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Abstract. In reviewing the structures of membrane proteins determined up to the end of
2009, we present in words and pictures the most informative examples from each family.
We group the structures together according to their function and architecture to provide an
overview of the major principles and variations on the most common themes. The first
structures, determined 20 years ago, were those of naturally abundant proteins with limited
conformational variability, and each membrane protein structure determined was a major
landmark. With the advent of complete genome sequences and efficient expression systems,
there has been an explosion in the rate of membrane protein structure determination, with
many classes represented. New structures are published every month and more than

150 unique membrane protein structures have been determined. This review analyses

the reasons for this success, discusses the challenges that still lie ahead, and presents a concise
summary of the key achievements with illustrated examples selected from each class.
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I. Membrane protein overview

Membrane proteins are among the most fascinating structures in biology. They are by definition
sited at the interface between two compartments, such as between cytoplasm and extracellular

space, or between mitochondrial matrix and intermembrane space, or else they make up most of
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the mass of the small vesicles involved in endocytosis, exocytosis or intracellular trafficking. For
most of their life, they interact closely with both water and lipid in their environment, yet must be
synthesised by the ribosome just like other proteins and then make their way to different mem-
brane locations within a cell. This places unique and sometimes conflicting demands on mem-
brane proteins for folding, translocation and stability. Most membrane proteins function in
transport or signalling or provide the structural framework that shapes cellular compartments. In
signalling, they provide both the sensory input and the output, usually by involvement directly or
indirectly in the release of signalling molecules. Other membrane proteins are key components of
energy transduction, converting chemical energy into electrical energy, or electrical energy into
either mechanical energy or synthesis of ATP, the universal energy currency of the cell.

Knowledge of their structure tells us how they are oriented relative to the lipid bilayer and
often suggests how they work. As a result, the structure of membrane proteins provides a rich
source of information in biology. In the very practical search for better drugs to improve human
and animal health, many targets are membrane proteins involved in signalling or growth control
at the cell surface. Over the last 20 years, there has been enormous progress in understanding
membrane protein structure (Fig. 1). With over 150 unique structures now available and multiple
sets of coordinates deposited for many structures in the Protein Data Bank (PDB), it is an
excellent moment to review the field.

Historically, it was not until the invention of SDS-polyacrylamide gel electrophoresis (Shapiro
et al. 1967; Weber & Osborn, 1969; Laemmli, 1970) and its early application to the membranes
of red blood cells (Lenard, 1970) and rod outer segments (Heitzmann, 1972) that our under-
standing of membrane structure progressed from the unit membrane hypothesis of Danielli &
Davson (1935) and Robertson (1957) to the fluid mosaic model (Singer & Nicolson, 1972).
Before the advent of recombinant DNA technologies, research efforts were limited to membrane
proteins available in reasonable quantities from natural sources. This period represented the first
phase of membrane protein structure determination. It included work on membrane proteins
from chloroplasts, mitochondria and bacteria that were involved in energy transduction or other
functions that require high levels of expression. These high expression levels in native cells were
usually accompanied by low turnover rates, and this correlated with relatively good stability in the
fairly restricted range of detergents available initially. More powerful cloning methods involving
novel leader sequence or whole protein fusions to increase expression levels, better detergents
and the invention of tags such as polyhistidine (Hochuli e /. 1988) that allowed rapid purifi-
cation have now made it possible to express and purify any membrane protein for which the gene
or cDNA had been identified. However, progtress in membrane protein structure determination
was still slow because many, perhaps most, membrane proteins turned out to be relatively
unstable in detergent and therefore difficult to work with. The normal environment of a mem-
brane protein in a lipid bilayer includes contact with a ring of closely packed headgroups on each
side of the lipid bilayer with the most fluid, mobile part of the bilayer being in the middle of the
membrane. In contrast, the detergent micelle that surrounds a solubilised membrane protein
provides the opposite situation in which the least ordered, most mobile part of the micelle is in
the surface region normally occupied by the lipid headgroups. In addition, some of the earliest
membrane protein structures determined were those of proteins involved in photosynthesis or
electron transport, in which the proteins function to provide a rigid environment for fixed
cofactors. This rigidity contributed to their stability and helped to produce well-ordered crystals.

The second phase of successful membrane protein structure determination did not start until

the complete sequences of bacterial genomes started to become available in the 1990s.
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Fig. 1. Progress of membrane protein structure determination. Starting with the first structure in 1985, 174
unique membrane protein structures have been determined till the end of 2009. However, the Protein Data
Bank (PDB) holds many more than this with for example, over 60 coordinates each for reaction centres and
bacteriorhodopsin alone. We have included in the chart only polytopic membrane proteins that have a
functional role within the membrane and not intrinsic membrane proteins with only a single, presumably
regular trans-membrane a-helix. Mutants, different conformational states, structures with bound substrates/
inhibitors of the same protein, or membrane proteins from different species with >70% sequence hom-
ology are counted only once. There are numerous ways of classifying membrane protein structures: here we
present the distribution classified on the basis of a-helical or B-barrel secondary structure; a different
classification on the basis of prokaryotic or eukaryotic origin can be found elsewhere (Carpenter ez a/l. 2008).
In the eatly years, structures were determined from proteins that were abundant in their natural environ-
ment including the reaction centres (1985 and 1987), bacteriorhodopsin (1990), porins (1992), light
harvesting complex (1994) followed by a variety of electron transport and photosynthesis complexes. The
first structures of membrane proteins expressed recombinantly started to emerge from 1998 (KcsA, MscL,
OmpA and FhuA). Since then, the availability of sequenced genomes in the late 1990s propelled the rate of
membrane protein structure determination, which has reached its highest level in the past two years. The
following link provides a complete list of available structures with links to the PDB (http://blanco.
biomol.uci.edu/Membrane_Proteins_xtal.html). In this review, we give the PDB accession number for the
structures shown in the figures.

By searching the genome sequences of a range of mesophilic, thermophilic or hyperthermophilic
bacteria for homologous membrane protein genes and then screening a large number of these for
good expression, stability and crystallisation, there has been considerable success in the deter-
mination of many prokaryotic membrane structures. One of the earliest examples was the work
on bacterial mechanosensitive channels, MscL. (Chang e a/. 1998). In other cases, the proteins
were often of unknown biological function in the bacterium from which they were obtained.
Nevertheless, their sequence homology with other membrane proteins of known function meant
that the determination of their structure was a great step forward because it provided a con-
nection of structure to function for some important membrane protein families. Early successes
of this approach, which has had a substantial impact on our understanding of the architecture of
membrane proteins, were members of the bacterial potassium channel family (MacKinnon,
2004b) and the ABC transporter family (Locher ez 4/ 2002). Many other types of bacterial
channels and transporters have now joined these early successes.
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In recent years, we have arguably entered a third phase of membrane protein structure analysis
with the successful demonstration of generic strategies to stabilise and crystallise unstable,
eukaryotic membrane proteins. Although many membrane proteins, especially those from
eukaryotes, have evolved to be adequately stable 7z vivo in lipid bilayers, which are often made less
fluid by the presence of cholesterol or other rigidifying membrane components, they can be
highly unstable in the detergent micelles into which they must be extracted for purification, and
even less stable in some of the smaller, harsher detergents that have been most successful in
crystallisation. Indeed, the rapid synthesis, turnover and degradation of a typical membrane
protein is often important for its normal dynamic function, allowing a rapid response to different
demands on the cell. During evolution, proteins are subjected to many pressures, so that they
tend to be only as stable as they need to be in their normal lipid environment. For crystallisation,
such unstable membrane proteins must be stabilised either by timely reinsertion into a lipid
bilayer, such as with 2D membrane crystals (Kuhlbrandt, 1992) or with lipidic phase, detergent-
free crystallisation methods (Nollert e a/. 1999), or by the addition of specific active-site ligands
or inhibitors (Pebay-Peyroula e a/. 2003 ; Vedadi e a/. 2006; Toyoshima, 2008), or by systematic
mutagenesis to create a protein with more intrinsic stability (Magnani e# a/. 2008 ; Serrano-Vega
et al. 2008). This third post-genomic phase should allow the structure of any membrane protein
or complex of interest to be determined.

