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Structural Biology of Membrane Proteins
David Salom and Krzysztof Palczewski

9.1
Introduction

Membrane proteins represent about a third of the proteins in living organisms [1],
but knowledge of their various functions is hampered by the scarcity of structural
information. Owing to their central role in basically all physiological processes,
membrane proteins constitute around 60% of approved drug targets [2] and, therefore, their experimentally determined three-dimensional structures are eagerly
sought to assist in structure-based drug design. Fortunately, the number of highresolution membrane protein structures has grown exponentially since the ﬁrst
membrane protein crystal structure was solved [3], although most membrane
protein crystal structures solved to date are from bacteria. To explain this bias one
might assume that eukaryotic membrane proteins are just more difﬁcult to crystallize. However, the fact that half of all eukaryotic membrane proteins crystallized
were puriﬁed from native sources speaks of difﬁculties encountered with their
heterologous expression. Of those eukaryotic membrane proteins expressed heterologously, less than one-quarter were expressed in Escherichia coli [4]. By contrast,
the vast majority of soluble proteins and prokaryotic membrane proteins crystallized
thus far were produced as recombinant proteins in bacterial systems [4, 5].

9.2
Folding and Structural Analysis of Membrane Proteins
9.2.1
Folding

The hydrophobic effect is a dominant contributor to the structural stabilization of
soluble proteins and extramembranous regions of membrane proteins, but water
is essentially absent in the hydrocarbon core of lipid bilayers. Consequently, the
relative importance of other forces, such as van der Waals packing and hydrogen
bonding, increase in the apolar environment of the membrane core. There are
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a)

Figure 9.1 Examples of the two structural

motives found in membrane proteins: the
α-helical bundle (a, bovine rhodopsin) and a
β-barrel protein (b, human mitochondrial
voltage-dependent anion channel), in their

b)

approximate positions in the membrane
bilayer. Retinal, carbohydrates, and palmitoyl
chains are also shown in the rhodopsin
illustration.

virtually no unfolded segments in transmembrane domains of membrane proteins
because of the high thermodynamic cost of burying polar peptide bonds in a
membrane, which also explains why the membrane interface is a potent catalyst
of secondary structure formation. To date, two structural motifs – α-helices and
β-barrels – have been found in membrane proteins (Figure 9.1). β-Barrels, made
up of β-strands, are found in Gram-negative bacterial outer membranes as well as
in mitochondrial and chloroplast membranes, and these structures function as
channels or transporters for nutrients, proteins, hydrophobic toxic substances, and
other molecules. α-Helical bundles are structurally and functionally more versatile, serving as receptors, channels, transporters, electron transporters, and redox
facilitators.
Owing to their quasi-two-dimensional environment, the conformational space
of membrane proteins is severely restricted. Over the past few years, the steady
increase of published membrane protein structures has turned up numerous
examples of structural similarities among apparently unrelated protein families.
For example, structural similarity was found between the short acid transporter
FocA and aquaporins [6], and between the transmembrane domain of the ionotropic glutamate receptor (iGluR) and bacterial K+ channels [7]. However, it is still
unclear whether these structural similarities reﬂect a divergence from common
ancestral proteins so ancient that sequence similarities have been erased by genetic
drift or whether they just represent a manifestation of the restricted folding space
available to membrane proteins [8].
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9.2.2
Prediction Methods

Early methods for predicting transmembrane helices were based on the premise
that a protein segment would partition into a membrane if it was sufﬁciently
hydrophobic and long enough to cross it. Starting with the method of Kyte and
Doolittle [9], various algorithms for detecting transmembrane segments were
proposed from experimental and computational data. These relied on an amino
acid hydrophobicity scale based on the free energy needed to transfer them from
hydrophilic to hydrophobic media. Typically, the algorithms searched for stretches
of around 20 amino acid residues that could cross the roughly 30-Å hydrophobic
core of a membrane. Sequence stretches scoring above a certain propensity threshold would be predicted to constitute transmembrane helices. However, these
methods and others developed in the 1990s that relied on statistical inference
provide only moderate success rates, and are unable to identify “irregular” structures, such as half helices and re-entrant loops found in the K+ channel and
aquaporins [10]. More sequences and structures then provided new insights, such
as: aromatic Trp and Tyr residues tend to cluster near the ends of transmembrane
segments; loops connecting transmembrane helices have different amino acid
compositions depending on whether they face the inside or outside of the cell; and
certain sequence motifs in transmembrane segments exhibit a higher-than-random occurrence [11]. Recently, von Heijne et al. proposed two methods based on
ﬁrst principles that employ an experimental scale of position-speciﬁc amino acid
contributions to the free energy of membrane insertion; when coupled with the
“positive-inside” rule [12], this combination predicts the topology of α-helical
membrane proteins with performance levels rivaling the best machine learning
methods [13]. Finally, a computational approach for optimizing the spatial arrangement of protein structures in lipid bilayers has been developed by minimizing
their transfer energies from water to the lipid bilayer. The last method has been
applied to all unique transmembrane domains and hundreds of peripheral proteins in the Protein Data Bank (PDB), and the results are available online [14].
Prediction of β-barrel motifs from primary sequences is still difﬁcult because of
the presence of short transmembrane stretches. Furthermore, the interior of the
barrel is not always hydrophilic. Therefore, searching for alternating polar and
nonpolar residues is not a promising approach. The C- and N-terminal β-barrel
signature sequences are only moderately successful in identifying proteins with
β-barrel motifs [15].
9.2.3
Membrane Insertion

