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Abstract

From G protein-coupled receptors to ion channels, membrane proteins represent over half of 

known drug targets. Yet, structure-based drug discovery is hampered by the dearth of available 

three-dimensional models for this large category of proteins. Other than efforts to improve 

membrane protein expression and stability, current strategies to improve the ability of membrane 

proteins to crystallize involve examining many orthologs and DNA constructs, testing the effects 

of different detergents for purification and crystallization, creating a lipidic environment during 

crystallization, and cocrystallizing with covalent or non-covalent soluble protein chaperones with 

an intrinsic high propensity to crystallize. In this review, we focus on this last category, 

highlighting successes of crystallization chaperones in membrane protein structure determination 

and recent developments in crystal chaperone engineering, including molecular display to enhance 

chaperone crystallizability, and end with a novel generic approach in development to target any 

membrane protein of interest.

Introduction

Integral membrane proteins comprise approximately thirty percent of sequenced genomes 

[1] and possess functions as diverse as their soluble protein counterparts. G protein-coupled 

receptors (GPCRs), for example, is the largest family of membrane proteins in mammals [2] 

and are present in nearly every organ. GPCRs are central to mediating how cells respond to 

hormones and neurotransmitters as well as the senses of smell, taste, and vision; GPCRs 

comprise ~50% of all drug targets, as they are involved in numerous human disorders [3]. 

Similarly, ion channels are critical to the function of nerve and muscle cells, with 

implications for arrhythmias, diabetes, and epilepsy [4]. Within the cell, membrane proteins 

play important roles in protein translocation to the endoplasmic reticulum for folding [5], 

and in pathogenic bacteria, membraneous porins and ATP-binding cassette (ABC) 

transporters contribute to multidrug resistance [6]. On another end of the spectrum lie, for 

example, ubiquitous membrane-bound enzymes critical to energy in cells, such as the F0-F1 

ATP synthase [7] and photosystem II [8].
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Despite their involvement throughout biology, integral membrane proteins are severely 

underrepresented in the Protein Data Bank (PDB; http://www.rcsb.org). Of the nearly 70,000 

protein structures housed in the PDB, roughly 300 of these represent unique membrane 

protein structures solved predominantly by X-ray crystallography, but also by electron 

crystallography and nuclear magnetic resonance spectroscopy (see http://

blanco.biomol.uci.edu/mpstruc/listAll/list). Expression of membrane proteins is one major 

bottleneck to structure determination due, at least in part, to the naturally low abundance of 

membrane proteins in their native host, and their potential to be toxic to the heterologous 

expression host. Recombinant expression, particularly in the case of bacterial membrane 

proteins [9], in sufficient yield for structure determination experiments, has been achieved 

using E. coli [10]. By contrast, expression of eukaryotic membrane proteins and membrane 

protein complexes in adequate yield for structural characterization in hosts such as yeast, 

human embryonic kidney or insect cells, or by cell free expression, remains an ongoing 

challenge [11, 12]. In general, multiple orthologs, DNA constructs, and expression platforms 

are explored before a suitable system is found [9]. A second major impediment to membrane 

protein structure determination is isolation and purification. A membrane protein is typically 

extracted in a micelle-forming, water-soluble, amphiphilic detergent designed to replace and 

mimic the phospholipid bilayer. Although hundreds of detergents are commercially 

available, finding a suitable detergent that retains both structure and function of a membrane 

protein is an empirical process [10, 13]. Specific to structure determination by X-ray 

crystallography, a detergent suited to purification is not necessarily suited for crystallization 

into a three-dimensional lattice. Complicating factors for crystallization include the fact that 

the detergent itself undergoes phase transitions in the traditional vapor diffusion experiment 

[13], and residual host lipids may still remain after solubilization with the membrane protein 

and thus contribute to sample heterogeneity. Moreover, inherent in their adaptation to a 

hydrophobic lipidic environment, membrane proteins possess a dearth of polar residues 

necessary for generating stable crystal contacts; these residues must not be occluded by the 

detergent micelle [14].