Structures of membrane proteins follow simple rules governed by their hydrophobic nature
and the restrictions posed by the lipid bilayer. Following the determination of the seven trans-
membrane (TM) helix structure of bacteriorhodopsin (Henderson, 1975), it was thought that TM
proteins might consist of either a-helical bundles or S-barrels, because the fully satisfied back-
bone hydrogen-bonding found within these two classes of structure would avoid unfavourable
interactions of backbone amido or carbonyl groups with the hydrophobic lipid bilayer environ-
ment (Henderson, 1981). With a few extremely informative exceptions, which will be discussed
further in this review, these two types of structures have turned out to be the predominant
structutral theme of all membrane proteins, with a-helical bundles being found almost exclusively
in cytoplasmic and subcellular compartment membranes and f-barrels being found almost ex-
clusively in the outer membranes of bacteria, mitochondria and chloroplasts. A deviation from
regular a-helix is frequently observed in membrane proteins usually to satisfy some aspect of
function and will be highlighted in the review when possible. In the atea of membrane protein
biogenesis, the initial hypothesis of helical hairpin insertion (Engelman & Steitz, 1981) was
followed by the two stage model (Popot & Engelman, 2000), discussions of the physical prin-
ciples (White & Wimley, 1999) and the positive-inside rule (von Heijne, 2006) with recent
considerations of additional steps (Engelman ef /. 2003) and the idea of significant protein and
lipid fluidity. However, the kinetics of membrane protein synthesis, insertion and degradation

will not be covered in this review, which will focus purely on structure.

2. Channels and pores

The term channel or pore implies an opening in the membrane through which a molecule or ion
can pass that, depending on specificity, may or may not involve a binding and recognition step.
Some of these proteins form selective channels conducting a particular ion, others select for
cations or anions, and yet others are non-selective. Channels can be gated by voltage or a ligand.
Channel-forming proteins that are ion-selective usually have pores lined with charged amino
acids or electrostatic dipoles. The width of the pore determines whether an ion flows through the
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channel in a hydrated or dehydrated state. Non-selective channels have wider pores that allow
the ions to pass in their hydrated state. The probability of ions shedding their hydration shell is
greatly increased when the pore is narrow with charges and dipoles on the wall of the channel.
A cation channel has negatively charged residues within or near the entrance of the pore to
attract cations and repel anions while the reverse is true for anion specific channels. There are
also channels that conduct small molecules such as water, glycerol, ammonia and cAMP. Although
these small molecule channels have a different architecture they share some of the properties of
ion channels. We discuss below the known structures of channels classified by their type and

function.

2.1 Tetrameric ion channels

There has been a great deal of progress in understanding ion channels in membranes, particularly
voltage-gated ion channels. The overall architecture of this family shows a tetrameric arrangement
of identical subunits or a single polypeptide linking together four homologous repeats, or in rare
intermediate cases two polypeptides with two repeats each. The channels fall into two further
classes: simpler channels have two TM a-helices per subunit whereas more complex channels
have six TM a-helices. From the point of view of membrane protein structure, a number of
interesting principles are revealed by these structures. These include the nature of the ion pores,
how they open and close, and how the TM electric field can be sensed and coupled to channel
opening and closing.

The most significant step forward in understanding the structural basis of the ion specificity
and flux came from the first structure of the bacterial potassium channel (Doyle ¢ a/. 1998) KcsA
in 1998, the importance of which was acknowledged by award of the 2003 Nobel Prize for
Chemistry to Rod MacKinnon (MacKinnon, 2004a), shared with Peter Agre for his work on
water channels, which are presented in section 2.7. The original KcsA structure consisted of 97
amino acids in each of the four subunits. It showed the inner of the two TM helices of each
subunit forming an inverted teepee centred on the molecular fourfold axis.

The short re-entrant loop between the two TM helices, consisting of a ten-residue pore helix
and a four-residue stretch of fS-structure (B-pore) in each subunit that forms the selectivity filter,
is located within the teepee (Fig. 24). The carboxy termini of the four pore helices point directly
at a central cavity at the core of the protein, and the carbonyl groups of the short selectivity filter
line the narrowest part of the pore near the extracellular surface. The dipoles of these short
helices may help to stabilise the cation when it is at the centre of the membrane and the carbonyl
groups provide the lining for the pote of the K" -ion selectivity filter (Doyle ez a/. 1998). The tight
turn between the pore helix and the S-pore pattly lines the central aqueous cavity. Subsequent
higher resolution structures, in complex with an F,;, antibody fragment, showed the potassium
ion coordination and hydration in more detail and how the structure adapts to low and high
potassium concentration (Zhou et al. 2001) as the channel opens and is exposed to the higher
intracellular potassium concentration. The central cavity accommodates a single highly hydrated
potassium ion surrounded by eight ordered water molecules, plus additional partially ordered and
disordered water molecules. The narrow selectivity channel can accommodate a line of potassium
ions interspersed with water molecules. The role of the selectivity filter can be appreciated by
comparing KesA with a non-selective cation NaK channel from Bacillus cerens (Shi et al. 2000).

It has been proposed that the structure obtained for another bacterial potassium channel,
MthK (Jiang e al. 2002), is representative of the open state of this family of channels, since its
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Fig. 2. Tetrameric potassium channels: (¢) KcsA (1K4C) and (4) Kv1.2/Kv2.1 chimera (2R9R) with
extracellular side at the top. Potassium ions are shown as red spheres. The prokaryotic channel KcsA
represents the simplest potassium channel with two TM helices. Each subunit is coloured individually. The
extracellular (top) section of the pore has a stretch of S-structure conserved by evolution for potassium ion
selectivity. The gating of KcsA is thought to occur by a change in pH, with the channel opening at acidic pH
(Heginbotham e a/. 1999). Many other K channels have a more complex architecture with six TM helices.
The structure of the Kv1.2/Kv2.1chimera (Long ez a/. 2007) is one such example. The pore forming helix S5
and outer helix S6 are coloured as in KcsA. The voltage sensing S4 helix (dark blue) is replete with arginines
that are thought to move in response to a change in membrane potential resulting in opening or closing of
the channel. Voltage-gated K* channels also have a S-subunit (light orange) that is essential for regulation
and makes contact with the TM domain via linker T1 (brown). The structure of KcsA depicts a closed
channel while the Kv1.2/Kv2.1 chimera is probably an open depolarised state.

structute shows a large movement of the cytoplasmic half of the inner helix, with a pronounced
30° bend at a glycine residue to create a 12-A wide channel opening. The high ion flow rate and
selectivity of the channels can be explained by the structures (Jiang ez a/. 2002). The helix bending
that underlies gating in different potassium channels may occur at this or other glycine or proline
residues along the inner helix, such as in KirBacl.1 (Kuo e a/. 2003).