With few exceptions, membrane protein synthesis on ribosomes and their membrane insertion, led by a signal sequence, are concerted steps. In many cases the
signal sequence of eukaryotic membrane proteins is removed in the endoplasmic
reticulum where their maturation is completed by different post-translational
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modiﬁcations before export to their ﬁnal cellular destinations. By contrast, the fold
of soluble proteins is normally deﬁned entirely within the sequence itself. It is
now clear that the translocon complex itself plays an important role in determining
the ﬁnal membrane protein topology. von Heijne’s group developed an experimental method for quantifying sequence-dependent translocon selection of transmembrane helices, which allows us to determine the membrane insertion
efﬁciency of suspected transmembrane sequences [16]. The fact that important
charged residues are not conserved among translocons of different species could
be one of the reasons why it is so difﬁcult to express eukaryotic membrane proteins
in heterologous systems [17].
9.2.4
Estimating the Molecular Weight of Membrane Proteins

Most methods for protein structural characterization were ﬁrst developed for
soluble proteins and then adapted to membrane proteins. Thus, in many cases,
cautious interpretation of experimental results is advisable when a membrane
protein is investigated. For example, one of the most used biophysical methods
for protein isolation is sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE), which generally provides useful information about protein purity
and molecular weight. However, this method often provides misleading information when used to analyze membrane proteins. In contrast to the relatively
unstructured SDS-induced unfolded states of most water-soluble proteins,
unfolded states of membrane proteins contain a signiﬁcant percentage of secondary structure [18]. In addition, native (e.g., glycophorin A) or irreversible (e.g.,
G-protein-coupled receptors (GPCRs)) oligomerization may occur in SDS micelles.
Also, if not boiled prior to electrophoresis, OmpA migrates to different positions
on SDS–PAGE depending on the compactness of its structure. Native OmpA
migrates with an apparent molecular weight of around 30 kDa, whereas completely
unfolded OmpA migrates as an around 35-kDa protein [19]. In some cases, differential binding of SDS to membrane proteins during electrophoresis has been
suggested to cause deviations up to ±50% in their apparent molecular weights [20].
Similar artifacts can arise when size-exclusion chromatography (SEC) is used to
separate membrane proteins.
9.2.5
Amino Acid Composition

From the ﬁrst crystal structure of a membrane protein [21] it was clear that the
distribution of protein residues along the lipid bilayer depended on their depth in
the membrane. Leu, Ile, and Phe residues were the most abundant in the acyl
chain areas of membrane lipids, Trp and Tyr residues in the interface, and polar
residues in the aqueous zone. A decade later, analysis of available membrane
protein crystal structures, as well as work with model peptides, conﬁrmed these
results [22, 23]. This observed hydrophobic distribution applies only to those resi-
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dues facing the lipid acyl chains, because the interiors of α-helix membrane proteins are not signiﬁcantly more hydrophobic than those of soluble proteins,
although transmembrane domains bury smaller residues on average [24].
Trp and Tyr residues have such a marked tendency to locate in the interfacial
area that most membrane proteins have what is known as an “aromatic belt.”
Whenever a hydrophobic mismatch occurs, the protein and/or the membrane can
change their structures in order to match the length of their respective hydrophobic areas [25–28]. Lys and Arg residues, with their long and ﬂexible side-chains,
can “snorkel” towards the lipid/water interface region, where their positive charge
can interact with the negatively charged phosphate groups of phospholipid [23].
Similarly, lipid molecules located close to a transmembrane helix can adapt to the
presence of polar residues and water molecules can help solvate polar groups
located well within the bilayer plane [29–32].
9.2.6
Transmembrane Helix Association Motifs and Membrane Protein Oligomerization

