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Membrane proteins play critical physiological roles in all organisms, from

ion transport and signal transduction to multidrug resistance. Elucidating

their 3D structures is essential for understanding their functions, and this

information can also be exploited for structure-aided drug discovery

efforts. In this regard, X-ray crystallography has been the most widely used

technique for determining the high-resolution 3D structures of membrane

proteins. However, the success of this technique is dependent on efficient

protein extraction, solubilization, stabilization, and generating diffracting

crystals. Each of these steps can impose great challenges for membrane

protein crystallographers. In this review, the process of generating mem-

brane protein crystals from protein extraction and solubilization to struc-

ture determination is discussed. In addition, the current methods for

precrystallization screening and a few strategies to increase the chance of

crystallizing challenging membrane proteins are introduced.

Introduction

It is well established that membrane proteins play an

essential role in a wide range of biological processes,

and their improper folding or mutation is associated

with diseases such as cancer, cystic fibrosis, Alzheimer,

and obesity [1]. Therefore, it is not surprising to see

that a large percentage of genome (20–30%) in most

organisms is dedicated to producing transmembrane

proteins [2,3]. Elucidating the 3D structure of mem-

brane proteins is a key to understanding their function

and assisting structure-based drug design. X-ray

crystallography, nuclear magnetic resonance spec-

troscopy (NMR), and cryogenic electron microscopy

(cryo-EM) are the main techniques that have been

used to determine the 3D structure of transmembrane

proteins. Among those, X-ray crystallography is the

leading technique by contributing to solving ~ 80% of

membrane protein structures (https://blanco.biomol.uc

i.edu/mpstruc/#Latest). However, obtaining high-reso-

lution diffracting crystals of membrane proteins is

notoriously difficult. The first bottleneck is to generate

Abbreviations

A2AAR, A2A adenosine receptor; CMC, critical micelle concentration; CPM, N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl] maleimide;

cryo-EM, cryogenic electron microscopy; DDM, n-dodecyl-ß-D-maltoside; DLS, dynamic light scattering; DM, n-decyl-ß-D-maltoside; E. coli,

Escherichia coli; FN3, human fibronectin type III domain; FSEC, fluorescence-detection size exclusion chromatography; GFP, green

fluorescent protein; GPCRs, G protein-coupled receptors; HA, heavy atom; ICL3, third intracellular loop; IMAC, immobilized metal affinity

chromatography; I-SAD, iodide single-wavelength anomalous diffraction; LCP, lipidic cubic phase; LDAO, lauryldimethylamine-N-oxide; MAD,

multiple-wavelength anomalous dispersion; MAGs, monoacylglycerol; MIR, multiple isomorphous replacement; MR, molecular replacement;

MSP, membrane scaffold protein; NaI, sodium iodide; Nb, nanobody; NG, n-Nonyl-ß-D-glucopyranoside; NMR, nuclear magnetic resonance

spectroscopy; OG, n-Octyl-ß-D-glucopyranoside; PDC, protein–detergent complexes; PEG, polyethylene glycol; SAD, single-wavelength

anomalous dispersion; SDS, sodium dodecyl sulfate; SEC, size exclusion chromatography; SeMet, selenomethionine; SIR, single

isomorphous replacement; SMALPs, styrene malic acid lipid particles; ß2AR, ß2-adrenergic receptor; VH, variable domain of heavy chain; VL,

variable domain of light chain.

5788 The FEBS Journal 288 (2021) 5788–5804 ª 2020 Federation of European Biochemical Societies

https://orcid.org/0000-0002-4994-9730
https://orcid.org/0000-0002-4994-9730
https://orcid.org/0000-0002-4994-9730
mailto:
https://blanco.biomol.uci.edu/mpstruc/#Latest
https://blanco.biomol.uci.edu/mpstruc/#Latest


milligram amounts of target membrane protein. Native

expression levels of most membrane proteins, particu-

larly eukaryotic origin, are low and bacterial expres-

sion hosts often fail to produce functional forms of

eukaryotic proteins [4,5]. Insect and mammalian cells

are more suitable alternatives for producing functional

eukaryotic transmembrane proteins, but using them

requires cell culture facilities and specialized media,

and therefore, they provide more expensive expression

systems with lower yield per liter of cell culture [6].

The next obstacle is to extract transmembrane pro-

teins from host cell membrane, while maintaining their

integrity and function. Historically, detergents have

been the most common tool for this purpose. Despite

their efficacy and ease of use in extracting membrane

proteins, they can negatively impact the stability and

function of these macromolecules. Another challenge

is to identify the correct condition that leads to crys-

tallization, often requiring screening of several hun-

dred to thousands of different conditions. This could

take from months to years. Finally, membrane protein

crystals are typically very fragile, sensitive to X-ray

damage, diffract only to low resolution, and display

crystallization defects such as anisotropy [7,8], requir-

ing specialized handling, collection, and processing

techniques. Due to these obstacles, other structure

determination methods such as cryo-EM are becoming

increasingly more popular [9]. However, cryo-EM also

comes with its own challenges such as detection

threshold for membrane proteins smaller than

100 kDa [10,11], atomic resolution limit [11], and high

cost of purchasing, running and maintaining cryo-EM

instruments [12]. Significant technical advances in sam-

ple preparation, data processing, and hardware devel-

opment during the last few years have improved the

size limit to ~ 50 kDa [13] and in rare cases has gener-

ated near-atomic resolution [14]. Until these limita-

tions are completely overcome, X-ray crystallography

remains a powerful technique for determining the 3D

structure of membrane proteins.