The mechanism of the opening and closing of the six-helix voltage-dependent sodium and
potassium channels has been less easy to explain than the simpler gating of the two-helix pot-
assium-selective channels, because of their greater complexity and larger number of functional
states. The six-helix channels are of great importance since their function underlies all mam-
malian nerve and muscle function (Tempel ef 2/ 1987; Catterall, 2000). Electrophysiological
measurements and site-directed mutagenesis of both native and chimeric proteins have shown
that the first four helices, named segments S1-84, form the voltage sensor domain. This S1-S4
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domain appears to be relatively independent and interacts with the tetrameric, channel forming,
S5-loop—S6 domain, to open and close the channel in response to membrane potential. The
structure of the S5-loop—S6 domain from six-helix potassium channels is very similar to that of
two-helix KcsA channels (Jiang ez a/ 2003a). Along S4, a series of four to seven positively
charged arginine or lysine residues (named RO to R6 in Kv2.1), spaced every three residues, has
been shown to respond to the membrane potential by moving across the electrical width of the
membrane.

Structures for 4 six-helix potassium channels have been determined (Jiang ef /. 2003a; Long
et al. 2005a; 2005b, 2007). The eatliest structure KvAP (Jiang ef al. 2003a, b) is now thought to
show non-physiological conformations for S1-S4, in which the harsh detergent, octyl-glucoside,
used for crystallisation has perturbed the structure. The second structure Kv1.2 (Long ez a/. 20052)
used milder detergents plus added lipid in crystallisation, so it shows a structure with the mol-
ecules arranged in membranous layers, and likely to represent the open form occurring in depo-
larised membranes where there is no membrane potential. However, this second structure was at
relatively low resolution so did not allow reliable identification of side chain identity. The third
structure (Long ez a/. 2007) of a Kv1.2/Kv2.1 chimera, also crystallised using mild detergents plus
lipids, has higher resolution with clear side-chain density, a more continuous polypeptide chain
and ordered interhelical loops. It is currently the best structure available representing the open,
depolarised state of a six-helix voltage-dependent ion channel (Fig. 24). It shows a compact four-
helix bundle in which five of the seven positively charged residue positions in S4 are accessible
on the outside surface of the membrane either directly to solvent or via hydrogen bonds to a
negatively charged cluster of glutamate side chains, as expected and required for opening of the
voltage-gate in the depolarised state.

The structure of a closed, hyperpolarised form of any six-helix voltage-gated channel is un-
known and may be difficult to determine, since it normally requires membrane hyperpolarisation
to around —100 mV, which is difficult to create in a crystal. Nevertheless, a hypothetical
mechanism for voltage gating has been proposed (Long e# a/. 2007) that involves a major 12- to
15-A inward sliding movement of S4 relative to S1 and S2 (to close the channel), with a smaller
accompanying movement of S3b. In this proposed S4 translation, possibly accompanied by a
concertina-like shift of the 3p-helical region along S4, the location of the positively charged side
chains in S4 move from being extracellular to being effectively intracellular. This proposed
movement to explain the mechanism of voltage gating is smaller and subtler than the paddle-
like movement proposed eatlier (Jiang e al. 2003a). Residue arginine R2, for example, hypo-
thetically moves from being exposed on the outside surface in the open state to forming a salt
bridge with the conserved glutamic acid in S2 that is effectively on the inside. The predominance
of arginine rather than lysine side chains in S4 and the interaction of some of them with other
negatively charged side chains may reduce the energy barrier for crossing the membrane by
distributing the charge more widely, as noted previously (Jiang e a/. 2003b). Coupling of the
voltage-dependent structural rearrangement of S4 is likely to involve the exercise of a mechanical
force on the S4-S5 linker which then pulls open the channel gate formed by the cytoplasmic
ends of the S6 inner helices (Long e a/. 2007).

Finally, the TM region of a bacterial cyclic nucleotide-regulated channel, MlotiK1 represents
another class of potassium channels (Clayton ez a/. 2008). MlotiK1 is not voltage-gated, yet has an
S1-84 domain that is a slightly more compact a-helical bundle than in Kv1.2/Kv2.1. The key
positive and negatively charged side chains present in S4 of the voltage-gated channels are
uncharged in MlotiK1. The opening of this channel appears to involve a direct bending of the
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cytoplasmic end of S6 triggered by a structural change when cyclic nucleotide binds to the cyclic

nucleotide-binding domain that is covalently connected to the C-terminus of S6.

2.2 Pentameric ligand-gated ion channels

The pentameric ion channels make up a well-conserved but widespread family (Tasneem e al.
2005) that has many important roles in human physiology, the best known being that of chemical
signalling at the neuromuscular junction. The channels are ligand-gated though, in some bacterial
homologues, the ligand may be as small as a hydrogen ion. They form homopentameric or
heteropentameric assemblies, with the nicotinic acetylcholine receptor, having a subunit com-
position of ayBy0, being the most studied. The a-, -, Y- and d-subunits are homologous, with
the two a-subunits being responsible for ligand binding. In vertebrates, members of this family
include the GABA 4, glycine and 5-HTj receptors. By comparison, the equally important gluta-
mate ion channels, including AMPA, kainate and NMDA are probably related to the tetrameric
potassium voltage-gated ion channels discussed in section 2.1.

The nicotinic acetylcholine receptor (AChR) structure has been determined at 4-A resolution
by electron microscopy of helical arrays from the 7orpedo electric organ (Miyazawa ez al. 2003;
Unwin, 2005). The interpretation of the density map was helped by a knowledge of the structure
of a homologous non-membrane protein, the acetylcholine binding protein (AChBP) from
mollusc synapses (Celie ¢7 a/. 2004), which was shown to have a two sheet f-sandwich structure
using X-ray crystallography. The acetylcholine receptor thus consists of a pentamer of the ex-
tracellular B-domains, which form the N-termini of the polypeptides, attached to the trans-
membrane C-terminal domains with four transmembrane helices per subunit, making 20
transmembrane helices altogether (Fig. 34). The structure of AChBP in complex with acet-
ylcholine and other ligands also showed that the ligand-binding site lies at the boundary between
adjacent subunits in the pentamer. In the case of a homopentamer like AChBP, there are five
binding sites per pentameric molecule, whereas the nicotinic acetylcholine receptor has two at
the interfaces between the a-y and -0 subunits.