Consideration of individual transmembrane α-helices as independent folding
units has facilitated a “divide-and-conquer” approach to the study of membrane
protein assembly, where interactions between peptides recapitulate membraneembedded portions of helical membrane proteins [33]. The utility of peptides as
tools for investigating membrane protein folding originates from a series of early
experiments that revealed that the native protein fold of bacteriorhodopsin could
be regenerated from various fragments – an indication that transmembrane helix–
helix interactions alone have sufﬁcient speciﬁcity to generate tertiary and quaternary structures [34, 35]. The “divide-and-conquer” strategy has been successfully
applied to the structural analysis of transmembrane segments of a number of
membrane proteins [36, 37], such as the structural determination of the M2 proton
channel from inﬂuenza A virus [38]. In addition, valuable structural information
can be obtained in some instances from small transmembrane peptides or membrane protein fragments in organic solvents.
Work with model peptides has allowed investigating the thermodynamics and
sequence dependence of transmembrane helix–helix association, for example,
showing that polar residues can drive oligomerization of transmembrane helices
[39–41]. Classic work by Engelman’s group with glycophorin A showed that the
GX3G sequence also drives the association of transmembrane helices [42]; subsequently, this motif was found in both water-soluble [43] and membrane proteins
[44]. In glycophorin the helices cross with a right-handed crossing angle of around
40°. Since then, a number of transmembrane helix self-association motifs have
been determined experimentally [36] and an exhaustive analysis of helix-packing
motifs in membrane proteins was published in 2006 [45]. The later study revealed
that the most frequent association motifs showed a tendency to segregate small
residues to the helix–helix interface every seven or four residues in the sequence,
driving tight helix–helix associations. Thus, the universe of common transmembrane helix-pairing motifs is relatively simple [46].
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Crystallographic and functional studies have demonstrated that a large number
of membrane proteins can form homo- and hetero-oligomeric structures or even
may require oligomerization for function. Some cases are obvious, such as tetrameric or pentameric ion channels where the pore runs through the symmetry axis
of the helix bundle. In extreme cases, such as the photosystem II/light harvesting
complex II in grana membranes, bacteriorhodopsin in purple membranes, and
rhodopsin in rod outer segments (ROS), membrane proteins can be packed at high
density in para-crystalline arrays, in order to increase the surface area capable of
harvesting photons. There is mounting evidence for many GPCRs that homo- and
heterodimers (and even larger oligomers) play an important role in the GPCR
activity cycle. In some cases, GPCR hetero-oligomers give rise to pharmacological
properties that differ from those of their individual GPCR components.
In the case of rhodopsin, the size of the minimum in vivo functional unit is still
a matter of debate. Our laboratory, using transmission electron microscopy to
study the effect of n-alkyl-β-d-maltoside (CnM) chain length on the oligomerization
state of rhodopsin, found that in micelles containing C12M, rhodopsin exists as a
mixture of monomers and dimers in equilibrium depending on the protein/
detergent ratio. In C14M and C16M rhodopsin forms higher-ordered structures and,
especially in C16M, most of the particles are present in tightly packed rows of
dimers similar to those seen in ROS membranes. The fact that the activity of
rhodopsin increased with its oligomerization state in detergents suggests that
oligomerization of GPCRs may be crucial for signal transduction [47]. However,
in subsequent experiments we reconstituted monomeric bovine rhodopsin into
an apolipoprotein A-I phospholipid particle derived from high-density lipoprotein.
Photoactivation of rhodopsin in these particles resulted in rapid activation of
transducin at a rate comparable with that found in native ROS and 20-fold faster
than rhodopsin in detergent micelles. These data suggest that monomeric rhodopsin is the minimal functional unit for G-protein activation and that oligomerization is not absolutely required for this process [48]. Two points about these
studies with nanoparticles, however: (i) they do not answer the real question (i.e.,
how does rhodopsin activate transducin in its native para-crystalline arrangement)
and (ii) the structures of these nanoparticles are much more complex than initially
thought [49].
9.2.7
Post-Translational Modiﬁcations

There are more than 150 known post-translational modiﬁcations in proteins [50].
Reversible and regulated post-translational modiﬁcations include phosphorylation, acetylation, S-palmitoylation, and ubiquitination. Prokaryotic systems lack
the cellular machinery needed for post-translational modiﬁcations. Heterogeneous
modiﬁcation is a potential problem because the protein may run as several bands
or a smear during electrophoresis, making it difﬁcult to assess its identity, molecular weight and purity. In addition, heterogeneous modiﬁcations may inhibit the
growth of protein crystals. For example, heterogeneous glycosylation would
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prevent growth of crystal lattices involving speciﬁc carbohydrate–carbohydrate
contacts, as was the case for two rhodopsin crystal forms grown in our laboratory
(Figure 3 in [51]).
9.2.7.1 Glycosylation
The most prevalent post-translational modiﬁcation of plasma membrane and
secretory proteins is N-linked glycosylation [52]. This linkage participates in many
important biological processes such as protein folding, intracellular targeting,
immune responses, cell adhesion, and protease resistance. However, such glycosylation is also the most frequent source of heterogeneity in membrane proteins
heterologously expressed in eukaryotic systems. In our laboratory, many GPCRs
have been stably expressed in HEK-293 cells, but all, with the exception of the CB2
cannabinoid receptor, exhibited markedly heterogeneous (hyper)glycosylation
(unpublished results).
Several strategies have been used to minimize or avoid heterogeneous glycosylation, the most common being enzymatic or mutational removal of the carbohydrates, or prior addition of the glycosylation inhibitor, tunicamycin. However,
although many successful experiments have been performed with deglycosylated
proteins, deglycosylation may negatively affect the expression, stability, folding,
and/or and function of membrane proteins.
Several glycosylation-deﬁcient expression systems also have been developed to
address this problem [53]. Our laboratory developed a GPCR expression system
that produces homogeneous glycosylated GPCRs by expressing them in mouse
rod cells under the inﬂuence of the rhodopsin promoter [54, 55].
Rhodopsin’s glycosylation pattern in rod cells is exquisitely homogeneous
(Figure 9.2). However, when rhodopsin was heterologously expressed in liver [55],
yeast [56], or mammalian cell cultures [57], heterogeneous glycosylation was
observed. Rhodopsin in bovine retina is glycosylated at residues N2 and N15 [58].
Mutations of these residues or their surroundings (especially T4 and T17) can
cause different degrees of retinal degeneration. Disruption of the normal
N-terminal structure could result in loss of disk structure, potentially attributable
to poor packing efﬁciency of rhodopsin within these membranes or decreased
ability of rhodopsin to self-associate [52].
9.2.7.2 Palmitoylation
Palmitoylation consists of the reversible addition of a 16-carbon saturated fatty acyl
chain, usually to cytoplasmic Cys residues via a thioester linkage (S-palmitoylation).
Many other acyl lipids can be added to proteins as well [59].
Palmitoylation of soluble cytoplasmic proteins has been well documented to
regulate their interaction with speciﬁc membranes or membrane domains. Less
is known about the consequences of palmitoylation in transmembrane proteins,
because of the difﬁculty of working with membrane proteins and the complexity
of palmitoylation-induced behavior. Palmitoylation has been reported to be
involved in regulation of membrane protein folding and targeting, trafﬁcking, and
protein–protein interactions [60]. It also has been suggested that palmitoylation

