phosphate, 2mM TCEP, pH 7.0, 45 uC.
The membrane mimetic in each sample (DDMmicelles or isotropic bicelles) was
as listed. The TROSY-selected ZZ-exchange experiment35 was modified to
include a lipid ‘flipback’ pulse. Data were processed and analysed with
NMRPipe46, NMRView47, Sparky48 and IgorPro (Wavemetrics). All EmrE struc-
ture figures were created in PyMOL using Protein Data Bank 3B5D with the
backbone rebuilt to render the cartoons. Full-page versions of the spectra in
the main figures are included in the Supplementary Information.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | EmrE has asymmetric water accessibility. a, 1H–15N TROSY
spectra of TPP1-bound EmrE in bicelles in the absence (black) and presence of
1mM (blue) and 5mM (red) paramagnetic gadobenate dimeglumine. Residues
with different PRE effects (green circles) or the same PRE effect (black circles)
in the two states are highlighted. b, Residues with equal accessibility (dark blue)
or protection (red) from water in both states are plotted on the structure. Grey
residues are not assigned in both states. Residues with differential accessibility
to water (yellow) highlight the pore and loop regions, exactly as expected for
inward- to outward-facing conformational exchange. This is consistent with an
antiparallel dimer open only to one side of the membrane, as in the crystal
structure (Protein Data Bank accession number 3B5D).
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we observe is open to one side of the membrane and is consistent with
the crystal structure (Fig. 4b).
The ZZ-exchange data assign pairs of peaks as exchange partners,

representing the chemical shift of a single residue in each state.
Chemical shift is quite sensitive to local structural changes. In the con-
formational exchange model proposed for EmrE, the two monomers
swap conformations during the transition from inward- to outward-
facing states (AB–BA). Thus, overlay of the two monomers (Fig. 2d)
highlights regions where local structure changes upon conformational
exchange in this model. The overlay reveals kinking of transmembrane
helix 3 and movement of transmembrane helix 4 relative to the
substrate-binding domain as the largest structural changes. This is
exactly where the largest chemical shift differences between the two
states (Supplementary equation (4)) are observed. The transmembrane
helices lining the binding pocket move as a generally rigid body, with
significant chemical shift differences only in the regions that close off or
open up access to the transport pore (Fig. 2d). These chemical shift
differences are entirely consistent with the structural differences
between the two monomers, supporting the AB–BA exchange model.
The two sets of NMR peaks correspond to the two distinct monomer
conformations within an exchanging antiparallel asymmetric dimer.

Antiparallel EmrE is competent for transport
We have used solution NMR spectroscopy to observe directly con-
formational exchange between inward- and outward-facing states of
the small multidrug resistance transporter, EmrE. This is the key step
in the transport cycle that moves the substrate across the membrane

from one aqueous compartment to another. Measurement of bulk
transport is not possible in a solubilized system. However, solution
NMR provides a powerful tool to follow directly the protein confor-
mational changes that effectively ‘transport’ TPP1, and we have
quantitativelymeasured this exchange process in TPP1-bound EmrE.
Our FRET experiments show that themonomers within each dimer

are antiparallel. Thus, antiparallel substrate-bound EmrE is able to
undergo the key conformational exchange step in the single-site
alternating access model of antiport. Together with our chemical shift
mapping and water accessibility data, this suggests that the low-
resolution crystal and cryo-electron microscopy structures are essen-
tially correct, and we are working to refine and improve the resolution
of this structure using NMR restraints.
Our results provide experimental evidence for the unusual model

proposed by Fleishman et al. that the inward- and outward-facing
states are identical18 (Supplementary Fig. 1). Thismodel reconciles the
asymmetric antiparallel structural data4,6,26,27,39,40 with biochemical
studies indicating functional symmetry of active site residues3,44,45

and single distances measured for most residues by electron para-
magnetic resonance (EPR)13. These results demonstrate that equal
insertion of EmrE in both orientations in the E. coli innermembrane17

is functionally relevant and they enhance the importance of EmrE as a
potential model for evolution of dual topology membrane proteins9.