This review will provide a thorough overview of

membrane protein crystallography, from identifying

the most tractable target through expression host selec-

tion to solubilization, crystallization, and structure

determination of the target protein will be provided

(Fig. 1). In addition, as part of this review, current

methods of precrystallization screening to identify the

most suitable buffer conditions for stabilizing purified

proteins and ultimately increasing crystallization likeli-

hood will be discussed. This review is targeted for

graduate students, researchers, and drug designers

interested in solving the 3D structure of transmem-

brane proteins using X-ray crystallography.

Membrane protein overexpression

Homolog screening

Membrane proteins typically express with low yield.

Therefore, it is essential to screen several homologs of

the target membrane protein to identify highly

expressed, biochemically tractable homologs [15]. Gen-

erating a phylogenic tree is an invaluable tool for this

purpose. Initial screening of representative members

from separate clades of the phylogenetic tree allows

the investigator to determine what clade produces the

highest amount of the macromolecule. It is very likely

that other members of the same clade behave in a sim-

ilar fashion and generate high amounts of the target

macromolecule [15].

Expression hosts

Prokaryotic and eukaryotic membrane proteins often

require distinct expression hosts, such as

Escherichia coli (E. coli), yeast, insect, and mammalian

cells. Each expression host offers distinct strengths and

weaknesses over other expression hosts for each group.

These expression hosts will be reviewed here to enable

researchers to choose the most suitable expression host

based on their target membrane protein (Table 1).

MP expression

MP extraction 
and solubilization

MP purification

Precrystallization
screening

Crystallization

Structure 
determination

• Construct design
• Expression host
• Expression screening 

• Detergents
• Membrane mimetics

• Ni-NTA
• SEC

• Thermal denaturation
• DLS

• Crystallization chaperones
• Vapor diffusion
• LCP

• Phasing
• Anisotropy

Fig. 1. An overview of membrane protein crystallography.
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Prokaryotic expression hosts

Escherichia coli (E. coli) is the most widely used

expression host for producing recombinant proteins.

This is mainly because E. coli is capable of producing

high levels of recombinant protein over a short period

of time (a few hours to one day). In addition, the low

cost of E. coli growth and its well-characterized genet-

ics and physiology [16] has made this bacterium the

most attractive expression system for generating

prokaryotic membrane proteins for structural studies

(Fig. 2A). However, recombinant protein production

in E. coli is associated with some drawbacks. Aggrega-

tion of large amounts of overexpressed membrane pro-

tein in the form of inclusion bodies is one of them [4].

The aggregation of recombinant membrane protein,

which is the direct result of misfolding, has been

attributed to the saturation of the translocon pathway

during membrane protein insertion into the phospho-

lipid bilayer [17]. To overcome this obstacle new

strains of E. coli with the ability to tune the

transcription rate, and hence the level of protein pro-

duction have been developed. E. coli strains BL21

(DE3)plysS [18,19] and Lemo21(DE3) [20] prevent

inclusion body formation by producing T7 lysozyme, a

natural inhibitor of T7 polymerase, and fine-tuning the

expression levels of this enzyme, respectively (Table 2).

Other E. coli strains C41(DE3) and C43(DE3), known

as Walker strains, harbor a weakening mutation in

lacUV5 promoter, leading to a reduction in T7 RNA

Table 1. Comparison of expression hosts used for overexpressing membrane proteins.

Characteristics Escherichia coli Yeast Insect cells Mammalian cells

Doubling time 15–20 min 90–120 min 24–72 h ~ 13–24 h

Growth cost Low Low High High

Growth difficulty Easy Easy Requires complex media

and cell culture facilities

Requires complex media and cell

culture facilities

Expression level High Moderate to high Low to moderate Low to moderate

Applying post-translational

modifications

No Yes Yes Complex post-translational

modifications

E. coli 
98%

Others 
2% E. coli 

21%

Yeast
17%

Insect cells 
35%

Mammalian cells 
27%

A B

Fig. 2. Membrane protein production in different expression hosts.

The proportion of solved 3D structure of (A) prokaryotic membrane

proteins and (B) eukaryotic membrane proteins overexpressed in

different expression hosts based on published unique protein

structures as of August 2020 (https://blanco.biomol.uci.edu/

mpstruc/query).

Table 2. Commonly used E. coli strains for membrane protein

overexpression.

Strain Description Application Reference

BL21

(DE3)

an E. coli strain

with DE3, a k

prophage carrying

the T7 RNA

polymerase gene

and lacI

Producing large

amounts of

recombinant protein

due to exploiting

the T7 RNA

polymerase

[18]

BL21

(DE3)

pLysS

Carries a second

plasmid (pLysS),

which encodes T7

lysozyme

Lowers the

background

expression level of

target gene by

reducing the activity

of T7 RNA

polymerase

[18,19]

C41

(DE3)

and

C43

(DE3)

Derived from BL21

(DE3) strain with a

weakening

mutation in lacUV5

promoter

Increases the

overexpression by

preventing the cell

death associated

with expression of

recombinant toxic

protein

[20,21]

Lemo21

(DE3)

Expresses the T7

RNA polymerase

inhibitor protein

(LysY)

Tunes recombinant

protein expression

by varying the level

of lysozyme (LysY)

production

[20,112]

Rosetta

(DE3)

Carries pRARE

plasmid encoding

rare tRNA codons

Suitable for

overexpressing

eukaryotic proteins

in E. coli

[113]
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polymerase expression and therefore able to overex-

press high levels of toxic and transmembrane proteins

[20,21] (Table 2).

Eukaryotic expression hosts

Although E. coli is convenient for producing bacterial

membrane proteins, it is usually a poor host for

expressing eukaryotic membrane proteins. Many

eukaryotic membrane proteins undergo post-transla-

tional modifications, such as phosphorylation,

glycosylation, and ubiquitylation, and E. coli may not

harbor the necessary machinery for applying these

post-translational modifications to overexpressed

macromolecules [4]. Given that some of these

post-translational modifications are necessary for

eukaryotic proteins to function properly, eukaryotic

hosts are more suitable for this purpose (Fig. 2B).