255

256

9 Structural Biology of Membrane Proteins
Figure 9.2 Bovine rhodopsin puriﬁed with immobilized 1D4 antibody. Lane 1: immunoblot with 1D4
used as the primary antibody followed by an alkaline
phosphatase-conjugated secondary antibody. Signals
were visualized by treatment with BCIP/NBT Color
Development Substrate (Promega). Lane 2: silverstained SDS–PAGE gel of puriﬁed rhodopsin. Arrow
shows the position of rhodopsin. Mobility and
molecular weight (MW) of markers (SeeBlue® Plus2;
Invitrogen) are shown at the left.

determines the orientation of the transmembrane domain with respect to the
plane of lipid bilayers [59].
Many GPCRs have been experimentally shown to be mono-, bi-, or tripalmitoylated at conserved C-terminal Cys residues [59]. This trend indicates that these
residues and post-translational modiﬁcation are important for GPCR function
and/or trafﬁcking, but there is no consistency among GPCRs about the role that
palmitoylation plays in receptor structure and function. We analyzed engineered
mice lacking both C-terminal palmitoylated Cys residues of rhodopsin (Cys322
and Cys323) and found that absence of palmitoylation generally only had minor
effects [61]. Not surprisingly, the palmitoyl chains adopted different conformations
in the seven crystal structures of bovine rhodopsin solved so far.
9.2.8
Sequence Modiﬁcations

Most eukaryotic membrane proteins crystallized so far were puriﬁed from native
sources [4]. However, heterologous expression of membrane proteins is sometimes needed or preferable because of their low expression levels in native sources,
instability, difﬁculties with puriﬁcation, and so on. As membrane proteins are
translocated into membranes starting with their N-terminus during translation,
modiﬁcations and additions to the C-terminus are in general less dysfunctional
than those at the N-terminus. For example, placing a polyhistidine tag at the
N-terminus adds several positive charges that may adversely affect membrane
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insertion. This said, modiﬁcations of the N-terminus constitute a common strategy
to improve expression levels. Also, C-terminal length variants such as splicing
variants are common and these do not seem to affect function in many cases. This
is why the C-terminus is generally preferred over the N-terminus to add tags and
fusion proteins for different purposes (e.g., to facilitate puriﬁcation, detection,
crystallization, etc.).
We successfully expressed many different GPCRs in rod cells of Xenopus under
the rhodopsin promoter with Green Fluorescent Protein (GFP) fused to their
C-terminal for easy detection [62]. Recently we also expressed a 5-HT4R–DsRed
fusion protein in a Sf 9/baculovirus system and found, despite a reasonable expression level, that most of the fusion protein was degraded by cleavage between its
two protein components (unpublished results).
Fluorescence-activated cell sorting has been used to sort and enrich the best cell
lines expressing membrane protein–GFP fusions [63]. The Gouaux group has used
GFP fusions combined with ﬂuorescence-detection SEC quite successfully to
rapidly evaluate the expression level, stability, optimal detergent composition, and
monodispersity of a number of membrane proteins expressed in HEK-293 cells
[64]. Before crystallization trials, these constructs are cleaved with a speciﬁc protease and the GFP removed by SEC.
One strategy designed to enhance plasma membrane expression of GPCRs in
heterologous cells consists of adding leader sequences to these receptors. The ﬁrst
example of this approach was the engineering of an artiﬁcial signal sequence onto
the N-terminus of the β2-adrenoceptor [65], that resulted in a several-fold increase
in insertion of this receptor into the plasma membrane. Similarly, the addition of
an N-terminal signal peptide or the partial truncation of the exceptionally long
N-terminus of the cannabinoid CB1 receptor increased its expression level, with
no effect on ligand binding. In the same line, truncation of 79 amino acids from
the N-terminus of the α1D-adrenergic receptor enhanced its expression. By contrast, grafting of the α1D-adrenergic receptor N-terminus onto α1A-adrenergic
receptor or α1B-adrenergic receptor reduced surface expression of these receptors
in heterologous cells [66]. However, addition of a signal sequence provides no
assurance that the protein will be expressed correctly and targeted to the plasma
membrane [67]. In summary, N- and C-terminal modiﬁcations can be neutral in
terms of membrane protein folding and function, but N-terminal modiﬁcations
generally have the highest impact on membrane protein expression.
A more important and underappreciated problem occurs when researchers
introduce sequence modiﬁcations in a membrane protein to stabilize it, reduce
polydispersity, and eliminate heterogeneity as a strategy to increase the probability
of obtaining crystals. Although important structural information can be gained
from such engineered membrane proteins, caution should be exercised in extrapolating it to the wild-type protein. For example, a truncated, minimally functional
acid-sensing ion channel ASIC1 was recently crystallized that provided more
information about this channel’s gating and ion selectivity properties than a previous structure of an inactive, more truncated version of ASIC1 [68]. In the case
of GPCRs, thermostabilizing mutations, deletions, chemical modiﬁcations,
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deglycosylation, and/or substitution of a loop with a soluble protein have allowed
the crystallization of β-adrenergic receptors and adenosine A2A receptors at the cost
of losing their native-like ligand-binding properties [69–71].
9.2.9
Lipids and Water