METHODS SUMMARY
EmrE was expressed and purified using a 63 His-tag, which was then removed
with thrombin. Purification was performed in decylmaltoside or DDM. EmrE was
reconstituted into DMPC or DLPC liposomes using standard methods and then
formed into isotropic bicelles by addition ofDHPC and several freeze–thaw cycles.
Protein concentration was determined using absorbance at 280nm, with an
extinction coefficient determined by amino-acid analysis. Isothermal titration
calorimetry (ITC) was performed by titrating 54mM TPP1 stock solutions into
10mMEmrE, withmatching concentrations of detergent or lipid in both solutions.
Bulk FRET labellingwas performed in liposomes to label residues separately on

either side of themembrane. An ‘antiparallel’ sample was labelled with donor and
acceptor on opposite sides, and a ‘parallel’ sample was labelled with donor and
acceptor on the same side. Donor-only and acceptor-only controls were labelled
with dye only on the exterior of the liposome, reconstituted into bicelles and then
mixed. Single-molecule FRET samples were labelled in micelles and experiments
were performed using a wide-field total internal reflection fluorescence micro-
scope set up43.
NMR experiments were performed using a 700MHz Varian NMR spectro-

meter or 800MHz Bruker spectrometer equipped with a cryoprobe. All NMR
samples contained 0.5–1.0mM 2H/15N-EmrE in buffer conditions of 2mM
TPP1, 20mM NaCl, 20mM potassium phosphate, 2mM TCEP, pH 7.0, 45 uC.
The membrane mimetic in each sample (DDMmicelles or isotropic bicelles) was
as listed. The TROSY-selected ZZ-exchange experiment35 was modified to
include a lipid ‘flipback’ pulse. Data were processed and analysed with
NMRPipe46, NMRView47, Sparky48 and IgorPro (Wavemetrics). All EmrE struc-
ture figures were created in PyMOL using Protein Data Bank 3B5D with the
backbone rebuilt to render the cartoons. Full-page versions of the spectra in
the main figures are included in the Supplementary Information.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | EmrE has asymmetric water accessibility. a, 1H–15N TROSY
spectra of TPP1-bound EmrE in bicelles in the absence (black) and presence of
1mM (blue) and 5mM (red) paramagnetic gadobenate dimeglumine. Residues
with different PRE effects (green circles) or the same PRE effect (black circles)
in the two states are highlighted. b, Residues with equal accessibility (dark blue)
or protection (red) from water in both states are plotted on the structure. Grey
residues are not assigned in both states. Residues with differential accessibility
to water (yellow) highlight the pore and loop regions, exactly as expected for
inward- to outward-facing conformational exchange. This is consistent with an
antiparallel dimer open only to one side of the membrane, as in the crystal
structure (Protein Data Bank accession number 3B5D).
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Magnetic resonance as a mean to study membrane 
protein structures:

Spin-labeled Electron paramagnetic resonance (EPR) spectroscopy

resembling the nativemembranes. Bothmethodologies interpret
spectral properties of site-specifically incorporated probes to
deduce local structural features. The advent of single molecule
fluorescence presents opportunities for the complementary
use of the two methods drawing on their unique sensitivities to
structure and dynamics. This review focuses on the contribution
of spin labeling and EPR to the emerging field of membrane
protein dynamics, describing the methodological tool kit and
highlighting its application to key systems.

The DEER Age of EPR Spectroscopy
In parallel to advances in membrane protein structural biology,
the EPR tool kit was revolutionized by the development of pulsed
EPR methods to measure long range distances between spin
labels. As originally conceived (Ogawa and McConnell, 1967),
spin labeling EPR analysis relied on the dependence of spin
label dynamics, or its mobility relative to the protein, on local
conformation. Capitalizing on advances in site-directed muta-
genesis, Altenbach et al. (1990) and Mchaourab et al. (1996)
introduced the concept of nitroxide scanning wherein spin labels
are sequentially introduced along a stretch of residues. The
parameter set was expanded to include quantitative measure-
ments of spin label solvent accessibility to membrane and
water-soluble reagents. Systematic application of this approach,
referred to as site-directed spin labeling (SDSL) enables the
identification of secondary structures and their orientations in
the membrane (Hubbell et al., 1996). Rabenstein and Shin
(1995) complemented accessibility and mobility with a spectro-
scopic ruler to measure distances between spin label pairs in
the 8 Å–20 Å range using the continuous wave (CW) EPR spec-
trum. Together, the EPR-derived constraints, in the form of
sequence-specific secondary structure, topology and tertiary
contacts, have been applied successfully to elucidate aspects
of membrane protein structure and to detect conformational
changes (reviewed in Hubbell et al., 1996, 2000). However, the
local nature of mobility and accessibility and the short range of
distance constraints limit their utility.
Pulsed EPR methods extend the measurable distance