Two recent X-ray structures of bacterial homologues from the same family of pentameric
ligand-gated ion channels have confirmed the overall molecular architecture and provided higher
resolution details. In the first case (Hilf & Dutzler, 2008), the structure of ELIC (Emwinia chry-
santhemi ligand-gated ion channel) appears to represent a closed channel though the ligand that
opens it is unknown (Fig. 34). In the second case (Bocquet ¢z a/. 2009 ; Hilf & Dutzler, 2009), the
structute of GLIC (Gloebacter violaceons ligand-gated ion channel) has been solved by two inde-
pendent groups simultaneously and appears to show an open channel conformation (Fig. 3¢). In
GLIC, the ligand is believed to be a hydrogen ion that may protonate an aspartate side chain in
the extracellular domain leading to channel opening. By comparing the GLIC and ELIC struc-
tures, the authors suggest that channel opening may occur by a combined tilting of both M3 and
central M2 helix by 9° so that the intracellular end of M2 enlarges the channel diameter from

essentially zero (closed) to about 5 A (open).

2.3 Hexameric ion channels

In multicellular organisms, exchange of small molecules such as ions, metabolites and nucleotides
between neighbouring cells can be mediated through specialised channels called gap junctions.
Each gap junction complex consists of two hemichannels, called connexons, that interact end to

end to form a continuous channel thereby connecting the cytoplasm of two cells and bypassing
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Fig. 3. Pentameric ligand-gated channels, side view of full-length protein and top view of TM domain only: (¢) AchR (2BGY), (4 ELIC (2VL0) and (¢) GLIC 3EAM).
Ligand-gated channels are non-selective cation channels that form homo or hetero pentamers. Each subunit in the figure is coloured individually. In contrast the major
[Figure 3 caption continned)
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the extracellular space. Each connexon consists of six monomers of the protein connexin. Based
on sequence homology, human connexins have been classified into three isoforms (a,8,y) that
give unique properties to a particular gap junction. Gating by voltage, calcium, pH or phos-
phorylation has been obsetved in gap junctions (Harris, 2001). The physiological function of
Ca®* or H* gating may be to protect undamaged cells from neighbouring cells that suffer damage
and are dying.

Each connexin monomer has four TM helices, two extracellular loops, one cytoplasmic loop,
an N-terminal helix and a C-terminal segment. The structure of human connexin 26 gap junction
reveals a 38-A thick membrane region with TM2 extending ~19 A into the cytoplasm (Maeda
et al. 2009). The extracellular region extends 23 A from the membrane surface and interacts with
a connexon from the opposing cell, resulting in an intercellular gap of ~40 A. The resolution of
the density map was not good enough by itself to allow unambiguous interpretation of the
structure, so the location of selenomethionine labels was needed to build the model. Helices
TM1 and TM2 face the interior of the pore while TM3 and TM4 face the exterior (Fig. 4). This
condradicts an earlier hypothetical model based on a 3D map of connexin from 2D crystals plus
other considerations, which placed TM1 and TM3 facing the interior of the pore (Unger ef .
1999; Fleishman e/ al. 2004). However, it should be emphasised that the experimental maps
obtained by electron microscopy of 2D crystals and X-ray diffraction of 3D crystals are virtually
identical and that some of the surface loops were unresolved in both maps, so the current
structure should probably still be considered as provisional.

Like in many channels, a proline residue introduces a kink at the midpoint of TM2 and a
mutation of this residue results in aberrant gating. The major pore-lining helix TMT1 is tilted
outwards from the pore axis, resulting in narrowing of the channel towards the extracellular side
of the membrane. A prominent feature in TM3 is the occurrence of an aromatic residue every
third or fourth position. Although TM3 is least conserved in connexins, aromatic tesidues are
involved in interactions between ad]acent protomers. The diameter of the pore is widest at the
cytoplasmic entrance measuring 40 A but narrows to 14 A near the extracellular membrane
surface. The width of the channel increases again in the extracellular space to 25 A. The cyto-
plasmic entrance formed mainly by TM2 and TM3 exposes many positively charged residues that
should concentrate negatively charged molecules. The N-terminal helix forms a constriction on
the cytoplasmic side and may play a role in selectivity. In the present structure, residues from the
N-terminal helix interact with residues from neighbouring monomers and probably help to
maintain the channel in an open state.

The extracellular loops E1, E2 and the extracellular halves of TM2 and TM4 mediate the

interaction between two connexons. A most important requirement of this intercellular junction

[Figure 3 caption continned)

voltage-gated channels are tetrameric (shown in Fig. 2) and are selectively permeable to K* or Na* ions. In
higher organisms, ligand-gated channels play a major role in signalling, the best-known example being the
acetylcholine receptor (AChR) in the neuromuscular junction. The recent identification of prokaryotic
pentameric ligand-gated channels (ELIC and GLIC) through genomic homology searches has allowed the
determination of two high-resolution X-ray structures but their physiological function remains to be elu-
cidated. Each subunit of all channels in this family has four TM helices. A large extracellular domain binds
the ligand, acetylcholine in AChR, protons in GLIC and unknown in ELIC. In AChR, the pentamer
composition is ayfyd-subunits with only the two a-subunits binding the ligand. Structures of AChR
determined by EM and ELIC by X-ray crystallography reflect the closed state of channel, while GLIC
crystallised at low pH is probably an open state of the channel. The outward tilting of the inner helices in
GLIC, proposed as the basis of channel opening, can be seen in the top view.
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Fig. 4. Gap junction (2ZW3): () side view of complete gap junction and (4) top view (from cytoplasm) of a
hemichannel. Gap junctions are made up of connexin monomers that assemble into hexameric rings called
connexons. A complete structure of a gap junction consists of two apposed connexons mediated by strong
interactions between the extracellular domains and a continuous open channel that connects the cytoplasm
of adjacent cells. A connexin monomer [highlighted in colour in the side view (4)] has four TM helices with
surface loops connecting them. TM1 (dark blue) and TM2 (light blue) form the wall of the pore. TM3 and
TM4 (light orange) form the outer helices. The extracellular loops 1 and 2 (aquamarine) form most of
the interactions between the two interacting connexons and seal the junction from the extracellular
environment. The putative voltage sensing N-terminal helix is shown in salmon.

is to prevent leakage of any cellular material from intracellular to extracellular compartments.
E1 contains a 3y helix at its N-terminus and a short helix at its C-terminus while E2 has a flexible
N-terminus and a C-terminal half with a 3,y turn. The N-terminal half of loop E1 forms the inner
wall of an extracellular cavity. S-strands from E1 and E2 form an antiparallel S-sheet that covets
E1 and the extracellular cavity, thereby forming an outer wall. There are a number of interactions
involved between the E1 and E2 loops from one hemichannel and the same loops from the
opposite hemichannel resulting in a tightly sealed junction. The position of the N-terminal helix
and eatlier electron crystallographic studies has led to the proposal that it could act as a plug
(Oshima e al. 2007).