It is generally known that addition of lipids is sometimes necessary for proper
functioning of detergent-solubilized membrane proteins. For example, we have
found that phospholipids are needed for the proper formation, stability, and function of the photoactivated rhodopsin–transducin complex [72]. Nevertheless, membrane protein crystallographers had initially assumed that lipids were a detrimental
contaminant that should be removed as completely as possible before crystallization trials. However, it is now becoming clear that some proteins crystallize
more readily in the presence of a number of speciﬁcally bound lipids, whereas
others, such as the porins, only crystallize after delipidation [73]. For example,
well-diffracting crystals of cytochrome b6f can be obtained only by adding phospholipids that stabilize the intact complex [74]. Successful crystallization of a
heterologously expressed rabbit sarcoplasmic–endoplasmic reticulum Ca2+-ATPase
isoform also required addition of native phospholipid [75]. Moreover, we obtained
the ﬁrst high-resolution crystals of rhodopsin in mixed phospholipid/detergent
micelles [76].
However, excess lipid may be detrimental for crystal growth. Therefore, puriﬁcation procedures leading to crystallization need to include optimization of the
detergent : lipid : protein ratio. Examples of lipids found in crystal structures
include those in photosystem I and II, bacteriorhodopsin, archaerhodopsin-2,
spinach major light harvesting complex, ATP-binding cassette transporter, cytochrome b6f and bc1 complexes ([77] and references therein) and rhodopsin [78]. In
addition, two crystal structures of the β2-adrenergic receptor bound to cholesterol
along with a sequence analysis have led to the hypothesis that most family A
GPCRs have a cholesterol-binding motif [69, 79].
This is why it is hardly surprising that addition of lipids during or after chromatographic puriﬁcation of membrane proteins is sometimes necessary or helpful
in order to maintain their function and/or grow crystals. In the case of glycerol-3phosphate transporter (GlpT) from E. coli, the extent of delipidation, that increases
with successive puriﬁcation steps, is critical for its crystallization. Two chromatography steps were found to be optimal wherein GlpT was found to copurify with
about equal amounts of phosphatidylethanolamine, phosphatidylglycerol, and cardiolipin, at a total phospholipid/protein molar ratio of around 23 [80].
A systematic study of the effect of phospholipids on crystallization of lactose
permease (LacY) resulted in three different crystal forms that diffracted to increasingly better resolution in a manner that correlated with the concentration of copuriﬁed phospholipid. Consistently, progressive addition of E. coli phospholipids to
delipidated LacY led to different crystal forms. Tetragonal crystals were obtained
with improved diffraction quality for a stable mutant by carefully adjusting phos-
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pholipid content. Furthermore, crystals of good quality from wild-type LacY, a
particularly difﬁcult protein to crystallize, were also obtained by using the same
approach [81, 82]. Thus, proper adjustment of the phospholipid environment is a
good strategy for crystallizing membrane proteins.
Comparisons of high-resolution crystals of bacterial and mammalian cytochrome c oxidases have revealed that the positions occupied by native membrane
lipids and detergent substitutes are highly conserved, along with amino acid residues in their vicinity. Well-deﬁned detergent head-groups (maltose) were found
associated with aromatic residues in a manner similar to phospholipid head
groups, and this likely contributes to the success of alkyl-glycoside detergents in
supporting membrane protein activity and crystallization [83].
Especially interesting are structures obtained by electron diffraction of twodimensional crystals, which are grown in phospholipid planar bilayers faithfully
mimicking cell membranes. Although technical difﬁculties usually prevent the
high resolution expected for three-dimensional crystals, it has been possible to
solve the structure of lens-speciﬁc aquaporin-0 (AQP0) at 1.9-Å resolution. This
allowed atomic modeling of the lipid bilayer surrounding AQP0 tetramers and a
description of the lipid–protein interactions. Indeed, close inspection of this model
revealed that lipids bridge all the contacts between AQP0 tetramers within a layer
and that these tetramers have virtually no direct lateral interaction [84].
Finally, an alternative to crystallization in surfo (in surfactant micelles) is to
crystallize membrane proteins in bicelles (diskoidal phospholipid/detergent
micelles) or to use in cubo methods wherein the protein is puriﬁed in detergent
micelles and then embedded into a lipidic cubic phase [85]. However, the last
method has the disadvantage of a high viscosity that makes crystal detection and
collection challenging.
On the other side of the polarity spectrum, water is basically absent from the
hydrophobic interior of phospholipid bilayers and also until recently was believed
to be absent from the interior of membrane proteins, with the obvious exception
of channel lumens. However, high-resolution crystal structures of a number of
membrane proteins clearly show electron densities corresponding to water molecules that can act as cofactors or prosthetic groups.
High-resolution crystals of bacteriorhodopsin in different signaling states
along with spectroscopic studies have provided information about the cofactor role
of several water molecules in this light-activated proton pump [86]. We analyzed
the distribution of water molecules in the transmembrane region of all available
GPCR structures and found conserved contacts with microdomains shown to be
involved in receptor activation [87]. Armed with this knowledge, we used radiolytic
labeling to identify structural water molecules in different GPCRs. Radiolytic
labeling (or footprinting) involves generating hydroxyl radicals with synchrotron
X-ray white light and then using liquid chromatography coupled to mass spectrometry to identify which residues react with those radicals. This method also can
provide valuable information about the role of structural water in different conformational states of a membrane protein, either in bilayers or membrane mimetic
systems [88].
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9.2.10
Purity and Contaminants