Once adequate expression and purification conditions have been identified, there are 

numerous strategies to increase the likelihood of obtaining crystals of a membrane protein, 

primarily based on reducing the entropy cost of crystal lattice formation [15] and providing 

ample residues capable of forming lattice contacts [16]. In this review, we discuss the 

various methods used to crystallize membrane proteins (summarized in Table 1). We include 

a brief description of non-chaperone methods that make improvements to the stability of the 

membrane protein, and focus on non-covalent chaperone technologies in which the 

membrane protein of interest forms a stable complex with a readily crystallized protein 

partner to enable lattice formation and subsequent structure determination.

Non-chaperone techniques

The main non-chaperone based methods to improve the solution behavior of a membrane 

protein to enhance its crystallization potential include making strategic amino acid 

substitutions to enhance inherent stability [17], removing disordered regions by proteolysis 

[18], stabilizing the protein of interest by complexation with a known ligand [19] and/or 

tailoring the surrounding chemical environment to better mimic the hydrophobic lipid 
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membrane [20]. Although these are highly accessible approaches for any membrane protein, 

the number of variables introduced systematically necessitates extensive crystallization 

screening and analysis. Advances in high throughput crystallization screening methodology 

and instrumentation [21] diminish this disadvantage, however.

Binding Partners.

Cocrystallization of a membrane protein with a known binding partner such as a soluble 

protein or other high affinity ligand can stabilize the membrane protein and help reduce 

conformational heterogeneity. This approach does not increase the available lattice contacts 

and in some cases may interfere with crystallization [22], but in general, an increase in 

stability and reduction in heterogeneity are expected to enhance crystallization propensity. 

Just a few of the many examples of membrane protein structures solved in the presence of 

bound ligands include (1) β-adrenergic receptors in complex with agonists or antagonists 

designed to restrict the GPCR to a single conformation (PDB code 3QAK, 2Y03, 3PDS, 

among others) [23–25], (2) a sodium symporter in complex with clinically relevant tricyclic 

antidepressants and amino acids (PDB code 2QB4, 2Q6H 2Q72, 2QEI) [26], (3) KcsA K+ 

channel in the presence of channel-blocking tertbutylammonium ion (PDB code 2HJF, 

among others) [27–29], (4) glutamate-gated chloride channel in complex with, in turn, an 

allosteric agonist, an open channel blocker, or the neurotransmitter glutamate (PDB codes 

3RHW, 3RI5, 3RIF) [30], (5) E. coli ammonia channel in complex with regulator protein 

GlnK (PDB code 2NUU) [31] and (6) E. coli lactose permease in the presence of a lactose 

homolog, β-D-glactopyrnaosyl-1-thio-β-D-galactopyranoside (PDB code 1PV6) [32].

Detergents.

The empirical process of identifying a detergent suitable to crystallization of a membrane 

protein, while time consuming, is one that has been met with success for solved integral 

membrane protein crystal structures to date. Although dodecyl-β-D-maltoside and β-

octylglucoside are popular, many membrane proteins are unstable in these detergents [14, 

33]. New detergents continue to be synthesized with various properties thought to better 

mimic the lipid bilayer upon solubilization, and offer additional stability to the membrane 

protein [34–36]. In addition, facile assays to assess the stability of a protein in a range of 

detergents using thermal stability [37] or cysteine binding [38] have been developed. These 

assays can assist in the decision to continue with crystallization trials.

Lipidic Cubic Phases.

An alternative to crystallization in solution containing detergents is crystallization in the 

presence of a synthetic lipid bilayer system. Crystallization in cubo employs a spontaneously 

forming cubic phase, where single lipid bilayers extend indefinitely in three dimensions, 

with aqueous channels on either side of each bilayer [39]. Other lower symmetry lipidic 

phases, sponge phases, can also been employed [40]. The purified membrane protein is 

incorporated into the lipid phase, and with the addition of a crystallization cocktail, the 

protein molecules diffuse laterally through the membrane such that crystal nucleation and 

growth can begin. Since the initial successes, over fifty structures have been solved using 

this method. Kits for crystallization using LCP are now commercially available (Emerald 
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BioSystems) and numerous excellent reviews have been written on the subject (see for 

example [20, 39, 41]).