2.4 Trimeric ion channels

Exclusively found (so far) in higher eukaryotes are cation selective, voltage-independent, ligand
gated trimeric ion channels with two TM helices and a large extracellular domain inserted be-
tween them. This architecture is quite different from the tetrameric potassium channels or the
pentameric ligand-gated channels. Two families of trimeric ion channels include the degenerin/
epithelial sodium channel (DEG/ENaC) and the P2X receptors. The DEG/ENaC family in-
cludes the peptide-gated channels of molluscs, touch sensitive degenerins of Caenorbabditis elegans,
constitutively open channels in lung and kidney epithelia involved in Na* reabsorption, and acid
sensing ion channels (ASICs) found in the nervous system. The N and C-termini of the protein
are cytoplasmic and mediate protein-protein interactions (Bianchi & Driscoll, 2002; Wemmie
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et al. 2006); some of members of this family have been implicated in mechanotransduction.
Proteins from DEG/ENaC family show higher selectivity for sodium than other cations.
Proteins with similar architecture but unrelated to DEG/ENaC family are the P2X receptors
found both in pre and post-synaptic neurons of the central nervous system. In post-synaptic
neurons, extracellular ATP acts as a ligand to open a non-selective cation permeable channel. In
afferent neurons of the peripheral nervous system, the P2X receptors are involved in sensing
taste and pain. In both these families, as one would expect, the largest variations are observed in
the extracellular domains, which have evolved to bind different ligands. Unlike in the other families
of ion channels, lack of homologous proteins in prokaryotes meant the structure of trimeric
channels had to be determined from eukaryotic soutrces. Two structures, chicken ASIC of the
DEG/ENaC family (Jasti e al. 2007; Gonzales et al. 2009) and zebrafish P2X, (Kawate 7 4.

2009) have been determined to reveal a similar architecture and some common principles.

24.1 Acid sensing ion channels

Six isoforms of ASICs (la, 1b, 2a, 2b, 3 and 4) have been identified in mammals and are
distributed both in the central and peripheral nervous system where a drop in extracellular pH
can activate these channels (Krishtal, 2003 ; Wemmie ez a/. 2006). Two X-ray structures of ASIC1
from chicken have been determined that differ in terms of the construct used and their functional
state (Jasti ez a/. 2007 ; Gonzales ez al. 2009). The pH of half maximal activation of chicken ASCI
is 6-7, and it desensitises upon prolonged exposure to low pH. The first structure of chicken
ASCI lacks the first 25 and last 64 residues at the N- and C-terminus, respectively, and does not
produce proton-induced currents. Since the crystals were grown at pH 5-6, it is thought to
represent a closed desensitised state of a non-functional channel (Jasti e a/. 2007). The construct
used for the second structure includes all the residues at the N-terminus intact but lacks 61
residues at the C-terminus (Gonzales ef al. 2009). This construct does elicit proton-induced
currents and sodium selectivity. Thus, the structure, solved at pH 6-5, has been described as a
desensitised state of a functional channel.

The extracellular domains of the two structutes are identical and reveal interesting features.
Three large fB-sheets from each subunit form the core of the extracellular domain, which is then
surrounded by a mixture of & and f structures. The salient feature of the extracellular domain in
the DEG/ENaC family is the presence of conserved cysteine rich regions. A total of seven
disulphide bonds are found. Of these, five are arranged in a straight line terminating at a con-
served tryptophan residue located at the junction between the TM and extracellular domains.
Two f-strands connect the TM domain to the extracellular domain and well-defined loops are
found at the membrane interface. The extracellular domain is filled with many crevices and
cavities that might interact with other proteins. In ASICs, the ligands are protons. An acidic
pocket found 45 A away from the membrane in the extracellular domain might act as a pH
sensor. It is speculated that this cysteine rich domain conveys the proton-induced conforma-
tional change of the extracellular domain to the TM domain through loops at the membrane
interface, resulting in opening or closing of the channel. The extracellular domain has vestibules
with a negative potential that can act as a reservoir for cations. In the current structures there is
no continuous pore along the threefold axis to the TM domain but ions are thought to access the
pore through fenestrations near the membrane surface.

As expected for a cation-selective channel the interior of the TM domain has a negative
potential. Residues from TM2 primarily provide the pore lining, but a few residues from TM1
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Fig. 5. Trimeric ion channels: (¢) ASIC B3HGC), (b)) P2X receptor (3BHIV). Trimeric ion channels have thus
far been found only in eukaryotes. Acid sensing ion channels (ASICs) and P2X receptors belong to the
family of voltage-independent, ligand-gated cation channels. In contrast to the pentameric ligand-gated ion
channels, ASIC and P2X receptor are trimeric. They have the commonly found architecture of two TM
helices (blue, yellow and green) connected to a large extracellular domain (light green) that binds ligand.
One salient feature in the extracellular domain of both these channels is the presence of a large number of
cysteines that form disulphide bonds (red sticks), which is postulated to provide rigidity during con-
formational change upon ligand binding. The ligand in the case of ASCI is a proton, and for P2X it is ATP.
The structures of ASIC and P2X receptor represent the closed states of the trimeric ion channels, since they
have been crystallised at low pH and in the absence of ATP, respectively.

line the extracellular side of the pore. A conserved Gly—Ala—Ser motif is thought to play a crucial
role in ion selectivity. The TM domains in the two structures of ASCI show substantial differ-
ences (Jasti ez al. 2007 ; Gonzales ez a/l. 2009). In the first structure, the TM domains in each of the
three subunits differ in their conformation. The TM2 helices of two of the subunits have a
substantial kink at a glycine residue while the helix in the third subunit is relatively straight. The
packing of helices results in a V-shaped structure that opens to the extracellular side (Fig. 54). As
a result of the kinks, two TM2 helices cause leucine side chains to occlude the pore and no bound
ions are found in the pore, hence this structure is called a closed state of the channel. In the
second structure, the TM domains of all three subunits ate identical. TM1 probably interacts with
the lipids that cover TM2. The inner TM2 helix is tilted ~50° and the three TM2 helices cross
each other halfway from the putative membrane boundary. Such an arrangement of TM helices
results in wide extracellular and cytoplasmic regions with a narrow constriction at the middle of
the pore. However, the leucine residues no longer occlude the pore (Fig. 55), but aspartates from
all three helices contribute to a constriction on the extracellular side. Soaking with caesium ions
reveals an elongated density at this extracellular vestibule coordinated by aspartate and glycine.
Does this represent a different conformation of the channel? It should be noted that the crystal
packing in the two structures is different. In the first structure, the TM domains mediate the
interaction between layers of the extracellular domain: this crystal contact may fix the TM
domains, which may then show a misleading conformational state of the channel. The presence
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of additional residues at the N-termini in the second structure probably blocks this interaction. It
is therefore possible that the first structure has been perturbed by the detergent environment and
crystal contacts (Jasti e al. 2007). In the light of a complementary structure of P2X receptor
(discussed below), the second structure of ASCI (Gonzales ez al. 2009) probably represents the

functional desensitised state of the channel.

242 P2X, Receptor

The concept of ATP as a signalling molecule was initially controversial. However, studies in
sensory neurons revealed purinergic signalling to be a more common mechanism than previously
thought. ATP synthesised in mitochondria is exported to the cytoplasm and then released to the
extracellular space by membrane proteins that could either be channels or transporters. Extra-
cellular ATP can either be hydrolyzed by extracellular enzymes or bind to one of many receptors
that include the ionotropic P2X receptors (Schwiebert & Zsembery, 2003). Seven different
subtypes have been found which can mix and match to form homo- and heteromeric receptors.
Like many other membrane proteins P2X receptors, when overexpressed and purified, have a
tendency to aggregate. Structure determination involved screening many different orthologues
and successfully produced the structure of zebrafish P2X, receptor (Kawate ez a/. 2009).

The extracellular domain of P2X, receptor has a central rigid ‘body’ domain with a
transthyretin-like B-sandwich motif around which other small domains are located (Fig. 54). The
upper region of this central domain makes contact with adjacent subunits while the lower region
is devoid of any contact and is linked to the TM domain. The head domain, with a fold similar to
oligosaccharide binding protein, is made up of three antiparallel §-strands and an a-helix that is
located above the body domain. Other domains include the dorsal fin, and the right and left
flipper. Numerous interactions are found between the body—body domains, head—body domains
and the left flipper and dorsal fin of neighbouring subunits. It is speculated that such interactions
between subdomains of the extracellular domain may play a role in the physiological properties
and assembly of the P2X receptor subtypes. The present structute has been determined in the
absence of agonist but, based on mutagenesis and the previously known ATP-binding site, an
ATP binding motif has been proposed. Common features of P2X, and ASCI extracellular do-
mains include the presence of fenestrations at the membrane interface through which ions can
pass, vestibules with acidic residues to hold cations and five disulphides that are also found in the
extracellular domain of P2X,.

The TM domain of P2X, has a similar architecture to the desensitised structure of functional
ASCI (Gonzales et al. 2009; Kawate e al. 2009). In particular, the TM helices of P2X, are
antiparallel with an angle of 45° to membrane normal. The TM2 helices of the three monomers
cross each other in the middle of the putative bilayer constricting the pore and are encircled by
TM1. Comparison of the structures of P2X, and ASCI also reveals a common principle on
gating. The crossing of TM2 helices in both channels and the residues surrounding the con-
striction show some conservation but there must still be differences in the pores, since P2X,

channels are non-selective while ASCI channels are sodium selective.

2.5 Viral ion channels

Short peptides such as alamethicin and gramicidins that are synthesised non-ribosomally by
multi-domain peptidyl synthases can form simple channels with antibacterial properties (Koglin
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& Walsh, 2009). Some enveloped viruses also encode very small TM proteins that form channels
and play a crucial role in their lifecycle. Proteins such as the M2 channel of influenza A virus, the
Vpu channel of human immunodeficiency virus and the Kcv channel of algal chlorella virus
PBCV-1 are ~ 100 amino acids in length and have been shown to function as channels (Fischer
& Sansom, 2002). The M2 channel of influenza A is the best characterised of these and forms a
pH-gated proton channel. The infective cycle of influenza starts with the fusion of viral and host
cell membranes. Endocytosis of the intact virus is followed by acidification within endosomes by
cellular ATPases. The subsequent fusion of viral and endosomal membrane is mediated by an
acid-induced conformational change in haemagglutinin that requires a change in the internal pH
of the virion. The M2 channel is responsible for this change in pH, which allows the release of
viral RNA into host cell. Drugs based on amantadine inhibit the pH change triggered by the M2
channel by inhibiting channel opening, but drug resistant mutants are on the increase.
Structures of the M2 channel have been determined by X-ray crystallography and NMR
spectroscopy (Schnell & Chou, 2008; Stouffer ef a/. 2008). Neither of these structures is of a
full-length protein. A short peptide corresponding to the TM region has been used for crystal-
lography and a slightly longer version was used for NMR. Both structures reveal a tetrameric left-
handed helical bundle. A narrow pore lined by hydroxyl and carbonyl groups from conserved
residues is located at the N-terminus of the channel and is suggested to act as a solvent-filled path
for proton transfer. Just below this pore region, the M2 channel is constricted by valine and then
opens into an aqueous cavity lined by small residues. In the middle of the pore, a conserved
histidine that acts as a pH sensor is in close contact with a tryptophan that is thought to act as a
gate. Lower pH results in electrostatic repulsion of histidines and opening of the gate. The major
difference between the X-ray and NMR structures is the mode of drug binding. In the X-ray
structure a single drug molecule, amantidine, binds in the pore and blocks the channel. However,
in the NMR structure four rimantadine drug molecules are found in the C-terminal region of the
pore facing the bilayer, giving rise to speculation that the drugs may act by inhibiting the opening
probability of the channel rather than directly blocking of the pore. Although both structutes
appear to be consistent with the mechanism of inhibition, with the drug-resistant mutations
observed in the virus and with other biochemical observations, it is unclear if they reflect the true
nature of the M2 channel since neither structure represents the full-length protein nor is their
environment native. Hence there is always the possibility that detergent has perturbed their

structures. Nevertheless, these structures represent a minimal ion channel.

2.6 Mechanosensitive channels

The ability of cells to sense a mechanical stimulus is achieved through specialised membrane
proteins called mechanosensitive (MS) channels. In prokaryotes these mechanosensitive channels
are used to respond to forces created by osmotic changes in the environment. In hyperosmotic
conditions, accumulation of various solutes by dedicated transport systems offsets the efflux of
water. In low osmotic conditions however, the influx of water generates a large turgor pressure
that could potentially rupture the cell. MS channels in these cells act as safety valves and provide
a quick defence against osmotic down shock by directly sensing the pressure from the lipid
bilayer (Kung, 2005). Homologues of prokaryotic MS channels are found in other cell-walled
organisms such as fungi and plants. Much of our understanding of MS channels comes from
studies in Fscherichia coli. This bacterium possesses four MS channels: MscL. (large conductance),
MscS (small conductance), MscM (mini conductance) and MscK (regulated by potassium
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concentration) (Perozo & Rees, 2003). The presence of different MS channels allows the bac-
terium to respond to osmotic challenges of different magnitude. For example, MscL is activated
close to the lytic limit of the lipid bilayer, while MscS is activated at slightly lower tension. MscL
and MscS have been well-studied biochemically as well as structurally while much less is known
about MscM and MscK.

2.6.1 Mechanosensitive channel, large

The crystal structure of MscL. from Mycobacterinm tuberculosis in a closed state reveals an oligomer
of five subunits each with two TM helices and a C-terminal cytoplasmic domain (Chang ez /.
1998; Steinbacher ef a/. 2007). The pore forming TM1 helix is a tightly packed, right-handed
a-helical bundle (Fig. 64). It narrows towards the cytoplasm forming a hydrophobic constriction
that could perform the role of a gate. TM2 wraps around the central TM1 and probably interacts
with lipids on the outside. Each TM1 helix has four neighbours, consisting of two adjacent TM1s
plus TM2 helices of its own and a neighbouring subunit. The periplasmic side of the pore helix
TM1 is lined with polar residues. Although these are not conserved among the homologues,
polar residues are always positioned along the permeation pathway. No interaction is observed
between TM2 helices of adjacent subunits, which are presumably separated by lipid, and this
loose packing might facilitate the necessary conformational change required during channel
opening. A conserved amino acid stretch at the N-terminus adopts a helical conformation that is
located near the surface of the membrane, inserting into a gap between TM1 and TM2 of
neighbouring subunits. This short helix has been shown to play a role in MscL gating (Anishkin
et al. 2005). The cytoplasmic C-terminal domain forms a left-handed helical bundle, which may
act as a solute size pre-filter.

The recent structure of the MscL. channel from Staphylococcus anrens reveals a tetramer, with two
TM helices in each monomer (Liu ¢f a/. 2009). It was essential to delete last 26 residues at the
C-terminus to obtain crystals. The polypeptide conformation is slightly different from that in the
MscL pentamer from M. fuberculosis. This structure of S. aurens MscL channel is thought to be in
an intermediate expanded state when compared to the closed channel of M. tuberculosis. 1t is not

obvious why these channels have different oligomeric structures.

2.6.2 Mechanosensitive channel, small

The crystal structure of from FE. /i shows a heptamer with three TM helices and a large
cytoplasmic domain in each subunit (Bass e/ a/ 2002; Steinbacher ez 4/ 2007). As opposed to
MscL where both ends of the polypeptide are cytoplasmic, the N-terminus of MscS starts in the
periplasm, followed by TM1 and TM2 that form outer helices enclosing the pore forming TM3
helices whose C-termini end in the cytoplasm (Fig. 64). A glycine residue in TM3 produces a
pronounced kink resulting in the C-terminus of TM3 being oriented nearly parallel to the
membrane. TM3 interacts with symmetry related partners to form the permeation pathway. The
N-terminus of TM3 is largely hydrophobic; of significant importance are the side chains of two
leucine residues that block the pore. Thus, the permeation pathway in the observed structure is
devoid of water and cannot pass ions; hence the structure of MscS probably reflects the closed
state (Anishkin & Sukharev, 2004). TM1 and TM2 within a subunit are antiparallel and show
weak electron density possibly indicating their mobile nature. Two arginines found in TM1 and
TM2 could explain the voltage modulation observed in single-channel recordings of MscS. The
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Fig. 6. Molecular architecture of prokaryotic mechanosensitive channels, side and top view: (2) MscL, closed (20AR), () MscS, closed (20AU), (¢) MscS, open (2VV5).
MscL and MscS are non-selective channels, activated in response to hypo-osmotic shock. MscL and MscS show unusually large conductances of 3 and 1 nS, respectively,
[Figure 6 caption continued)
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cytoplasmic region of MscS is fairly large and consists of two domains: a middle -domain,
where five short -strands from each subunit pack together to form a continuous (35-stranded)
P-sheet extending around the entire protein and a C-terminal domain that has mixed a/f3
structure. The C-terminal domain consists of a B-barrel formed by a single §-strand from each
subunit, which is then surrounded by two a-helices that are packed against a three-stranded
antiparallel -sheet. The pore of MscS in the bilayer is accessible through seven openings each of
14 A diameter formed by the cytoplasmic domains. An eighth opening passes through the centre
of the C-terminal f3-barrel, with a diameter of 8 A. Such an intricate structure for the cytoplasmic
domain may act as a pre-filtering device to limit the size of solutes that exit the cell during

osmotic downshock.

2.6.3 Gating of MscL and MscS

Gating of both MscL and MscS is a complex process. Both channels are thought to exist in
closed, open and inactive states. They also exhibit numerous subconductance states indicating
multiple conformations. The tesponse of MscS to changes in the voltage across the membrane
in addition to membrane tension and its tendency to inactivate when the membrane tension
increases slowly adds additional complexity (Akitake ez 2/ 2005). In a biological context, the
different gating behaviour of MscL. and MscS has probably evolved for different conditions of
stress. MscS opens when there is a small downshift in osmolarity and then inactivates once the
turgor pressure is no longer threatening. MscL opens close to the lytic limit of membrane, so
probably acts as a last resort when all other systems have failed.

Gating of MscL and MscS has been studied by techniques such as patch clamp and site-
directed spin labelling with electron paramagnetic resonance (EPR) (Perozo ef al. 2002a; Akitake
et al. 2005, 2007 ; Vasquez ez al. 2008). Different properties of lipids such as the chain length,
intrinsic curvature of the membrane leaflet and fluidity of the membrane have been analysed with
regard to their effects on gating of MS channels. Chain length and fluidity affect the threshold
tension required to activate the channels, but do not trigger a conformational change. Addition
of amphipathic molecules such as lysophosphatidyl choline (LPC) spontaneously opens the
MS channels even in the absence of applied pressure indicating that lateral pressure mediated
by lipids has a direct effect on the probability of channel opening (Perozo ez al. 2002b).

[Fignre 6 caption continued)

which are much larger conductances than found in ion-selective channels because they make very large
transient holes in the membrane. Although they carry out similar functions, the structures of these proteins
are remarkably different indicating separate evolutionary pathways. MscL is a pentamer with two TM helices
in each subunit, while MscS is a heptamer with three TM helices per monomer. One subunit in each channel
is coloured in rainbow, blue at the N-terminus and red at the C-terminus. Despite their differences in
oligomeric state, both proteins show a ring of single TM helices tightly packed to form the permeation
pathway and covered by loosely packed outer helices. There is little sequence conservation between the pore
forming helices of these two families of proteins. However, there is a striking common feature in the central
helices of the two channels. When TM1 of MscL and TM3 of MscS are compared, there is a conserved
pattern of alanine and glycine residues that allow tight packing of the pore forming helices, with interspersed
hydrophobic residues that form the constriction pathway when the channels ate closed. The presence of
small amino acids in these helices must play a pivotal role in facilitating structural changes during gating.
Indeed, the open structure of MscS shows a large rotation and tilting of helices, which results in the increase
of pore diameter from 4-8 A in the closed state to ~ 13 A in the open state. Cross-linking and site-directed
spin labelling studies indicate that MscL. probably undergoes a similar conformational change to open the
permeation pathway, creating a pore diameter of ~25 A.
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Recently, the crystal structure of an open conformation of MscS was obtained by mutating
a single residue (from alanine to valine, A106V) near the N-terminus of TM3 helix (Wang ef 4/.
2008). In the closed MscS structure, this alanine packs against a glycine, G108, from a neigh-
bouring subunit, but the presence of the bulkier valine must interfere with this interaction. Large
changes are seen when the open structute is compared to the closed structure. The outer helices
TM1 and TM2 are rotated by ~45° clockwise and are accompanied by a 15° tilt with respect to
the seven fold axis in the open state compared with the closed state. In addition, the N-terminus
of the pore forming helix TM3 is rotated by 15° clockwise while the C-terminus remains largely
unchanged (Fig. 6¢). Stabilisation of the open state is thought to occur through an interaction
between the TM1-TM2 loops and both the C-terminus of TM3 of the same subunit and the
N-terminus of TM3 of the neighbouring subunit. This change in tilt and rotation of the helices
results in an ~8-A increase of pore diameter upon channel opening to produce a pore with a
diameter of ~13 A. Such an increase in pore diameter by movement of helices has also been
observed by site-directed spin labelling in liposomes, indicating that the open structure of MscS
is not an artefact of detergent and crystallisation (Vasquez e a/. 2008). However, although the
indirect deductions about solvent accessibility derived from modelling based on the site-directed
spin labelling results agree well with the X-ray crystal structure observations for TM3, they do
not agree for the other helices. Fig. 6 is therefore not the last word on the topic. Recent
computational studies predict that the structure of the A106V mutant is a partially open state
(Anishkin & Sukharev, 2009).