Common experience dictates that proteins need to be puriﬁed to homogeneity for
their crystallization in the presence of maximally puriﬁed chemicals. However,
several exceptions to this precept exist wherein impurities not only do not seem
to affect crystal growth, but may even be essential for it.
For the crystallization of urea transporter at 3.8 Å, the last puriﬁcation step
consists of gel ﬁltration on a Superdex 200 10/300 (GE Health Sciences) while
changing the detergent to 40 mM low-purity C8M (Sol-Grade from Anatrace). Curiously, crystals grown from protein puriﬁed in high-purity C8M (AnaGrade) failed
to diffract to better than 4.5–5 Å [89].
As noted below with retinal pigmented epithelium-speciﬁc protein 65 kDa
(RPE65), high protein purity is not always essential for growth of high-resolution
crystals. Obtaining high-purity preparations can be especially difﬁcult when the
protein is obtained from native sources and puriﬁed by nonafﬁnity chromatographic methods. In a systematic study it was found that the photosynthetic reaction center was able to form crystals at 75% purity by using the vapor diffusion
method (and just 50% purity for lipid cubic phase crystallization) [90].
Finally, gramicidin (gA′ or gD) is commercially available as a mixture of gA (Trp
in position 11) and a small amount of gB (Phe11) and gC (Tyr11). Analysis of a
high-resolution crystal structure of gA suggested that a small percentage of gC
present in the sample acted as a nucleation agent for gA crystallization [91].
9.2.11
Current Trends in the Crystallization of α-Helical Membrane Proteins

In 2008, Iwata’s group published an exhaustive study on the detergents and conditions used for crystallization of α-helical [92] and β-barrel [93] membrane proteins.
The most successful detergents for α-helical membrane protein crystallization
were, in this order, n-alkyl-β-d-maltosides (C12M and C10M), n-alkyl-β-d-glucosides
(C8G and C9G), lauryldimethylamine-N-oxide (LDAO), and polyoxyethylene glycol
detergents (C12E8 and C12E9). This statistical analysis was facilitated by the Membrane Protein Data Bank [94] and Stephen White’s data base of membrane
proteins of known three-dimensional structure [3], both available online. Highresolution structures of native human membrane proteins in particular are
intensely pursued because of their potential to serve as templates for structurebased drug design. Unfortunately, vertebrate proteins in general seem especially
difﬁcult to overexpress and crystallize [95]. Here, we describe a minisurvey performed to discern the latest trends in crystallizing vertebrate α-helical membrane
proteins, including only those unique structures published in 2008 and 2009. In
this order, the most successful detergents for crystallization (usually exchanged
during puriﬁcation) were C12M (three structures), C9G (two structures), plus C8G,
C11M, C11-thio-M, and C12E8 with one structure. Several of these crystals were
grown with variable amounts of phospholipids; C12M includes one GPCR structure

9.3 Test Cases

crystallized in lipidic cubic phase. The most used expression systems were Sf 9
(four) cells, Pichia pastoris (three), plus E. coli and native tissue each with one
structure. In conclusion, alkyl-glycosides are still the most successful detergents,
and insect cells and yeast are being increasingly successful as expression system
for the crystallization of vertebrate membrane proteins.

9.3
Test Cases
9.3.1
Rhodopsin
Protocol 1

Protein type
Crystal space group
Source
Puriﬁcation steps
Detergent

seven-transmembrane, family A GPCR
tetragonal P41
native (bovine retina)
organelle (ROS) fractionation, zinc acetate precipitation of
apoprotein
n-nonyl-β-d-glucoside (C9G)

Rhodopsin is a photoreceptor membrane protein responsible for visual signal
transduction [96]. As such, it is also the pharmacological target for drugs used to
treat certain retinal diseases and age-related visual dysfunction. Notably, rhodopsin is a prototypical GPCR [97], by far the most important family of pharmacological receptors because about half of the therapeutic drugs in the market today
target GPCRs [98].
Rhodopsin is glycosylated at Asn2 and Asn15 residues [99], palmitoylated at
Cys322 and Cys323 residues [100], and acetylated at the N-terminal Met. It also
contains eight Ser and Thr residues that are partially phosphorylated in a lightdependent manner [101]. These post-translational modiﬁcations are not completely homogeneous, so it was feared that they would negatively affect
crystallization of this membrane protein. We addressed this challenge by purifying
bovine rhodopsin from native sources without including a chromatographic step.
The ﬁrst and most important puriﬁcation step was actually accomplished by the
cow, because only properly folded rhodopsin is transported from the rod cell’s
endoplasmic reticulum to ROS where it forms para-crystalline arrays at millimolar
concentrations [102]. Once in the laboratory, ROS were mechanically separated
from bovine retinas in phosphate buffer (67 mM KPi, pH 7.0, 1 mM Mg(OAc)2,
0.1 mM EDTA, 1 mM dithiothreitol (DTT)). Then a stepwise sucrose gradient
centrifugation allowed enrichment of the ROS at the interface between densities
1.11 and 1.13 g/ml (method adapted from [103]). The ROS suspension was washed
several times with water to remove loosely attached proteins. Then, ROS were
solubilized with C9G to yield a ﬁnal concentration of around 10 mg rhodopsin/ml,
50 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 6.3, and around 100 mM
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Zn(OAc)2. After 5–10 h incubation at room temperature, solubilized rhodopsin
was separated from insoluble Zn2+-opsin complexes by centrifugation. Solubilization of rhodopsin was optimal at a detergent/rhodopsin ratio of around 2.2 (w/w)
and, after centrifugation, the sample of rhodopsin in its ground state was pure
enough (around 98%) to grow diffracting crystals [104], which led to solving the
three-dimensional structure of a GPCR for the ﬁrst time [76]. All experimental
procedures were done in the dark or under dim red light because these crystals
were unstable under white light. Such instability most probably occurs because
conformational changes upon photoactivation involve areas of rhodopsin engaged
in protein–protein contacts that stabilize the crystalline array. Addition of heptanetriol, one of the most used additives for membrane protein crystallization,
helped improve the resolution to 2.8 Å. Resolution was later enhanced to 2.2 Å by
switching the detergent from C9G to C7-thio-G [105].
Protocol 2

Crystal space group
Source
Puriﬁcation steps
Detergent

hexagonal P64
native (bovine retina) and COS-1 cells
organelle (ROS) fractionation, and afﬁnity (concanavalin
A), gel-ﬁltration, and anion-exchange chromatographies
n-octyltetraoxyethylene (C8E4), LDAO

After our initial structure was published, the Schertler group independently solved
the ground-state rhodopsin structure by using a different puriﬁcation strategy and
crystallization conditions [106, 107]. ROS membranes were solubilized in LDAO
and the protein was puriﬁed by successive lectin-afﬁnity, SEC and anion-exchange
chromatographic steps, while the detergent was partially exchanged to C8E4. Furthermore, heterologous expression in COS-1 cells of a thermostable rhodopsin
mutant and a similar puriﬁcation scheme also yielded well-diffracting crystals [108].
In the last case, the cofactor, 11-cis-retinal, had to be added at the ﬁrst step of puriﬁcation. The space group was reinterpreted from trigonal P31 to hexagonal P64 [109].
Protocol 3

Crystal space group

trigonal P3112 and rhombohedral R32

Source

native (bovine retina)

Puriﬁcation steps

organelle (ROS) fractionation, zinc acetate precipitation of
apoprotein, afﬁnity (antibody) chromatography, NH4SO4induced phase separation

Detergent

n-nonyl-β-d-glucoside (C9G)

We designed a new puriﬁcation scheme with the hope of solving the structure of
photoactivated rhodopsin. C9G/Zn(OAc)2 extraction of rhodopsin from ROS membranes, as described above, was initially omitted, but was added later as an initial
puriﬁcation step in an attempt to improve crystal resolution.

9.3 Test Cases

Figure 9.3 Chromatographic puriﬁcation of bovine rhodopsin on a 2.5-cm × 20-cm column

ﬁlled with 95 ml of Sepharose-immobilized 1D4 antibody. Inset: absorption spectrum of
puriﬁed rhodopsin.

An afﬁnity chromatographic support was prepared by immobilizing 1D4 antibody, which recognizes rhodopsin’s C-terminus [110], in CNBr-activated Sepharose [111]. A detergent-solubilized ROS sample was loaded onto this afﬁnity
column at a ratio of about 0.6 mg rhodopsin/ml 1D4 gel. Then, the column was
washed at a linear ﬂow rate of around 18 cm/h with 10 column volumes of 50 mM
Tris, pH 7.4, 280 mM NaCl, and 6 mM KCl containing 50 mM C9G, and eluted with
0.75 mg/ml of a competing peptide (TETSQVAPA) at 7 cm/h (Figure 9.3). The
rhodopsin concentration in each fraction was determined by diluting an aliquot
into 10 mM Tris, pH 7.2, 1 mM C12M, and 10 mM NH4OH, and measuring the
absorbance at 500 nm. Peak fractions reached around 5 mg/ml and the A280 nm/A500
nm ratio of the fractions containing ground-state rhodopsin was 1.58 ± 0.2 (Figure
9.3, inset), indicating a purity of around 99% in agreement with electrophoresis
results (Figure 9.2).
The most highly puriﬁed fractions were pooled together to achieve 1–2 mg/ml
rhodopsin. Then, 0.25 volumes of 0.5 M MES, pH 6.3, were added and 0.69 g solid
(NH4)2SO4/ml of total solution was dissolved by stirring at room temperature.
Addition of a high concentration of (NH4)2SO4 induces phase separation in many
detergent solutions, yielding a top phase rich in detergent where nearly all the
rhodopsin partitioned. Treatment of puriﬁed rhodopsin with solid (NH4)2SO4
resulted in a 12- to 15-fold increase in the concentration of this protein. A typical
ﬁnal yield was 0.2–0.3 mg of puriﬁed ground-state rhodopsin per bovine retina.
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Crystals obtained from this puriﬁcation scheme diffracted up to around 4 Å,
allowing us to solve the structure of both the ground-state and photoactivated
states of rhodopsin in a putatively physiological, parallel dimer orientation [51].
Crystals grown without the (NH4)2SO4-induced phase separation step were larger,
but diffracted poorly and lost integrity after photo-activation, much like our previous tetragonal crystals [104].
9.3.2
RPE65

Protein type
Crystal space group
Source
Puriﬁcation steps
Detergent

monotopic enzyme, seven-bladed β-propeller
hexagonal P65
native (bovine RPE); crystallization from heterologous
expression systems failed
differential centrifugation and anion-exchange
chromatography
n-octyltetraoxyethylene (C8E4)

Vertebrate vision is maintained by a complex cyclic enzymatic pathway that continuously operates in the retina to regenerate the visual chromophore, 11-cis-retinal. A key enzyme in this pathway is the microsomal membrane protein RPE65,
which catalyzes the conversion of all-trans-retinyl esters to 11-cis-retinol in the
retinal pigmented epithelium (RPE). Mutations in RPE65 are known to be responsible of a subset of cases of the most common form of childhood blindness, Leber
congenital amaurosis. Like other enzymes with hydrophobic substrates, RPE65
was suspected to be associated with the membrane, but the strength of this association was a matter of debate [112, 113].
9.3.2.1 Expression in E. coli
RPE65 was expressed as a fusion protein with maltose-binding protein and puriﬁed by metal-afﬁnity chromatography. However, crystals obtained by this method
corresponded to GroEL, which copuriﬁed with the RPE65 construct [114].
9.3.2.2 Expression in Sf 9 Cells
RPE65 was puriﬁed by metal-afﬁnity chromatography and, although the protein
was more than 99% pure after gel-ﬁltration chromatography, crystal trials failed
to produce diffracting crystals.
9.3.2.3 Puriﬁcation from Native Sources
Bovine RPE microsomes were solubilized for 1 h in 10 mM Tris acetate, pH 7.0,
containing 1 mM DTT and 24 mM C8E4. The mixture was centrifuged at 100 000 g
for 1 h to pellet insoluble material. RPE65 was puriﬁed from the supernatant by
anion-exchange chromatography on a DEAE-Macroprep column (Bio-Rad) eluted
with a 0–500 mM linear NaCl gradient. The pooled RPE65 sample was dialyzed
against 10 mM Tris acetate, pH 7.0, containing 1 mM DTT and 19.2 mM C8E4. The

9.3 Test Cases
Figure 9.4 Coomassie-stained SDS–PAGE of
puriﬁed RPE65 used for crystallization trials. Arrow
shows the position of RPE65. Lane 1: molecular
weight (MW) standards; lane 2: RPE65 sample.

resulting protein preparation was used directly for crystallization trials and biochemical experiments. On average, 150 μl of protein solution was obtained at a
concentration of 10–15 mg/ml and a purity of around 90%, as judged by Coomassiestained gels (Figure 9.4) from 300 bovine eyes. Crystals, obtained by a vapor diffusion method, diffracted to less than 2 Å. The structure of RPE65 revealed a
β-propeller architecture, the membrane-binding domain [115], and bound product
in the active site.
9.3.3
Transmembrane Domain of M2 Protein from Inﬂuenza A Virus

Protein type
Crystal space group
Source
Puriﬁcation steps
Detergent

proton channel, four-helix bundle
primitive monoclinic and orthorhombic, P21 and P21212
chemical synthesis
C4 reverse-phase chromatography
n-octyl-β-d-glucoside (C8G)

Flu virus kills hundreds of thousands of people in nonpandemic years
worldwide and millions in pandemic years. M2, a proton channel essential for
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Figure 9.5 Analytical HPLC of puriﬁed M2TM on a reverse-phase C4 column. Elution occurred

in a nonlinear gradient of 60–100% buffer B, at 1 ml/min (see text).

viral replication, is the target for the related drugs, amantadine and rimantadine,
although resistance to these drugs is now generalized. Both the 97-residue M2
protein (prepared by native chemical ligation of two synthetic peptide segments)
and a synthetic 50-residue variant (representing a stable tryptic digest of M2) [116]
failed to grow crystals.
Then, we attempted the crystallization of a 25-residue peptide containing the
only transmembrane helix of M2 (M2TM) able to recapitulate the tetramerization,
drug binding/resistance, low-pH activation, gating, and proton transport properties of the full-length protein [116–118]. Udorn strain wild-type plus multiple
natural and artiﬁcial single-point mutants of M2TM were prepared by solid-phase
peptide synthesis with standard Fmoc chemistry. Puriﬁcation proceeded by
reverse-phase high-performance liquid chromatography (HPLC) with a preparative C4 column (Vydac) and gradients of buffer B (6 : 3 : 1 2-propanol/acetonitrile/
H2O containing 0.1% triﬂuoroacetic acid (TFA)) versus 0.1% aqueous TFA. Most
peptide variants eluted at 80–84% buffer B. M2TM purity was around 99%, as
assessed by analytical HPLC on a C4 column (Figure 9.5) and its molecular mass
was conﬁrmed by matrix-assisted laser desorption/ionization-time of ﬂight mass
spectrometry. Puriﬁed peptide fractions were lyophilized and the peptide powder
was stored at −20 °C or in organic solvent at −80 °C. To prepare samples for biophysical studies, an aliquot of M2TM stock in methanol, ethanol, or triﬂuoroethanol was transferred to a glass vial, and the organic solvent was evaporated under
a N2 stream and overnight under high vacuum. Finally, a detergent solution in the
appropriate buffer (typically 50 mM C8G in water for crystal trials, to achieve a ﬁnal
peptide concentration of around 1 mM) was added and the sample was vortexed
vigorously [38, 116]. Crystals grew robustly from C8G-solublized samples under
different conditions. Crystals of M2TM, free and bound to amantadine, diffracted

References

at 2.0 and 3.5 Å, respectively, revealing the 4-helix bundle structure of the proton
channel and the amantadine-binding site [38].
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