between two electron spins (Figure 1A) up to 60 Å, and in favor-
able cases to 80 Å, by separating the dipolar term in the spin
Hamiltonian for exclusive detection (Borbat et al., 2002; Jeschke
and Polyhach, 2007). Although appropriate pulse sequences
(Figure 1B) have long been developed (Milov et al., 1984; Pannier
et al., 2000), the widespread application of dipolar EPR spec-
troscopy was spurred by commercialization of high sensitivity
pulsed EPR spectrometers and the model-free analysis of
dipolar interactions (Figure 1C) to calculate the distance distribu-
tion between two electron spins (Figure 1D) (Chiang et al., 2005;
Jeschke et al., 2004). Borbat et al. (2002) developed pulse
sequences to detect double quantum coherence between spins
that promises an order of magnitude in increased sensitivity.
However, double electron-electron resonance (DEER), or pulsed
electron double resonance (PELDOR), is the most commonly
used method for distance measurements between spin labels.

DEER Analysis of Structure and Conformational
Changes
DEER Distance Distribution
DEER instrumentation and analysis have been extensively re-
viewed (Jeschke and Polyhach, 2007) and will not be discussed
here. Briefly, spin echo decay of spin label A is modulated by
intramolecular dipolar interaction with spin label B on the same
protein molecule and by intermolecular dipolar interaction with
spins A or B on a separate molecule (Figure 1A). The former
leads to an oscillating echo decay, the period of which directly
reflects the average distance (Figure 1C). In contrast, the contri-
bution of intermolecular dipolar interactions, referred to as the
background, is an exponential decay that dampens the oscilla-
tion. The echo decay is analyzed to remove the background

Figure 1. From Raw DEER Signals to the Distance Distribution
(A) A pair of spin labels (A and B) is depicted on the surface of a membrane
protein embedded in a liposome. The spin echo decay has contributions from
dipolar coupling between spins on the same protein molecule (rintra, blue
arrow) and from intermolecular dipolar coupling between spins on neighboring
molecules (rinter, red arrow).
(B) Typical four-pulse DEER sequence. An inversion pulse is applied to spin B
at time t while observing the echo of spin A.
(C) Spin echo intensity decays as time t is increased. The observed signal
(black) is the result of modulation of echo intensities from intramolecular
coupling (blue) and intermolecular coupling, or background decay (red). The
decays are based on simulations using the DEER2010 package (Jeschke et al.,
2006).
(D) The distribution of distances between spins A and B is derived from the spin
echo decay in (C).
(E) Reconstitution in Nanodiscs lowers the effective concentration of proteins
by allowing proteins to occupy three dimensions while retaining the lipid
bilayer environment.
(F) Increasing the intermolecular distance between spins by using Nanodiscs
reduces the contribution of the background decay, relative to that of proteo-
liposomes, to the spin echo decay.
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4. Other strategies in studying 
membrane protein structures

• Fusion proteins ✔

• Antibody

• Ligands

• Library of small molecules

• Protein re-engineering

• …



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,
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Figure 2
Examples of successful application of the heterologous fusion-protein approach. The structures are not shown on the same scale. (a) Cartoon diagram of
the structure of HTLV-1 gp21 (subunits are shown in different colours) fused at the N-terminus to MBP (in different shades of grey) with a three-Ala
linker (red; PDB entry 1mg1; Kobe et al., 1999). (b) Cartoon diagram of the structure of !2-adrenergic receptor (!2AR; blue) with T4 lysozyme (T4L;
grey) inserted into a loop in !2AR (Rosenbaum et al., 2007; PDB entry 2rh1). (c) A view of crystal-packing interactions for the !2AR-T4L fusion protein
[shown and coloured as in (b)]. Note the crystal contacts between the fusion partner T4L and the soluble portion of !2AR. (d) Cartoon diagram of the
structure of the complex of the extracellular domains of TLR1 (green) and TLR2 (blue) (Jin et al., 2007; PDB entry 2z7x). Both proteins are fused at the
C-terminus to VLR as the fusion partner (grey). All structure figures were produced with PyMOL (Schrödinger).
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Fusion protein strategy:


