CHAPTER 7

Membrane-Bound Proteins

7.1 INTRODUCTION

The plasma membrane is a lipid body containing proteins and carbohydrate units. It de-
fines the shape of the cell and acts as a physical barrier between the cytoplasm and the
external environment (exoplasm). Since these two environments are very different in terms
of their chemical composition, the formation of the first membranes signified the evolu-
tionary emergence of the first biological organisms; this event took place between 3.2 and
3.8 billion years ago '™*/. The cells of all organisms are enveloped by plasma membranes,
and some cells contain other membranes as well. Gram-negative bacteria, for example, also
have an outer membrane, which has its own set of characteristic proteins, and is rich in
polysaccharides. Eukaryotic cells, which evolved about 1.5 billion years ago, contain inner
membranes, which define the various organelles.

The primary role of the plasma membrane is to maintain the unique chemical environ-
ment of the cell, which includes the following:

1. Ions. Intracellular ions are chemically diverse. Some are elements such as Na*, K,
Cl™, Mg**, Mn**, Cu®*, Zn", Co®" and Fe**”**, whereas others are molecules of var-
ious sizes (e.g., PO,>”). Maintaining a constant concentration of these ions inside
the cell is crucial for the routine execution of numerous cellular and physiological
processes. First, by stabilizing charged groups in the active sites of enzymes, or par-
ticipating in the binding of atoms and molecules, ions enable routine biochemical
pathways to take place (¢!, Second, the concentration gradient of Na*, K" and CI”
across the plasma membrane is responsible for its electric potential, which is used to
drive processes such as cellular transport, neural transmission, and muscle contrac-
tion. Finally, the physiological ionic balance is important for the regulation of body
hydration.

2. Small metabolites. Small organic molecules, such as ATP, amino acids, monosac-
charides and disaccharides, nucleotides, pyruvate, and others, participate in, and are
formed by, metabolic processes.

3. Macromolecules. Proteins, carbohydrates, lipids, and nucleic acids are the functional
units of cells and tissues, as explained in Chapter 1.

Many of these chemicals are polar (neutral or charged), which explains why the type of bar-
rier chosen by evolution to keep them inside the cell is based on a lipid structure, whose
permeability to such molecules is extremely low. In order for a polar compound to cross the
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membrane, it must first transfer from the aqueous environment (cytoplasm or exoplasm)
into the membrane itself. This process is highly unlikely, due to the desolvation of the po-
lar compound. The transfer energy can be estimated using the Born equation of solvation
(Equation (2.2)), as follows.

Assuming that ion transfer into the membrane is determined by electrostatic contribu-
tions, the transfer free energy is:

1 1
AGtransfer = Gm - Gw = 166 <g> <_ - _> (7.1)

r En Ey

(where m and w are the membrane and aqueous environments, respectively; g is the net
charge of the molecule; r is its effective radius; and ¢ is the dielectric. See Chapter 2 for more
details.).

For simplicity, let us consider a simple spherical ion of radius 1 A and charge +1. Taking
the dielectrics of the membrane and aqueous environment to be 2 and 80, respectively, we
obtain AG,,, . = +80kcal/mol. Thus, the fraction of ions that transfer into the membrane
(Equation (4.3b)) is: P oc e("AG/RT) — ¢(=80/06) ~ 1 % 1078, Thus, in essence, at a physio-
logical ion concentration of about 150 mM, no cation will partition into the membrane.
Computational 7 and experimental [® studies show that this is also true for large ions, such
as the side chains of charged amino acids.

Since most of the compounds inside cells are produced and utilized constantly by
metabolic processes, it is not enough to prevent them from leaving the cell; keeping their
concentrations fixed requires the constant import of some compounds and the export of
others. In addition, the entire process must be carefully controlled, so as to avoid the loss
of important metabolites or the internalization of wastes and/or toxic chemicals. As in the
other cases we have encountered, here too evolution has assigned the job to proteins. There
are two types of transport proteins: channels and transporters. A channel crosses the entire
length of the membrane, and contains a water annulus, which enables polar chemicals (of-
ten ions) to move across the membrane, down their electrochemical gradient. A transporter
binds polar chemicals on one side of the membrane and releases them on the other side.
Some transporters span the entire width of the membrane, whereas others (carriers) do not,
and have to diffuse from one side to the other in order to release the ‘substrate’ into the right
compartment. While some transporters transfer molecules down their electrochemical gra-
dient, others (pumps) do so in the opposite direction, by using an external source of energy,
which can be direct (ATP), or indirect (the electrochemical gradient of another molecule).
The transport process is controlled in both channels and transporters; channels only let in
molecules that are small enough to enter the water annulus, and can also open or close in
response to different signals, such as ligand binding, change in cross-membrane voltage, or
application of mechanical pressure. Transporters can bind or release their ‘substrates’ when
the latter are present, but in many cases they do so pending the binding of the right reg-
ulatory ligand. The function of transport proteins is so basic that in microorganisms they
constitute 40% to 50% of all membrane proteins [,

In addition to transport, membrane proteins play other important roles, most of which
are mentioned in Chapter 1:

1. Communication and signal transduction. Numerous cellular proteins are membrane-
bound receptors. These act as antennae, and pass communication signals arriving
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from the external environment into the cell. Most of these receptors respond to chem-
ical messengers, such as hormones, neurotransmitters, pheromones, odorants, and
local mediators, whereas others respond to other types of signals, such as electro-
magnetic radiation (light) or mechanical pressure. Thus, the proper functioning of
these proteins is crucial not only to individual cells, but also to entire physiolog-
ical systems, specifically, the nervous, endocrine, and immune systems. Receptors
span the entire width of the membrane, with their extracellular side designed to bind
or respond to the external messenger, and their intracellular side interacting with
different cytoplasmic proteins. The latter transmit messages into the cell, often by
catalyzing enzymatic reactions. For example, growth factor receptors relay the mes-
sage ‘grow’ or ‘divide’ into the cell by promoting phosphorylation of various cellu-
lar components. While most of the cytoplasmic proteins receiving this message are
water-soluble, some, such as G-proteins or the enzymes protein kinase A and C are
membrane-bound, at least part of the time.

2. Cell-cell and cell-ECM recognition. Certain membrane-bound proteins, such as in-
tegrins or cadherins, bind proteins or other elements that reside either on other cells
or in the extracellular matrix (ECM). Such interactions are important, e.g., for the
cell’s ability to recognize its neighbors or become anchored to its biological tissue.

3. Energy production and photosynthesis. A number of proteins that reside inside the
inner mitochondrial membrane (or the plasma membrane of bacteria) participate in
the extraction of chemical energy from foodstuff, and its storage in a freely avail-
able form, ATP. Most of these proteins act as electron carriers and proton pumps,
whereas others construct the ATP-producing component of this system. A similar
system functions in the thylakoid membrane of plants and algae (or the plasma mem-
brane of photosynthetic bacteria), in the assimilation of solar energy, i.e., photosyn-
thesis.

4. Defense. Certain membrane-bound proteins participate in the defense of the cell
or the entire body against invading pathogens, i.e., bacteria, viruses, and parasites.
These proteins may fulfill different functions, most of which involve recognition of
pathogen-related molecules. A well-known example is the T-cell receptor, which spans
the membrane of a T lymphocyte, and recognizes peptides that have been taken from
degraded pathogens.

5. Cellular trafficking. Membrane proteins often serve as attachment points for other
proteins. This function enables cells to concentrate metabolic enzymes or signal trans-
duction proteins in certain locations. The trafficking of vesicles carrying lipids and
proteins between cellular compartments is also affected by certain membrane-bound
proteins.

The significance of membrane proteins is reflected not only in their functions but also
in their prevalence; it is estimated that 20% to 30% of any genome codes for membrane pro-
teins 1%}, and a recent, extensive survey of the human proteome indicates a similar value,
23% 112, Defects in membrane proteins manifest as various pathologies, including neural or
cardiovascular disorders, depression, obesity, and cancer. Accordingly, it is estimated that
~60% of approved pharmaceutical drugs act on membrane proteins '>!#/, most of which

are G protein-coupled receptors (GPCRs; see below) [1>16],
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We discussed earlier how proteins are structurally, thermodynamically, and functionally
affected by their environments. It therefore stands to reason that in order to understand the
behavior of membrane proteins, one must first understand the nature of biological mem-
branes. This conclusion is reinforced by the fact that membranes are by nature much more
complex, both chemically and physically, than the aqueous solution constituting the cyto-
plasm. In the following section we review the key characteristics of the biological membrane,
and in Section 7.4 we focus on the effects of these properties on the behavior of membrane
proteins, and vice versa.

7.2 STRUCTURE AND ORGANIZATION OF BIOLOGICAL
MEMBRANES

7.2.1  General structure and properties

In 1972, Singer and Nicolson proposed their well-known fluid mosaic (FM) model to de-
scribe the structures and characteristics of biological membranes 7). The model depicts
the membrane as a structure made of two layers of lipid molecules (lipid bilayer), in which
various proteins reside (Figure 7.1a). These proteins are separated into two general types:

1. Integral proteins reside inside the lipid bilayer, with one or more segments of their
polypeptide chain crossing the full width of the bilayer (transmembrane (TM) do-
main). Isolating these proteins requires the disruption of the bilayer structure by de-
tergents.

2. Peripheral proteins are loosely attached to one of the lipid monolayers, or to an in-
tegral protein. Isolating such proteins does not require membrane disruption; a mild
treatment, e.g., elevating the salt concentration, is sufficient.

In addition to lipids and proteins, membranes also contain different types of carbohydrates,
in the form of long and branched chains. These are attached to both lipid and protein
molecules on the extracellular side of the membrane. The entire carbohydrate coat of the
membrane is referred to as the glycocalyx’. Contrary to its depiction in old biochemistry
and cell biology books, the glycocalyx is of formidable size, and is visible to the electron mi-
croscope. The carbohydrate chains provide physical protection to the membrane, but also
participate in molecular recognition processes. These can be between cells, or between the
cell and a water-soluble molecule within the body.

The bilayer structure, on which the entire membrane is based, is made of numerous lipid
molecules packed tightly against one another (Figure 7.1b). Nevertheless, the FM model
posits that since each lipid molecule is inherently dynamic, the bilayer is only mildly vis-
cous (hence the term ‘fluid’ in the name of the model). To test this posit, early studies fo-
cused on the protein-to-lipid ratio in different biological membranes. They concluded that
although most biological membranes have a weight ratio of ~0.5, some membranes differ
considerably in this parameter. For example, in the myelin membrane, which surrounds
the axons of nerve cells, the ratio is ~0.2, whereas in the inner mitochondrial membrane
it is ~0.8. A study carried out on red blood cells took a slightly different approach by con-
sidering a different parameter, the proportion of the membrane surface occupied by the
protein component [!®!, The results demonstrated that proteins occupy at least 23% of the
membrane surface, i.e., a much higher value than expected based on the protein-to-lipid
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ratio. This high value was attributed to the fact that many integral membrane proteins have
large extramembrane domains, and also to the fact that such proteins tend to form large
oligomers. These results suggested that, contrary to the fluid depiction put forward by the
FM model and studies carried out in pure lipid bilayers — an approach that had dominated
the scientific view up until that point — biological membranes have a certain rigidity. Today;,
the membrane is considered to have intermediary properties between fluid and gel, which
enable it to block the free movement of polar solutes, but at the same time retain its flexibil-
ity, which is highly important for its function. For example, flexibility is important for the
formation of transport vesicles, which carry protein and lipid cargo between intracellular
membranes and the plasma membrane. The cargo molecules may reside in the membrane
or be secreted in a process of exocytosis [!>2%], Transport vesicles also enable polar solutes
to be internalized by the cell through endocytosis.
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FIGURE 7.1 The biological membrane. (a) The fluid mosaic model of the cell membrane. The
image was adapted from (2!, (b) An atomistic representation of the hydrated lipid bilayer. The polar
and nonpolar regions are noted, as well as their lengths (from ?2). The dashed line marks the border
between two leaflets. For clarity, the lipid bilayer is shown in its ordered phase. In reality, the lipid
chains are disordered and dynamic.
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7.2.2  Composition of lipid bilayer

The biological membrane contains numerous lipid molecules of different types 224, Even

red blood cells, which are considered to be highly simple, contain in their plasma mem-
branes over 200 different types of lipids 2°!. The following subsections summarize the struc-
tures and properties of the main types.

7.2.2.1  Glycerophospholipids

Glycerophospholipids are the most abundant type of lipids in biological membranes ¢,
Their name alludes to their chemical structure; each contains two fatty acids esterified to
a glycerol backbone, with the third glycerol carbon attached to a negatively charged phos-
phate group (Figure 7.2a). In most phospholipids, the phosphate group is attached on its
other side to an alcohol group, which can be serine, choline, ethanolamine, inositol 4,5-
bisphosphate (IP,), or even glycerol ¥’} (Figure 7.2b). The name of each phospholipid in-
cludes the prefix ‘phosphatidyl’, followed by the name of the alcohol group it contains. Since
the various phospholipids differ only in the identity of their respective alcohol groups, it
is the alcohol group that determines the overall physicochemical uniqueness of each phos-
pholipid, including its size and electric charge (Table 7.1). Cardiolipin differs substantially
from other phospholipids in its shape. Its alcohol group is an entire phosphatidylglycerol
group, which means it contains two phosphate groups, two glycerol groups, and four acyl
chains™ 28], The acyl chain in the first glycerol position (sn-1) tends to be either satu-
rated > or monounsaturated?, whereas that in the second position (sn-2) tends to be poly-
unsaturated™ (%!, Most acyl chains in biological membranes contain 18 carbons **), which
creates an average hydrophobic width of ~30 A 13!,

TABLE 7.1 Glycerophospholipids composing biological membranes.

Acyl Alcoholic Net
Full Name Abbreviation Chains Head Group Charge
Phosphatidylcholine PC 2 trimethylammonium 0
Phosphatidylethanolamine PE 2 amino 0
Phosphatidylserine PS 2 amino/carboxyl -1
Phosphatidylinositol bisphosphate PIP, 2 hydroxyl/phosphate -5
Phosphatidylglycerol PG 2 hydroxyl -1
Diphosphatidylglycerol (cardiolipin) CL 4 hydroxyl/diacyl -2

7.2.2.2  Sphingolipids
Sphingolipids have similar properties to glycerophospholipids, except for the following:

1. The backbone of the molecule contains dihydrosphingosine instead of glycerol (Fig-
ure 7.3a).

“I'When attached to another molecule or group, the fatty acids are called ‘acyl chains’
“2That is, devoid of any double bonds.

“3That is, containing one double bond.

“That is, containing several double bonds.
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FIGURE 7.2 Glycerophospholipids. (a) General structure. Top: Chemical structure. The glycerol
backbone is colored in red and numbered; the acyl chains are colored in blue; and the alcohol group
(R-OH) is surrounded by a green box. The nonpolar and polar parts of the phospholipid define the
corresponding regions of the lipid bilayer (see Figure 7.1). Bottom: Three-dimensional structure. The
atoms are colored by atom type, with the R moiety colored in grey. (b) Common types of alcohol

groups that appear in phospholipids.
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FIGURE 7.3  Sphingolipids. (a) General structure, demonstrated on a ceramide molecule. The sph-
ingosine backbone of the molecule is colored in red, the acyl chain in blue, and the alcohol moiety
in green. (b) Top: The chemical structure of sphingomyelin, colored as in (a). Bottom: The three-
dimensional structure of sphingomyelin.

2. Only one acyl chain is present, attached to the sphingosine backbone (this conju-
gate is called ceramide’). However, since the structure of sphingosine itself includes
a long hydrocarbon chain that resembles an acyl chain, the general shape of the lipid
molecule is still similar to that of glycerol phospholipids.

3. Although in many cases the carbon at the third position of sphingosine is attached
to a phosphocholine group (this molecule is called sphingomyelin *?); Figure 7.3b), in
other cases the phosphate group may be replaced by a large carbohydrate group. Such
complex molecules are referred to as glycosphingolipids’ (GSLs). Some GSLs contain
a sialic acid group (N-acetylneuraminic acid) covalently attached to the sugar moi-
ety. These GSLs are called gangliosides’, and are particularly prevalent in neuronal
membranes, where they constitute 2% to 10% of the total lipid component 3],

GSLs are ubiquitous components of animal cell membranes >3 and constitute a particularly
interesting category of sphingolipids. The complex carbohydrate patterns in GSLs, and the
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fact that most GSLs reside on the outer leaflet of the lipid bilayer, make these molecules
highly suitable for molecular recognition processes. Indeed, GSLs are known to interact
with an extensive set of extracellular ligands, such as lectins, toxins, hormones, and viruses.
The membrane composition of GSLs is carefully regulated, and is known to depend on the
developmental condition of the cell. In addition, this composition has been found to change
dramatically in some abnormal events, such as neurological diseases and cancerous trans-
formation of cells.

7.2.2.3 Sterols

In eukaryotes, a third type of lipid, the sterol, can be found. Sterols have a characteris-
tic structure of four fused rings with a hydroxyl group at one end of the molecule and a
lipid ‘tail’ at the other end (Figure 7.4a). The specific type of sterol in the membrane de-
pends on the type of organism: Plants, fungi and animals contain stigmasterol, ergosterol,
and cholesterol, respectively 34 (Figure 7.4b-d). Compared to the slender-flexible phospho-
lipids, sterols are bulky and rigid. These two properties of sterols have an important effect
on the properties of the entire membrane, as explained below. The general importance of
cholesterol in the mammalian membrane is reflected in its narrow concentration range in
the membrane 4!, This range is actively monitored by the cell.

7.2.2.4 Ethers

Archaeans are among the most ancient organisms on Earth. Not surprisingly, they tend to
live in niches such as the hydrothermal vents at the bottom of the ocean, which have extreme
conditions resembling those that dominated our planet ~3.5 billion years ago. Though they
are considered prokaryotes, Archaeans have several characteristics that distinguish them
from eubacteria (‘modern’ bacteria), as well as from eukaryotes. One of these differences
lies in the chemistry of their membrane lipids. While in eukaryotes and eubacteria most
membrane lipids include fatty acids esterified to glycerol backbones, in Archaeans the lipid
chain in the first position is attached to the glycerol via an ether bond (e.g., in plasmalogen)
(Figure 7.5). It is possible that the ether bond, which is more stable than an ester, confers an
important advantage at the extreme conditions these organisms live in.

7.2.2.5 Variability

Cells possess different mechanisms that enable them to control the lipid composition in their
membranes 38, Although the compositions of most membranes share several general
characteristics (e.g., the dominance of phospholipids), substantial variability is observed
across membranes from different origins, as follows:

1. Different groups of organisms. In eukaryotes the major phospholipid is phos-
phatidylcholine (PC; ~20% of the lipids in the rat liver plasma membrane (%),
whereas in most bacteria it is phosphatidylethanolamine (PE) or phosphatidylglyc-
erol (PG) 1%, Conversely, in the mycobacteria M. tuberculosis the dominant phos-
pholipid is cardiolipin (CL) 1.

2. Different tissues within the same organism. For example, the intestinal brush bor-
der membrane has no CL, whereas membranes in the nervous system that are rich in
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FICURE 7.4  Sterols. (a) The general sterol structure, containing four fused rings, a hydrophobic
tail, and a hydroxyl group on the other side. (b) Stigmasterol. (c) Ergosterol. (d) Cholesterol. Top: The
chemical structures of the lipids. Bottom: The three-dimensional structures of the lipids.
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FIGURE 7.5  Ether-linked lipids. Top: The chemical structure of these lipids is exemplified by plas-
malogen. The glycerol and acyl chains are shown as in Figure 7.2. Bottom: The three-dimensional
structure of plasmalogen.

cholinergic receptors have very little sphingomyelin (SM) and no phosphatidylinos-
itol (PI) (42,

3. Plasma versus inner membranes in eukaryotes. For example, CL constitutes ~20%
of lipids in the mitochondrial inner membrane, whereas it is virtually absent in the
ER and plasma membranes !, In addition, animal cholesterol resides mainly in
the plasma membrane, and is present only in negligible amounts in the ER mem-
brane [44~%¢1, Finally, most of the SM in the cell is concentrated in the plasma mem-
brane and the lysosomal membrane [42),

4. Cytoplasmic versus exoplasmic leaflets of the plasma membrane. In eukaryotic
membranes, the exoplasmic leaflet contains mainly choline phospholipids (PC and
SM), whereas the cytoplasmic leaflet contains mainly amino phospholipids (PS and
PE), as well as PI, in much smaller quantities [4’->°!, Since both PC and SM are elec-
trically neutral, whereas phosphatidylserine (PS) and PI are negatively charged, the
lipid asymmetry leads to a charge difference between the two leaflets. That is, the cy-
toplasmic leaflet is negative compared to the exoplasmic leaflet. In the bacterial
inner membrane the exoplasmic leaflet is enriched with PG, whereas the cytoplasmic
leaflet is enriched with PE and PI [°),

5. Different regions of the same membrane. Certain lipid molecules of similar charac-
teristics tend to gather at defined regions of the membrane, called microdomains, or
rafts °1>2, The formation of microdomains is one of the results of lipid-protein in-
teractions, and usually has functional implications. For example, PIP, microdomains
are important for certain signal transduction processes (see Subsection 7.4.1.2.2 be-
low for details).
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7.2.3 Lipid property effects on membranes
7.2.3.1  Amphipathicity

Despite their marked differences, lipid molecules in biological membranes share one com-
mon characteristic, namely, amphipathicity. That is, each membrane lipid includes a polar
region and a nonpolar region. For example, in glycerophospholipids the polar region in-
cludes the ester-glycerol-phosphate-alcohol (or carbohydrate) groups, whereas the nonpo-
lar region includes the acyl chains. These two regions are often referred to as the polar head’
and ‘nonpolar tails’, respectively. In cholesterol, the fused ring structure and attached hy-
drophobic tail constitute the nonpolar region, and the hydroxyl group constitutes the polar
region. In the aqueous environment typical to biological systems, the hydrophobic effect and
amphipathic nature of these lipids drive them to form larger structures, in which the polar
regions face the aqueous medium and the nonpolar regions face each other. One such stable
structure is the lipid bilayer. As described earlier, this structure is organized so the nonpo-
lar tails of all lipids create a ~30-A hydrophobic core™, and their head groups form two
~10 to 15-A polar layers facing the external aqueous environment ** (Figure 7.1b). This
structural organization is fundamental to the lipid bilayer’s most important trait, i.e., im-
permeability to most polar solutes. Again, because of the membrane’s impermeability, the
cell can tightly regulate the concentration of its metabolites by using specific transport pro-
teins as the sole means of entry into and exit from the cytoplasm.

7.2.3.2  Asymmetry

As explained in Subsection 7.2.2.5 above, the membrane is asymmetric in terms of its lipid
distribution. For example, in eukaryotic membranes the exoplasmic leaflet contains mainly
the choline-containing lipids PC and SM, as well as glycolipids, whereas the cytoplasmic
leaflet contains mainly the amino lipids PS and PE [3347-50:541Since phospholipids can
change sides in a matter of hours, the asymmetry must be maintained by an active mecha-
nism: namely, membrane-bound enzymes that transfer lipids from one side of the bilayer to
the other, using ATP as an energy source °#). In particular, there are two enzymes working
in opposite directions:

1. Flippase (aminophospholipid translocase) transfers the amino peptides PS and PE
from the exoplasmic side of the bilayer to the cytoplasmic side.

2. Floppase transfers PC and cholesterol (in some tissues) from the cytoplasmic side to
the exoplasmic side.

Membrane lipid asymmetry is diminished by certain processes, such as programmed or
accidental cell death (apoptosis and necrosis, respectively), as well as cancerous transfor-
mation of cells !, This reduction of asymmetry happens as a result of either a decrease in
the activity of flippase or activation of another enzyme, scramblase, which transfers phos-
pholipids equally to both sides of the bilayer. The loss of asymmetry may in turn affect the
cell and tissue, at least in the case of PS [°], Specifically, the presence of PS in the exoplas-
mic leaflet has been found to mediate several physiological processes that involve cellular
recognition:

I'The width of the hydrophobic core is measured between the glycerol groups of the two opposite layers.
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1. Recognition of apoptotic cells by macrophages. As explained earlier, macrophages
are phagocytes that are able to engulf and internalize a variety of entities, from single
proteins to entire cells. In doing this, they play a double role. First, they kill invading
bacteria that may harm the body. Second, they assist in disposing of dead cells from
tissues. The latter role is important not only for cleaning purposes, but also for pre-
venting the development of a harmful inflammatory response in the tissue following
the apoptosis of cells. Conversely, when cells die by necrosis, which is not ‘planned’
by the body but rather inflicted by some kind of trauma, inflammation ensues rapidly.
PS on the surface of apoptotic cells has been implicated in macrophages’ capacity to
recognize these cells, and therefore has a role in the prevention of inflammation.

2. Recognition of activated endothelial cells by T-lymphocytes. One of the roles of the
immune system is to detect tissues invaded by pathogens and to act quickly to eradi-
cate the invaders. The problem is that lymphocytes are normally on the move inside
circulating blood and lymph, and do not linger in one place. Thus, when pathogens
are detected in a certain tissue, it is necessary to prevent lymphocytes in the vicinity of
this tissue from moving elsewhere. This is done by nearby endothelial cells, i.e., cells
that line the blood vessels at the vicinity of the invaded tissue. These undergo a pro-
cess that exposes their PS to the extracellular environment, and the latter is recognized
and bound by nearby T-lymphocytes.

3. Recognition of bacteria by the complement system. The complement system in-
cludes several proteins that normally exist in an inert state. However, when activated
during pathogenic invasion, they form a complex that attacks the invading cells. The
attack involves damaging both the membrane and the cytoplasmic components of
those cells. In most cases, the complement system is activated against invading bacte-
ria, already recognized by antibodies. However, alternative activation pathways also
exist, and they seem to involve PS on the exoplasmic leaflet of the invading bacte-
ria. If this is indeed the case, it is likely that cancer cells are also recognized this way,
as such cells are known to have lower membrane lipid asymmetry compared with
healthy cells.

7.2.3.3 Degree of order and thickness

Though the lipid bilayer is commonly depicted as being overall fluid (in accordance with
the fluid mosaic model), its fluidity may vary within a certain range. This variation is de-
termined by the degree of order of the individual lipids, and specifically their hydrophobic
tails. Linear tails are tightly packed within the bilayer structure, making it more viscous ¢/,
Such a structure is referred to as Tiquid ordered’ (1,). Conversely, bent tails form a less tightly
packed and more fluid structure, referred to as Tiquid disordered’ (I;). Under physiological
conditions the two types (or phases) coexist within the lipid bilayer, each contributing to
its biological properties: The I, phase enhances the bilayer’s capacity to serve as a physical
barrier for polar solutes, whereas the 1; phase provides it with a certain degree of dynamics.
Indeed, bilayer regions that assume the 1; phase allow individual lipids not only to diffuse
along the surface of the bilayer (lateral diffusion), but also to ‘flip’ from one leaflet to another
(transverse diffusion). Moreover, the 1; phase allows the membrane to undergo structural or-
ganization that is needed for certain biological processes, such as the formation, budding,
and fusion of transport vesicles.
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The packing tightness of individual lipids is determined by two main factors:

1. Degree oflipid saturation. Fully saturated lipids have linear hydrophobic tails, which
tend to form an ] -type of bilayer. Conversely, lipids containing one or more double
bonds have bent tails that pack in an l;-type of structure.

2. Presence of sterols in the bilayer. Sterols have a dual effect on the properties of the
lipid bilayer 3*>71, On the one hand, the sterol acts as a plug that prevents the free
passage of solutes through the cavities between phospholipids. On the other hand,
the rigid and bent structure of the sterol molecule creates a spatial disturbance in the
tight phospholipid packing of the lipid bilayer, which prevents the bilayer from solid-
ifying. This is important for the biological function of the membrane, which requires
the bilayer to remain dynamic. Thus, sterols allow biological membranes to remain
dynamic without losing their basic function as a physical barrier.

The cell can modulate the two factors to achieve the right balance between different prop-
erties. For example, the ER membrane contains small quantities of sterols *4~4¢] but retains
flexibility due to large quantities of unsaturated phospholipids. Studies evaluating lipid com-
position, sensitivity to detergents, and biophysical measurements of lipid motions suggest
that extensive regions in biological membranes exist in the 1, phase !, and that the I,
phase is usually restricted to those regions involved in dynamic activity, such as the for-
mation of transport vesicles.

An important trait of the lipid bilayer that is derived from its degree of order is its thick-
ness. Measurements in pure lipid bilayers indicate that the bilayer has an average thickness
of ~50 to 60 A, with a ~30-A nonpolar core and two polar lipid-water interfaces measuring
~10to 15 A each [*] (Figure 7.1b). These values vary (within a certain range) across differ-
ent organisms, and even among different compartments of the same cell. In liver cells, for
example, the apical membrane, which faces the lumen, is ~5 A thicker than the ER mem-
brane, and ~7 A thicker than the basolateral membrane, which faces other cells ). When
a region of the lipid bilayer changes from the 1 to the 1; phase, it becomes thinner due to a
decrease in the length of the acyl chains. This difference affects the interactions between the
phospholipids and the integral membrane proteins in their vicinity. Since such effects also
influence the stability of the latter, proteins tend to concentrate in regions of the membrane
in which only one of the phases exists, and, as a result, groups of membrane proteins tend
to be physically separated from one another. The concentration of proteins in certain mem-
brane regions is often used to enhance signal transduction pathways, which require prox-
imity of their components. Finally, changes in protein-lipid interactions following phase
changes may directly affect the activity of the former. These issues are further discussed in
Section 7.4 below.

7.2.3.4 Curvature

Although the lipid bilayer is traditionally depicted as planar, it may curve temporarily in
certain regions [°®). This phenomenon facilitates various processes, such as the vesicular
transport of proteins and lipids among the ER, Golgi apparatus, and plasma membrane.
Vesicular transport begins with the gradual curving of the source membrane until the vesi-
cle is formed, continues with the separation of the vesicle from the membrane (budding)
and its diffusion towards the target membrane, and finally ends with fusion of the two [**!
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FIGURE 7.6  Curvature changes in the budding of transport vesicles (%!, (a) through (d) Stages
in vesicle budding. (e) Positive and negative curvatures in the transport vesicle.

(Figure 7.6). Exocytosis, endocytosis ?°), and inter-organelle exchange all involve this pro-
cess.

Membrane curvature is affected by lipid and protein composition. The effect of lipids in-
volves the ratio between the effective cross-section area of the lipids’ head groups and that of
their tails. When the ratio is ~1, the lipids arrange side-by-side in parallel, forming a roughly
planar bilayer structure. Conversely, when there is a mismatch between the area of the head
group region and that of the tail group region, the lipids form a curved membrane *!. There
are two such cases:

1. Positive membrane curvature forms when the head group section is wider than the
tail section, as is the case with choline-containing lipids (PC and SM), as well as with
PG. The leaflet formed by these lipids has an inherent tendency to curve convexly
(Figure 7.7a).

2. Negative membrane curvature forms when the head group section is narrower than
the tail section, as is the case with PE (Figure 7.7b). The leaflet formed by these lipids
has an inherent preference to form a concave curvature. Lipids that induce negative
curvature reduce the stability of the bilayer membrane, which might ultimately lead
to bilayer disintegration.

Biological membranes feature a mixture of lipids of different curvature preferences, as well
as proteins, and it is not always easy to predict the exact shape that will arise from a certain
lipid composition. For example, the bacterial plasma membrane remains, in essence, pla-
nar, despite the fact that PE constitutes 70% of its lipids [*°!, This is because the remaining
30% are PGs, which induce a compensational positive curvature. In fact, studies show that
as long as the concentration of negative curvature-inducing lipids is less than ~20%, the
membrane will remain planar and whole even in the absence of compensatory lipids [/,
Nevertheless, the presence of a mix of lipids with different curvature-inducing properties
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does create mechanical frustration within the membrane. It has been suggested that cells
use this so-called curvature frustration’ to render the membrane metastable, which is ad-
vantageous in cases where the membrane’s biological function requires frequent curvature
changes (e.g., in intracellular transport) [°!). Thus, the effect of lipid shape on bilayer cur-
vature is present, yet weak. Lipid shape makes the ER and Golgi membranes, for example,
slightly curved. Integral membrane proteins exert a much stronger effect on membrane cur-
vature; these are responsible for dramatic changes such as formation of transport vesicles.
This issue is further discussed in Section 7.4.2 below.

(a) (b)
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FIGURE 7.7 Effects of different lipids on membrane curvature. The figure shows a highly
schematic illustration of the following: (a) Formation of positive curvature and convex membrane
by lipids with large head group sections and small tails. (b) Formation of negative curvature and
concaved membrane by lipids with a small head group sections and large tail sections. In both im-
ages, only one leaflet of the lipid bilayer is shown. The shape of the other leaflet depends on its lipid
composition.

7.3 PRINCIPLES OF MEMBRANE PROTEIN STRUCTURE

7.3.1  Overview

Membrane-bound proteins can be separated into two major groups: integral proteins and
peripheral proteins. The membrane-spanning region of an integral protein may appear
in two forms. The first includes a-helical segments (Figure 7.8a), whereas the second
is structured as a f-barrel (Figure 7.8b) (see details in Subsection 7.3.2 below). Certain
antibiotic peptides such as gramicidin have alternating D and L amino acids, which allow
them to create a third type of structure, the $-helix (Figure 7.8c). The f-helix is wider than
the a-helix, and can therefore function as a channel, transferring monovalent ions through
the membrane. In this section we focus primarily on helical membrane proteins, which con-
stitute the vast majority of integral membrane proteins (2], A discussion of the properties
of B-barrel membrane proteins is provided in Section 7.3.2.2.2 below. Helical membrane
proteins may be separated into subgroups according to the number of membrane-crossing
segments they contain. Bitopic membrane proteins contain a single transmembrane seg-
ment (Figure 7.8d), whereas polytopic membrane proteins contain several such segments
(Figure 7.8e). Comparison among different organisms suggests that in unicellular organ-
isms, integral membrane proteins containing 6 or 12 transmembrane segments are more
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common than others, whereas in higher organisms (Caenorhabditis elegans and Homo sapi-
ens) there is a weak preference for membrane proteins containing seven transmembrane
segments each 1%, GPCRs are a well-known example of the latter type of protein; these
proteins play a central role in animal physiology and constitute a major target for pharma-
ceutical drugs [°>%*. GPCRs are the focus of the last section of this chapter.

Integral membrane proteins constitute most of the membrane protein population, and
have diverse roles. Monotopic™! and bitopic proteins tend to function as recognition and/or
adhesion molecules, as well as receptors to growth-factor-like messengers. Their extracel-
lular region is responsible for binding the chemical messenger, whereas their cytoplasmic
region passes the signal into the cell by binding soluble elements or cytoskeletal proteins.
Polytopic proteins usually function as receptors or transporters. For example, GPCRs, men-
tioned above, respond to a variety of messengers, including hormones, neurotransmitters,
odorants, pheromones, and even electromagnetic radiation (i.e., light) [©>%). Peripheral
membrane proteins are anchored to membrane lipids or integral proteins on either side
of the membrane. Lipid attachment may be direct or mediated by carbohydrate moieties.

As integral membrane proteins are surrounded by the lipid bilayer, their structure (more
specifically, the structure of their transmembrane domains) is determined by rules quite dif-
ferent from those corresponding to water-soluble proteins. Therefore, our discussion will fo-
cus primarily on the structure of integral membrane proteins, whereas peripheral proteins,
which are mostly surrounded by a water-based environment, will be discussed mainly with
respect to their membrane anchoring.

7.3.2  Structures of integral membrane proteins

Integral membrane proteins are considered to be globular, like their cytoplasmic counter-
parts. However, their presence in an environment so different from the aqueous cytoplasm
suggests that the energy determinants of their structural stability might differ from those af-
fecting the structure of water-soluble proteins. Understanding these determinants requires
analysis of numerous structures, as has been done in the last decades for water-soluble pro-
teins. As explained in Chapter 3, determining the structure of a membrane protein is chal-
lenging, due to the difficulty to overexpress, extract and purify such proteins, as well as to
crystallize them [¢7], The crystallization problem is usually addressed by replacing the sur-
rounding lipids with detergent molecules, though the new environment might change the
structure of the protein, making findings irrelevant. In the last few years, researchers have
made impressive progress in the experimental determination of membrane protein struc-
ture (7). This progress includes the development and perfection of methods such as elec-
tron cryomicroscopy (cryo-EM), circular dichroism (CD), and small-angle X-ray scattering
(SAXS) (see Chapter 3), which have provided valuable information on hard-to-crystallize
membrane proteins, as well as on the supra-molecular assemblies they form. In addition,
X-ray crystallography has advanced substantially in various aspects, including (i) the ca-
pacity to overexpress proteins in different hosts; (ii) the development of new detergents
and lipids for more efficient solubilization and crystallization; (iii) protein stabilization via
mutations, fusion with other proteins, or binding to monoclonal antibodies; (iv) hardware-
related methods for optimizing the crystallization process; and (v) developments in beam-
line and synchrotron radiation (see recent review in (). And yet, despite all this progress,
the membrane proteins whose structures have been experimentally determined constitute
only ~3.5% of all known protein structures (as of Dec 2017). Fortunately, while the lipid bi-

“IProteins that are anchored to the membrane from one side.
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FICURE 7.8  General classification of integral membrane proteins. (a) a-helical (f,-adrenergic
receptor; PDB entry 2vt4). (b) -barrel (bacterial porin; PDB entry 2por). (c) S-helical (head-to-head
gramicidin dimer; PDB entry 1grm). (d) Bitopic (single-pass). The transmembrane segment of each
protein is represented by a grey cylinder, with the termini and the direction of the polypeptide chain
marked. (e) Polytopic (multi-pass). The extramembrane connections between the transmembrane
segments are shown in red.

layer surrounding membrane proteins impedes crystallization, it makes the understanding
and even the prediction of their structure easier than in water-soluble proteins. This is be-
cause of the anisotropic and chemically complex nature of the lipid bilayer, which imposes
constraints on the structure of resident proteins (8], As a result, the general architecture of
membrane proteins is relatively simple, and fewer structures are needed for understanding
the basic principles determining that architecture (¢,

The main determinant of integral membrane protein structure is the energetic cost
of burying the protein’s polar peptide bonds inside the hydrophobic hydrocarbon core
of the lipid bilayer "*7!], To compensate for this cost, the sequences of the transmem-
brane segments are highly hydrophobic 72, and have a strong tendency to form or-
ganized secondary structures >3/, Additional determinants exist, with secondary, yet
important influence on membrane protein structure. In the following subsections we re-
view the principles determining membrane protein structure, as we understand them to-
day, according to the structural hierarchy used for water-soluble proteins. For further de-
tails, we recommend the reviews written by von Heijne (>4, White 7>, Engelman 7/, and

Bowie 77781,
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7.3.2.1  Primary structure
7.3.2.1.1 Polarity and length

The polypeptide chain of an integral membrane protein crosses the lipid bilayer at least once.
The hydrocarbon core of the bilayer is highly hydrophobic, which requires the transmem-
brane domains of the proteins to be hydrophobic as well [#5372] (Figure 7.9a). Indeed, the
most pronounced trait of integral membrane proteins is their low polarity compared to
water-soluble proteins, particularly in their transmembrane segments. Though all types
of nonpolar residues are common in transmembrane segments, Leu, Ile, Val, and Phe are
particularly highly enriched in integral membrane proteins in comparison to water-soluble
proteins (2], Polar residues also appear in transmembrane domains, but they are less
common, especially in single-pass proteins, where they constitute in total only ~20% of
the sequence ”°!, In multi-pass membrane proteins polar residues are usually buried
in the core (especially if they are charged) rather than facing the membrane, which is
more hydrophobic. As in the cores of water-soluble proteins, here too the presence of po-
lar residues in a highly hydrophobic environment serves a specific function, justifying the
unavoidable structural destabilization ("1, The destabilization is mitigated to some ex-
tent by the fact that the buried polar residue is surrounded by water molecules, other polar
residues 882) or both (e.g., in the voltage-sensing K* channel [83-8%)), Integral membrane
proteins are inserted into the ER membrane co-translationally, via the translocon machin-
ery 7°I"2, How, then, is the translocon able to scan the nested polypeptide chain and detect
transmembrane segments? Structural studies show that, in addition to the main channel
pore that accommodates the nested polypeptide chain, the translocon structure contains
a ‘side gate, which opens to the lipid bilayer at a certain frequency, thus exposing the se-
quences inside it (¢,

Another characteristic trait of transmembrane segments is their length. Statistical anal-
yses demonstrate that though helical transmembrane segments may include 15 to 39
residues, the ‘average’ transmembrane helix includes 21 to 26 residues, and there is
strong preference for helices with over 20 residues [7>87:88, Again, this is a result of the
restrictions imposed by the membrane environment combined with the structural prop-
erties of a-helices. That is, because of the characteristic 1.5 A rise per residue along the
helix axis, a 20-residue-long a-helical transmembrane segment would correspond to a
length of ~30 A, matching the average thickness of the hydrocarbon core of the lipid bi-
layer. Obviously, to cross the membrane, the helix should be hydrophobic enough. As we
will see later, longer helices usually tilt to maximize their nonpolar interactions with the
membrane’s core (see Section 7.4 below). For comparison, in water-soluble proteins, whose
environment does not impose the restrictions observed in the bilayer, a-helices tend to be
shorter on average, with a broader length distribution (15 + 9 residues (721,

The significance of the low polarity and characteristic length of transmembrane seg-
ments is demonstrated by the fact that these characteristics can be successfully used to de-
tect membrane proteins automatically in whole genomes and to predict the number of their
transmembrane segments, according to sequence alone. Algorithms that are used for this
purpose are discussed in Box 7.1.

“IThis also explains the evolutionary conservation of polar residues in transmembrane proteins.
“2This enables cells to prevent non-specific aggregation of the highly nonpolar membrane proteins in the
aqueous environment of the cytoplasm.
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FIGURE 7.9 Amino acid preferences in water-soluble and transmembrane proteins. (a) Amino
acid type distributions from 792 transmembrane and 7,348 water-soluble helices from a set of non-
redundant proteins of known structure. The distribution for transmembrane helices is in blue, and
the distribution for water-soluble helices is in orange. (b) Amino acid location prevalence in a mem-
brane. Letter size is proportional to the relative prevalence of a given amino acid in the correspond-
ing region in the membrane. Colors: red — charged amino acids (KRED), orange — polar-uncharged
amino acids (QHN), green — aromatic amino acids plus Pro (PYW), blue - other amino acids
(CMTSGVFAIL). The images are taken from (7],

7.3.2.1.2  Pro and Gly

Transmembrane segments arranged as a-helices often include Pro and Gly, as well as j3-
branched residues (Figure 7.9b). This is highly unexpected, as such residues rarely appear
in a-helices of globular proteins (see Chapter 2, Section 2.3.6.1). Proline is particularly com-
mon in helical transmembrane segments, and is usually adjacent to Ser or Thr %), Structural
analysis shows why these residues are so important in membrane proteins; this is discussed
in Section 7.3.2.2.1 below.

7.3.2.1.3 Aromatic residues

Transmembrane segments tend to have ‘aromatic belts’ near the boundaries of the hy-
drocarbon region of the lipid bilayer °*-? (Figure 7.10a). Such a belt includes the aro-
matic residues Trp and Tyr, which are normally rare in proteins. This is intriguing, espe-
cially in the case of Trp, whose frequency in membrane proteins is three times higher than
in water-soluble proteins °">3. The location of the aromatic residues is near the termini of
transmembrane helices, placing them at the interface between the nonpolar tails and the
polar head group region of the lipid bilayer. There, they can participate in complex inter-
actions with both parts of the lipid (see Subsection 7.4 below). According to the accepted
theory, these interactions are used to anchor the transmembrane segments to the bilayer,
thus preventing them from ‘sliding’ into the cell or out of it [**?*], The affinity of Trp and Tyr
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to the interface area may be explained by their amphipathic nature, which allows them to
interact with the amphipathic membrane interface. That is, their polar NH and OH groups
hydrogen-bond with the polar lipid head groups of the interface, whereas their large sur-
face area allows them to interact with the nonpolar lipid tails. In addition, the rigid, bulky
side chains of Trp and Tyr are expected to disfavor insertion into the highly disordered acyl
chains of the membrane core.

exoplasm

cytoplasm

FIGURE 7.10 Locations of aromatic (Trp and Tyr; (a)) and basic (Arg and Lys; (b)) residues in
the 3,-adrenergic receptor (PDB entry 2vt4). The residues are colored purple, and the polar head
group regions of the bilayer are in light blue. As the figure demonstrates, most aromatic residues
are concentrated near the acyl-head group interface, and some are buried in the protein. Most of
the basic residues are positioned on the cytoplasmic side of the membrane, in accordance with the
‘positive inside’ rule (see also Figure 7.9b).

7.3.2.1.4 Basic residues

Transmembrane segments tend to include the basic residues Lys and Arg in their cyto-
plasmic regions [7>°6%7] (Figure 7.9b and 7.10b). This tendency was discovered by von
Heijne, who referred to it as ‘the positive inside rule’ . Histidine also displays such
a preference, though the prevalence of His in these regions is half that of Lys or Arg [,
This makes sense, considering that the His side chain has almost equal probabilities of be-
ing positively charged or electrically neutral at physiological pH. There are several possi-
ble explanations for the positive inside tendency. For example, it may have to do with the
inherent phospholipid asymmetry of lipid bilayers. We have seen earlier that eukaryotic
membranes place electrically neutral phospholipids (PC and SM) at the exoplasmic leaflet
of the bilayer, and negatively charged phospholipids (PS, and PI) at the cytoplasmic leaflet
(see Subsection 7.2.3.2 above). In inner bacterial membranes both the exoplasmic and cy-
toplasmic leaflets contain negatively charged lipids (PG and PI, respectively). Thus, in both
prokaryotic and eukaryotic membranes, transmembrane segments that have basic residues
at their cytoplasmic regions could form salt bridges with these negatively charged lipids,
and stabilize the protein-membrane system. The opposite, i.e., presence of acidic residues
on the exoplasmic side of the bilayer, does not occur, as the lipid bilayer does not include
any positively charged lipids.
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Other reasons for the positive inside rule may be the ‘membrane potential; i.e., the elec-
tric potential across biological membranes, where the cytoplasm is more negative than the
periplasm. Alternatively, the positive inside rule could reflect bias in the translocon ma-
chinery. Finally, the compatibility of Lys and Arg with the membrane interface probably
has to do with their side chains, which each include a polar group at the end of a long non-
polar chain. Thus, the polar group can interact favorably with phospholipid head groups
even when the residue is positioned deeper inside the hydrocarbon core of the bilayer. This
phenomenon is referred to as ‘snorkeling’ °®!. Interestingly, a recent study suggests that only
Arg significantly stabilizes the cytoplasmic side of the membrane, although its preference
for this region is similar to that of Lys [”). This may have to do with the electronic delocal-
ization on the side chain of Arg (which is not present in Lys), which spreads the stabilizing
positive charge over a larger area. Also, compared with that of Lys, the side chain of Arg can
participate in more hydrogen bonds with phospholipid head groups.

In the B-barrel proteins of the Gram-negative bacterial membrane (see below), the dis-
tribution of positive residues is the opposite of that in other membrane proteins (%!, That
is, basic residues appear mainly in the outside-facing loops of the protein (‘positive out-
side’) (1. This distribution serves a purpose; in contrast to other cellular membranes, the
bacterial outer membrane is highly negatively charged on its exoplasmic side due to the
abundance of lipopolysaccharides (LPS). The basic residues of membrane proteins in this
region stabilize the negatively charged LPS through ionic interactions. On its opposite side,
a bacterial outer-membrane protein is enriched in negatively charged residues; these in-
teract with periplasmic cationic chaperones, such as Skp, which assist in the insertion and
folding of the B-barrel proteins into the outer membrane [19°],

7.3.2.1.5 Small residues

Small residues such as Gly, Ala, and Ser are common in transmembrane segments. These
residues tend to appear in a-helices, and allow adjacent helices to optimize their van der
Waals interactions, as well as their hydrogen bonds. This topic is further discussed below.

BOX 7.1 PREDICTING LOCATIONS AND MEMBRANE TOPOLOGIES OF
TRANSMEMBRANE SEGMENTS IN AMINO ACID SEQUENCES

Predicting the three-dimensional structures of membrane proteins has been an impor-
tant goal of computational-structural biologists for decades, particularly considering
the lack of experimentally determined structures. Paradoxically, because of the lack
of structures, progress towards this goal has been slow, due to the difficulty in under-
standing the basic rules governing membrane proteins at the atomic level. And vyet,
different prediction methods have emerged (see Section 7.3.2.3.4 below for details).
This process happened gradually; early trials began with relatively humble goals, such
as locating transmembrane segments of membrane proteins, or trying to predict their
overall topology, i.e., the sidedness of their termini in the membrane. These tasks re-
lied on simple rules at the sequence level, and were therefore a good starting point for
the prediction process. In the following paragraphs we give a short description of these
methods.
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I. Locating transmembrane segments
I.I. Hydrophobicity scales and hydropathy plots

The transmembrane segments of an integral membrane protein contain mainly non-
polar residues, whose number in each segment tends to fit roughly the thickness of the
hydrophobic core of the membrane (see main text for details). In a-helical proteins,
which constitute the bulk of integral membrane proteins, this number is ~20 residues.
This understanding has prompted scientists to devise computer algorithms that can lo-
cate transmembrane segments within genomes, based on these tendencies (1%, The
first attempt was carried out by Kyte and Doolittle [1°2). Their general idea was to use
a (virtual) sliding window covering ~20 amino acid positions, to locate transmem-
brane segments along the protein sequence. For each position of the window along
the sequence, either the overall or average hydrophobicity of the 20-amino acid-long
sequence was calculated. In those places where the calculated value exceeded a certain
threshold, the segment covered by the window was considered to be a potential trans-
membrane segment. The results of this procedure were presented as a hydropathy plot
(Figure 7.1.1), which represents the probability of each consecutive 20-residue segment
in the sequence to be a transmembrane segment.
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FICURE 7.1.1 Hydropathy plot. (a) A hydropathy plot calculated for the GPCR bovine
rhodopsin using TMpred [13104"2 The calculation was based on Kyte and Doolittle’s scale.
The red dashed line marks the threshold, above which the sequence is considered to be hy-
drophobic enough to span the membrane. The seven peaks in the figure correspond to the
seven transmembrane segments of rhodopsin. (b) The three-dimensional structure of bovine
rhodopsin with the predicted transmembrane segments colored in red. The image demon-
strates the main problem of such prediction algorithms: Although they often provide a rough
indication of the locations of the transmembrane segments, they fail in identifying their exact
boundaries.

*ahttp:/ /www.ch.embnet.org/software/TMPRED\_form.html
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The critical component of this method was (and still is) the calculation of the hy-
drophobicity of each candidate sequence. This was carried out by using a hydrophobicity
scale, in which each of the 20 natural amino acid types was assigned a hydrophobicity
value. The construction of this scale may seem trivial at first, but it is (still) a matter of
controversy. First, there is the matter of selecting the physical quantity that can be used
to represent hydrophobicity. The first quantity that comes to mind is the polarity of the
molecule. However, despite the fact that polarity (inversely) affects hydrophobicity, it
does not necessarily account for it fully. This is because polarity results merely from
the geometric distribution of electronegative atoms, whereas hydrophobicity reflects
all the qualities contributing to the molecule’s tendency to prefer a nonpolar medium
over a polar one. Thus, as explained in Chapter 1, a large residue such as tyrosine, which
is considered to be polar due to its side chain OH group, might still turn out to be hy-
drophobic if its large phenyl group can produce strong enough nonpolar interactions.
Accordingly, the Kyte-Doolittle (KD) scale %2/ was produced empirically, based on
the partition of the amino acids between polar (water) and nonpolar (vacuum) media
(Figure 7.1.2). The result were converted into an energy-like value using Equation (4.1)
(see Chapter 4):

AG’ = —RTIn K,

(where K, is the equilibrium constant of partitioning). However, the empirical values
were not used ‘as is, but rather were normalized, in some cases using arbitrary consid-
erations.

This leads us to the second problem associated with producing a hydrophobicity
scale, namely, the types of media used in the measurement of hydrophobicity. In or-
der for such measurement to be efficient, the polar and nonpolar media chosen for
measuring the hydrophobicity values must be as close as possible to what they repre-
sent, i.e., the cytoplasm and the lipid bilayer, respectively. Whereas water has always
been accepted as representative of the cytoplasm, disagreement has arisen concerning
the medium that should be chosen to represent the lipid bilayer °®102105-107] yracyum,
which was used by Kyte and Doolittle, is indeed nonpolar (¢ = 1; a value even lower
than that of the hydrocarbon region of the membrane); however it is not amphipathic,
and therefore cannot faithfully represent the biological membrane. To take this impor-
tant property of the membrane into account, other scales have been produced by using
octanol (e.g., ['%%)), and even real lipid bilayers (e.g., the Goldman, Engelman, and Steitz
(GES) scale [1°9]) as the nonpolar medium. White, von Heijne and coworkers took an-
other step in making the hydrophobicity values more accurate 1-11); instead of mea-
suring the spontaneous, yet artificial partitioning of residues between simple polar and
nonpolar media, they used a reconstructed system containing all the biological compo-
nents involved in the insertion of transmembrane segments into the membrane in real
cells, including the ribosome-translocon complex. The hydrophobicity scale they pro-
duced is perhaps more realistic than the scales produced by transferring amino acids
and/or peptides between simple media. However, the amino acid transfer energies ob-
tained by White, von Heijne, and coworkers were significantly lower in magnitude than
those obtained by the above studies ['?!, which raised doubts as to their accuracy. It
was suggested that these low energies might have resulted from several approximations
that were made in the study 113 and/or interactions of the inserted peptides with other
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membrane components [!'4], Notably, a recent study of amino acids transfer energet-

ics, which, like the study of White, von Heijne and coworkers, used a real biological
membrane, yielded similar transfer energies to those obtained in the studies that used
simple media °7). These results support the reliability of the latter studies and suggest
that simple organic solvents faithfully represent the hydrophobicity at the core of bio-
logical membranes.

Non-polar Medium:
oil, vacuum, membrane

Ov
H—x »
Py

(Kp = Chydlcwater)

" ,
o
o

Water

FICURE 7.1.2  Partitioning between polar and nonpolar media. The amino acid residue is
put in one of the compartments, and its equilibrium concentrations in each (C, representing
molar concentrations) are measured to produce the partitioning constant K,,, from which the
free energy of transfer is derived.

The use of knowledge-based scales circumvents the two problems discussed above,
i.e., selecting the physical quantity that should be used to construct the hydropathy
scales and the type of media that should be used for the amino acid transfer exper-
iments °2115116] Thege relatively new scales replace the physically meaningful hy-
drophobicity with the non-physical probability of a residue to appear inside a trans-
membrane segment. The probability is calculated on the basis of statistical data col-
lected from membrane proteins of known 3D structure. Such data were not available
until recently, due to the lack of membrane protein structures, but with the growth in
the number of such structures over the past decades it is now possible to extract this
information. It should be noted that knowledge-based scales are biased by functional
constraints. This bias is especially prominent in the case of charged residues, whose real
transfer energies into nonpolar media are highly unfavorable; yet their statistical ten-
dency to appear in transmembrane domains is higher than suggested by these energies
because they are needed for functional reasons (binding, catalysis, etc.).

The third controversial issue associated with producing hydrophobicity scales is de-
termining how to represent the residues in the transmembrane segment. The KD and
GES scales use individual amino acids, despite the fact that in reality the amino acids
are interconnected by peptide bonds. The bonds reduce the full electric charges on the
a-amino and a-carboxyl groups of the amino acids into mere partial dipoles. Since the
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partitioning between polar and nonpolar media depends considerably on the magni-
tude of the charge on the molecule, it has been suggested that the use of individual
amino acids is methodologically flawed. To solve this problem, Wimley and White [1%°]
used whole peptides in producing their own hydrophobicity scale, following the ‘host-
guest’ approach. The peptides they used in the various measurements were identical
except for one position, which contained a different residue in each case. Like Gold-
man, Engelman, and Steitz, Wimley and White also used a lipid bilayer instead of a
simple nonpolar mimic. However, due to their short sequences (5 or 6 residues), the
host-guest peptides could not span the entire length of the lipid bilayer, and partitioned
only into the polar head group region. As a result, the scale produced by this procedure
could not be applied to transmembrane segments. In a computational study, Kessel and
Ben-Tal [ used host-guest peptides of 20 residues, which were able to span the entire
length of the bilayer. Moreover, the peptides possessed an a-helical conformation, in
which the polar backbone groups were paired in hydrogen bonds, as in real transmem-
brane segments. As discussed in Chapter 2, Section 2.3.4, the formation of such bonds
is crucial for the insertion of transmembrane segments into the membrane.

(a) K" channel (b) Cl™ channel (c) Lactose permease

FIGURE 7.1.3 Examples of non-canonical transmembrane a-helices. (a) Four short he-
lices within the ‘re-entrant loops’ of the potassium ion channel (PDB entry 1bl8), which are
too short to span the entire thickness of the lipid bilayer. As a result, one polar terminus
of each of these four ‘half-helices’ resides roughly in the bilayer midplane. The termini are
shielded from the lipid tails because of their location in the protein core. The red and blue
planes mark the predicted boundaries of the membrane respectively (the OPM database [!17).
The polar head group regions of the bilayer are in light green. Note that in reality, the mem-
brane probably deforms to match its thickness to the hydrophobic lengths of the transmem-
brane segments of the proteins. (b) A transmembrane a-helix in the chloride channel (PDB
entry lotu) whose hydrophobic length far exceeds the thickness of the lipid bilayer core. Wa-
ter exposure of nonpolar groups is reduced by the tilting of the helix. (c) Core exposure of
polar groups in the middle of lactose permease (PDB entry 1pv6), due to a helix-distorting

kink (circled). The figure was prepared following (18],

LIl. Shortcomings and future leads

The first algorithms for identifying transmembrane segments were designed and used
at a time when only a few 3D structures of membrane proteins existed. As structures
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started to emerge, such as those of the K* channel [''*), it became clear that the length
and hydrophobicity values of some of the transmembrane segments deviated from the
basic tendencies assumed by the prediction algorithms [1°112°] First, certain trans-
membrane segments were buried inside the core of the membrane, despite the fact that
they were too short to span its entire thickness (Figure 7.1.3a). Nevertheless, the un-
paired polar groups in the termini of these segments were not exposed to the hydropho-
bic core, as they were electrostatically masked by polar groups on adjacent segments,
or by water molecules filling the intramembrane pore. Other transmembrane segments
were found to have hydrophobic lengths that exceeded the hydrophobic thickness of
the membrane (Figure 7.1.3b). These segments usually acquired a tilted orientation
with respect to the membrane normal, in order to allow as many nonpolar residues as
possible to interact with the hydrocarbon region of the membrane. Finally, some seg-
ments appeared to be kinked in a way that distorted the helical structure (Figure 7.1.3c).
These observations have made it clear that, in order to be efficient, predictions of trans-
membrane segments must incorporate data beyond sequence tendencies.

Il. Predicting topologies of transmembrane segments

The search for rules of thumb describing transmembrane segments has led scientists
to the issue of topology, i.e., predicting which regions of each segment face the
cytoplasmic or exoplasmic sides of the membrane. This type of prediction constitutes
a critical preliminary step in the prediction of the overall structure of an integral
membrane protein, as it limits the number of ways in which the transmembrane
segments can be spatially organized with respect to each other. The first algorithm
designed for this purpose, TopPred °°!, combined the general tendency of trans-
membrane segments for hydrophobicity with the aforementioned ‘positive inside’
rule. Algorithms that were designed later, such as MEMSAT ! and TMHMM 1122),
mainly relied on statistical data concerning the locations of transmembrane seg-
ments in proteins of known structure. Today, numerous prediction methods and
algorithms are fully accessible to the general public, and anyone can use them to
produce a good starting model. For example, the current TMHMM algorithm 123,
which is accessible via server 2, has been demonstrated to achieve 80% success in pre-

dicting the topology of transmembrane segments in bacterial membrane proteins [14],

Similarly, the MEMSAT-SVM, which integrates both signal peptide predictions and
re-entrant helix predictions, can achieve an accuracy level of 89% [12°!, This method is
also freely available, via the PsiPred server °. Again, the accuracy of these tools usu-
ally decreases considerably in the case of short-buried helices (half-helices, re-entrant
helices) and those that possess kinks.

"AURL: http://www.cbs.dtu.dk/servicess TMHMM/
®URL: http://bioinf.cs.ucl.ac.uk/psipred/
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A recent graph-based method called ‘TopGraph™ represents an approach that differs
from the aforementioned methods, in that it relies on extensive empirical data. Top-
Graph uses apparent insertion free energies of host peptides into membranes by the
bacterial TOXCAT-f-lactamase system [126), Tt is especially useful for predicting the
topologies of membrane proteins with low similarities to known structures, as it does
not rely on data that were derived for specific structures. It also allows constraints to
be added on the basis of prior knowledge regarding the query protein (e.g., an amino
acid known to be on the cytoplasmic side of the membrane). Finally, there are predic-
tion methods that focus on B-barrels, e.g., BOCTOPUS [!2/I"® (see additional methods
in [128]). However, most of these tools have been trained on proteins of the bacterial

outer membrane, and can therefore deal only with single-chain -barrels 128,

7.3.2.2 Secondary structure

One of the most prominent characteristics of integral membrane proteins is the substantial
extent to which a-helical (and to a lesser extent the S-strand) conformations occupy their
transmembrane segments 7*%¢ (Figure 7.10a and b). In Chapter 2 we saw that one of the
main purposes of the « and 3 conformations in water-soluble proteins is to pair backbone
polar groups in hydrogen bonds, thus lowering the energetic penalty associated with their
exposure to the nonpolar protein core during folding (see Chapter 2, Section 2.3.4). The
reason for the high prevalence of these conformations in membrane proteins is essentially
the same, and even more salient; the transmembrane segments of such proteins are exposed
to the cores of both the protein and the lipid bilayer, with the latter being extremely nonpo-
lar. Electrostatic masking of backbone polar groups is therefore even more critical in mem-
brane proteins than in their water-soluble counterparts [*>/. The tendency of transmembrane
segments to have extensive a-helical and f-strand/sheet content has been exploited in al-
gorithms for structural prediction of membrane proteins. In particular, specific algorithms
have been developed for GPCRs (see details in [71101]),

7.3.2.2.1 a-Helical proteins

Most transmembrane segments in integral membrane proteins are organized as a-helices.
As mentioned above, these helices have a high content of Pro residues ['2°], despite the ‘helix-
breaking’ properties of this residue (Figure 7.11a, Box 7.1) and its low prevalence in the
cores of helical segments of water-soluble proteins 3%1, On the basis of their MD simula-
tions, Sansom and coworkers proposed that Pro residues act as hinges of motion in trans-
membrane segments, thus allowing better adjustment of helices’ orientations, as well as
mediating functionally-important conformational changes ['3!. As we will see later, con-
formational changes are highly important to the function of integral membrane proteins,
e.g., for facilitating gating in channels, and transitions between inside- and outside-open
states in transporters, or between active and inactive states in receptors and enzymes. These
changes include a range of motions in the protein, from hinge bending or displacement of

"aURL: http://topgraph.weizmann.ac.il/
URL: http://boctopus.cbr.su.se/



Membrane-Bound Proteins B 531

individual helices in screw or pivot motions, to positional changes of whole domains and
subunits. As mentioned above, Pro is known to create kinks in helices and confer rigid-
ity to the polypeptide chain. Therefore, the importance of Pro to conformational changes
in transmembrane proteins may seem surprising at first. However, Pro residues in trans-
membrane segments tend to appear within certain sequence motifs, which also contain
Ser and Thr, such as (S/T)P, (S/T)AP, PAA(S/T) #. Simulations demonstrate that these
residues compensate for the structural distortion created by the Pro, and suggest that these
structural effects allow the helices to undergo the required conformational changes ¥, Ex-
periments support this proposition, showing that replacement of Ser and Thr within these
motifs changes the activity of the protein [132134], Still, one may wonder why these phe-
nomena are observed almost exclusively in integral membrane proteins rather than in all
proteins. This may have to do with the restrictions imposed on membrane protein motions
by the lipid bilayer structure. That is, since integral membrane proteins are more restricted
by their environment than water-soluble proteins, special characteristics such as inclusion
of Pro residues inside secondary structures may have developed as a means of providing
these proteins with the same degree of flexibility that normally exists in their water-soluble
counterparts. Thus, in the absence of the surrounding membrane, many of the advantages
conferred by Pro are likely to become liabilities. This proposition raises the interesting pos-
sibility that Pro may also be important to membrane proteins through so-called ‘negative
design’. Specifically, it prevents membrane proteins from folding outside the membrane, in
which case they would be unstable and subject to degradation. A different study has shown
that the mere presence of Pro residues in certain positions on transmembrane segments
can protect membrane proteins from misfolding, by disfavoring non-native structures that
contain an array of -strands [13°],

Transmembrane segments may contain other structural distortions as well, such as
tight turns of 3,, helices and wide turns of 7-helices 7%, The latter two irregularities have
been studied less extensively than Pro-induced kinks, so it is still unclear whether they play
a functional role. One of the advantages conferred by such distortions is that they allow
proximity between polar groups in adjacent helices, thereby facilitating better electrostatic
masking than that achieved by intrahelical interactions alone. Indeed, nearly 40% of the
transmembrane helices in membrane proteins are distorted, compared to only 19% of the
helices in water-soluble proteins 7). In addition, transmembrane helices may be discon-
tinuous or penetrate halfway into the membrane core, forming re-entrant loops ! (Fig-
ure 7.11b, Box 7.1). The latter are particularly common in channels such as aquaporins and
K" -channels, where the exposed residues in the re-entrant loops usually serve as binding
sites for ions or other substrates (see Figure 7.15b below).

7.3.2.2.2 B-Sheet proteins

Integral membrane proteins with extended () conformations [1*¢137] are less common than

those having a-helical conformations, and are estimated to constitute only a small percent-
age of the total proteome [°?), These structures, called -barrels, usually consist of a single
chain but can also comprise multiple chains. Most 3-barrels belong to the porin superfam-
ily of small molecule channels, which reside in the membranes of Gram-negative bacte-
ria (138139 a5 well as in the outer membranes of mitochondria and chloroplasts 1401431 In
bacteria, the exposure of porins to the external environment turns many of them into attach-
ment sites for phages and bacterial toxins [°!. In fact, some of the toxins (e.g., a-hemolysin



532 M Proteins: Structure, Function & Motion

(a) (b)

.— Pro-14

FICURE 7.11 Irregularities in transmembrane helices. (a) A kink-inducing Pro in the trans-
membrane peptide alamethicin. The peptide is represented as a ribbon, with Pro-14 shown also as
sticks (PDB entry lamt). The polar head group regions of the bilayer are in light green. (b) Distorted
helices, half-helices and membrane-exposed loops in one of the subunits of the membrane domain
of respiratory complex I from E. coli (PDB entry 3rko). For clarity, the helices are presented as cylin-
ders. The protein is colored in grey with irregular helices colored in yellow. The red and blue planes
mark the predicted boundaries of the membrane, respectively (the OPM database [17)).

from Staphylococcus aureus '44)) create a -barrel structure in the host membrane. In the
barrel structure, the strands are anti-parallel, connected by short loops at the periplasmic
side, and long loops at the external side of the cell or organelle ['**! (Figure 7.8b). Based on
this structure, it has been suggested that the S-hairpin motif is the principal evolutionary
unit of all B-barrel proteins 146, In accordance with the role of porins, the barrel structure is
amphipathic™!, with a water-filled center and nonpolar exterior. Moreover, the large width
of the barrel is associated with low selectivity. As a result, porins are able to transport a larger
variety of polar molecules, compared with the channels that reside in the plasma membrane
or inner mitochondrial membrane, all of which are made up of a-helical bundles. Finally,
porins tend to oligomerize within the membrane [*#”), Porins should not be confused with
aquaporins, which are a-helical channels that belong to the major intrinsic protein (MIP)
superfamily (see Subsection 7.3.2.3.3 below).

7.3.2.3 Tertiary structure
7.3.2.3.1 Key characteristics

Integral membrane proteins exist within a lipid environment, which explains why they have
nonpolar exteriors, as well as the fact that many of their polar residues tend to face the pro-
tein interior. On the basis of these observations, it was initially proposed that these proteins
are ‘inside-out’ versions of water-soluble proteins. However, with the structural character-
ization of different membrane-bound proteins, this assumption has turned out to be an
oversimplification >!48], Rather, the structure of integral membrane proteins is similar in

* . . . .
!Contains polar residues on one face and nonpolar residues on the opposite face.
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certain aspects to structures of water-soluble proteins [314°], First, in both protein types, the
core is tightly packed, contains mainly nonpolar residues with few functionally important
polar residues, and is evolutionarily more conserved than the surface of the protein !>,
The high conservation of the core probably results from the fact that inter-residue packing
is tighter than residue-lipid packing, such that the residues in the core are more structurally
constrained "1, Second, the loops in the structures of both protein types serve similar roles
in ligand binding and signal transduction.

As mentioned above, the transmembrane segments of integral membrane proteins tend
to include small residues such as Ala, Ser, and Gly, which facilitate tight packing of helices.
The packing is important not only for helices within polytopic proteins, but also for bitopic
proteins, which tend to dimerize or oligomerize within the membrane 1°!]. Moreover, the
distribution of the small residues among larger residues produces grooves and ridges (re-
spectively) along the helix, which creates geometric complementarity between adjacent he-
lices (‘knobs-into-holes” packing) (Figure 7.12a,b). Since these ridges and grooves are not
geometrically parallel, but rather curl around each helix, the best fit between adjacent he-
lices requires them to tilt across the membrane. Indeed, though transmembrane helices in
membrane proteins may have a 5° to 35° tilt 7], their average tilt is ~20°, which seems
to be optimal for interhelical packing 38152,

One of the most common models used for studying helix-helix interactions in mem-
brane proteins is glycophorin A, which forms an a-helical dimer when solubilized in deter-
gent or lipid bilayers. The protein contains the sequence motif LIxxGVxxGVxxT (x is any
residue), located within the helix-helix interface. When these residues are replaced with mu-
tations, the protein dimer separates into two monomers. The motif includes a smaller motif,
GxxxG, which is over-represented in transmembrane segments (1291531 "and also appears in
many interacting helices of water-soluble proteins. As explained in Chapter 2, the two Gly
residues are located on the same face of the helix, a turn away from each other, and allow
the two interacting helices to become separated by only 6 A. This short distance optimizes
van der Waals interactions and allows the C,—H group of one helix to hydrogen-bond to a
backbone carbonyl group (C=0) in the other >4/, Many cases have been observed, however,
in which the small residues Ser and Ala appear instead of Gly residues, thus extending the
GxxxG motif into a ‘GxxxG-like (or GAS) motif’ 12%15516¢] Other motifs suggested to me-
diate tertiary interactions in membrane proteins include the leucine-isoleucine zipper 171!
(Figure 7.12c), the heptad serine zipper (e.g., SxxLxxx) [1°®), and the GxxxGxxxG glycine zip-
per 1591 motifs. These and other linear motifs that mediate helix-helix and protein-protein
interactions can be found in the MeMotif database [1®°), which can also identify such motifs
in specific sequences 2.

Finally, the charged residues Glu, Asp, Lys, and Arg within transmembrane helices have
been implicated as mediators of helix-helix interactions ¥2!*!) (Figure 7.12d). The energetic
implications of such interactions are discussed in the following subsection. As in water-
soluble proteins (see Chapter 4), polar interactions inside the protein have an added benefit;
they are more specific than nonpolar interactions that rely on steric complementarity alone.

Certain structural arrangements found in integral membrane proteins tend to re-

cur (11, The most common is by far the a-helical bundle, which reappears in different

"I As we saw in Chapter 2, the leucine zipper motif mediates interhelical interactions in coiled coil-forming
water-soluble and fibrous proteins as well. In membrane proteins, however, this motif often appears coinci-
dental due to the high prevalence of Leu, Ile, and Val in transmembrane segments.

"2URL: http://projects.biotec.tu-dresden.de/memotif/en/Special:Search
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(a)

(b)

=N

FIGURE 7.12 Packing motifs and interhelical interactions in transmembrane segments.
(a) and (b) Ridges and grooves. (a) The dimeric structure of glycophorin A in detergent micelles
(PDB entry lafo), prepared after Figure 12 in [°3], The backbone is shown as a ribbon, and the side
chains of the helix-helix interface are shown as spheres. Valine and isoleucine residues, forming the
ridges, are colored in blue. Glycine and threonine residues, forming the grooves, are colored in red.
(b) The ridges and grooves in the interface of one of the chains. (c) Leucine and isoleucine zipper in
the pentameric structure of phospholamban (PDB entry 1zIl). The backbone is shown as a ribbon,
and the side chains of the helix-helix interface are shown as sticks. Leucine and isoleucine residues
are colored in yellow and orange, respectively. The red and blue dashed lines mark the predicted
boundaries of the membrane, respectively (the OPM database (1171) (d) Polar interactions. The im-
age shows hydrogen bonds involving two Asp residues and two Tyr-Thr pairs in the TCR-( chain
dimer (PDB entry 2hac). The close proximity of the two Asp residues suggests that one of them is
protonated. Furthermore, NMR studies indicate that these residues are stabilized by an extensive
hydrogen bond network with a buried water molecule (absent in the presented structure) and other
residues. The two chains are also connected by a disulfide bond.

forms. For example, GPCRs include a characteristic seven-helical bundle, some transporter
groups include 12 or 14 helical bundles, and so on. A less common structural motif is the -
barrel, which characterizes channels with low selectivity in the outer membranes of bacteria
and eukaryotic organelles of bacterial origin 1313} (see Subsection 7.3.2.2.2 above).

7.3.2.3.2 Energetics

Integral membrane proteins reach their final active state in the membrane through a com-

plex process, during which each transmembrane segment undergoes the following major
steps [74-76:162163],

1. Translation by the ribosome
2. Insertion by the translocon complex into the membrane
3. Acquiring secondary structure

4. Assembly with the other transmembrane segments into the mature protein, usually
in the form of an a-helical bundle

Since membrane insertion often depends on secondary structure formation in transmem-
brane segments [195164-166] gteps 2 and 3 are usually referred to as a single coupled step. In
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any case, the entire four-step process is complex, and although recent structural studies have
clarified some of the complexities ["°), it is still not entirely understood. One alternative for
studying this process, with all the biological components included therein, is to use model
systems that are based either on whole proteins ['”) or on isolated peptides, and to focus
on the energetics of the four key steps instead of getting into the numerous kinetic barriers
and minima that the complex translocon system involves. Studies with such systems, as well
as with more realistic setups !!%), have produced estimates of the energies associated with
the key steps, especially the first three (see (%3] and references therein). Generally speak-
ing, the energetics of transfer of transmembrane segments from the aqueous phase into the
membrane is dominated by the following [7°):

1. The free energy penalty associated with partitioning of the (polar) peptide back-
bone into the lipid environment. This penalty has been calculated as +2.1 kcal/mol
for C=0 and N-H backbone groups that are hydrogen-bonded to each other, and
+6.4 kcal/mol when the hydrogen bond is not satisfied [16%169],

2. The favorable free energy contribution due to the hydrophobic effect. On the basis of
simple partition experiments, this free energy value has been estimated at ~ — 25 +
30% cal/mol per A? of the protein involved in nonpolar interactions [19170-173] Ex.
periments using a more realistic system, in which peptides were inserted into the
ER membrane by the Sec61 translocon 174, produced a smaller value of —10 cal/mol
per A2,

The favorable free energy must therefore compensate for the free energy penalty, as well as
for the cost of inserting polar side chains, in order for the net membrane-partitioning free
energy to be favorable (i.e., negative).

Inside the membrane, the nonpolar environment induces secondary structure forma-
tion in the inserted segments [10>164-166] The energetics of this step is essentially the same
as the energetics of the induction of secondary structure in water-soluble proteins upon
folding (see Chapter 2). Atomic force microscopy measurements carried out on bacte-
riorhodopsin indicate that the free energy of the coupled insertion-folding process of
a single a-helical transmembrane segment is —1.3 kcal/mol per residue [7%!, Estimates
concerning the insertion of each of the transmembrane segments into the membrane can
be presented in the form of a scale. In the scale, each of the naturally occurring amino acids
is assigned a value describing the free energy of its insertion into the polar head group re-
gion [195198] o the hydrocarbon core ¥/ (see also Box 7.1).

In the final step of membrane protein formation, each of the folded transmembrane
segments interacts inside the membrane with its neighbors to form the fully folded pro-
tein ">I"1, The net energy of this process has recently been measured for bacteriorhodopsin
as ~ — 11 kcal/mol 78], which is on the scale of the energy of water-soluble protein folding.
However, compared with the earlier stages of membrane insertion and acquisition of sec-
ondary structure of each transmembrane segments, this stage is associated with much more
controversy with regard to its energy components and their magnitude [#¢], We have seen

“INote that this also pertains to dimerization and oligomerization of (helical) membrane proteins; here,
too, the process involves interhelical packing, with the only exception being that the interacting transmem-
brane segments are not connected by loops. Dimerization and oligomerization are common in membrane
proteins [17¢!, with 50% to 70% of the complexes containing the same chains (homodimers and oligomers) [177).
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that in water-soluble proteins the driving force for folding is the hydrophobic effect (non-
polar interactions). Integral membrane proteins are surrounded by a lipid medium, which
means the driving force for their folding must be different. Studies show that the stability
of membrane-bound proteins correlates with the amount of surface area of the protein that
becomes buried during folding 17!, In the absence of the hydrophobic effect, this correla-
tion should reflect mainly van der Waals interactions. Indeed, van der Waals interactions
are expected to play a more significant role in driving the folding of membrane pro-
teins compared to their water-soluble counterparts. This expectation stems mainly from
the fact that water molecules, being smaller than lipid molecules, are better at rearrang-
ing around the unfolded protein and forming a tight interaction shell. As a result, the van
der Waals interactions between the unfolded protein and the molecules of its environment
should be stronger in the case of water-soluble proteins than in the case of membrane pro-
teins. This means that the increase in strength of these interactions during folding is more
pronounced in membrane proteins. In addition, the aforementioned motifs in membrane
proteins facilitate especially tight packing of transmembrane segments, which, in turn, op-
timizes the van der Waals interactions between them.

Aside from van der Waals interactions, the stability-surface area correlation may also
reflect another effect, which is entropic in nature, and is reminiscent of the hydrophobic
effect in water-soluble proteins (8%, The lipids that make up the membrane have a certain
freedom of movement, which decreases when a protein is inserted into the membrane. This
restriction of movement pertains mostly to lipids that are in direct physical contact with
protein residues. During protein folding, some of those lipids are released into the bulk,
and as a result their freedom of movement increases. In other words, folding decreases the
entropy of the polypeptide chain but increases the entropy of the lipid bilayer. Since this
process is favorable, it can be considered as a driving force of folding. This process is
analogous to the hydrophobic effect in water-soluble proteins, because in both cases folding
of the protein releases ‘solvent’ molecules (lipids or water), thereby increasing the overall
entropy. Quantitatively speaking, this effect is probably weaker than the hydrophobic effect,
as the change in the freedom of movement of lipids is expected to be smaller than in the
case of the much smaller water molecules.

As in the case of water-soluble proteins, the exact effect of electrostatic interactions on
membrane protein folding is also not entirely clear ¥/, We saw earlier that various motifs
known to promote helix-helix packing in membrane proteins include polar residues, sug-
gesting that polar interactions are overall favorable in this setting. Indeed, studies that fo-
cused on hydrogen bonds between transmembrane segments suggested that these bonds are
favorable and drive the assembly of the protein [!81-183] For example, DeGrado and cowork-
ers studied this issue using helical model peptides that dimerize [83]. When hydrogen bonds
involving the amino acid residues Asn, Gln, Asp and Glu were disrupted by mutagenesis,
dimerization did not occur. Thermodynamically, it makes sense that hydrogen bonds con-
tribute favorably to the assembly of the helices into a folded protein, since in their isolated
state (inside the lipid bilayer) the potential hydrogen bond donors and acceptors are sur-
rounded by a less polar environment than in the folded state (Figure 7.13). Again, the fact
that polar residues such as Ser and Thr are more prevalent inside membrane-bound proteins
than inside water-soluble proteins supports this suggestion [1°2],

Assuming that transmembrane hydrogen bonds do stabilize the folded state of mem-
brane proteins, how significant is the stabilization? A study by Bowie and coworkers 154
investigated this issue using bacteriorhodopsin, a bacterial light-activated proton pump of
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known structure, which is often used as a model for membrane proteins. They mutated
hydrogen-bonding pairs to non-hydrogen-bonding residues that were highly similar to the
original residues (in this case, alanine) in all other aspects, and measured the resulting
change in protein stability. Their results suggested that the average contribution of hydrogen
bonds to stability is quite modest, on the scale of 1k;T (i.e., 0.6 kcal/mol). What could be
the evolutionary reason for maintaining such marginally stabilizing forces? First, the addi-
tive stabilization achieved with multiple hydrogen bonds between transmembrane segments
that contain several polar residues can be substantial. Second, Bowie and coworkers spec-
ulated that, as in the case of Pro-related hinges, these weak interactions might just be what
membrane proteins need to remain highly flexible and form the helical distortions charac-
terizing their structure. Finally (as controversies go), some studies suggest that hydrogen
bonds destabilize membrane proteins 18>8,

The effects of ionic interactions like salt bridges on membrane protein stability are more
complicated, as the exposure of charged residues to the core of the protein involves a large
desolvation penalty. As discussed at length in Chapter 4, studies carried out on salt bridges
in the cores of water-soluble proteins indicate that such interactions may be overall stabiliz-
ing if they are optimized spatially and constitute part of a larger network of electrostatic in-
teractions that include also hydrogen bonds ['#7-189) In membrane proteins the salt bridges
may also be partially exposed to the lipid environment, which should make the desolva-
tion penalty even larger than in water-soluble proteins. However, the fact that salt bridges
are found in transmembrane segments, where they are organized as motifs that promote
helix-helix interactions, suggests that these interactions are overall stabilizing in membrane
proteins.

(a)

I 208 Zi%@% d

FIGURE 7.13  Polar interactions in integral membrane proteins. (a) Polar groups in unfolded
membrane proteins are exposed to the hydrophobic region of the membrane, which is energetically
unfavorable. (b) Assembly of transmembrane segments allows these polar groups to hydrogen-bond
and mask each other in the slightly less hydrophobic environment of the protein core.

7.3.2.3.3 Architecture

As mentioned above, the constraints imposed on membrane proteins by the chemically
complex and highly anisotropic lipid bilayer have led to a collection of structures that share
similar characteristics. For example, transmembrane segments are almost always arranged
as a-helical bundles, and to a lesser extent as f-barrels. Nevertheless, the shared general
architecture of membrane proteins may manifest in different forms, which are suited to
the proteins’ specific biological functions. Several important examples of such architectural
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themes and their functional significance are reviewed by von Heijne ) and by Gouaux
and McKinnon %1, Here we focus on proteins that are involved in the transport of po-
lar molecules across biological membranes, i.e., channels and transporters. In Section 7.5
below we describe the structure-function relationship in the other major category of mem-
brane proteins, ligand-activated receptors.

1. Aquaporins

Aquaporins are ancient channels that can be found in a wide range of organisms,
where they facilitate the passive movement of water in cells and tissues !°!). In an-
imals, for example, they participate in the re-absorption of water from urine in the
kidneys. Certain aquaporins, termed aqua-glyceroporins’, can also transport small so-
lutes like glycerol, ammonia, CO,, and O,. Aquaporins are part of the major intrinsic
protein superfamily and exist as tetramers in which each monomer is an indepen-
dent pore. The pores created by aquaporins have an hourglass-shaped structure that
includes six transmembrane segments and two half-helices (Figure 7.14a). The se-
lectivity of the channel against molecules larger than water results from the narrow
region at the center of the channel (2.8 A). In fact, even the water molecules them-
selves can pass through the narrow channel only in single file, though the transport
rate is extremely high (~10° molecules/sec). The narrow part of this region is formed
from side chains that face the inner side of the pore, and which belong to two types
of motifs:

 Two conserved Asn-Pro-Ala motifs (NPA, yellow region in Figure 7.14a), which
reside in the two half-helices (see more below).

« An ar/R motif (‘ar’ for aromatic and ‘R’ for arginine), which resides ~8 A away
from the NPA motif, towards the extracellular side. This motif is considered to
be the major barrier for large uncharged solutes. Indeed, in aqua-glyceroporins
the ar/R residues create a wider opening, allowing larger solutes to be trans-
ported [12! (Figure 7.14b).

As mentioned above, the NPA motif plays a secondary role in the selectivity of the
channel against uncharged solutes. On the other hand, it is crucial for the selectivity
of aquaporins against protons, which are smaller than water molecules. Protons are
positively charged, and the selectivity mechanism is, predictably, electrostatic. Each
water molecule that passes through the center of the channel reorients such that its
partially negative oxygen atom can hydrogen-bond with the NPA asparagine residues
surrounding it (Figure 7.14c). Protons are positively charged and therefore cannot
form these interactions. The exclusion of protons is further assisted by the dipoles
of the half-helices flanking the NPA motif. Thus, protons cannot pass through the
channel, nor can they ‘hop’ between the single-file water molecules that reside in the
pore (1931, Finally, the partial charges of the NPA asparagine have also been suggested
to contribute to the fast passage of the water through the channel %4,
2. Ion channels

Ion channels are involved in numerous physiological functions, such as neural trans-
mission, molecular transport, muscle contraction, energy production, and more.
Accordingly, malfunction of these proteins leads to various pathologies (chan-
nelopathies), which include cystic fibrosis, Bartter syndrome, and paralysis [°°]. The
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FIGURE 7.14  Structural characteristics of aquaporins. (a) A general view of the channel (PDB
entry 1rc2). The image shows the single-file distribution of water molecules along the channel (oxy-
gen atoms as red spheres), and the location of the two motifs that create the central constriction:
the NPA (yellow), and the ar/R (green) motifs. (b) Superimposition of aquaporin (blue) and aqua-
glyceroporin (orange, PDB entry 1fx8). The residues forming the motif in aquaporin are noted.
A glycerol molecule in the aqua-glyceroporin is shown as sticks. (c) Hydrogen bonds between as-
paragine residues of the NPA motif and a water molecule (as sticks) inside the channel.

structure of an ion channel is arranged around a central water-filled pore that tra-
verses the lipid bilayer, and in which ions can dissolve without having to pay the
energy cost of exposure to the hydrophobic environment of the bilayer core. One
of the popular models for such channels is the pH-dependent bacterial K* channel
(KcsA)'!. K channels have a characteristic structure that includes a transmembrane
domain and along (35-residue) cytoplasmic domain, both of which are a-helical (Fig-
ure 7.15a). The channel is a tetramer, where each monomer contributes two trans-
membrane helices (TM1 and TM2) and one cytoplasmic helix at the C-terminus.
The transmembrane domain has an inverted teepee structure, and includes a wide,
water-filled pore that extends over 2/3 of the lipid bilayer. Thus, the potassium ion
can diffuse freely most of its way across the membrane (Figure 7.15b). This property,
as well as the electric repulsion between adjacent K* ions, leads to a very high K* pas-
sage rate (~10® ions per second). The cytoplasmic domain is an extension of the four
TM2 helices that form the inner part of the channel. This domain influences different
functional aspects of the transport (permeation, gating), stabilizes the channel, and
allows it to interact with regulatory elements.

Despite the high variability of channels, in terms of shape, size, and diameter, virtually

all possess some degree of specificity towards the ions they transport. The specificity

can be broad, e.g., allowing all elemental ions of a certain charge to pass, or narrow,
. 2+ . . .

e.g., enabling only Ca™" ions to pass. In most cases, the selection seems to require the

‘candidate’ ion to lose its solvation shell and to bind directly to channel residues. This

mechanism enables the channel to assess the suitability of the ion. In the KcsA chan-

“IFor solving the structure of the KcsA channel’s transmembrane domain and elucidating the selectivity
mechanism !}, Roderick MacKinnon received the 2003 Nobel Prize in Chemistry.
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nel the selectivity-related residues appear at the end of the ion’s path, in a loop-based
substructure called the ‘selectivity filter’ (Figure 7.15bI). The loop composing the se-
lectivity filter in each chain includes four residues (the TVGYG signature sequence),
forming four evenly-spaced K binding sites termed S1 through S4 (Figure 7.15bII).
The sites coordinate the four K* atoms via four backbone carbonyl groups and one
side chain hydroxyl group. The filter determines whether or not the desolvated ion
can keep moving all the way to the other side. The biological importance of the fil-
ter structure is reflected, for example, in the fact that it is targeted by toxins, such as
kaliotoxin, produced by scorpions (1!, Whereas some ion channels use a simple size
cutoff for selecting the right ion(s), others may be more sophisticated. This seems to
be the case with the KcsA channel, which selects K™ over Na, despite the smaller
size of the latter. The selection mechanism can be referred to as ‘molecular mimicry’.
That is, the polar uncharged oxygen atoms that coordinate each K ion in the se-
lectivity filter are positioned in a way that precisely mimics the arrangement of
water-derived oxygen atoms around the K" ion in bulk solution (Figure 7.15c).
Thus, the K* ion encounters virtually no energy barriers during its transfer from so-
lution to the selectivity filter (i.e., desolvation). Being smaller, Na* ions can enter the
selectivity filter, but they are too far from the filter’s oxygen atoms to achieve efficient
electrostatic masking by the latter. Therefore, they tend to remain in bulk solution,
i.e., outside the channel. The molecular mimicry mechanism, which was proposed by
MacKinnon in his Nobel Prize-winning work, is elegant and explains the 1,000-fold
preference of the KcsA channel for K over Na*. However, data from later studies
suggest that the selectivity mechanism is probably more complicated. For example,
NMR measurements have demonstrated increased protein flexibility in the selectiv-
ity filter region, suggesting that this region should be able to adapt to ions smaller
than K* 197, Similarly, molecular dynamics (MD) simulations of the KcsA channel
in a lipid membrane demonstrate fluctuations of the selectivity filter over a range of
ion—carbonyl distances, sufficient to coordinate either ion [1®!. The authors of the
latter study suggested that selectivity is controlled by the intrinsic electrostatic prop-
erties of the coordinating carbonyl groups and not by the average size of the pore.
Finally, a study combining electrophysiology, X-ray crystallography, and MD sug-
gested that smaller ions like Na" and Li* can bind easily to the selectivity filter, but
find it difficult to reach the filter from the intracellular side due to a K*-dependent
energy barrier 1’1, Again, these studies suggest that the selectivity of ion channels
is more complex than previously assumed. Interestingly, despite the fact that small
elemental ions such as K occupy very little space, their binding often involves con-
siderable changes in channel conformation, as demonstrated for the K*, Na* and Ca**

channels 19!,

As in the case of many cellular proteins, the transport carried out by ion channels
must be regulated, i.e., it must occur only in response to the right signal. For this
purpose, most channels have a gate that prevents the passage of ions in the resting
state. The signal activating the channel may be electric, chemical or mechanical in na-
ture. Accordingly, the gate always includes a region of amino acids that acts as a sensor
and responds to an activating or inactivating signal. For example, in voltage-gated K
(K,) channels, the sensor includes positively charged amino acids (Lys and Arg) that
reside on S4 helices 2°*201_ In the channel’s resting state the abundance of Na* ions
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on the extracellular side of the membrane repels the positively charged S4 helices,
keeping the channel closed. However, when the membrane depolarizes during neu-
ronal signaling, the significant decrease in the number of Na" ions at the extracellular
side reduces the electric repulsion, enabling the S4 helices to be displaced, such that
the channel opens. This process can be viewed as a conversion of electric energy into
mechanical energy, which induces motion. As we will see later, energy conversions
happen also in transporters that function as ion pumps, where the chemical energy
stored in ATP, or the electrochemical energy stored in an ion gradient, is converted
into motion, and vice versa.

The gating mechanism of the KcsA channel is rather complex and relies on two sep-
arate gates [20%:20%]

(a) H'-activated gate, which resides at the region covering the intracellular side of
the transmembrane domain and the beginning of the cytoplasmic domain. This
gate is closed at high pH levels and opens when the pH decreases.

(b) H'-independent gate, which resides at the selectivity filter.

Understandably, most studies of KcsA gating have focused on the first gate, since it
is the one that responds to a change in pH. Activation of this gate leads to confor-
mational changes in the TM2 helices, in both the transmembrane and cytoplasmic
domains. In the transmembrane domain, the helices undergo a ~15° hinge-bending
motion around Gly-104 12°4) (Figure 7.15dI). In the cytoplasmic domain, the con-
formational change is focused around a region in which the TM2 helices create a
bulge, near Val-115 (Figure 7.15dII). There, at the narrowest point for K* perme-
ation, each TM2 helix shifts ~4 A outwardly upon activation, resulting in an overall
~20-A opening of the channel ! 2042061 The bulging region also seems to be the place
where the pH sensing takes place; it contains three residues, Arg-117, Glu-118, and
Glu-120, which have been implicated as the pH sensors of the KcsA channel (Fig-
ure 7.15dIT) (2072081 Although the exact mechanism of this sensing is not entirely
clear, it has been suggested that a pH drop beyond the channel’s pKa (~4.2) leads to
protonation of the two glutamate residues (118 and 120), thus rendering them elec-
trically neutral. As a result, these residues are no longer able to mask and stabilize the
positive charges on Arg-117. The electrostatic repulsion that ensues between Arg-117
from adjacent monomers induces displacement of helices, and opening of the chan-
nel. As mentioned above, the channel also contains a second gate, at the selectivity
filter. It is thought that the conformational change described for the H'-activated
gate affects the second gate allosterically, which leads the channel to assume a fully

open state 205209,

It addition to the active and resting states, ion channels can also exist in an inactivated
state. Channels normally become inactivated after a period of activity, to attenuate the
cell’s response. There are two major types of inactivation in K* channels (%), The first,
called N-type inactivation, is observed in voltage-gated K channels. This is a fast pro-
cess that involves physical blockage of the pore by an electrically charged N-terminal

"Unterestingly, when the large cytoplasmic domain is truncated, activation results in a ~32-A opening of
the transmembrane domain [2°1, The ~20-A opening obtained in the full-length structure 12°4! is probably a
lower bound, as the large C-terminal domain was further stabilized by bound antibody fragments. Thus, the
real opening of the channel is most likely somewhere between 20 A and 32 A.
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segment of the channel. The second type of inactivation, called C-type inactivation, is
observed in the KcsA channel, and is much slower than N-type inactivation. C-type
inactivation is thought to involve the H'-independent gate at the selectivity filter,
through reorientation of the backbone carbonyls and subsequent destabilization of
K" ions inside the filter 2%, Interestingly, though the large cytoplasmic domain lim-
its the degree of opening of the transmembrane domain upon activation (see above),
it also seems to slow the rate of channel inactivation 204,
3. Transporters

Like ion channels, some transporters facilitate the passive transfer of ions down their
electrochemical gradients. However, many other transporters transfer larger solutes
(amino acids, sugars, etc.), and some transporters are even capable of transferring so-
lutes against their electrochemical gradients, or in other words, ‘pump’ them. In any
case, it is obvious that transporters must use a more sophisticated transport mech-
anism than the one used by channels. Indeed, transporters do not form simple
water-filled structures, but rather exist in (at least) two different states; one al-
lows the ligand to enter the transporter on one side of the membrane, whereas
the other releases it on the other side. This model, abstractly introduced by Oleg
Jardetzky, is commonly called ‘the alternating access mechanism’ (!, Structurally, it
requires each transporter to possess at least two distinct conformations, correspond-
ing to the states mentioned above (Figure 7.16). Such a mechanism is observed in
the SemiSweet transporter ?'?!, which facilitates passive diffusion of sugars into bac-

FIGURE 7.15 = Structural characteristics of the KcsA K* channel. (Opposite) (a) A general struc-
ture of the tetrameric channel in the closed state (PDB entry 3eft), colored by chain. The transmem-
brane and cytoplasmic domains are noted. The red and blue planes mark the predicted boundaries
of the membrane, respectively (the OPM database 1171y (b) (I) The different parts of the transmem-
brane domain in the conductive channel at high K" concentration (PDB entry 1k4c). For clarity,
only two of the four chains are shown, and are colored differently. K* ions are presented as yellow
spheres, and the oxygen atoms of water molecules are shown as red spheres. Most of the transmem-
brane domain, from the cytoplasmic side, forms a water-filled pore (a hydrated K" ion is shown).
The top third of the domain forms a selectivity filter that can accommodate four dehydrated K" ions.
The last part of the domain is just outside the membrane, where the ions are hydrated again. The fil-
ter is made of the re-entrant loops interfacing with the K* ions. (II) The selectivity filter. The filter is
composed of the signature TVGYG sequence, which binds the K* ions via four backbone carbonyls
and one side chain hydroxyl per chain. Each K" ion is coordinated by oxygen atoms from two lay-
ers, and thus, the filter contains four K* binding sites, termed S1 through S4. (c) A view from above
showing interactions between one of the K* ions (blue sphere, reduced size for clarity) and two lay-
ers of backbone carbonyl oxygen atoms in the selectivity filter (eight carbonyls altogether, shown as
sticks, colored by chain). (d) Conformational changes in the pH-activated gate of the KcsA chan-
nel. (I) The hinge motion of the TM2 helices. The image shows a superposition of the closed-state
(grey, PDB entry 3eff) and open-state (orange, PDB entry 3pjs) structures, with a close-up on the
transmembrane domain. For clarity, the TM1 helices are not shown. The Gly-104 hinge is marked
by the yellow circle, and the hinge motion is delineated by the curved arrow. The resulting shift of
the cytoplasmic part of one of the TM2 helices is noted by the thick arrow. (II) The conformational
change in the cytoplasmic domain, focused around the bulging area (V-115). The 4-A shifts in two
helices are noted by the thick arrows. The residues constituting the pH sensor are shown as sticks.
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FIGURE 7.16  The alternating access mechanism for substrate transfer in transporters. A highly
schematic illustration of the mechanism. The purple shapes symbolize two different equilibrium
conformations of the transporter inside the membrane (cyan). In each conformation the substrate-
binding site faces a different cellular compartment, where it binds or releases the substrate (yellow
triangle). The figure demonstrates an import process, where the left ‘conformation’ binds the sub-
strate in the exoplasm, and then changes into the right conformation to release the substrate into
the cytoplasm. The shapes symbolizing the transporter, substrate, and membrane are grossly dis-
proportionate to emphasize the main aspects of the transport process.

teria. The function of this transporter is analogous to that of the GLUT and SGLT
transporters in humans, which are key elements in sugar metabolism. As Figure 7.17a
shows, in the outward-open state of the transporter (left), the inner side is blocked
by a cluster of aromatic and nonpolar residues (intracellular (IC) gate). The switch
from the outward-open state to the inward-open state involves several conforma-
tional changes. First, a hinge motion of the cytoplasmic half of TM1 (TM1b), around
the highly conserved Pro-21, tilts TM1b 30° with respect to the exoplasmic half of
TM1 (TM1a). Second, a rotational movement of TM1a, TM2, TM3, and TM1b of the
other monomer, leads to an overall ‘binder clip’ movement. That is, the exoplasmic
parts of the transmembrane helices become closer to each other while their cyto-
plasmic parts are pushed away from each other. This motion leads to the simultane-
ous closure of the extracellular gate (EC gate) and opening of the cytoplasmic gate.
The EC gate is composed of Tyr-53, Arg-57 and Asp-59. When the gate is closed,
these residues form polar interactions with the equivalent residues in the adjacent
monomer, thus stabilizing the closure.

An active transporter, or ‘pump, transfers solutes against its electrochemical gradi-
ent. This process requires a source of energy, either ATP or the electrochemical gra-
dient of a common cellular ion. Like passive transporters, active transporters switch
between outward- and inward-facing conformations. However, in an active trans-
porter the dominant conformation at any given time is determined by the binding
of ATP/ADP/P; or ions to a specific site in the protein’!. This is because the binding
of each of these species to the protein stabilizes a different conformation. Thus, in an

“I'The binding of the transported solute and possibly of other chemical species (common ions, lipids, etc.) is
likely to stabilize certain transporter conformations as well, but the effects of these species are not necessarily
unique to active transporters.
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FIGURE 7.17 Conformational changes in transporters. (a) Outward (left) and inward (right)
conformations of the bacterial SemiSweet transporter (PDB entry 4x5n). The dimeric structure
is colored by chain. The glycerol moiety of 1-oleoyl-R-glycerol (PDB entry 4x5m), which mimics
the transported sugar, is shown as spheres in the putative substrate-binding site between the two
monomers. Residues belonging to the transporter’s extracellular gate (EC gate) and intracellular
gate (IC gate) are shown as sticks. The curved arrows show the ‘binder clip’ motion in which the
protein shifts from its outward-open state into the inward-open state. (b) The ATP-bound state of
the Sav1866 ABC transporter (PDB entry 2hyd), with its substrate-binding site open to the extra-
cellular side of the membrane. The dimeric transporter is colored by chain, and the bound ADP
molecules are shown as magenta spheres. The red and blue planes mark the predicted boundaries of
the membrane, respectively (the OPM database [!!7]).

ATP-dependent transporter, a cycle that includes (1) ATP binding, (2) ATP hydrolysis
to ADP and P;, and (3) release of one or two of the latter, involves switching of the pro-
tein between different conformations that face different sides of the membrane. Such
a mechanism is exemplified by the bacterial multidrug transporter Sav1866, which
belongs to the group of ATP-binding cassette (ABC) transporters. These proteins ap-
pear in both prokaryotes and eukaryotes, where they pump small molecules from (or
to) the cell. The action of these transporters is also medically important; some ABC
transporters in bacteria pump out antibiotics, leading to resistance. Similarly, tumor
cells use such transporters to pump out chemotherapeutic agents, which reduces the
efficiency of the treatment. The solute export cycle of Sav1866 begins when the pro-
tein is in a monomeric state and its transmembrane domain is exposed to the cell’s
interior. This conformation enables the targeted solute to bind the transmembrane
domain. ATP binding to the nucleotide-binding domains of two Sav1866 monomers
induces dimerization and an outward-facing conformation (Figure 7.17b) (213214,
ATP hydrolysis is thought to induce additional conformational changes that bring
the transporter back to an inward-facing state, ready to bind a new solute molecule.
It should be noted that the exact nature of the coupling between ATP binding or hy-
drolysis and the transport of solutes in ABC transporters is not always as simple as
depicted above, and may sometimes (and in some variants) be very weak. For exam-
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ple, the bacterial vitamin B12 importer BtuC,D, hydrolyzes many ATP molecules for

each substrate, and hydrolysis takes place even in the absence of the substrate (2%,

The effects of nucleotide or ion binding on the shifts between inward- and outward-
facing conformations in active transporters do not really explain how these trans-
porters can draw a solute from a low-concentration compartment and release it into a
high-concentration compartment. This capability has to do with the inherent affinity
of each conformation to the solute. In passive transporters the affinity of the inward-
facing conformation may be similar to that of the outward-facing conformation, since
the binding and release of the solute are governed by its concentration in the two
opposite compartments. In active transporters, the conformation facing the com-
partment that has low solute concentration must have a sufficiently high affinity to
the solute to bind it, whereas the conformation facing the compartment with high
solute concentration must have a sufficiently low affinity in order to release the so-
lute 1216217 By selectively stabilizing the two different conformation types, binding
of nucleotides or ions indirectly determines changes in affinity during the transport
cycle. For example, in the ABC transporters described above, ATP binding stabilizes
the outward-facing conformation, which has a low affinity to the solute, thus enabling
the solute to be released into the cell’s exterior (see [2'7] and references therein). Some
transporters are assisted by binding proteins that scavenge the solute and then bind

to a certain domain in the transporter 213,

In conclusion, ATP hydrolysis and electrochemical gradient dissipation are able
to fuel active transport, not by a direct release of energy, but rather through se-
quential binding of nucleotides or ions that stabilize distinct conformations of
the transporter. These conformations differ from one another in (1) the exposure
of the transporter’s transmembrane domains to the inner or outer sides of the
membrane, and (2) the affinity of the transmembrane domains to the transported
solute.

The principles of active transport that are described above exist in ATP-dependent ion trans-
porters. These proteins, which constitute key elements in any organism, are divided into the
following groups 128

P-ATPases (E,E,-ATPases). These transporters are found in bacteria, in fungi, and in eu-
karyotic plasma membranes and organelles. They transport a variety of different ions
across membranes, including H', Na*, K*, and Ca". This category includes some
of the cell’s key primary active transport proteins, such as the Na*/K"-ATPase (Fig-
ure 7.18), H"/K"-ATPase, and the Ca’*-ATPase (Figure 7.19). The electrochemical
gradients formed by these proteins are used for different purposes. For example, bac-
teria use the proton gradient to drive processes such as chemotaxis and secondary
active transport. P-ATPases contain cytoplasmic and transmembrane domains. The
cytoplasmic domain includes phosphorylation (P)'1, nucleotide-binding (N), and ac-
tuator (A) subdomains 2!°). The transmembrane domain includes six helices, through
which the membrane transport takes place. Most P-ATPases, however, also include
additional transmembrane helices. For example, in the Na*/K*-ATPase and Ca**-
ATPase the transmembrane domain includes 10 helices. These helices also contain
cation-binding sites, and are thought to contribute to the ion selectivity of the trans-
porter. Finally, some P-ATPases, such as the Na*/K"-ATPase and the H'/K*-ATPase,

"I'The mechanism of P-ATPases includes a phosphorylated intermediate (aspartate in a DKTG motif, see
more below), hence the name.
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FIGURE 7.18 Shark Na*/K*-ATPase bound to K* ?2!] (PDB entry 2zxe). (a) A global view of the
protein and its position inside the membrane. The « subunit (grey) is responsible for the ion trans-
port and ATPase activity. The 3 subunit (yellow) is involved in the assembly and trafficking of the
protein, and also in the binding of K" [221] Potassium ions are colored in cyan, and water molecules
(oxygen atoms only) in red. The entry and exit points of the ions with respect to the transmembrane
domain are noted, as well as a transmembrane K* binding site. (b) Experimentally-determined K*-
binding sites in the transmembrane domain of the Na*/K"-ATPase [221222], The residues constitut-
ing the binding sites are shown as light-orange spheres. For clarity, the transmembrane helices are
semi-transparent, and other parts of the protein have been removed. (c) Polar interactions (black
dashed lines) between the two K ions located in the transmembrane domain and protein groups.
The ionization states of the acidic residues were predicted by MolProbity 1223,

also include an extracellular § subunit that is important for the proper trafficking of
the transporter to the plasma membrane [?2%!, and that also affects other functional
aspects of the transport.

F-ATPases (F,F,-ATPases). These H'-ATPases reside in mitochondria, chloroplasts, and
bacterial plasma membranes. F-ATPases operate in the opposite direction to P-
ATPases; in F-ATPases, proton transport is used to fuel ATP synthesis, instead of the
other way around. Specifically, F-ATPases use the H" electrochemical gradient that
is created during cellular respiration (in mitochondria) or photosynthesis (in chloro-
plasts) to drive the synthesis of ATP. Thus, these proteins are usually referred to as
ATP synthases’ rather than ATPases. The structure and mechanism of the mitochon-
drial F-ATPase are described in Chapter 9, Section 9.1.5.3.

V-ATPases (V,V,-ATPases). These H'-ATPases are primarily found in the membranes
engulfing eukaryotic organelles (e.g., vacuoles and lysosomes). In the latter, V-
ATPases function in acidifying the organelle by pumping protons into it. In addition,
in segments of the kidneys they contribute to the net excretion of acid into urine.
They have a complex structure, containing more than 10 subunits (Figure 7.20).

A-ATPases (A;Ay-ATPases) are found in Archaea and function similarly to F-ATPases.

E-ATPases are cell-surface enzymes that hydrolyze a range of nucleoside triphosphates
(NTPs), including extracellular ATP.

N-783
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FIGURE7.19  Sarcoplasmic reticulum calcium ATPase (SERCA) bound to Ca>* 2241 (PDB entry
1su4). (a) A global view of the protein and its position inside the membrane. The Ca** ion and water
molecules are colored as in panel (b) Polar interactions between the two Ca** ions located in the
transmembrane domain of the transporter and protein groups. The ionization states of the acidic
residues were predicted by MolProbity 223,
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FIGURE 720 A low-resolution electron microscopy structure of the complete V-ATPase pump
from yeast ?25! (PDB entry 3j9t). The protein is colored by chain.
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Like other transporters, ion pumps work by cycling among different conformations,
which ‘pick up’ the solute on one side of the membrane and release it on the other side. Evi-
dence of such a cycle can be seen in the three-dimensional structures of the Na*/K" - ATPase
(Figure 7.18a) and the Ca’*-ATPase (Figure 7.19a). Both structures demonstrate that in or-
der to cross the membrane, the ions must ‘hop’ between amino acids inside the transporter,
which serve as transient binding sites (see Figure 7.18b for the Na'/K'-ATPase). As Fig-
ures 7.18c and 7.19b show, the cation-binding sites in the Na*/K*-ATPase and the Ca**-
ATPase include the negatively charged side chains of glutamate and aspartate residues, but
also the partial charges of main chain or side chain carbonyl and hydroxyl groups, as well
as individual molecules. The involvement of partial charges that transiently bind desol-
vated ions is similar to what we have seen in the KcsA (potassium) channel. There too,
the use of partial charges ensures that ions can move through the protein instead of
getting stuck in one place. The absence of a water-filled path in transporters may seem dis-
advantageous, but it is in fact one of the factors preventing the unwanted (simultaneous)
exposure of the transported ion to both sides of the membrane, an event that would allow
the ion to go back to the compartment from which it was taken.

We have seen earlier that in active ATP-dependent transporters (e.g., the ABC trans-
porter Sav1866), the conformational changes that underlie the transport process are driven
by ATP binding and hydrolysis. This is true for all ATPases, including the ion pumps de-
scribed in the previous paragraphs. The mechanism through which ATPases translate these
events into conformational changes involves the effects of ATP and of its hydrolysis prod-
ucts (ADP and P;) on the transporter’s energy landscape (2!, That is, the binding of ATP,
ADP, or P; to the transporter changes its energy, induces a conformational change, and
brings it back to its energy minimum. Since ATP, ADP, and P; have different effects on
the energy of the transporter, the binding of each leads to a different conformation. The
evolution of ATPases enabled them to cycle between conformations in accordance with the
binding of ATP, ADP, and P;, and this cycling results in ion transport. In P-ATPases such
as the Na*/K*-, Ca**-, and H"-ATPases, the conformational changes begin at the cytoplas-
mic domain with the movements of the A, N and P subdomains relative to each other, and
propagate to the transmembrane domain through linkers and tertiary contacts. To illustrate
the overall transport cycle we will look at the Na*/K"-ATPase, which transports three Na*
ions from the cytoplasm to the cell’s exterior and two K" ions in the reverse direction. The
transport cycle includes the following steps (Figure 7.21):

« The ATP-bound form of the transporter, termed E1, has a high affinity to Na" ions,
and its Na'-binding site faces the cytoplasm. These properties result in the binding of
three cytosolic Na* ions to the protein and occlusion of the binding site (Figure 7.21,
step 1).

o The transporter has an inherent ATPase activity, and the hydrolysis of ATP is coupled
to the transfer of the y-phosphate to a conserved aspartate in the protein’s P domain
(Figure 7.21, step 2). This event, which is accompanied by ADP release, has two ef-
fects. First, it considerably reduces the affinity of the transporter to Na*, and second,
it promotes a conformational change that exposes the Na'-binding site to the cyto-
plasm (the E2 state). These changes result in the release of the three Na* ions to the
extracellular side of the membrane and binding of two K" ions, as well as protonation
of the protein (Figure 7.21, steps 3 and 4).
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« Binding of the K" ions promotes dephosphorylation of the protein’s conserved aspar-
tate and occlusion of the binding site (Figure 7.21, step 5), release of P, (Figure 7.21,
step 6), and binding of new ATP (Figure 7.21, step 7).

o The ATP-bound protein reverts to the E1 form, resulting in the release of the bound
K" ions to the cytoplasm (Figure 7.21, step 8).

In P-ATPases that transport only one type of ion (e.g., Ca**-ATPase), the transport cycle
does not include the steps involving binding and release of the second ion type (steps 4 and 8
in Figure 7.21, respectively).
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FIGURE 7.21 A schematic representation of the transport process employed by the Na*/K"-
ATPase. Step 1 - occlusion of the Na*-binding site. Step 2 - ATP hydrolysis and phosphorylation of
the conserved aspartate in the protein. Step 3 — protonation of the transporter is accompanied by a
conformational change of the protein from the E1 state to the low-affinity E2 state (binding site faces
cell’s exterior). The change also involves the release of ADP and one Na* atom. Step 4 — exchange of
the two remaining Na* ions with two K" ions from the cell’s exterior. Step 5 -~ dephosphorylation
of the protein and occlusion of the binding site. Step 6 — release of P,. Step 7 - ATP binding to the
protein changes it back to the E1 form, in which the binding site is exposed to the cytoplasm and
the affinity to Na" is high. Step 8 — deprotonation and release of the two K" ions from the protein to
the cytoplasm, and binding of 3 new Na" ions. The image is taken from [21°],

7.3.2.3.4  Structure prediction

We have seen how the strong sequence-related tendencies of transmembrane segments en-
able scientists to identify such segments in the amino acid sequence and to predict their
topology with respect to the other parts of the protein. The two remaining steps for success-
ful prediction of the entire structure relate to the orientations of helices and the conforma-
tion of the protein backbone (in cases in which the helices are distorted) and side chains.
Thus, one way to classify structural prediction methods of membrane proteins is according
to the properties they predict: secondary structure, topology, tertiary structure, etc. (see 128!
for details). Another way of classifying structure prediction methods is by the information
they use to carry out their predictions. According to the latter criterion, methods can be sep-
arated into three main groups 71'°U_ The first group includes ab initio methods, which rely
solely on physicochemical principles characteristic to membrane proteins, such as length,
hydrophobicity, etc. PREDICT [22) is an example of such a method, one that was developed
specifically for GPCRs. The greatest advantage of such methods is that they do not require
any additional information regarding the protein, aside from the amino acid sequence. Their
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main disadvantage is their requirement of massive conformational sampling, which is com-
putationally demanding [>*”). The second group includes methods that rely on statistical ten-
dencies of residues to appear in certain regions of the protein. One example is kPROT [228,
a scale of the propensities of amino acids to face either the lipid bilayer or the protein core;
this scale was developed on the basis of statistical data extracted from bitopic and poly-
topic proteins, respectively. Three other statistical propensities successfully used in struc-
ture prediction algorithms are evolutionary conservation (2223 correlated mutations 123!
(see Box 3.3), and tight packing against other residues 2321, The third group of structural
prediction methods of membrane proteins includes methods that rely on sequence-based
similarity between the query protein and membrane proteins whose structure is already
known (template-based methods). When the query and template proteins are homologous
(sequence identity > ~30%), the preferred method is homology modeling (see Chapter 3,
Subsection 3.4.3). However, this method, which is highly successful in water-soluble pro-
teins, is less efficient in membrane proteins because of the limited number of homologues
with known structure that can be used as templates. In such cases, fold recognition (thread-
ing) methods may be used (see Chapter 3, Subsection 3.4.3.3). In such methods, the tem-
plate is chosen not by the similarity of its sequence to that of the query protein, but rather by
similarity of sequence properties. Some of these properties are extracted statistically from
multiple sequence alignments, whereas others are physically meaningful, e.g., propensity
to form a certain secondary structure, to be exposed to the surrounding medium, to have
certain dihedral angles, to interact with certain amino acids, etc.

Current prediction algorithms are often hybrid, i.e., they are based on a scoring func-
tion that includes expressions adopted from different approaches 1233l (see Chapter 3, Sub-
section 3.4.4). For example, some of the expressions may rely on physicochemical consid-
erations, whereas others rely heavily on statistically derived tendencies of certain amino
acids to form certain structures or to be involved in certain physical interactions. Two well-
known methods, Rosetta 23423°"! and I-TASSER 123712, offer a unified modeling framework
in which different approaches are used for different modeling challenges 2331, Indeed, both
methods have been tested on different proteins and yielded good predictions (2362392401 (see
more details in [2%).

Finally, a relatively new approach has been adopted that uses experimental data in or-
der to make predictions more efficient [118] (see Chapter 3, Section 3.5). These data are
derived from experimental methods that provide low-resolution structures of membrane
proteins; such methods include mainly cryo-EM, SAXS, and NMR, but also CD and FRET.
The general idea is to use the extracted data as spatial constraints that narrow down the
conformational space searched by the prediction methods, and thus significantly increase
their chances of providing the native protein structure 241-244]. Cryo-EM looks especially
promising in this sense; EM methods have traditionally been used to provide data concern-
ing the number, tilt, and overall locations of transmembrane helices in query structures (%3,
However, recent technological developments in single-particle cryo-EM have facilitated the
production of near-atomic-resolution structures (4 or 5 A), at least for some proteins. In-
deed, in recent years, several software programs have been designed or adapted to integrate
experimentally derived constraints into the structure prediction and modeling process 24°,
These programs include Rosetta ?44-2°%] (mentioned above), CHESHIRE 2°!), CS23D [2%2],

"IRosetta has a version designed specifically for membrane proteins, called RosettaMembrane [234236],

"2I-TASSER has a version designed specifically for GPCRs, called GPCR-I-TASSER 23 (server: http://
zhanglab.ccmb.med.umich.edu/GPCR-I-TASSER/).
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and SAXTER 23], Biochemical methods also provide experimental data that can be used
to guide prediction tools; such methods include (1) proteolytic cleavage of extramembrane
regions of the proteins or their identification using antibodies, (2) point mutations of dif-
ferent residues of the protein (conserved residues often face the core [1*°!), and (3) chemical
crosslinking. One major problem in the use of such methods for structure prediction is that
they are carried out on samples containing large numbers of molecules. As a result, they
might provide data corresponding to different substates of the protein, thereby complicat-
ing the prediction process 233,

7.3.3 Peripheral membrane proteins

Peripheral membrane proteins are attached to either the exoplasmic side or the cytoplasmic
side of the membrane, with the bulk of their surface in the aqueous solution (extracellu-
lar matrix or cytoplasm, respectively). Thus, the principles determining their structures are
similar to those of water-soluble proteins. Accordingly, our discussion of peripheral mem-
brane proteins focuses on their attachment to the lipid bilayer. This attachment can take
place through the following three mechanisms:

1. Electrostatic binding (Figure 7.22a). Certain membrane proteins contain a bind-
ing site that is geometrically suited for binding a certain membrane phospholipid.
In many cases the latter is negatively charged (PS, PG, PIP,), and the binding site
contains basic residues that are capable of interacting with it favorably (e.g., in the
pleckstrin homology domain, Figure 7.22b). Other proteins, such as MARCKS, con-
tain a patch of basic amino acids, which renders the entire region positively charged.
This charge allows the protein to adhere non-specifically to areas of the lipid bilayer
containing microdomains of negatively charged phospholipids [2**-2°¢); in eukary-
otes, such areas are present on the cytoplasmic side of the membrane. In these cases,
the protein is positioned about 3 A away from the phospholipid head group, a dis-
tance that is electrostatically optimal. That is, the Coulomb attraction between the
two charged entities at this distance is maximal, and over-compensates for the un-
favorable Born repulsion, which is minimal since a water layer separates the protein
and lipid membrane. A well-known example of the two forms of electrostatic binding
described here is given in Subsection 7.4.1.2 below, which discusses the interaction
between proteins and membrane PIP,.

2. Covalent binding (Figure 7.22a). Some proteins undergo post-translational modi-
fications that enable them to bind covalently to membranes. The modifications in-
clude N’-myristoylation, S-palmitoylation, and S-prenylation (see also Chapter 2,
Section 2.6). Such binding can be observed in certain key signal transduction pro-
teins such as ras and src, which bind to lipid chains from the cytoplasmic side of the
membrane.

3. Integrated binding of amphipathic helices (Figure 7.22c). Some membrane pro-
teins contain amphipathic helices that enable them to partially penetrate one of the
bilayer leaflets. In this mode of protein-membrane binding, the nonpolar residues
of the hydrophobic face of the helix interact with the hydrocarbon core of the bi-
layer, and the polar residues on the opposite face interact with the lipid head groups
(e.g. [272%8]) This form of binding is also observed in peptides [2°*?%], e.g., antimi-
crobial peptides attaching to bacterial membranes.
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The last form of association is particularly interesting. First, it is observed both in mem-
brane proteins and in peptides. Second, it affects the structure of the lipid bilayer, as further
discussed in Section 7.4 below. Interestingly, none of the three forms of binding seems to be
sufficient on its own, as demonstrated in the case of the signal transduction protein MAR-
CKS. This protein uses the first two forms of binding, and possibly the third as well, to
remain attached to the membrane. Upon phosphorylation or binding to calmodulin (2],
the electrostatic component of the binding is nullified [2°?!, which leads to the release of the

protein into the cytoplasm.

74  PROTEIN-MEMBRANE INTERACTION

7.4.1 Lipid bilayer effects on membrane proteins

The lipid bilayer is a chemically complex medium, and as such it has diverse eftects on its
resident proteins 1), Still, these effects, which result from the physicochemical interactions
between the lipids and proteins, can be separated into two types. The first type results from
the physical properties of the bilayer as a bulk, which can be considered as a complex sol-
vent. Indeed, studies show that membrane proteins are affected by general properties of the
lipid bilayer, such as topology [7*2%3], degree of order 2%4], viscosity (26°], hydrophobic thick-
ness (2!, curvature (¢!, degree of acyl chain packing (2¢7), free volume 2%, rigidity (2!,
and more. The second type of bilayer effect is mediated via specific interactions between
the proteins and certain lipid molecules. The two types of effects have been studied in the
last decades using different techniques. The main findings are reviewed in the following
subsections.

7.4.1.1 Effects of general bilayer properties
74.1.1.1  Topology

Transmembrane segments of membrane proteins tend to acquire an ordered secondary
structure (mainly a-helical) to avoid the unfavorable exposure of their backbone polar
groups to the hydrophobic core of the lipid bilayer. A similar phenomenon also occurs when
amphipathic peptides or protein segments bind to the bilayer interface. That is, the amphi-
pathic peptides or segments fold and acquire an ordered helical structure 7293, The folding
in this case, however, is driven in part by the need to preserve the amphipathic nature of
the peptide or segment, which allows it to interact favorably with the lipid bilayer (see Sub-
section 7.3.3 above). Thus, the basic polar/nonpolar topology of the lipid bilayer can affect
the structure of proteins inside it.

74.1.1.2 Degree of order and thickness

Membrane proteins differ in their preference for regions in the membrane of particular de-
grees of lipid order. Studies show that many integral proteins prefer 1;-phase regions, yet
some integral proteins have been shown to prefer I -phase regions 27¢?7!, The different
preferences lead to lateral segregation of proteins within the membrane, and to the forma-
tion of microdomains that have their own unique lipid and protein compositions. In some
cases the preference results from direct protein-lipid interactions, as in the case of proteins
that are covalently attached to the bilayer via a fatty acid or other types of hydrocarbon
chains. In such cases, the preference has to do with the degree of saturation of the acyl chain.
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FICURE 7.22 Common interactions of peripheral proteins with biomembranes. (a) Electro-
static adhesion and covalent binding to an acyl chain. The structure of c-Src is shown. The cartoon
on the left shows the domain composition of the protein and suggests its orientation with respect
to the membrane. The right image shows a blowup view of how the N’ of the protein could interact
electrostatically with the polar head groups of the lipid bilayer, and covalently with an acyl chain.
Basic residues in c-Src are blue; acidic residues are red; and the acyl chain (myristate) bound to the
protein is green. The membrane is represented here by a 2:1 PC:PS bilayer, with the acidic lipid, PS,
identified by its exposed nitrogen, colored blue. The figures are taken from >4/, (b) Electrostatic
and geometric compatibility of the pleckstrin homology (PH) domain binding site to inositol 1,4,5-
trisphosphate. The image shows the structure of the PH domain of Arhgap9 (PDB entry 2p0d). The
protein surface is colored according to electrostatic potential, in the range specified by the scale at
the bottom of the figure (in kz T/e units). Inositol 1,4,5-trisphosphate is shown as sticks and balls. The
latter binds into a cleft on the surface of the protein, which is characterized by a strong positive poten-
tial, created by Arg and Lys residues. The positive potential of the protein cleft matches the negative
potential of the ligand, which results from the three phosphate groups in the latter. (c) A schematic
representation of the electrostatic and nonpolar interactions between the amphipathic helices of the
enzyme cyclooxygenase-1 (PDB entry leqg) and the lipid bilayer. The membrane-anchoring region
of the protein extends between positions 73 and 116 (shown as sticks). Polar residues are colored
in orange, whereas nonpolar residues are colored in cyan. The dashed line marks the approximate
location of the (exoplasmic) membrane core boundary.
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For example, proteins that are covalently attached to GPI (glycophosphatidylinositol) prefer
ordered regions of the bilayer (I,), because the GPT’s acyl chain is saturated (272!, This is also
true for src and other kinases of that family, which are myristoylated or palmitoylated 23,
Conversely, GTPases of the ras family, which are attached to the unsaturated prenyl chain,
prefer disordered (1) regions of the bilayer 274,

The bilayer’s degree of order also affects proteins indirectly, by influencing the mem-
brane’s thickness. Saturated acyl chains are more extended than unsaturated ones, and there-
fore tend to form more ordered bilayers. The proteins are affected not by the overall thick-
ness of the bilayer but rather by the thickness of the hydrocarbon region. As described
earlier, nonpolar residues in transmembrane segments usually extend over a length that
roughly matches the hydrophobic thickness of the lipid bilayer. Still, there are cases where
transmembrane segments hydrophobically mismatch [2°62¢7) the bilayer core. As we will see
in Section 7.4.2 below, such a mismatch is likely to affect the shape of the lipid bilayer. Still,
the protein may also undergo some changes in order to minimize the mismatch. Positive
hydrophobic mismatch occurs when the thickness of the bilayer’s core is smaller than the
length of the nonpolar stretch in the transmembrane segment (Figure 7.23a). This prevents
the nonpolar residues of the transmembrane segment from interacting fully with the core of
the bilayer. In order to overcome this problem, the transmembrane segment may tilt with
respect to the bilayer’s vertical axis (Figure 7.23c). The opposite situation, i.e., when the
thickness of the bilayer’s core is greater than the length of the nonpolar stretch in the trans-
membrane segment (negative hydrophobic mismatch, Figure 7.23b), is much less favorable
energetically. The problem is the partitioning of polar amino acid residues of the protein
to the nonpolar environment of the bilayer core, which, as we have seen earlier, may seri-
ously destabilize the system. There are several ways to minimize negative mismatch or its

effects [264].

1. Lateral diffusion (Figure 7.23d). The protein may move along the plane of the lipid
bilayer towards regions with lower degrees of order and smaller hydrophobic thick-
ness. This creates microdomains in the lipid bilayer. Signal transduction is an ex-
ample of a cellular process that is highly dependent on the presence of such mi-
crodomains 2279, Specifically, signal transduction requires a concentration of cer-
tain protein and lipid elements in one confined region of the membrane. An example
for such a requirement is given by PIP,-dependent signal transduction processes (see
Subsection 7.4.1.2.3 below). Another cellular process affected by microdomains is the
trafficking of proteins inside the cell 27>, That is, a protein sent to a certain cellular
compartment must hydrophobically match the membrane of that compartment !

2. Conformational changes in the protein (Figure 7.23e). Membrane proteins that are
large enough may undergo conformational changes in order to reduce hydrophobic
mismatch. Such changes usually include screw or slide motions of structural protein
units, such as helices or domains. Though they solve the mismatch problem, such
conformational changes might create new problems by reducing the activity of the
protein 2762791 Such a reduction in activity occurs, e.g., in the enzyme Ca>*-ATPase
within the sarcoplasmic reticulum (SR)> membranes of muscle cells, when the thick-
ness of the latter becomes different from that of the plasma membrane 1328, The

"I'The membranes of the different organelles have different lipid compositions, and therefore different thick-
nesses.
“2The equivalent of the ER in muscle cells.
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implications of this reduction are not necessarily negative, as it provides a means of
regulating the activity of the enzyme under different conditions that change the
thickness of the SR membrane.

3. Oligomerization (Figure 7.23f). When two separate transmembrane segments in-
teract unfavorably with the lipid bilayer (e.g., due to hydrophobic mismatch), the
system can reduce the number of unfavorable interactions by replacing some of them
with favorable protein-protein interactions. That is, the two transmembrane segments
associate. In some cases association may facilitate activation. This is observed in the
antibiotic protein gramicidin (28!}, The association in this case allows two short seg-
ments to dimerize into a transmembrane segment long enough to span the membrane
and function as an ion channel 1282283 This may reflect an evolutionary mechanism
using protein-membrane (hydrophobic) mismatches to activate certain proteins
and peptides.

All the above-mentioned membrane-induced effects may lead to changes in the activity of
the protein. Indeed, studies have already proved this to be the case in many proteins, such
as Na/K-ATPase 2782841 cytochrome c oxidase 2%, Ca**-ATPase 3%, melibiose perme-

ase (28, and diacylglycerol kinase (2%,

74.1.1.3  Viscosity

The activity of virtually all proteins requires them to dynamically shift between different
conformations (see Chapter 5 for details). Most globular proteins are surrounded by water
molecules, which can adjust rapidly to any new conformation the protein acquires. Such
adjustment makes it easy for the protein to undergo structural changes, although it does in-
volve friction due to water-water interactions (van der Waals, hydrogen bonds). Membrane
proteins, in contrast, are surrounded by lipids, which are less mobile than water, and limited
in their capacity to reorganize in response to conformational changes. As a result, confor-
mational changes of integral membrane proteins involve significant friction with neighbor-
ing lipids, particularly with the acyl chains %, On the one hand, such friction opposes the
change, but on the other hand it may make the change ‘smoother’ by inhibiting post-change
vibrations. The importance of having constant viscosity in biological membranes is revealed
in prokaryotes, which are exposed to changing environmental conditions. In these organ-
isms membrane viscosity is a homeostatic property, i.e., it is kept constant; this homeostasis
is achieved through the lipid composition of the bilayer, which can change in response to
changes in environmental conditions 2%/, For example, a bacterium will respond to eleva-
tion of the external temperature by increasing the percentage of long saturated phospho-
lipids, which oppose the heat-induced rise in membrane dynamics.

74.1.1.4 Curvature

The capacity of the lipid bilayer to acquire positive or negative curvature in specific regions
has been found to affect the activity of integral proteins in these regions. Many of the stud-
ies investigating this issue have focused on processes that create negative curvature in the
bilayer. This is because in extreme cases such processes may lead to loss of planarity of the
bilayer, and create, e.g., an inverted hexagonal phase [*°!. The results demonstrate a com-
plex situation, in which enrichment of PE, a lipid known to induce negative curvature, in-
creases the activity of some proteins (e.g., see 28”)) while decreasing the activity of others
(e.g., see [288]),
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FIGURE 7.23 Hydrophobic mismatch. The figure illustrates (a) positive and (b) negative mis-
matches between the hydrophobic length of the transmembrane helix (or protein) and the thick-
ness of the hydrocarbon region of the lipid bilayer. The transmembrane segments are depicted as
rectangles, with their hydrophobic regions colored in grey, and their polar termini in purple. The
hydrophobic lengths of the transmembrane segments are marked by the black arrows. The lipid bi-
layer is depicted as in Figure 7.11, with its hydrophobic thickness marked by the red arrow. (c) Tilt-
ing of the transmembrane segment reduces the positive mismatch. The transmembrane segments
are depicted as in (a) and (b), and representative lipids of the bilayer are depicted schematically.
(d) through (f) Adaptations of proteins to negative mismatch: (d) Lateral diffusion to a thinner area
of the lipid bilayer; (e) Conformational changes that exclude the polar termini from the nonpolar bi-
layer core; (f) Oligomerization, which replaces unfavorable interactions between the polar termini
of the transmembrane segments and the nonpolar core of the bilayer with favorable interactions
between the polar termini of the two transmembrane segments. (The interactions are favorable be-
cause the two segments are positioned in an anti-parallel topology, allowing their partially positive
N’ to interact with their partially negative C’).
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74.1.1.5 Mechanical pressure

In prokaryotes exposed to environmental changes, a sudden drop in the solute concentra-
tion of the external environment leads to massive entry of water into the cell. This is a dan-
gerous situation, because aside from the resulting drop in intracellular solute concentration,
the stretching of the plasma membrane may lead to its rupture due to the immense pres-
sure applied to it from within. In bacteria, the latter problem is solved by certain membrane
proteins that function as mechanosensitive sensors (2!, Upon stretching the membrane,
these proteins allow a rare event to happen: the massive efflux of cellular solutes. This leads
to water efflux, which solves the problem. Interestingly, these proteins have been found to
respond to membrane stretching only when the increase in membrane surface area reaches
4%, which happens to be the threshold for membrane rupture™ 25,

7.4.1.2 Effects of specific bilayer lipids
74.1.2.1  General lipid types

Biological membranes include different kinds of lipids, as explained above in detail. How-
ever, in terms of their interactions with proteins, these lipids, regardless of type, can be
divided into three basic categories °°!;

1. Bulk lipids, include all lipids that are not engaged in specific contacts with proteins,
and whose diffusion is therefore determined by their interaction with neighboring
lipids.

2. Annular lipids, include all lipids that form a contact layer around a protein but still
move constantly between this layer and the bulk °!). EPR measurements show this
movement to be about one order of magnitude slower than the diffusion rate of bulk
lipids [2°21, This contact layer assists in positioning integral proteins vertically in the
lipid bilayer, and seals the protein-lipid interface. Annular lipids are not confined to
the periphery of the protein and can also be found in large spaces within multimeric
proteins, as can be seen clearly in the structure of the V-Type Na*-ATPase 2%,

3. Bound lipids, include lipid molecules that interact strongly with the protein. The
interaction inhibits the motions of these lipids considerably, allowing them to co-
crystallize with the protein (Figure 7.24). They can therefore be seen in structures
obtained by X-ray diffraction. Bound lipids may be found in clefts on the protein sur-
face (usually located in inter-subunit interfaces), or buried within the protein 2%,
Lipids that are deeply buried within a protein or complex are also called ‘integral’.
The lipid-binding site often contains evolutionarily conserved residues [***! (for ex-
ample, the cholesterol-binding motif in G-proteins; see Section 7.5 below). The bound
lipid molecule tends to acquire a conformation that provides the best possible inter-
action with the protein, and this often leads to distortion of the lipid molecule. Such
distortion is known to happen even when the lipid is saturated, and may result in its
translation inward, towards the bilayer core. The lipid distortion may even lead to sit-
uations in which the lipid polar head group is positioned below the normal location
of the phosphoester groups of the bilayer, or its acyl chains curve and wrap around

a-helices of the protein 12,

“I'The low tolerance of the membrane to stretching probably results from the exposure of its nonpolar core
to the aqueous solvent 3,
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FIGURE 7.24 Protein-bound lipids. The structure of the mitochondrial ADP/ATP carrier com-
plex with bound lipids is shown (PDB entry lokc). The surface of the protein is colored by hy-
drophobicity using the Kessel-Ben-Tal Scale ¥/ (see Figure 2.7 for details), and the annular lipids are
depicted as atom type-colored spheres. As the image clearly shows, some of the lipids are distorted
significantly, which prevents the highly unfavorable interaction between the nonpolar tails and the
polar regions of the protein. The red and blue lines mark the predicted boundaries of the membrane
(the OPM database [117]).

74.1.2.2  Phospholipid-protein interaction

Specific protein-lipid interactions are mostly noncovalent, and include electrostatic interac-
tions involving the lipid’s polar head group %), in addition to nonpolar and van der Waals
interactions involving the acyl chains 12/, As mentioned earlier, some of the most favor-
able interactions involving lipid head groups are between basic protein residues and acidic
head groups on the electronegative side of the membrane (the mitochondrial matrix, the
stroma of chloroplasts, or the cytoplasmic side of the plasma membrane) [2°>2%61, While in-
teractions involving the alcoholic groups of lipids are diverse (), those that involve the
phosphodiester group, common to all phospholipids, are mediated by several two-residue
combinations of basic and polar-neutral residues %!

KT, KW, KY, RS, RW, RY, RN, HS, HW, HY

The primary interaction with the phosphodiester group involves the following residues,
ranked by the number of occurrences:

Arg > Lys > Tyr > His > Trp, Ser, Asn

Other favorable interactions involve Thr and Gln. The interactions at the other, less elec-
tronegative side of the bilayer also involve recurring residues, most of which are polar-
neutral, and very few of which are basic. In the case of PC, the main phospholipid on that
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side of the membrane, the interactions do not involve Lys and Arg at all, probably because
of the presence of the positively charged trimethylamino group. They do, however, involve
a combination of His and Ser, or His, Ser, and Thr, separately. Another special case is that
of cardiolipin (CL), which contains two phosphodiester groups. These interact with a three-
residue motif, in which the first two are basic and the third is polar-neutral.

As mentioned above, the aromatic residues Tyr and Trp in transmembrane segments
tend to appear near the polar-nonpolar interface, where they function as anchors preventing
the segment from sliding out or in (see Subsection 7.3.2.1.3 above). Much of the anchoring
effect results from complex interactions between these residues and adjacent phospholipids
(Figure 7.25). These interactions rely on two properties of Tyr/Trp 2°7);
1. A ring structure. This allows the residue to have significant van der Waals and non-

polar interactions with the acyl chains of the phospholipid. The planarity of the ring
makes these interactions geometry-dependent.

2. Polarity. This property results both from the chemical composition of the residue
(OH group in Tyr and NH in Trp) and from its aromaticity (i.e., the delocalized 7
electrons). It allows the residue to interact electrostatically with polar head groups of
adjacent lipids. Due to the location of the aromatic residue, the interaction primarily
includes hydrogen bonds with phospholipid carbonyl groups, although a recent NMR

study suggests that these are not important for membrane anchoring (2%,

74.1.2.3 Effects on membrane proteins

Specific lipid molecules within the bilayer may affect the stability, folding, assembly, and ac-
tivity of integral membrane proteins 2!, Evolutionary ‘forces’ made these effects beneficial
in most cases, and some proteins are already known to be active only when surrounded
with certain lipids ?*. For example, the activity of the metabolic proteins NADH dehy-
drogenase, ADP/ATP carriers, cytochrome c oxidase, ATP synthase, and cytochrome bcl
depends on cardiolipin [3°-392) which is abundant in the inner mitochondrial membrane.
In such cases, the lipid molecule is considered to be a cofactor. In some cases the three-
dimensional structure of the protein and bound lipid sheds light on the molecular basis for
the functional dependency. This is the case with the light-harvesting complex of photosys-
tem II (LHC-II) in plants. The LHC is a trimer, whose formation (and therefore activity)
depends on PG 3%, Close inspection of the structure of LHC shows that the phospho-
lipid molecule is located at the subunit interface, where one of its acyl chains is positioned
inside the trimer [3943%] (Figure 7.26). Thus, PG assists in stabilizing the oligomeric struc-
ture of LHC. Furthermore, PG also interacts with other lipids in the vicinity of LHC, such
as chlorophyll and carotenoids, which help stabilize the loosely packed and marginally hy-
drophobic a-helices in the LHC structure %!, Similarly, in cytochrome c oxidase, two car-
diolipin molecules that face the mitochondrial intermembrane side of the protein seem to
stabilize the dimeric structure of the protein, whereas two other cardiolipin molecules that
face the matrix side seem to function as proton traps, thus facilitating proton translocation
along the protein’s surface *%7). Other examples of lipid molecules that can be attributed
specific functional roles are given in [*$2%4], Nevertheless, it is not always easy to deduce the
molecular basis for the lipid dependency of the protein from its three-dimensional structure.
This is the case with the tetrameric KcsA channel, the activity of which depends on PG. The
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FIGURE 7.25 Interaction between aromatic residues and lipids in biological membranes.
(a) The structure of the mitochondrial ADP/ATP carrier complex, colored in yellow (PDB entry
lokc). Trp-274 is shown as green sticks, and the adjacent lipids are shown as blue sticks. The red and
blue lines mark the predicted boundaries of the membrane (the OPM database [!'”!). (b) A blowup
of the region containing Trp-274, showing the interactions between this residue and two lipids, car-
diolipin (CL) and phosphatidylcholine (PC). As explained in the main text, the large ring structure
of Trp enables van der Waals and nonpolar interactions to take place between the residue and the
nonpolar acyl chains of the lipids, whereas the polar NH group interacts electrostatically with the
lipids’ ester oxygen atoms and phosphate groups (black dashed lines). For clarity the orientation of
the protein is different from that in (a).

phospholipid molecule binds to two Arg residues; each is contributed by a different subunit.
This suggests that the role of PG is to help stabilize the quaternary structure of the protein.
However, other studies show that KcsA does not require PG specifically, but settles with
any negatively charged phospholipid [*°®). Thus, it seems that PG’s role in this system is to
reduce the electrostatic repulsion between positive charges in the subunit interface, rather
than to form a specific interaction.

One of the most extensively studied examples of specific protein-lipid interactions is
that of PIP,, a phospholipid that appears in minute quantities in the plasma membrane,
almost exclusively on its cytoplasmic side 2623%), Despite its rarity, PIP, is involved in
important cellular processes, including endocytosis, exocytosis, phagocytosis, and vesicle
transport within the cell. The interest in this molecule began when it was found to be a
substrate for the cytoplasmic enzyme phospholipase C (PLC,). PLC, splits PIP, into inos-
itol 1,4,5-trisphosphate (IP;) and diacylglycerol (DAG), two prominent second messengers
in signal transduction pathways. Their combined action leads to the activation of the en-
zyme protein kinase C (PKC), which phosphorylates numerous targets within the cell and
induces significant biological responses. Today we know that PIP, is in fact the source for
three second messengers, and that its influence on the aforementioned processes is carried
out mainly through them 1%, However, it seems that PIP, may also directly affect mem-
brane proteins, primarily ion channels %31 and transporters [*'23!3], What advantage
does the PIP, dependency confer to these proteins? At least two come to mind, both related
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FICURE 7.26 Interactions between the light-harvesting complex of photosystem II (LHC-II)
and phosphatidylglycerol (PG) in plants. The backbone structure of the trimeric LHC is shown,
with each subunit colored differently. The red and blue lines mark the predicted boundaries of the
membrane (the OPM database [!!7]). The space between any two adjacent monomers contains a
PG molecule (blue spheres) with one of its fatty acid chains penetrating into the trimer (1) and the
other (2) pointing towards the lipid bilayer. Each PG molecule interacts with protein residues, as
well as with a -carotene pigment molecule (green sticks) that runs parallel to one of PG’s chains,
and with a chlorophyll molecule (orange sticks) that lies below this chain.

to regulation *%), The first is simple; the dependency on PIP, ensures that these proteins are

inactive unless they are attached to the membrane. Indeed, there are many cases in which

the plasma membrane acts as a ‘meeting place’ for signaling proteins. This makes it easier

for the different components of the pathway to interact with each other and propagate the

signal. The second advantage of the PIP, dependency of proteins is indirect; since the lev-

els of PIP, are affected by external signals (via the activation of PLC)), the dependency of

certain proteins on this phospholipid subjects them as well to the same external signals.
Proteins bind PIP, in two main forms:

1. Specifically. This is carried out via a geometrically and chemically compatible bind-
ing site that recognizes PIP, using basic and other residues. There are several known
binding sites of this kind; the best known is the pleckstrin homology (PH) domain 31,
This domain contains over 100 residues and has already been found to be present
in about 250 human proteins. It is composed of a seven-strand and one a-helix -
sandwich (Figure 7.27). The binding to PIP, is carried out using basic residues that
form salt bridges with the lipid’s phosphate groups, and also via hydrogen bonds to
other forming residues (*!¢!. Different PH domains bind different phosphoinositides
(PI(3,4)P,, PI(3,4,5)P;), where the spatial arrangement of the residues in the bind-
ing site determines the specificity. Other PIP, binding sites can be found in other
domains, such as FYVE, PX, and ENTH %),

2. Non-specifically. This is carried out via disordered protein segments, which adhere
electrostatically and non-specifically to clusters of negatively charged PIP, in certain
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FIGURE 7.27  Specific binding by the PH domain. The structure of the PH domain of DAPP1
bound to inositol 1,3,4,5-tetraphosphate (I4P) is shown (PDB entry 1fao). The protein is shown using
a ribbon representation. The Arg and Lys residues, interacting electrostatically with I4P, are shown
as lines, with the Ny of Lys and N, ;, N, , of Arg shown as small spheres. For clarity, the backbone is
rendered partially transparent. The basic residues in the figure are positioned such that they interact
optimally and specifically with the phosphate groups of the ligand.

regions of the membrane. The adhesion is made possible by a number of basic residues
at proximal positions within the sequence, which provide their corresponding seg-
ments with a general positive charge. The proximity of the basic residues to each
other is also the cause for the disordered nature of such segments. One frequently
used example of this type of binding is the aforementioned MARCKS, a 331-residue
protein that is overall acidic, except for a 24-residue stretch, in which 13 residues
are basic (21317, The positively charged part of this segment allows it to bind PIP,
molecules and cluster them into a microdomain (Figure 7.28a). Moreover, the bind-
ing of MARCKS competes with PIP, interactions with other basic cytoplasmic pro-
teins, and it seems that this is used as a regulatory mechanism of PIP,-dependent
signal transduction processes. Indeed, the IP;-mediated rise in cytoplasmic Ca** lev-
els (see above) leads to the binding of calmodulin (Ca**/CaM) to MARCKS, turning
the positive electrostatic potential of MARCKS negative, thus inducing the departure
of MARCKS from the PIP,-rich region of the membrane 122! (Figure 7.28b-d). This
makes PIP, available to other cytoplasmic signaling proteins, thereby allowing the
signal to propagate. It should be mentioned that the electric field on MARCKS is also
changed by PKC-induced phosphorylation of the protein. As explained above, PKC
is activated by the same signal pathway that activates Ca>*/CaM.

The two forms of PIP, binding described above differ both in binding specificity and in the
structural requirements of the binding site. Although both forms exist, it seems that specific
binding is more prominent. A mechanistic characterization of PIP, dependency is often
not straightforward, although some studies have yielded interesting insights. For example,
it has been suggested (based on models) that PIP, contributes to the gating mechanism of
tetrameric K' channel-like proteins, by applying an electrostatic force to parts of the protein,
which, as a result, shift and open the channel *%!. Other models that have been suggested
are described in B!,



564 M Proteins: Structure, Function & Motion

(a) (b) (c)

MARCKS

20000000 00000000000000000000 PEOPEAEEEOEP0EEEEEPECEECO0 PEEOOEPEPEEAOOPEEEEPOOPPEEE

OOOOWOOOO OOOOWOOOO 6666668664666666666666666666

Ca/CaMm
L]
Ca®

Calmodulin

(d) @ (II)

—10.800 10.0002 —10.800 18.000

FICURE 7.28 Modulation of PIP, availability during signal transduction by MARCKS and
Ca’*/CaM. (a) through (c) A schematic depiction. (a) MARCKS binding to PIP, lipid (red) via
electrostatic interactions, during the resting state. (b) Ca** binding to CaM following the right sig-
nal, and the migration of the complex to the lipid bilayer. (c) Binding of Ca**/CaM to MARCKS
induces detachment of MARCKS from the membrane. The figure was taken from (2621 (d) Elec-
trostatic potential mapped on the surface (top) and on a two-dimensional slice (bottom) of (I) the
MARCKS-derived 19-residue basic segment, known to bind to both PIP, and calmodulin (CaM),
and (II) the complex between the same segment and CaM (PDB entry liwq). Negative potentials
(OkgT/e > @ > —10kyT/e) are red; positive potentials (0kzT/e < @ < 10kzT/e) are blue; and neu-
tral potentials are white (see color code at the bottom). The electrostatic potential was calculated
using APBS 314, As can clearly be seen, the free MARCKS segment has a strong positive potential,
which is reversed upon binding to CaM. As explained in the main text, a similar effect on MARCKS’
potential is achieved by PKC-induced phosphorylation of the segment (not shown).
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7.4.2  Effects of membrane proteins on lipid bilayer properties

Hydrophobic inclusions such as proteins inside a membrane perturb the lipid order. The
perturbation works at several levels, and may lead to different reactions of the bilayer’s lipids.
In the following subsections we summarize the main effects.

7.4.2.1  Decrease in mobility

Membrane lipids are dynamic, with motions that range from limited vibrations to large-
scale movements such as lateral diffusion or flipping between bilayer leaflets. The mere pres-
ence of a hydrophobic inclusion in the lipid bilayer reduces the dynamics of lipids bordering
the rigid inclusion, and this translates to loss of entropy. Statistical-thermodynamic models
show that the insertion of even a single helix into the lipid bilayer reduces the entropy, with
a corresponding free energy penalty of +2 kcal/mol (267318,

7.4.2.2 Deformation and curvature changes

We have seen earlier that, because transmembrane segments vary in length, hydrophobic
mismatch may arise between the length of a given transmembrane segment and the thick-
ness of the hydrocarbon region of the lipid bilayer. Such mismatch may prompt changes
not only in the structure and/or orientation of the transmembrane segment (see Subsec-
tion 7.4.1.1.2 above) but also in the membrane lipids. The primary response of the lipid bi-
layer to such mismatch is deformation, that is, stretching or compression of the acyl chains
around the transmembrane segment, in order to compensate for negative or positive mis-
match, respectively (2°>266319] (Figure 7.29a,c). The deformation leads to a local change in
the curvature of the lipid bilayer, at the protein-lipid interface. This is made possible by
the soft nature of the lipid bilayer, whose compressibility is 10° to 108 N/m? 320321 Recent
measurements have shown that the effect of protein-induced deformation on membrane
thickness is five times more significant than the effect of cholesterol, which was considered
for a long time to be the prominent factor determining membrane thickness in higher eu-
karyotes (7). Lipid-induced changes in curvature seem to be involved primarily in concen-
trating certain signaling proteins within the same membrane region [°8!. The deformation
of the membrane involves an energy cost, which has been assessed at 0.4 kcal/mol for a 4-A
reduction in membrane thickness (2! (see also [ for other estimates). Interestingly, com-
putational studies suggest that even when the length of the transmembrane segment is equal
to or shorter than the hydrophobic thickness of the membrane, the segment may still tilt at
least 10° from the membrane’s normal, to increase its entropy of procession 323-32% (Fig-
ure 7.29b). This requires the membrane to deform inwardly, but the deformation penalty
is compensated for by the entropy gain. In fact, the deformation penalty is associated with
another form of entropy, that of the lipid chains. This is yet another example of two entropy-
based terms that balance each other, in this case in the determination of the optimal tilt angle
of the transmembrane segment in the lipid bilayer.

Protein shape has also been found to affect membrane curvature. That is, integral pro-
teins with asymmetric profiles, i.e., proteins whose extracellular regions are smaller or wider
than the intracellular regions, create either a positive or negative curvature (depending on
the location of the wide region), especially when they oligomerize or aggregate 12! (Fig-
ure 7.30a).
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FIGURE 7.29 Membrane deformation resulting from hydrophobic mismatch between the pro-
tein and lipid bilayer. (a) Positive hydrophobic mismatch. (b) Perfect match. (c) Negative hy-
drophobic mismatch. The helix is represented as a cylinder, with the hydrophobic core in purple
and the hydrophilic termini in white. (a) At positive mismatch, the transmembrane helix tilts, and
the membrane expands to match the helix hydrophobic core. (b) At perfect match, the helix tilts
because of the favorable increase in precession entropy, and the membrane thins so that the polar
helix termini can remain in the lipid head group region rather than partition into the hydrocarbon
region of the membrane. (c) At slight negative mismatch (lower left panel), the transmembrane helix
tilts and the membrane thins locally as in perfect match. In cases of excessive mismatch, the helix
adopts a surface orientation instead of forcing the membrane to thin beyond its elastic limit (lower
right panel). The image is taken from 32! (http://pubs.acs.org/doi/full/10.1021/ct300128x).

In addition to these general properties of proteins, some specific cases are known in which
the behavior of certain proteins has marked effects on membrane curvature:

1. Actin polymerization. The ability of the cytoskeletal protein actin to polymerize in
response to certain signals is directly linked to changes in the plasma membrane, in-
cluding curvature changes. Specifically, the polymerization creates mechanical pres-
sure on the membrane 327), to the point of inducing curvature. This effect is important
for several cellular processes, such as the formation of pseudopodia, phagocytic cups,
endocytic invaginations, and even axonal growth cones (formed during the creation
of the neural synapse) 328329,

2. Vesicle formation by coat proteins. The formation of transport vesicles inside cells
is carried out by coat proteins such as clathrin, caveolin, COPI and COPII, which are
bound to the membrane peripherally 3303321 Their activity leads to the application
of mechanical pressure to the bilayer, and this pressure gradually increases the bi-
layer’s curvature until the transport vesicle is formed. It was once assumed that the
polymerization of these proteins was responsible for creating pressure on the mem-
brane 1333, However, recent data have shown that clathrin, COPI and COPII do not
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FIGURE 7.30 Membrane deformation resulting from (a) protein shape and (b) mode of bind-
ing. The protein in (a) is the KcsA voltage-gated potassium channel (PDB entry 1j95). With its
teepee-like shape it has an uneven profile along the membrane normal, and is thus expected to cause
membrane deformation. Each of the four chains of the channel is in a different color. (b) A model
illustrating the bending effect of an epsin-like amphipathic helix, which partially immerses inside
the bilayer and may ultimately induce membrane curvature. The figure was taken from 1%,

form direct contacts with the membrane, but rather use other proteins (e.g., epsins),
which create the mechanical pressure 334, The latter usually contain amphipathic a-
helices that are partially immersed inside the bilayer with their nonpolar side facing
the hydrophobic core and their polar side stuck like a wedge between the lipid head
groups. The lipids in contact with such a-helices change conformation to compensate
for the membrane distortion, and that creates positive curvature in the bilayer 8,
What, then, is the role of clathrin, COPI and COPII? It seems that these proteins are
responsible for concentrating the pressure-creating proteins in a particular region of
the membrane, and after the vesicle has formed they polymerize to form a scaffold
around it.

Formation of transport vesicles is an example of a dramatic, yet physiologically relevant
effect of proteins on membrane curvature.
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7.5 G PROTEIN-COUPLED RECEPTORS

Despite the limited number of experimentally determined structures of membrane proteins,
the extensive research carried out has yielded numerous insights regarding the structural
and sequence-related requirements for the function of these proteins. In this subsection we
discuss structure-function relationships in G protein-coupled receptors (GPCRs), which
play a central role in many physiological processes and related disease, and whose action
involves structural complexity, such as changing conformation and binding multiple part-
ners.

7.5.1 Introduction

Single-cell organisms and cells in multicellular organisms communicate with their environ-
ments via highly complex signal transduction systems (see Chapter 1, Subsection 1.1.3.5).
Such systems contain multiple components, starting from the cell surface and ending in
intracellular proteins and small molecules (Figure 7.31a). The first cellular component re-
sponding to the incoming message is the membrane-bound receptor. Cells contain a multi-
tude of receptors that respond to different types of messengers. These include external mes-
sengers, absorbed from the organism’s environment (odorants, pheromones, tastes, etc.),
and internal ones (hormones, neurotransmitters, local modulators). When activated, cell-
surface receptors can relay the signal into the cell, to a diverse set of enzymes and small
molecules or elemental ions. Most of these species function as transducers-amplifiers, since
they pass on the message while amplifying it by acting on multiple cellular targets. Others
act as end effectors, i.e., proteins whose activation (or inhibition) leads to an end result. This
result may range from relatively small cellular responses, such as the production and/or re-
lease of a chemical compound, to more dramatic responses, such as cellular division and
even suicide.