Of eukaryotic membrane proteins with known 3D

structures, 17% have been produced in yeast (Fig. 2B),

representing a very diverse range of transmembrane

proteins [22]. Yeast combines the unique features of

E. coli cells, low cost and feasibility of growth,

together with eukaryotic folding capabilities [22].

Among yeast species, Saccharomyces cerevisiae and

Pichia pastoris are the most widely used species for

generating eukaryotic membrane proteins for struc-

tural determination purposes [22,23].

Of eukaryotic membrane proteins with known 3D

structures, 35% and 27% have been produced in insect

and mammalian cells, respectively (Fig. 2B). Insect

cells are easy to scale up, they share similar codon

usage with mammalian cells, and they can implement

post-transitional modifications to the overexpressed

eukaryotic proteins more efficiently than E. coli or

yeast [16]. On the other hand, no expression system is

able to compete with mammalian cell lines in produc-

ing functional eukaryotic membrane proteins.

Although yeast and insect cells possess the necessary

machinery for decorating the eukaryotic membrane

proteins with post-translational modifications, these

functional groups are not exactly identical to their

eukaryotic counterparts [24]. Yeast and insect cells

often fail to correctly fold complex eukaryotic mem-

brane proteins, which can lead to aggregation and

nonfunctional forms of these proteins [24].

Membrane protein expression screening

Following the selection of an appropriate expression

host and overexpression of the membrane protein of

interest, it is essential to examine the level of protein

expression. Fusion of a green fluorescent protein

(GFP) to the membrane protein terminus allows moni-

toring the amount of recombinant protein in whole

cells at levels as low as 10 µg of GFP per liter of cul-

ture [25]. SDS/PAGE gel provides higher sensitivity

and can detect GFP as low as 5 ng [25]. Excitation of

GFP at a wavelength of 395 or 498 nm triggers the

emission of a green fluorescent light at 509 nm [26].

Rapid screening of multiple clones using this method

facilitates the identification of the most promising tar-

gets and improves the yield for scaling up and purifica-

tion. This technique can also assist solubilization and

purification steps. For instance, monodispersity and

stability of detergent-solubilized targets can be moni-

tored using fluorescence-detection size exclusion chro-

matography (FSEC) system [27]. Monodisperse

proteins appear as single symmetrical peaks, whereas

polydisperse or denatured polypeptides produce several

asymmetric peaks corresponding to different states of

the protein.

Membrane protein extraction,
solubilization, and purification

Extraction

Membrane proteins are composed of two regions:

hydrophobic and hydrophilic. The hydrophobic core is

embedded in lipid bilayers, whereas the hydrophilic

region is exposed to aqueous solvent on either side of

the membrane. Structural and functional studies of

membrane proteins require extraction of the entire

macromolecule from the cell membrane following

overexpression, without disturbing its integrity.

Extracted proteins need to maintain their stability and

remain functional throughout the purification process.

Detergents have been historically the most commonly

used tool for this purpose (Fig. 3). However, due to

the potential adverse effects of detergents on the stabil-

ity and function of membrane proteins, other mem-

brane mimetic environments have been developed

(Fig. 3). In this guide, some of the most successful and

efficient detergents used in solubilizing membrane pro-

teins will be discussed and some of the most promising

membrane mimetics will be reviewed.

Detergents

Similar to membrane phospholipids, detergent mole-

cules are composed of a hydrophobic hydrocarbon tail

and a hydrophilic head group. This amphiphilic struc-

ture enables detergents to obtain a discoidal conforma-

tion in the solution, known as micelles. Micelles

solubilize membrane proteins by encompassing the
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transmembrane domains of integral membrane pro-

teins, with the loops and hydrophilic regions exposed

to solvent. The minimum concentration of a detergent

necessary to form micelles and extract membrane pro-

teins is called critical micelle concentration or CMC.

Depending on the charge of hydrophilic head group,

detergents are classified into three groups: ionic, non-

ionic, and zwitterionic detergents [26,28] (Fig. 4). Ionic

detergents carry a charged head group, either negative

(anionic) or positive (cationic), and historically have

been the most efficient group of detergents in extract-

ing membrane proteins from lipid bilayers (Fig. 4A).

However, ionic detergents can have deleterious effects

on protein–protein interactions and often lead to mem-

brane protein denaturation [28]. Therefore, their usage

has become limited to membrane proteins that are

otherwise difficult to extract. Sodium dodecyl sulfate

(SDS) and sodium cholate are two common examples

of ionic detergents (Fig. 4A). Sodium cholate belongs

to the bile acids. Unlike ionic detergents, which have a

distinct head group and tail, bile acids have a kidney-

shaped structure with both hydrophobic and hydrophi-

lic faces [28]. The hydrophilic face harbors several

hydroxyl groups, and the hydrophobic face is com-

posed of a steroid nucleus (Fig. 4A).

Nonionic detergents are currently the most popular

and successful group of detergents in extracting and

solubilizing membrane proteins for both functional

and structure determination purposes. This is due to

their nondisruptive nature [29], which enables them to

preserve the native structure of the target protein by

breaking protein–lipid interactions instead of protein–
protein interactions. Alkyl glycoside detergents such as

n-dodecyl-ß-D-maltoside (DDM), n-decyl-ß-D-mal-

toside (DM), n-Octyl-ß-D-Glucopyranoside (OG), and

n-Nonyl-ß-D-Glucopyranoside (NG) by contributing

to the purification and crystallization of about 70% of

membrane proteins [29,30] are the most successful

nonionic detergents (Table 3, Fig. 4B). Another

advantage of nonionic detergents is that they do not

interfere with UV measurements, which enables fluo-

rescence-based experiments on membrane proteins

[26].