There is no structure yet for an open conformation of a pentameric MscL but experiments by
site-directed spin labelling, and by mutational and cross-linking analysis has allowed construction
of a working model for its open state. As in MscS, tilting of both TM1 and TM2 helices are
proposed, resulting in an increase of pore diameter to ~25 A with only the pore forming TM1
helix, and not the outer TM2 helix, becoming exposed to the aqueous channel (Perozo ef al.
2002a). Despite the differences in the structure and gating behaviour, opening of the permeation
pathway of both MscL. and MscS can be explained by helix tilting. This is analogous to opening
the iris in a camera, a mechanism that was proposed earlier based on cross-linking analysis and
computational modelling (Sukharev e a/. 2001). The essence of MS channel function lies in their
ability to sense the pressure through the lipid bilayer. Hence it is sutprising to learn that there is
no structure yet of either Msc. or MscS in lipid bilayers. It would be of great interest to see how
the outer helices pack against lipids. A 3D crystal with a lipid bilayer would also provide an

opportunity to study the effect of lateral pressure 7 situ and subsequent channel opening.

2.64 Eukaryotic MS channels

MS channels in animals reside in specialized organs such as the ear (hearing) and skin (touch) that
detect mechanical stimuli and convert them into electrical signals, a process that has been termed
‘mechanotransduction’ (Gillespie & Walker, 2001 ; Kung, 2005; Sukharev & Corey, 2004). Many
biological process such as the twitching of nematode worms when touched, the response of plant
roots and shoots to gravity, the determination of systemic osmolarity by circumventricular
organs, or the sensing of blood pressure by baroreceptors in animals are all a result of mech-
anotransduction. MS channels respond to mechanical stimulus such as deformation of skin or
oscillation of hair cells in hair bundles by rapid opening of the channels, resulting in a flow of ions
that amplifies the signal. MS channels in eukaryotes interact with other proteins to form a mech-
anotransduction apparatus such as the ‘mec’ system of C. elegans (Chalfie, 1997; Tavernarakis &
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Driscoll, 1997). They are tethered to the extracellular matrix on one side and to the cytoskeleton
in the cytoplasm, which allows the direct transfer of the signal and removes the need for sec-
ondary messengers. Some of the major membrane protein families in higher eukaryotes including
the degenerin (DEG/ENaC) family, transient receptor potential (TRP) family and the two-pore
domain K*-channel family have been proposed to be involved in mechanosensation (Gillespie
& Walker, 2001; Sukharev & Corey, 2004; Kung, 2005). The ASIC ion channels described in
section 2.4 belong to the degenerin family, but there is no clear experimental evidence yet on
whether they respond to mechanical stimuli. However, sequence homology and topological
prediction of TM domains indicates that eukaryotic MS channels, for which there are no struc-
tures yet, may have a similar architecture to ASIC and share some gating properties with pro-
karyotic MS channels.

2.7 Aquaporins

Most biological membranes allow water transport by simple diffusion. However, the presence of
specific water channels is crucial for many biological processes such as renal reabsorption, gen-
eration of aqueous humour in the eyes, secretion of sweat, saliva and tears, and regulation of
cellular osmolarity in microbes and plants (Engel & Stahlberg, 2002; King ¢f a/. 2004). Hence, it is
not surprising that one or more water channels, called ‘aquaporins’, are found in most organ-
isms, principally to maintain water homeostasis. The 2003 Nobel Prize in Chemistry was awarded
to Peter Agre for his role in discovering these channels (Agre, 2004). Similar small molecules
such as glycerol and urea are also transported through specific channels. Channels that transport
glycerol as well as water are called aquaglyceroporins (Gonen & Walz, 2006) and show structural
homology.

Since most ions are hydrated, an important function of water channels is to exclude passage
of ions, especially protons, which would quickly short-circuit the electrochemical membrane
potential. A continuous chain of hydrogen bonded water molecules can be an excellent proton
pathway (de Grotthuss, 1800). If aquaporins allowed proton permeation, there would be cellular
acidification and collapse of the membrane potential. Thus, a water channel should have a
mechanism to exclude protons while retaining the selectivity for a high flux (3 X 10° molecules/s)
of water or similar molecules. This has been achieved in the aquaporin family by the juxta-
position of two short highly conserved sequences, both containing an asparagine—proline—
alanine (NPA) motif, which together form the heart of the pore.

To date, 10 different aquaporin structures have been determined to high-resolution by X-ray
or electron crystallography (Sui ef a/. 2001; Fu e/ al. 2000; Murata ef al. 2000; Savage et al. 2003;
Gonen ¢t al. 2004b; Harries ef al. 2004 ; Lee et al. 2005 ; Hiroaki ef a/. 2006; Tornroth-Horsefield
et al. 2006; Horsefield e al. 2008; Newby ez al. 2008 ; Fischer e¢f al. 2009). Aquaporins exist as
tetramers iz vitro as well as zn vivo (Fig. 7a). The key architectural feature of the molecule is an
internal duplication in which each half of the monomer consists of three TM helices and a re-
entrant loop. The two repeats are related by an approximate twofold axis in the membrane plane
giving the overall structure an unusual symmetry of inversion across the membrane. Fach
monomer is thus made up of a right-handed bundle of six TM helices (1-6) connected by five
loops (A—E), which together form the channel. The two NPA motifs are located at the N-termini
of the re-entrant loops B and E, which fold into the protein from opposite sides to meet in the
middle of the bilayer. The C-terminal halves of these loops form short helices (HB and HE),
which are roughly aligned and together can be considered to form a kinked seventh TM helix
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Fig. 7. (a) Tetramer of aquaporin (2B60). (top) Aqp0, determined by electron ctystallography viewed from
the extracellular side, shows an individual water channel in each monomer with water molecules depicted as
red spheres. Lipids probably fill the cavity at the centre of the tetramer. So far only in the structure of human
Aqp5, has an ordered lipid molecule been identified in this region (Horsefield ez a/. 2008). (4) Monomer of
aquaporin showing how it has evolved by gene duplication. The N and C terminal halves (blue and green) of
each polypeptide are related by a pseudo twofold symmetry axis, which is parallel to the membrane plane
and perpendicular to the page. Thus, the two halves of the molecules have opposite orientations in the
membrane. Loop C (magenta) on the extracellular side connects the two halves. The conserved NPA motifs
and short helices (HB and HE) are depicted in yellow. Three water molecules (red spheres) as seen in the
EM structure of Aqp0 are shown along the pore region (Gonen ez al. 2004b). The hourglass like structure of
aquaporin was predicted based on primary sequence and biochemical analysis years before the first structure
was determined (Jung ez al. 1994).

(Fig. 7b) with a central discontinuity. Another conserved feature in the aquaporin family is the
aromatic/arginine (ar/R) consttiction site, in which arginine and one or more aromatic residues
usually play a crucial role in selectivity and ion exclusion. Varying numbers of water molecules
(3-9) have been observed in the pore in different structures, depending on the open or closed
state of the channel. Pore diameter at the entrance of a pure water channel is 3 A, slightly larger
than a water molecule, while that of a glycerol channel is 3-8 A

Sub