Chaperone technologies

Cocrystallization with a macromolecular chaperone is an emerging technique that has been 

successfully employed for a diverse selection of membrane proteins. Chaperones for this 

purpose are chosen for their excellent biophysical properties, including proclivity to 

crystallize. The formation of the chaperone:membrane protein complex not only increases 

the solubility of a target membrane protein but also increases the hydrophilic surface area 

available to form crystal contacts (see Figure 1). Hydrophilic surface residues present in a 

purified membrane protein are few and may be occluded by the detergent micelle; the 

crystallization chaperone extends beyond the micelle and mediates the majority of contacts 

within a crystal lattice [16] (Figure 2). In addition, chaperones can mask areas of 

conformational heterogeneity by reducing local flexibility upon complex formation, thus 

decreasing the entropy cost of lattice formation. Finally, crystallization chaperones also aid 

in structure determination. For the molecular replacement phasing strategy, the well-studied 

chaperone protein can serve as the search model, and can be used to phase the 

protein:chaperone complex. Alternatively, rather than going through the empirical process of 

heavy atom derivatization of the membrane protein, which is not likely to habor many metal 

ion binding sites, defined heavy atom sites can be instead incorporated into the chaperone. A 

chaperone:membrane protein complex can be generated by fusing the desired soluble protein 

at the plasmid level or by non-covalent interactions. As detailed below, some of these 

methods require extensive work with each individual membrane protein, while others can be 

readily applied to the structural determination of diverse membrane proteins.

Covalent chaperones.

For covalent attachment of the chaperone to the membrane protein of interest, the DNA 

sequence encoding an area of high conformational flexibility or an otherwise non-conserved 

hydrophilic region of the protein is replaced with that of a soluble protein with high 

crystallization propensity. This results in a chimera with increased hydrophilicity and thus 

has a higher likelihood of forming diffraction-quality crystals. Early attempts of this 

approach include fusion of cytochrome b562 into a cytoplasmic loop of E. coli lactose 

permease [42, 43] and incorporation of protein Z into E. coli cytochrome bo3 ubiquinol 

oxidase at its C-terminus [44]. Unfortunately, although in both cases crystals were improved, 

the lattices were still insufficient for structure determination. More recently, however, this 

method has gained traction [45], as GPCR family members have been crystallized using this 

technique. Substitution of a highly dynamic intracellular loop with T4 bacteriophage 

lysozyme in combination with other modifications (see binding partners above and non-

covalent chaperones below) enabled the growth of crystals in cubo that were suitable for 

structure determination [46] (Figure 1 b,c, Figure 2a).

Covalent chaperones are attractive because they represent a general approach to membrane 

protein crystallization; the gene for any crystallizable soluble protein can be readily 

introduced into a plasmid containing the gene for the membrane protein of interest. 
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However, the placement of the fusion protein is of critical importance, yet is usually based 

on limited knowledge of the membrane protein. N- or C- terminal constructs necessitate a 

peptide linker, which could introduce new, undesirable, heterogeneity that impedes crystal 

growth [47]. In the β2-adrenergic receptor (β2AR) example, several constructs were 

generated to optimize expression and protein behavior in solution. In addition, it is a 

challenge not to interfere with membrane protein function [46]. The effects of internal T4 

lysozyme insertion in the β2AR construct ultimately used for structure determination were 

loss of the ability of G- proteins to bind the GPCR, and higher baseline activity compared to 

wild type [48]. However, recently, N-terminal fusion of T4 lysozyme to β2AR enabled a 

ternary structure of β2AR in complex with a Gs protein and a GPCR-specific nanobody 

(described below) to be solved [49]. Nevertheless, overall, this covalent chaperone approach, 

while elegant in principle, is ultimately cumbersome in practice, as efforts are required both 

on the molecular biology, protein expression, and protein purification front to generate a 

stable, active fusion construct, as well as the crystallization front to grow suitable crystals 

for structure determination.

Non-covalent chaperones.

An increase in the hydrophilic surface area and crystallization propensity of a membrane 

protein can also be achieved by non-covalent complexation with a highly crystallizable 

protein partner. Several potential non-covalent binding partners for a single membrane 

protein of interest can be identified. An important advantage of such a system is that the 

chaperone and target membrane protein can be optimized independently for their behaviors 

in solution. The affinity of the two proteins for one another can be measured and modulated 

as necessary, down to single nanomolar affinity [50]; however, because the high protein 

concentrations within the crystallization drop are likely significantly greater than the 

dissociation constant for the complex, an absolute low affinity value is a less stringent 

requirement compared to other antibody applications. Antibody fragments, especially Fab 

and Fv, are common choices for membrane protein co-crystallization scaffolds. These 

fragments have been instrumental in the structure determination of numerous new membrane 

proteins (see below) and in many cases they form better diffracting crystals that yield a 

higher resolution structure. They have further assisted visualization of membrane proteins in 

specific conformations [50, 51] and have been employed for difficult soluble protein [52–54] 

and RNA [55, 56] structures. However, antibody fragment expression yields can be limited 

due to folding efficiency, issues with correct disulfide bond formation, and limited solubility 

of the resulting antibody fragment [57].

Thus, other small crystallizable proteins derived from combinatorial libraries have also been 

developed [22] (Figure 3). The emergence of non-antibody based scaffolds has further 

expanded the toolbox for the aspiring crystallographer (see below); these formats not only 

avoid limitations of the antibody fragments but also provide access to novel structural and 

chemical properties.

Hybridoma Technology.

One method to obtain a high affinity protein binding partner is to raise monoclonal 

antibodies using hybridoma technology. After immunization, splenic B cells are fused with 
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an immortalized myeloma cell line to generate individual hybridoma lines [58, 59]. 

Recognition of a particular epitope on the protein is difficult to control, but antibodies that 

bind to key regions of the folded membrane protein can be identified by ELISA screening 

and corroborated by other techniques [60]. In general, these cell lines will produce an ample 

supply of a monoclonal antibody for crystallization. After production, the monoclonal 

antibody is purified by affinity chromatography, and the less flexible, monovalent Fab 

fragment (Figure 3a) is obtained by proteolysis and removal of the Fc fragment [16]. 

Alternatively, primers can be used to clone the cDNA of the antibody fragment for 

recombinant expression [61]; this method is particularly useful if it is desired to express the 

Fv fragment in E. coli [62, 63].

Hybridoma-derived antibody fragments have been used to crystallize numerous membrane 

proteins. The first successful example of this approach was the 2.7 Å resolution structure of 

P. denitrificans cytochromc c oxidase (COX) catalytic subunits (PDB code 1AR1) [64]. The 

Fv fragment, identified by hybridoma screening, then cloned and expressed in E. coli [62], 

recognizes an epitope on a soluble domain of COX and mediates most of the crystal contacts 

[16]. Additional contacts are observed between the periplasmic surfaces of adjacent COX 

proteins [64]. Interestingly, the complex was isolated by incubating solubilized membranes 

with a strep-tagged Fv fragment and purified using streptavidin affinity resin [62]. Another 

early example is the 2.3 Å resolution structure of yeast cytochrome bc1 in complex with an 

Fv fragment (PDB code 1EZV) [65], which was isolated by gel filtration after mixing the 

two purified proteins together. The Fv binds to the extrinsic domain of the catalytic subunit 

(Rieske protein) using a discontinuous epitope [16] and the main crystal contacts are 

provided by the antibody fragment. This strategy was used again to solve the structure of 

cytochrome bc1 in complex with its substrate cytochrome c [66], supporting the notion that 

the Fv fragment does not interfere with cytochrome bc1 function.

Numerous ion channels have also been solved with the assistance of Fab antibody 

fragments, and in particular, use of the antibody fragment was found to result in a higher 

resolution structure. The A. pernix KvAP channel structure was solved with and without 

antibody fragments bound to the voltage sensor elements of the channel. Although no 

differences in structure were observed, crystals without the Fv fragment diffracted to 8 Å 

resolution while those with the antibody fragment diffracted to 3.9 Å resolution [67]. 

Similarly, the first S. levidans KcsA potassium ion channel was solved to 3.2 Å resolution 

(1BL8), whereas a 2.0 Å resolution was obtained when KcsA was solved with a Fab 

fragment that recognized the functional tetramer of the protein, on its extracellular surface 

(PDB code 1K4C) (Figure 1a, pink ribbon). In this structure, the Fab fragments not only 

provided all crystal contacts and a large cavity to accommodate a detergent micelle, but also 

served as a molecular replacement search model used to solve the structure [68]. After these 

early successes, Fab-mediated crystallization has enjoyed increasing popularity and success 

(Table 2), including with GPCRs (Figure 1b). Beyond Fabs, the use of nanobodies, 

antibodies derived from immunized llamas (see below), is gaining traction. A nanobody was 

critical to obtaining diffraction-quality crystals of the β2AR-Gs protein complex [49]. The 

complex on its own, which itself included an N-terminal T4 lysozyme fusion to β2AR (see 

above), diffracted to just 7 Å resolution. The addition of the nanobody formed a ternary 
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complex in which a conformationally flexible region was stabilized, and provided additional 

hydrophilic residues for crystal contacts, leading to a 3.2 Å resolution structure.

Although the hybridoma approach to obtaining a soluble, crystallizable antibody fragment is 

relatively robust, straightforward, and a service commercially available, there are some 

drawbacks. First, the process takes 6–9 months, and not all samples will be sufficiently 

immunogenic, for example, for cases in which there is a homologous protein in the 

immunized animal. Even if antibodies are isolated, the affinity of the interaction cannot be 

modulated, nor are desired favorable biophysical properties such as stability and solubility 

guaranteed. In addition, because there is little control over the epitope recognized, there is 

no assurance that the particular antibody fragment will yield crystals suitable for structure 

determination or the desired conformation [50]. Finally, each protein of interest requires the 

investment of new time and resources for the immunization procedure.

Directed evolution technologies to discover and optimize non-covalent chaperones.

Molecular display technologies expand the selection of high specificity protein partners for 

membrane protein crystallization by enabling tailored chaperones to be identified in a higher 

throughput fashion than the hybridoma approach. Further, display techniques can also be 

used to optimize the biochemical and biophysical properties of the chaperones, including 

site-directed mutagenesis to reduce surface entropy [69] and homolog shuffling or random 

mutagenesis to identify more soluble [70, 71] or more stable [72] variants. Binding partners 

to a wide variety of ligands are generated using directed mutagenesis of residues directly 

mediating ligand recognition. Inspired by the successes of antibodies derived from 

hybridomas, some of the scaffolds used are antibody fragments. These include (a) Fab, 

which contains a heavy and light chain each from a variable and constant region (Figure 3a) 

(b) the single-chain variable fragment (scFv), the minimal antibody binding domain in 

which the variable light and heavy domains are linked by a flexible polypeptide to yield a 

single gene (Figure 3b) (c) nanobodies, derived from shark and camel antibodies that lack 

light chains, which are analogous to a single variable heavy chain but employ an 

exceptionally long complementary determining region loop 3 (CDR3) to mediate high 

affinity, high specificity interactions [73] (see above, Figure 1d, Figure 3c). Non-

immunoglobulin-based formats include affibodies, based on the antibody-binding domain of 

protein A [74], designed ankyrin repeat proteins (DARPINs), based on the ankyrin repeat 

domain important in formation of specific protein-protein interactions [75], anticalins, based 

on a lipocalin protein scaffold endogenously involved in the binding and transport of small 

molecules [76], and fibronectin type III (FN3) domains, which serve as a minimalist 

antibody mimic [77] (Figure 3d–g).

All of these formats are adapted to expression in E. coli, allowing for inexpensive, facile and 

rapid production and purification. Many of the alternative formats lack disulfide bonds, 

enabling cytosolic expression in E. coli and much higher yields; for example, DARPINs can 

yield up to 200 mg/L [75] while an Fv or Fab may express at ~2–5 mg/ L [78]. The 

availability of a variety of chaperone formats allows for fine-tuning of the size ratio and the 

geometry of the chaperone-membrane protein complex. If a membrane-protein specific 

antibody has been identified, that binding specificity can be readily transferred between the 
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three related antibody-based formats (Fab - 50kDa, Fv - 28kDa and nanobody - 14kDa) [79]. 

The alternative chaperones are very compact and rigid, characteristics that typically correlate 

with a propensity to crystallize [69]. Alternate chaperone formats access sizes ranging from 

7kDa (affibody), 11kDa (FN3), 17kDa (DARPIN) to 20kDa (anticalin; Figure 3). Finally, 

this technology enables a chaperone to be selected from an existing library for each new 

membrane protein of interest, significantly reducing the workload as compared to traditional 

hybridoma approaches.

Molecular display platforms rely on formation of a stable physical link between genotype 

and phenotype. Protein variants can then be selected based on a particular characteristic, 

such as membrane protein specificity, with the corresponding gene recovered and sequenced. 

A number of display systems have been developed, including ribosome display [80], yeast 

display [81], bacterial display [82] and phage display [83]. Of these, phage display is readily 

accessible to most molecular biology labs and requires minimal specialized equipment. 

Chaperone proteins are expressed as a fusion to the M13 phage minor coat protein, which is 

then incorporated into the surface of phage particles as a functional protein, while the 

corresponding DNA is packaged within the phage particle. A typical selection process 

proceeds with several selection rounds as follows: (1) phage displaying chaperones are 

allowed to bind an immobilized, detergent solubilized membrane protein, (2) weakly 

binding phage are removed by washing while (3) strongly bound phage are eluted with an 

acidic buffer prior to (4) amplification in E. coli (Figure 4, Table 3). In this manner, a 

handful of chaperones can be selected for more thorough characterization from an initial 

library of 107-1010 potential chaperones. With this selection process, protein-specific 

chaperones can be readily identified and optimized. For de novo identification, the regions of 

the chaperone responsible for ligand binding are randomized, generating large libraries of 

variants in which each variant potentially binds a distinct ligand. For antibody-based 

chaperones, ligand specificity is determined by the six complementarity determining regions 

(CDRs), which can each be randomized according to observed variation [84] or a reduced 

genetic code, in which each position is randomized to tyrosine or serine [85].

The molecular display approach has proven valuable for discovery of chaperones binding 

rare epitopes or stabilizing active conformations. For example, early structural studies of the 

KcsA K+ channel employed truncated variants lacking the flexible C-terminal region [68] 

(Figure 1a, green ribbon). To crystallize the full-length KcsA channel, Fab molecules 

specific for the full-length protein were identified from an existing Fab library constructed 

with expanded diversity in the third heavy chain CDR and restricted or binary code diversity 

in three other CDRs [86]. Starting with the Herceptin Fab scaffold, which was already 

engineered for high-level expression and compatibility with phage display, libraries were 

constructed with limited diversity in four of the six CDRs. After three rounds of selection, 

four KscA-specific Fabs were selected, of which three bound epitopes in the C-terminal 

region, and in particular, one led to a full-length structure of KcsA in its closed state [50] 

(Figure 1a, yellow ribbon). The chaperone recognized a highly charged epitope of the C-

terminal domain and was primarily responsible for mediating crystal lattice contacts. 

Similarly, four Fabs with low nanomolar affinity for the detergent-solubilized citrate carrier 

K. pneumonia CitS were identified from an optimized phage display library that included 

highly-expressed and stable members [87], although no structure has yet been reported. 
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Finally, DARPins were selected for high affinity to the E. coli AcrB, leading to different 

lattices and structure quality [88]. Compared to the hybridoma approach, there are fewer 

examples of membrane proteins crystallized with recombinant chaperones (Table 2). This 

newer technology, which requires generation of highly diverse, rich libraries requires 

significant effort and is facilitated by robust robotic screening protocols, is rapidly gaining 

favor for crystallization of difficult soluble proteins and is expected to enjoy similar 

successes with membrane proteins in the near future.

Once a protein-specific chaperone gene has been identified, it can be further engineered to 

enhance crystallization propensity. Again using molecular display technologies, a new 

library is created, based on variants of a single chaperone. These variants can include site-

directed mutations, for instance in the specificity determining residues (as above) or on the 

surface to adjust hydrophobicity and charge, in order to increase expression levels, solubility 

and the propensity to form crystal contacts. Alternatively, or to modulate other properties in 

an unbiased manner, random mutagenesis can be used to create small changes from the 

native sequence. Optimized chaperones are then selected from the library based on the 

desired property and further characterized [78].

Multifunctional crystallization chaperones.

All of the techniques described above have demonstrated tremendous success in the 

crystallization of recalcitrant membrane proteins, but each possesses its own drawbacks, 

either due to expense, knowledge of specialized techniques, need for prior structural 

knowledge, lack of control over chaperone properties, or potential loss of function or activity 

to the protein of interest. In addition, a shortcoming of current crystallization chaperone 

approaches is that each chaperone is specific for a single target; thus, a new chaperone must 

be identified for each new membrane protein target (Figure 5a). This can be a slow process, 

especially when hybridoma approaches are used.

A potentially general solution to these issues involves engineered chaperones with binding 

specificity for short peptide sequences that can be inserted into a loop of a membrane protein 

to form a high affinity complex for crystallization (Figure 5b). In principle, the cognate 

peptide sequence could be imported into any non-conserved, non-functional 

extramembraneous loop of any membrane protein of interest by site-directed mutagenesis. 

Even though exact peptide placement may require optimization, the limited extent of the 

amino acid substitution is likely to be less invasive than protein fusion as with T4 lysozyme. 

The chaperones will not require re-engineering for each new membrane protein target, 

allowing limited screening to generate a suitable complex for crystallization, and ensuring 

compatibility with high-throughput structural genomics programs. As with the other 

chaperones described herein, complex formation will simultaneously immobilize a flexible 

loop and provide hydrophilic surface area for crystal contact formation (Figure 1, 2). Ideally, 

the chaperone will have known crystallization conditions and crystal packing that does not 

involve specificity-determining regions, allowing for the target protein to be both readily 

bound by the chaperone and incorporated into the lattice.

The first such candidate chaperone, an scFv that recognizes a terminal hexa-histidine tag, 

was derived from a phage-display library, further optimized by rational site-directed 
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mutagenesis to confer enhanced solubility, and crystallized in a lattice in which the binding 

sites faced ~70 Å solvent cavities. This open lattice presents an opportunity to encapsulate 

and co-crystallize small poly-histidine-tagged proteins [89]. In terms of efforts to apply this 

strategy to crystallize membrane proteins, a complex between Fab fragments of the 

commercially available anti-FLAG M2 antibody (Sigma) and the KvPae K+ channel 

presenting a minimal FLAG peptide in an extramembraneous loop [90], was isolated. 

Unfortunately, crystallization trials of the complex led to crystals of just the anti-FLAG M2 

Fab antibody fragment, the structure of which was solved to 1.8 Å resolution. Recently, we 

engineered and crystallized scFv chaperones specific for the hexa-histidine and EE peptides 

(sequence EYMPME), able to bind target proteins presenting C-terminal, intra-loop or intra-

domain peptide tags with high affinity [78]. Phage display, in conjunction with directed 

evolution, allowed us to isolate scFv variants with enhanced expression, solubility and 

peptide tag affinity, properties that predispose the protein to crystallization. These 

chaperones form stable complexes with a membrane protein containing the EE peptide in a 

pre-determined locale (unpublished results) and are being converted to Fab and nanobody 

formats to tailor the chaperone size, and thus the geometry and hydrophillic surface area, of 

the resulting complex. It is envisioned that in the long term, these crystallization chaperones 

could provide a diverse toolbox for structural studies of membrane proteins, allowing 

crystallographers to choose among peptide tags, chaperone size and biophysical 

characteristics, and the use of a single or multiple chaperones during crystallization trials.

Conclusions

Strategies to increase the likelihood of growing diffraction-quality membrane protein 

crystals are multifaceted. They include tailoring the construct to achieve a homogenous 

protein solution, testing different detergents and lipid environments, and introducing soluble 

proteins either covalently or non-covalently to increase the hydrophilic surface area available 

to form crystal contacts. Inspired by successes solving membrane protein structures with Fab 

antibody fragments obtained by hybridoma technology, recombinant crystallization 

chaperones based on both antibody and alternative scaffolds offer additional versatility and 

potentially increase throughput for identifying suitable crystallization chaperone candidates 

for any membrane protein of interest. This expanded toolbox has already yielded several 

important membrane protein structures (Table 2), and it is expected that novel scaffolds and 

chaperones with tailored biophysical and crystallization properties will be increasingly 

important for membrane protein structure determination.
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Figure 1. Comparison of selected membrane protein structures solved with and without 
chaperones.
(a) Superposition of KcsA structures. Green, structure solved without chaperones (PDB code 

1BL8) [103]; pink, structure solved in high potassium salt, in complex with Fab obtained via 

hybridoma screening to recognize the functional KcsA tetramer (PDB code 1K4C)[68]; 

yellow, full-length KcsA structure solved in complex with Fab identified by molecular 

display technologies (PDB code 3EFF)[50]. (b) β2AR GPCR structure solved in complex 

with Fab fragment derived from hybridoma (PDB code 2R4R)[98]. (c-d) β2AR (PDB code 

2RH1) [92] and A2AR (PDB code 3EML) [91] structures solved with covalent chaperone T4 

lysozyme, respectively (e) β2AR structure solved in complex with nanobody (PDB code 

3P0G) [104] (f) β1AR structure solved without chaperone assistance but including various 

modifications (PDB code 2VT4) [24]
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Figure 2. Crystal packing of β2AR (yellow) with crystallization chaperones (blue).
(a) Covalent chaperone (PDB code 2RH1) [92]. T4 lysozyme is inserted into the third 

intracellular loop (left). Four major crystal contacts occur in T4 lysozyme-β2AR lattice, 

three of which involve T4 lysozyme (right). (b) Non-covalent chaperone (PDB code 2R4R) 

[98], utilizing a Fab fragment specific for the third intracellular loop (left). The Fab fragment 

mediates nearly all crystal contacts within the lattice containing the Fab-β2AR complex 

(right).
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Figure 3. Chaperone platforms for membrane protein co-crystallization (yellow), depicting 
relative sizes and binding surfaces (blue).
(a) Fab fragment (PDB code 3EFF) [50]. (b) scFv (PDB code 3NN8) [78]. (c) Camelid 

nanobody (PDB code 2P42) [73]. (d) Affibody (PDB code 3MZW) [74]. (e) DARPin (PDB 

code 2J8S) [51]. (f) Anticalin (PDB code 3BX7) [76]. (g) FN3 domain (PDB code 2OCF).
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Figure 4. Phage display procedure for crystallization chaperone selection.
After selecting a chaperone and generating a library to engineer novel specificity, the 

chaperone library is inserted into a phagemid vector, which displays the chaperone as a 

fusion construct with a phage surface protein, such as the coat protein pIII. Phage expressed 

in E. coli contain the phagemid that encodes for the chaperone variant on the surface of the 

phage. The library of chaperone-conjugated phage is panned over the target membrane 

protein, and iterative rounds of binding, washing, elution and re-infection enrich the library 

for variants that bind the membrane protein. Hundreds of clones can be easily screened after 

multiple rounds of selection, and clones can be further optimized using additional rounds of 

phage display as desired.
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Figure 5. Comparison of the current methods to engineer non-covalent crystallization 
chaperones.
(a) Current hybridoma or molecular display methods are used to engineer a single chaperone 

to bind a single membrane protein. The chaperone cannot easily be adapted to alternative 

proteins, limiting the use of this method for high-throughput structural biology applications, 

as a new chaperone must be engineered for each additional protein. (b) An alternative is to 

engineer a chaperone to bind a peptide, which can be readily introduced into a construct. 

This would enable the use of a single chaperone for co-crystallization with many different 

membrane proteins.
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Table 2.

List of membrane protein structures utilizing a crystallization chaperone.

Membrane Protein Chaperone PDB code Resolution (Å) Reference

Covalent Chaperones

A2A adenosine receptor (A2AR) T4 Lysozyme 3EML 2.6 [91]

A2AR T4 Lysozyme 3QAK 2.7 [23]

β2 adrenergic receptor (β2AR) T4 Lysozyme 2RH1 2.4 [92]

β2AR-Gs protein complex T4 Lysozyme 3SN6 3.2 [49]

Nanobody

CXCR4 chemokine receptor T4 Lysozyme 3ODU 2.5 [93]

Dopamine D3 receptor T4 Lysozyme 3PBL 2.9 [94]

Histamine H1 receptor T4 Lysozyme 3RZE 3.1 [95]

Noncovalent Chaperones

AcrB multidrug exporter DARPin* 2J8S 2.5 [51]

AdiC arginine:agmatine antiporter Fab 3NCY 3.2 [96]

ApcT amino acid transporter Fab 3GI9 2.5 [97]

β2AR Fab 2R4R 3.4 [98]

β2AR-Gs protein complex T4 Lysozyme 3SN6 3.2 [49]

Nanobody

Cytochrome bc1 complex Fv* 1EZV 2.3 [65]

Cytochrome c oxidase Fv* 1AR1 2.7 [64]

Disulfide bond formation protein B (DsbB) Fab 2ZUQ 3.3 [99]

KcsA K+ channel (open) Fab 1K4C 2.0 [68]

       (closed) Fab* 3EFD 3.8 [50]

KvAP voltage-gated potassium channel Fab 1ORQ 3.2 [100]

Fv* 2A0L 3.9 [67]

Nitric oxide reductase Fab 3O0R 2.7 [101]

SecYE protein-conducting channel Fab 2ZJS 3.2 [102]

*
Chaperone obtained by recombinant methods
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