Zwitterionic detergents can be used as alternative

detergents to nonionic detergents because they have an

intermediate level of harshness between ionic and non-

ionic detergents [28]. They carry both positive and neg-

ative charged groups in their polar heads with an

overall net charge of zero. One of the most successful

detergents from this class for purification and crystal-

lization purposes is lauryldimethylamine-N-oxide or

LDAO [29,30] (Fig. 4C).

Membrane mimetics

Membrane mimetic systems, such as nanodiscs and

styrene malic acid lipid particles (SMALPs), provide

an alternative platform for purification and stabiliza-

tion of membrane proteins and hence eliminate the

deleterious effects of detergents on these macro-

molecules. Nanodiscs are composed of phospholipid

patches surrounded by two copies of membrane scaf-

fold protein (MSP). MSP is a genetically engineered

version of human serum apolipoprotein A-I [31]. The

target membrane protein is initially extracted in the

presence of detergents. The detergent-solubilized

NanodiscDetergent

SMALPBicelles

Fig. 3. Extraction of transmembrane

proteins from cell membranes. Proteins in

the phospholipid bilayer from left to right

were prepared from protein data bank with

the accession codes 1OMF, 6WK8, and

4RY2, respectively. Detergents and bicelles,

a mixture of detergents and lipids, have

been used as conventional tools for

extracting and solubilizing membrane

proteins. Nanodiscs and SMALPs provide a

more native-like environment for this

purpose. They are composed of

phospholipid patches surrounded by MSP

protein (nanodiscs) or styrene malic acid

(SMA) copolymer lipid particles (SMALP).
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protein is mixed with phospholipids and MSP scaffold

protein, and then, the detergent is gradually removed

either by dialysis or biobeads, triggering the self-

assembly of nanodiscs [32]. However, the correct ratio

of membrane protein, phospholipids, and MSP must

be carefully optimized to achieve homogeneous nan-

odiscs assembly and to prevent aggregation. Detailed

protocols on the assembly of nanodiscs can be found

in these publications [33,34]. A native-like phospho-

lipid bilayer environment enables packing of some of

the lipids necessary for the stability and function of

membrane proteins. For instance, it has been shown

that incorporating cholesterol in nanodiscs improves

the activity of membrane proteins, particularly G

protein-couple receptors (GPCRs) [35]. So far, very

few crystal structures of nanodisc-embedded mem-

brane proteins have been solved using in meso X-ray

crystallography (e.g., bacteriorhodopsin [36]); the main

application of this platform has been functional studies

and cryo-EM structure determination [37,38], where

nanodiscs can assist in overcoming the size limit for

small transmembrane proteins by maintaining their

native oligomeric structures [39].

Although nanodiscs improve the stability of mem-

brane proteins by removing the detergents after pro-

tein purification, the initial extraction of these proteins

from their native cell membrane is still detergent-de-

pendent. A growing number of studies have shown

O

O
O

OH

HO
HO OH

O
OH

HO

OH

HO
O

O
OH

HO

OH

A
Ionic detergents

Sodium dodecyl sulfate (SDS)

Sodium cholate

B
Non-ionic detergents

n-dodecyl-ß-D-maltoside (DDM)

n-Octyl- ß-D-Glucopyranoside (OG)

N
O

C
Zwitterionic detergents

Lauryldimethylamine-N-oxide (LDAO)

S

O

O O

O

H3C

Na

O-

O
OH

OH

Na

Fig. 4. Chemical structures of different

classes of detergents, used to extract and

solubilize transmembrane proteins.

Table 3. The most successful purification and crystallization detergents based on Ref. [29,30].

Detergent class/name

Chain

length

CMC

(mM)

CMC

(% w/v)

Extraction

(mM)

Purification

(mM)

Micelle

size (Da)

Nonionic

n-dodecyl-ß-D-maltoside (DDM) 12C 0.17 0.0087 20 0.6 72 000

n-decyl-ß-D-maltoside (DM) 10C 1.8 0.087 21 5 33 000

n-Octyl-ß-D-Glucopyranoside (OG) 8C 18–20 0.53 68 40 25 000

n-Nonyl-ß-D-Glucopyranoside (NG) 9C 6.5 0.2 90 000

Zwitterionic

Lauryldimethylamine-N-oxide

(LDAO)

12 1–2 0.023 51 1.4–4 21.5
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that the majority of the membrane lipids necessary for

the activity and stability of membrane proteins are

likely to be removed during initial stages of detergent

extraction [40], and the obtained X-ray crystal struc-

tures might fail to present the native structure of the

protein [41]. Therefore, detergent-free platforms such

as styrene malic acid (SMA) copolymers have been

developed to address this issue. The amphipathic nat-

ure of SMA copolymers enables them to solubilize

membrane proteins similar to nanodiscs by encapsulat-

ing them along with a portion of surrounding mem-

brane. However, in contrast to nanodiscs, which use a

defined composition of lipids, SMA copolymer lipid

particles (SMALPs) will contain native lipid mem-

branes. Teo and his colleagues recently showed that

the membrane lipid compositions in different biologi-

cal systems are very distinct [42]; therefore, using a

defined lipid composition may not compensate for the

native lipid environment. Although there are very few

crystal structures of SMA-solubilized membrane pro-

teins so far, such as bacteriorhodopsin [43], there are

several examples of this platform used in structural

studies of membrane proteins with cryo-EM, such as

multidrug exporter AcrB [44], alternative complex III

in supercomplex with cytochrome oxidase [45], and

glycine receptor [46].

Purification

Histidine (His)-tagged solubilized membrane proteins

are typically purified using immobilized metal affinity

chromatography (IMAC) and size exclusion chro-

matography (SEC). In case detergents are utilized for

solubilization purposes, it is essential to ensure the

presence of detergents above the CMC throughout the

purification process. See Table 3 for the concentrations

of most commonly used detergents. For a detailed pro-

tocol on membrane protein extraction, solubilization,

and purification, see Ref. [15,47].

Membrane protein activity and
stabilization measurement

Following protein extraction, solubilization, and purifi-

cation, it is essential to perform precrystallization

screening in order to assess the stability of proteins.

Identifying the conditions that improve the stability of

purified proteins increases the likelihood of crystalliza-

tion and diffraction to a higher resolution. Thermal

denaturation assay is a fast, high-throughput technique

for measuring the thermostability of solubilized pro-

teins [48]. This assay is based on a thiol-specific fluo-

rescent dye called N-[4-(7-diethylamino-4-methyl-3-

coumarinyl)phenyl] maleimide (CPM). CPM is nonflu-

orescent in its unbound state and becomes fluorescent

upon binding to cysteine residues. Cysteines are usu-

ally embedded in the membrane, located at helix–helix
interaction sites, and become solvent exposed as a

result of unfolding. One can monitor the accessibility

of cysteine residues to CPM during unfolding process

induced by raising the temperature [48]. In case the

target protein does not contain free thiol groups, cys-

teine residues are required to be engineered into the

protein.

Size exclusion chromatography (SEC) is currently

the most popular method for assessing the quality of

solubilized membrane proteins in terms of homogene-

ity and aggregation. However, SEC requires a rela-

tively large amount of protein sample and preparing

and running the samples might be laborious and time-

consuming. Therefore, SEC does not possess the neces-

sary requirements for a high-throughput technique. A

fast and sensitive alternative method with an estab-

lished efficacy in characterizing membrane proteins in

solution is dynamic light scattering (DLS). DLS moni-

tors the scattered light by macromolecules present in

the solution and based on rate of fluctuations in the

light scattering can determine the dimensions, homo-

geneity, and stability of samples [49]. A detergent-solu-

bilized membrane protein sample contains protein–
detergent complexes (PDC) as well as free detergent

micelles and detergent monomers. Protein aggregates

formed from unfolded or insolubilized membrane pro-

teins can also exist. Each of these states has a unique

behavior in solution and can be distinguished from

one another using DLS. PDCs display a dominant sin-

gle peak with an average radii size of 5–10 nm,

whereas empty micelles generate smaller and narrower

peaks [49]. Large aggregates have a complex peak dis-

tribution with much larger radii. Detergents suitable

for membrane protein extraction are not necessarily

suitable for stability and activity of proteins and can

be exchanged based on SEC or DLS results. Using

DLS, Meyer and colleagues showed that different

detergents alter the distribution of hydrodynamic radii

and stability of membrane proteins in the solution

over time [50]. DLS requires a small amount of sample

(0.5–2 µL, 0.3–50 mg�mL�1) and can detect small dif-

ferences in the hydrodynamic radii [50].

Membrane protein crystallization

Compared to soluble proteins, crystallization of mem-

brane proteins is notoriously difficult, mainly because

membrane proteins are extracted from their native

phospholipid environment and transferred to
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detergents or membrane mimetics (see Membrane pro-

tein overexpression). This can cause several hurdles for

membrane protein crystallographers. For instance,

protein-free micelles can hamper protein–protein inter-

actions and reduce the success rate of crystallization.

Moreover, detergents and membrane mimetics cover

most parts of the membrane protein (hydrophobic

region) and leave a small surface area (loops and

hydrophilic region) for forming crystal contacts. In

addition, as will be discussed in the next section, crys-

tals formed from detergent-solubilized proteins are

often associated with low-resolution diffraction or

crystallography defects such as anisotropy or twinning.

In order to overcome these challenges, new technologi-

cal innovations have been introduced over the past

two decades. Vapor diffusion crystallography, how-

ever, is often the first choice for membrane protein

crystallographers [47].

Vapor diffusion crystallization

Following precrystallization screening of purified mem-

brane proteins (see Membrane protein extraction, solu-

bilization, and purification) and identifying the most

stable samples, the chosen samples will be concen-

trated using centrifugal concentrators [15]. High con-

centration of purified protein is required to achieve

supersaturated conditions. However, over-concentrat-

ing can lead to protein instability and aggregation. To

attain the highest stable concentration of macro-

molecule, small aliquots can be continuously concen-

trated and monitored by DLS for any sign of

aggregation. The concentration at which the macro-

molecule starts aggregating determines the concentra-

tion threshold. If DLS is not available or the amount

of protein is not enough for concentration trials,

10 mg�mL�1 concentration can be used as a rule of

thumb for the majority of transmembrane proteins

[51]. Large proteins (>30 kDa) require less concentra-

tion, 2–5 mg�mL�1, whereas small proteins (<10 kDa)

require higher concentration, 20–50 mg�mL�1, to

achieve supersaturation solution, as established by

Michael Sawaya’s laboratory (https://people.mbi.uc

la.edu/sawaya/).

Similar to soluble proteins, sitting-drop and hang-

ing-drop vapor diffusion are commonly used for crys-

tallizing membrane proteins (Fig. 5A). The

concentrated protein is screened manually or using liq-

uid handler robots against a wide range of commer-

cially available or rationally designed screens. The goal

of this initial screening is to identify conditions that

generate ‘hits’ suitable for optimization into well-

diffracting crystals. MemGold, MemGold2, MemPlus,

and MemTrans (www.moleculardimensions.com) are

only a few of these commercially available screens.

While these commercially available screens are

designed based on the most successful conditions that

have led to high-resolution crystal structures of a-heli-
cal transmembrane proteins [30,52] or b-barrel proteins
[53], rational screens that systematically investigate a

broad range of salts, pH, and polyethylene glycol

(PEG) type to identify the crystallization conditions

can also be used (Fig. 5B). Following the identification

of the initial hits, a fine grid screen is designed around

the hit condition to optimize the pH, salt, and PEG

size/concentration (Fig. 5B). PEG is the most common

precipitant used for crystallizing transmembrane pro-

teins.

In meso crystallization

To overcome the obstacles associated with crystallizing

detergent-solubilized transmembrane proteins, in meso

crystallization was developed [54–56]. Lipidic cubic

phase (LCP) provides a more native-like membrane

mimetic environment for crystallizing membrane

proteins (Fig. 5A) and has promoted crystallization of

difficult membrane proteins, particularly GPCRs

[57,58]. Mesophase is formed when detergent-solubi-

lized protein is mixed with neutral lipids such as

monoacylglycerol (MAGs). Mesophase is composed of

three-dimensional lipid bilayers with separated water

channels [59]. Membrane protein is reconstituted from

detergent micelles into the bilayer part of the meso-

phase. Adding a precipitant can trigger a phase separa-

tion and formation of a lamellar phase [60]. This

lamellar phase is where the protein enrichment, nucle-

ation, and subsequently crystal growth takes place

[59]. With current advances in LCP forming lipids, this

technique can be successfully applied for crystallizing

membrane proteins stabilized in a wide range of tem-

peratures, 4–55 °C [55,61], pHs, 3.5–9.0 [62], or other

harsh conditions [63]. A detailed protocol for crystal-

lizing membrane proteins in LCP is provided here [64].

Crystallization chaperones

Another technology that has been helpful in crystalliz-

ing challenging membrane proteins is crystallization

chaperones. Crystallization chaperones are soluble pro-

teins that specifically bind the target membrane pro-

tein, expanding the surface area necessary for forming

crystal contacts and hence promoting crystallization.

One example of a crystallization chaperone that has

been successful for membrane protein crystallization is

T4 lysozyme [65,66]. T4 lysozyme has a high tendency
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to crystallize, which triggers crystallization of its bind-

ing partner. For example, crystallization of ß2-adrener-

gic receptor (ß2AR) was achieved when the entire third

intracellular loop (ICL3) was replaced with T4 lyso-

zyme [65,67] (Fig. 6A). ICL3 is highly flexible and

plays a key role in interaction with G protein. T4

fusion provided extra polar surface area and restricted

the movement of protein at this region leading to crys-

tals, which diffracted to 2.4 �A resolution. Although

this strategy has been crucial for structure determina-

tion of several membrane proteins, including A2A ade-

nosine receptor (A2AAR) [68], chemokine CXCR4

receptor [66], dopamine D3 receptor [69], histamine

H1 receptor [70], d-opioid receptor [71], and others, in

some cases it has impeded protein functionality [72].

Another challenge associated with T4 lysozyme fusion

is the number of constructs that need to be generated,

since the placement of T4 lysozyme on the target pro-

tein is crucial for the protein’s solubility and function-

ality. Each construct carries the T4 lysozyme fused to

a different loop, and the overexpression and thermal

stability of each recombinant protein need to be deter-

mined empirically, making it a time-consuming, labori-

ous, and expensive process.

More commonly, proteins that specifically recognize

and bind the target membrane protein have been used

as crystallization chaperones. One common example is

antigen-binding fragment (Fab) (Fig. 6B). Fab is a

fragment of an antibody, raised in small laboratory

animals, and selected to recognize a specific epitope on

the target protein with extremely high affinity. Fab

binding stabilizes the protein in a fixed conformation.

Reducing flexibility lowers conformational heterogene-

ity and together with a larger polar surface area facili-

tates crystal contact formation. This has been essential

for solving the crystal structures of numerous mem-

brane proteins including K+ channel KcsA [73]

(Fig. 6B), ClC chloride channel [74], SecYE protein-

conducting channel [75], nitric oxide reductase [76],

and bestrophin calcium-activated chloride channel [77]

among many others. However, raising antibodies in

small laboratory animals is a very time-consuming and
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Fig. 5. Schematic representation of vapor diffusion crystallization and lipidic cubic phase (LCP). (A) In vapor diffusion crystallography, the

detergent-solubilized membrane protein is mixed with crystallization buffer and is used to set up crystallization drops. In the hanging-drop

method (left), the crystallization drop is hanging from the cover slide, whereas in the sitting-drop method (right) the crystallization drop is
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rationally modified. Upon identifying initial hits, further screens are designed around the hit condition, in which the pH, salt, and PEG type/
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costly process and may not be successful for every

membrane protein.

An alternative platform to Fab antibody fragments

is nanobodies (Nb) (Fig. 6C). Conventional antibodies

are typically composed of two heavy (H) chains and

two light (L) chains and both chains made of constant

(C) domains and variable (V) domains. Variable

domains from both H chain (VH) and L chain (VL)

form the antigen-binding domain in conventional anti-

bodies. In contrast to conventional antibodies, camelid

antibodies are composed of only H chains, and the

paired VH-VH domains constitute the antigen-binding

domain [78]. These unique variable domains from the

H chains of camelid antibodies are termed VHH or

nanobodies [78]. Nanobodies comprise nine antiparal-

lel b-strands organized in a 4 + 5 b-sheet conformation

and connected by short loops and stabilized by a con-

served disulfide bond [78]. The simplicity of nanobody

structures, the lower molecular weight, and the bio-

chemical tractability has made them an attractive tool

for structural and functional studies of membrane pro-

teins [79,80]. Libraries of nanobodies, generated by

protein engineering and capable of recognizing distinct

epitope, have been generated for yeast surface display

[81,82] or ribosome display [83], allowing rapid in vitro

screening for binders to a target macromolecule. Com-

pared to Fab production, which requires immunizing

small laboratory animals, fusing spleen cells with mye-

loma cell lines and screening for monoclonal antibody

production [84] (a several months to years-long pro-

cess), nanobodies can be generated in only 3–4 weeks

[81], making their production process relatively short

and far less costly. The yeast surface display library of

nanobodies developed by the Kruse laboratory [81]

can be obtained for nonprofit research from Kerafast

(https://www.kerafast.com/item/1770/yeast-display-na

nobody-library-nblib).

More importantly, unlike Fabs, which cannot be

expressed in bacteria, high-affinity nanobody binders

can be isolated from the library and expressed as sol-

uble, recombinant proteins in E. coli [81].

Monobodies present a distinct class of synthetic pro-

teins, which has been successfully employed as crystal-

lization chaperones for membrane proteins (Fig. 6D).

Similar to Fab and nanobodies, monobodies are highly

specific to their targets and provide an excellent plat-

form for stabilizing and expanding the surface area of

membrane proteins necessary for forming crystal con-

tacts [85,86]. Monobodies are based on human fibro-

nectin type III domain (FN3), composed of seven

antiparallel b-sheets connected by three loops on each

side of the protein [87]. Diversification of two loops on

opposite ends of the scaffold protein and the connect-

ing b-sheet enable them to interact with both convex

and concave surfaces on the target membrane proteins

[88]. This feature gives monobodies a major advantage

over the rest of crystallization chaperones in identify-

ing an increased number of epitopes [88]. There are

currently ~ 50 PDB entries for monobody-bound pro-

teins. Unlike antibodies, monobodies do not contain

disulfide bonds within their structures, which allow

their overexpression in reducing environments, such as

the E. coli cytoplasm. Their smaller size (~ 10 kDa)

also provides an additional advantage for studying

Fig. 6. Crystallization chaperones developed for structural and functional studies of transmembrane proteins. (A) Crystal structure of human

ß2-adrenergic G protein-coupled receptor (purple) bound to T4 lysozyme (greencyan) (PDB code 2RH1). (B) Crystal structure of potassium

channel KcsA (yellow) solved in the presence of Fab (pink) (PDB code 1K4C). (C) Crystal structure of angiotensin II type 1 receptor (blue)

stabilized using nanobody S1I8 (green) (PDB code 6DO1). (D) Crystal structure of the small multidrug resistance (orange) in the presence of

monobody (cyan) (PDB code 6WK8). Membrane proteins are shown in cylindrical shapes to make an easier distinction between membrane

proteins and crystallization chaperones.
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small transmembrane proteins. Using monobodies, the

high-resolution crystal structures of the SMR family of

multidrug transporters [89,90] (Fig. 6D), fluoride chan-

nel Fluc [91], adhesion GPCR GPR56 [92], and fluo-

ride H+ antiporter [93] have been determined.

Membrane protein structure
determination

Crystals suitable for membrane protein X-ray crystal-

lography are formed when membrane proteins and

detergents or lipids pack together in an orderly man-

ner. Depending on the organization of this packing,

two types of crystals can form type I and type II 3D

crystals [94]. In type I crystals, which are often

obtained from LCP crystallization, protein molecules

and lipids are organized in planar sheets through

hydrophobic interactions, while protein–protein inter-

actions are stabilized by polar interactions (Fig. 7A).

In type II 3D crystals, which more frequently form

from micellar solutions and vapor diffusion crystallog-

raphy, the hydrophobic regions of membrane proteins

are covered by detergent micelles and only surface

hydrophilic regions are accessible to form necessary

protein–protein contacts (Fig. 7B). Therefore, polar

interactions are the main stabilizing force in this type

of crystals. These crystals often have high solvent con-

tent [26]. As a result, membrane protein crystals grown

in vapor diffusion crystallization are typically very

fragile, difficult to handle, diffract to low resolution,

and are sensitive to radiation damage during data col-

lection [7].

A B

C D

Fig. 7. Crystal packing and diffraction in membrane protein crystallization. (A) Crystal packing type I from Bordetella pertussis Fluc channel

(yellow) bound to a crystallization chaperone monobody (purple) (PDB accession code: 5A41) [91]. In this type, membrane proteins and

lipids are arranged in planar sheets similar to the cell membrane and stacked on top of one another. This assembly is stabilized through

hydrophobic and polar interactions. (B) Crystal packing type II from E. coli Fluc channel (yellow) bound to a crystallization chaperone

monobody (purple) (PDB accession code: 5A43) [91]. In this type, crystals are formed largely due to the polar interactions between

hydrophilic surface of membrane proteins, while the hydrophobic region is concealed by detergent micelles. Formation of large solvent

channels is the main characteristic of this type of crystal packing. (C) A typical diffraction pattern of protein crystals, in which the diffraction

spots are distributed uniformly in every direction. (D) Anisotropic diffraction pattern, in which the reflection intensities are higher in one

direction compared to the other directions. Spherical averaging and ellipsoidal truncation are shown in green circle and black oval,

respectively.
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Anisotropy

A typical diffraction pattern is shown in Fig. 7C, in

which the crystal diffracts uniformly in every direction.

However, in some cases the reflection intensities are

higher in one direction compared to the other direc-

tions [95] (Fig. 7D). This trait, which is caused by dis-

order between crystal packing and is very common

between membrane protein crystals [8,96], is termed

anisotropy. Previously, anisotropic data were consid-

ered as unusable for structural determination purposes,

but current developments in the software applications

have come to the aid of membrane protein crystallog-

raphers to overcome this issue. To this end, the

diffraction data are collected to the resolution limit of

the best direction and then truncated using anisotropy

servers such as STARANISO [97] or UCLA Diffrac-

tion Anisotropy Server [98]. The truncation is per-

formed in an ellipsoidal shape instead of spherical

averaging (Fig. 7D). This enables inclusion of the

high-resolution data during data processing, which

otherwise would have been discarded. High-resolution

structural determination (up to 2.2 �A) of the small

multidrug resistance family of transporters using aniso-

tropic data is a very good example of the efficacy of

this platform [90]. Other examples are mitochondrial

complex I [99], cytochrome bd oxidase [100], and ß2-

adrenergic receptor-Gs protein complex [101].

Phasing

Diffraction data (Fig. 7C–D) provide the amplitude of

the diffraction spots but lacks the phase information.

Both the amplitude and phase are required to recon-

struct the electron density map. The most convenient

and fastest approach to obtain the phase is to calculate

it from previously solved homologous structures. This

approach, molecular replacement (MR), has led to

solving the crystal structure of more than 60% of

membrane proteins [102]. In the case of membrane

proteins with novel structures, experimental phasing is

required. Phasing the structure of membrane trans-

porters, in particular, is highly dependent on experi-

mental phasing [103]. The members of this family of

transmembrane proteins display a high level of irregu-

larity in their helical structures; hence, the MR search

programs fail to find an accurate solution for these

proteins [103]. Heavy atom (HA) derivatization [104]

and selenomethionine incorporation [105] are com-

monly used as experimental phasing techniques. In the

former technique, a heavy atom is incorporated into

the protein structure and changes in diffraction ampli-

tude are measured (HAs with higher atomic number

and more electrons present a stronger X-ray scatter-

ing). Single isomorphous replacement (SIR) and multi-

ple isomorphous replacement (MIR) refer to one and

several data sets collected in the presence and absence

of HA, respectively. If the anomalous scattering at the

absorption edges of the HA is used to calculate the

initial phases, this method is termed single-wavelength

anomalous dispersion (SAD) or multiple-wavelength

anomalous dispersion (MAD) based on the number of

wavelengths used.

Incorporating HA can be made during membrane

protein purification or by soaking crystals after crystal-

lization. Pretreating the membrane protein with HA

allows testing the HA binding and its effects on pro-

tein stability and aggregation states, whereas crystal

soaking enables parallel derivatization of protein crys-

tals with different HAs. Other benefits of HA derivati-

zation are (a) to map the position of residues in the

electron density map, when the diffraction resolution

is low, and (b) identifying small molecule binding

pockets using small molecules derivatized by HAs such

as bromide or iodine [104]. For a list of HAs success-

fully employed in membrane protein experimental

phasing, see Ref. [103].

Substituting methionine with selenomethionine

(SeMet) is a routine alternative to HA derivatization.

Selenium with 34 electrons, compared to sulfur which

only has 16 electrons, provides a stronger X-ray scat-

tering and superior phasing power [104]. This tech-

nique utilizes a methionine-auxotroph E. coli strain

B834 (DE3), which is not able to produce its own

methionine and is dependent on the growth media for

supplying the required methionine. Therefore, provid-

ing a growth media supplemented with SeMet can

result in producing recombinant proteins with SeMet

residues instead of methionine. Depending on the

growth and induction strategies, the level of SeMet

incorporation can be different [106]. Although this

technique is fully optimized for E. coli expression, reli-

able and consistent SeMet protein production in other

expression systems is not always definite. Lack of

methionine-auxotrophic strains, low protein yield, and

low rate of SeMet incorporation as well as SeMet toxi-

city are some of these challenges [106,107].

While HA derivatization is expensive and hazardous,

and SeMet derivatization generates very low yield of

labeled protein, faster and more efficient experimental

phasing techniques for membrane proteins are required.

Iodide single-wavelength anomalous diffraction

(I-SAD) present a promising alternative to these tech-

niques [108]. This technique is based on the fact that

positive residues, arginine and lysine and to a lesser

extent histidine, are enriched on the cytoplasmic side of
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transmembrane proteins (positive-inside rule) [109], and

they are eager to bind to negatively charged ions, such

as iodide, to compensate their charge. This makes iodide

incorporation to the membrane proteins easy, fast, and

efficient [108]. Moderate concentrations of sodium

iodide (NaI), 0.2–0.5 mM, are used to cocrystallize it

with the membrane protein [110] or in soaking solution

for existing membrane protein crystals [111].

Summary

It is well-known among structural biologists that crys-

tallizing membrane proteins can be very difficult. Some

of its difficulties stem from (a) poor overexpression,

(b) extraction and solubilization difficulties, (c) insta-

bility or loss of function of solubilized proteins, and

(d) generating high-resolution diffracting crystals.

Despite these challenges, X-ray crystallography has

been instrumental in our understanding of the struc-

tures of transmembrane proteins. Technological devel-

opments during the past two decades have come to the

aid of membrane protein crystallographers to over-

come some of these challenges. Unfortunately, there is

not a universal platform for crystallizing all membrane

proteins, and each membrane protein has unique char-

acteristics. However, familiarity with available tech-

niques and methods enables the crystallographer to

make the most informed decision for each step of the

process. In this review, an overview of membrane pro-

tein crystallography is provided and some of the inher-

ent obstacles to the practitioner, along with available

solutions, are discussed.
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