Membrane-bound receptors can be classified according to their types of responses to
ligand binding:

1. Ion channels
2. Tyrosine kinases

3. Serine and threonine kinases

NN

. Guanylate cyclases
5. Cytokine receptors (defined by ligand type)
6. G protein-coupled receptors (GPCRs)

GPCRs are by far the largest and most common family of membrane receptors. They are
widely represented in most life forms™'; in vertebrates they constitute 1% to 5% of the entire

genome [**-338] 'and in the human genome they are encoded by more than 800 genes >3,

"IGPCRs seem to be missing in plants, although this matter is controversial. G-proteins do exist in plants,
but it has been claimed that they are activated by receptor-like kinases (RLKs) rather than by GPCRs 133,
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Another impressive trait of GPCRs is their ability to respond to a huge variety of external
messengers, including proteins, peptides, small organic molecules, elemental ions, and even
photons of light. These messengers may function as hormones, neurotransmitters, local me-
diators, pheromones, or environmental factors. Accordingly, GPCRs participate in numer-
ous physiological processes [**/, and are involved in many diseases and pathological syn-
dromes, in which they are either inactive or overactive'!. These diseases include hyperten-
sion, congestive heart failure, stroke, cancer, thyroid dysfunction, congenital bowel obstruc-
tion, abnormal bone development, night blindness, and neonatal hyperparathyroidism 343,
Clearly, GPCRs are promising drug targets, and indeed, it is estimated that 30% to 50% of

clinically prescribed drugs act by binding to GPCRs and changing their activity [343-34],

7.5.2  GPCR signaling

7.5.2.1 General view

As their name implies, GPCRs relay signals into cells primarily via large GDP/GTP-binding
proteins, called G-proteins. Once activated, G-proteins may activate different effector pro-
teins in a process resembling a cascade. That is, each molecule activates a number of effector
proteins, and the number of activated proteins grows as the signal advances downstream of
the pathway. Thus, the end result of GPCR signaling usually involves either the activation
or inhibition of a large number of effector proteins, which include enzymes, ion channels,
proteins associated with transport vesicles, and others. The types of proteins activated in
a given GPCR pathway depend on the messenger molecule, GPCR, and G-protein that
are activated. For example, in the cAMP-PKA pathway (Figure 7.31b), signaling via certain
GPCR and G-protein types leads to activation of adenylyl cyclase (AC) and the produc-
tion of the second messenger cAMP. The latter activates protein kinase A (PKA), which in
turn phosphorylates numerous cytoplasmic proteins. The phosphorylation activates some
of the proteins, while inactivating others. In another universal signaling pathway, the G-
protein activates phospholipase C (PLC) instead of adenylyl cyclase. PLC hydrolyzes the
membrane lipid phosphatidylinositol 4,5-bisphosphate to two second messengers, diacylglyc-
erol (DAG) and inositol 1,4,5-trisphosphate (IP;). The combined action of both messengers
leads, through a massive, yet short-lived Ca** influx into the cytoplasm, to the activation of
protein kinase C (PKC), which phosphorylates different proteins than does its PKA coun-
terpart, thus leading to different outcomes.

Because it involves multiple components, GPCR signaling is inherently complex. This
complexity is compounded by the following properties:

1. A single GPCR may activate different G-proteins, and even certain non-G pro-
teins 1**). For example, the f3,-adrenergic receptor is known to activate the MAP ki-
nase pathway.

2. Most GPCRs tend to have some degree of baseline activity *°*). That is, they are active
to some extent even when not binding their activating ligands (agonists).

“IFor example, overactive GPCRs may affect the formation and spreading of tumors by trans-activating
cancer-related receptors such as the epidermal growth factor receptor (EGFR) **!, and by promoting cell
migration during metastasis 421,
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FIGURE 7.31 The main players in a typical signal transduction cascade. (a) A general scheme
showing the principal components in a signal transduction cascade. Stimuli (e.g., hormones, neuro-
transmitters or growth factors) act on cell-surface receptors, which activate transducers to relay the
signal into the cell. The transducers use amplifiers to generate internal messengers, which either act
locally or diffuse throughout the cell. These messengers then engage sensors that are coupled to the
effectors responsible for activating cellular responses. Note that the order of some of the components
may differ somewhat across different signaling pathways. For example, messengers may be used to
activate amplifiers instead of being produced by them (see panel (b)). The green arrows indicate ON
mechanisms, which enable information to flow down the pathway, and the red arrows indicate op-
posing OFF mechanisms, which switch off the different steps of the signaling pathway. Virtually all
of the components mentioned above may be proteins. The image is taken from 347). (b) The cAMP-
PKA cascade. Binding of an external chemical messenger (hormone, neurotransmitter, etc.) to a
membrane-bound protein receptor induces the activation of an enzyme called a G-protein, which
acts as a transducer. The activation of the G-protein leads to the activation of adenylyl cyclase (AC),
which catalyzes the conversion of ATP into cyclic AMP. The latter acts as an intracellular messen-
ger. It binds to and activates the enzyme amplifier PKA, which, in turn, phosphorylates a large set
of cytoplasmic proteins. The phosphorylated proteins may activate other cellular components, or
perform a certain function (that is, they may act as sensors and/or effectors). In any case, this signal
transduction eventually leads to changes in the cell’s behavior, i.e., to a biological response.
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3. A single GPCR may respond to different types of ligands, each eliciting a different
outcome %! (Figure 7.32):

o Full agonists induce maximal receptor activity by stabilizing an active confor-
mation.

o Inverse agonists decrease the baseline (constitutive) activity of the receptor by
stabilizing an inactive conformation.

o Partial agonists induce partial activity since they have some affinity to both ac-
tive and inactive conformations.

o Antagonists prevent other ligands from binding to the GPCR and activating it.

These observations are in line with two currently accepted models of protein dynam-
ics (3] The first, referred to as the ‘pre-existing equilibrium’ model 1*>*~3?) (see Chap-
ter 5), stipulates that even in the absence of a bound agonist, the active conformation
of the protein is sampled sufficiently to yield some degree of baseline activity [***!, The
second is the so-called conformational selection’ model 13%4-37%! (see Chapter 8), which
stipulates that each ligand binds and stabilizes a different conformation of the GPCR,
which has a different intrinsic activity. Since a single GPCR can modulate different
pathways, the same ligand may have opposing effects on two different pathways that
are modulated by the same GPCR, by stabilizing a conformation of the GPCR that is
compatible with only one of the pathways 37!, This phenomenon is often used in the
design of drugs acting on GPCRs.

4. The activity of GPCRs may be affected by their oligomerization (see below), by their
localization to certain membrane compartments, or by the lipid composition of the

membrane 371,
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FIGURE 7.32 Idealized dose response curves of a cellular receptor to a full agonist, partial ag-
onist, neutral antagonist, and inverse agonist. The constitutive activity of the receptor is assumed
to be zero. Note, however, that many receptors have a baseline activity even in the absence of an
agonist. Adapted from 348,



572 M Proteins: Structure, Function & Motion

7.5.2.2  G-protein mechanisms and regulation

As explained above, GPCRs relay external signals into the cell via G-proteins. Each of these
proteins contains three subunits, &, 3, and y (or Ga, Gf and Gy, respectively), which may
appear in different forms; so far, 23 genes have been found to code for Ga, 5 for Gf, and
12 for Gy 1338, Based on the Ga types, G-proteins have been classified into four different

families, each of which tends to activate or inhibit specific targets |

372].
Gas — activates adenylyl cyclase — cAMP-PKA signaling cascade. This family is also
over-activated by the cholera toxin via covalent modification.

Guai,, — inhibits adenylyl cyclase and activates c-Src tyrosine kinases; covalently inac-
tivated by the pertussis toxin.

Gag,;; - activates PLC; — IP;-PKC signaling cascade.

Ga,,/;3 — leads to Rho activation.

G,y ppsiucin — activates cyclic GMP (cGMP) phosphodiesterase (transducin) in the

retina.
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In the G-protein’s resting state, its three subunits, Ga, G and Gy, are bound tightly to each
other, and Ga binds the guanine nucleotide GDP (Figure 7.33). The G-protein is attached
to the membrane via covalently-bound lipid chains; a palmitoyl or myristoyl chain bound
to Ga’s N-terminus, and an isoprenyl chain bound to the C-terminal CAAX motif of Gy
(not shown). Gp is tightly bound to Gy via nonpolar interactions and therefore need not be
attached to the membrane covalently. The ‘resting’ G-protein may bind to an active (agonist-
bound) or inactive GPCR, or just drift in the membrane. However, when it binds to an active
GPCR, it switches from a resting state to an active state. Specifically, the activated, agonist-
induced GPCR conformation induces a conformational change in the G-protein’s « sub-
unit (Ga), leading to the exchange of GDP with GTP (Figure 7.33, step 2). Thus, the im-
mediate role of GPCRSs is to act as GDP/GTP exchange factors (GEF)'!. The binding of GTP
to Ga leads to the departure of the latter from the Gfy complex, and the binding of G«
to an effector protein (Figure 7.33, step 3). This binding activates the effector protein. The
GJBy complex also has its effectors, which may be different from or identical to those of Ga
(e.g., PLC B7¢). Ga possesses GTPase activity, and after a short while hydrolyzes its bound
GTP to GDP. This returns Ga to its original conformation, allowing it to reattach to the By
subunits (Figure 7.33, step 4). The resting state is restored, and the entire system is ready for
another activation cycle. Interestingly, the intrinsic GTPase activity of Ga, though present,
is too slow for cellular requirements. G-proteins must therefore use the assistance of pro-
teins referred to as ‘regulators of G protein signaling’ (RGSs) to accelerate GTP hydrolysis
to the required speed 77!, The GPCR cycle also includes regulative steps that ensure the
inactivation and internalization of the GPCR (Figure 7.33, steps 4 through 6). The steps are
discussed below.

FIGURE 7.33 The GPCR signaling cycle. (Opposite) The cycle includes six basic steps: (1) binding
of agonist (aquamarine spheres) to the extracellular domain of the inactive GPCR (orange ribbon),
followed by the binding of G-protein to the intracellular part of the GPCR. The GPCR structures
shown here are those of the f3,-adrenergic receptor: the inactive structure is taken from PDB entry
2rh1 and the active structure is taken from entry 3sn6. In the G-protein’s resting state, the Ga subunit,
represented by the green ribbon, is attached to the By subunits, represented by the purple and blue
ribbons, respectively. Ga in this state is bound to GDP (yellow sphere). The Ga subunit and the Gy
subunit are covalently attached to the membrane (short wavy curves). (2) and (3) Activation of the G-
protein, which involves exchange of GDP with GTP (red sphered) in Ga’s nucleotide binding site (2),
separation of Ga from Gy and binding of Ga to an effector protein (3). The Ga-effector complex
shown here is taken from PDB entry 1cul. The effector in this complex is the enzyme adenylyl cyclase,
and only the catalytic subunits are shown (yellow ribbon). The entire region of adenylyl cyclase,
which also consists of a transmembrane domain, is marked by the dashed line. The binding of the
Gy complex to its effector protein is not shown. (4) after a certain amount of time Ger hydrolyses its
bound GTP molecule, which causes Ga to separate from its effector protein and re-bind to the Gfy
complex. Following the activation of the GPCR and G-protein, the GPCR undergoes deactivation
to terminate the signal. This process includes binding of a G protein-coupled receptor kinase (GRK)
to the intracellular domain of the GPCR (3), phosphorylation of the domain by the GRK (4), and
binding of arrestin (cyan) to the phosphorylated domain (5, PDB entry 4zwj). The binding prevents
the GPCR from re-binding to the G-protein and also induces the internalization and recycling of
the GPCR (see Subsection 7.5.5). The entire activation-deactivation cycle is brought to completion
with arrestin’s departure from the GPCR and return of the system to its resting state (6).

"'Note that while GPCRs can bind several types of G-proteins, each GPCR has a strong preference for one
G-protein 71,
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7.5.3 GPCR structure

7.5.3.1 General features

As in the case of other membrane-bound proteins, GPCRs’ structures have also been late to
arrive due to technical difficulties. However, in recent years the difficulties have been suc-
cessfully tackled, and numerous structures of GPCRs have emerged, although most of these
belong to class A™'. Many of these structures have been solved by Brian Kobilka’s group.
Kobilka and Robert Lefkowitz received the 2012 Nobel Prize in Chemistry for their work
on GPCRs, starting from the detection of the f-adrenergic receptor and identification of the
gene that codes for it. As of the end of 2017, the PDB contained 220 GPCR structures that
have been experimentally determined. These correspond to ~25 different receptors (with-
out counting subtypes), including those for adrenaline, adenosine, dopamine, histamine,
acetylcholine, serotonin, glutamate, opioids, sphingosine, chemokines, neurotensin, purine
nucleosides, and free fatty acids (see reviews in [*7837°!), These studies indicate that GPCRs
share several common structural characteristics, the primary characteristic being a
transmembrane core containing seven «-helical segments, termed TM1 through TM7,
and arranged in a counter-clockwise configuration (when viewed from the extracellular
side; Figure 7.34a-e) 333721 Although not all seven-transmembrane receptors are GPCRSs,
most are. The seven helices are preceded by the extracellular N’, and followed by the intra-
cellular C’. The transmembrane segments are interconnected by loops of different lengths
at both the extracellular and intracellular sides (these loops are termed ECL1-3 and ICL1-3,
respectively). Spectroscopic studies focusing on the refolding of bacteriorhodopsin (a seven-

FIGURE 7.34 G protein-coupled receptors (GPCRs). (Opposite) (a) The overall structure of the
GPCR-G-protein system. (I) A schematic depiction of GPCRs, taken from 3%, The left side of the
image shows a GPCR dimer, bound to its cognate G-protein. The upper-left side shows the differ-
ent ligands that may bind to the extracellular side of the GPCR and activate it, and the upper-right
side shows examples of two of the possible ligands, i.e., proteins and small molecules. The effector
molecule, i.e., the enzyme or channel that may be affected by the activated GPCR, and as a result
induce the action of a second messenger, is shown on the right side of the figure. (II) The three-
dimensional structure of the ,-adrenergic receptor in complex with Gs-protein (PDB entry 3sn6).
The GPCR is shown in orange, with the agonist presented as grey spheres. The «, 3, and y subunits
of the G-protein are colored in green, magenta, and blue, respectively. (b) The crystal structure of
inactive bovine rhodopsin (PDB entry 1hzx). The N’ of the polypeptide chain faces the extracellu-
lar side of the membrane. Each of the seven transmembrane helices in the core of the protein is col-
ored differently. (c) through (e) Other GPCRs of known structure positioned similarly to rhodopsin
in (b), colored by secondary structure (top) and evolutionary conservation level (bottom). Conser-
vation levels (cyan - lowest, maroon - highest; see color code in figure) are estimated using ConSurf
(http://consurf.tau.ac.il) ¥7>374])_ (c) The B, -adrenergic receptor bound to the antagonist cyanopin-
dolol (PDB entry 2vt4). The structure contains several point mutations in the transmembrane re-
gion, as well as deletions in the C’ region, which were introduced to increase its stability. (d) The
B,-adrenergic receptor bound to the inverse agonist carazolol (PDB entry 2rh1). (e) The adenosine
(A,,) receptor bound to the antagonist ZM241385 (PDB entry 3eml). It is noteworthy that one of
the transmembrane spans forms a banana-like helix.

“IFor a list of all known GPCR structures, including annotations on co-crystallized ligands and their func-
tional effects, see the GPCRDB database (URL: http://gpcrdb.org/).
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transmembrane protein that does not interact with a G-protein) in lipid vesicles imply that
the common seven-transmembrane core of GPCRs is not accidental, as seven is the minimal
number of transmembrane helices required for preserving the environment of the ligand.
On the basis of that observation, White speculated that seven helices can “provide ample
space for ligands, through relatively minor helix distortions and reorientations, without the
need to increase or decrease the number of transmembrane helices” '°!). Besides the number
of transmembrane helices and loops, most GPCRs also share certain sequence motifs
(see below), and a disulfide bond between a cysteine residue at the extracellular tip of
TM3 and another cysteine residue in ECL2"!. The disulfide bond is important in shaping
the entrance to the ligand-binding pocket. As we will see below, the extracellular domain
(ECD) of GPCRs is the principal ligand-binding site, although in many GPCRs the ligand
may also interact with parts of the transmembrane domain (TMD) (3891,

Despite sharing several structural characteristics, GPCRs differ in several ways, and
these differences give rise to diversity. Most of the differences are localized at the intra- and
extracellular regions of the protein, but some are in the transmembrane region. For exam-
ple, a GPCR may contain additional helices beyond the seven that span the membrane. This
is the case in the f-adrenergic receptors, which contain an eighth helix, positioned along the
extracellular membrane plane (Figure 7.34c-d). There have also been reports of a y-opioid
receptor variant that has only six transmembrane helices #8382, as well as of a GPCR-like
sequence with a predicted transmembrane domain comprising only five helices %3], but
these predictions have not been confirmed structurally. Phylogenetic analysis shows that
GPCRs can be grouped into six classes, based on their similarity (see [**! for further detail):

o Class A or 1 (rhodopsin class). This class includes most GPCRs (~85%); members
of this class respond to both endogenous and exogenous (odorants, pheromones) lig-
ands. Proteins in this class can be further grouped into the following subclasses:

Subclass I includes receptors that respond to small ligands (e.g., neurotransmitters
or even light photons), and whose ligand-binding sites reside within the trans-
membrane region. Clustering of GPCRs belonging to this subclass 3% suggests
that they can be further divided into the following groups: amine, opsin, mela-
tonin, prostaglandin, and MECA (melatonin, EDG, cannabinoid and adeno-
sine).

Subclass II includes receptors for peptides. The ligand-binding site of each member
of this subclass is built from several segments on the protein’s extracellular side.

Subclass III includes receptors for glycoprotein hormones. The binding site of each
protein in this subclass resides primarily in the protein’s very large extracellular
domain.

« Class B or 2 (secretin class). These proteins are similar to class AIII despite a lack of
sequence similarity. They respond to large protein and peptide hormones such as:

Gastrointestinal hormones and factors: glucagon, secretin, vasoactive intestinal
peptide (VIP), glucagon-like peptide 1 (GLP-1), glucose-dependent insulinotropic
polypeptide (GIP), and others.

“'Many GPCRs contain multiple disulfide bonds in the extracellular domain; these bonds stabilize the pro-
tein’s structure.
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Other hormones and factors: corticotropin-releasing factor (CRF), growth hor-
mone-releasing factors (GRF), calcitonin, pituitary adenylate cyclase activating
polypeptide (PACAP), and parathyroid hormone (PTH).

Class B GPCRs are also targeted by a-latrotoxin, the toxin produced by the black
widow spider.

« Class C or 3 (glutamate class). This class includes metabotropic glutamate re-
ceptors (mGluRs), Ca®*-sensing receptors (CaSRs) of the parathyroid, kidney, and
brain %), GABA} receptors, pheromone receptors, sweet and amino acid taste re-
ceptors (TAS1R), and odorant receptors in fish (381,

« Class D or 4 includes fungal mating pheromone receptors.

o Class E or 5 includes cAMP receptors in Dictyostelium discoideum (slime mold). They
are involved in developmental control of the organism.

o Class F or 6 (Frizzled/Smoothened class). Members of this class are involved in
many cellular and physiological processes (e.g., embryonic development). They ac-
tivate key signaling pathways, such as the Wnt pathway.

Note that all classes also include orphan receptors, i.e., proteins that share structural char-
acteristics with known receptors, but are activated by natural ligands that are yet to be
found 3%7],

In the following subsections we will focus on class A GPCRs, for which we have ample
structural knowledge. In Subsection 7.5.6 we discuss GPCRs of classes B, C, and E.

GPCRs were initially assumed to work as single polypeptide chains, in contrast to re-
ceptor tyrosine kinases, which are known to dimerize. Today, however, it is recognized
that many GPCRs dimerize or oligomerize within biological membranes [336-388-3901,
and such events are believed to have a role in GPCR signal transduction and crosstalk
between different signaling pathways 3°*°21 Much of the information gathered on
GPCR dimerization comes from class C receptors, which are active only in their dimeric
form 3933941 Whereas some of these, such as mGluRs, are homodimers, others, such as
the GABAj receptor, are heterodimers. In the case of the GABAj receptor, one polypep-
tide chain binds the ligand whereas the other binds the G-protein %], and is also needed
for bringing the entire receptor to the cell surface. Dimerization and oligomerization, with
a preference for homodimers, have also been observed in class A GPCRs [2%0-3% (Fig-
ure 7.35). Interestingly, in this class the monomeric form is also active [*74%) and the
role of dimerization (or oligomerization) is probably regulatory for the most part. That is,
dimerization facilitates better regulation of GPCR activity through cooperativity, crosstalk
between different GPCRs in the same heterodimer, etc. [**) Dimerization is usually me-
diated by the transmembrane region of the GPCRs, but other regions may contribute as
well 7], For example, in the ,-adrenergic receptor the dimer has two interfaces, involv-
ing residues from transmembrane helices, as well as from extracellular and intracellular
loops 1, Moreover, membrane lipids may also contribute to dimerization, as has been
suggested in the case of the f3,-adrenergic 42, y-opioid ¥, and mGlu [“*¥ receptors.
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(a) (b)

Exoplasm

Cytoplasm

FIGURE 7.35 A two-fold symmetric dimer formed by the y-opioid receptor [**!, The receptor
(PDB entry 4dKkl) is shown in a surface representation from (a) the side and (b) the top (extracellu-
lar). Each monomer is colored differently. The two bound ligands (one in each monomer) are shown
as spheres. The red and blue lines mark the predicted boundaries of the membrane (the OPM data-
base !!'7)). The dimerization is mediated by a four-helix bundle motif, formed by TM5 and TM6
(shown as cylinders). On their opposite faces TMs 5 and 6 line the ligand-binding sites, which may
be related to the role of dimerization in regulating receptor activity.

7.5.3.2  Structural variations among GPCRs

Since the year 2000, bovine rhodopsin in its inactive state has been the only source for ac-
curate structural analysis of GPCRs. Rhodopsin is a light-activated protein in retinal rod
cells, whose function is to convert visual input into neuronal signals that can be transmit-
ted to the brain (via the optic nerves) for processing. Although it has a highly specialized
function, rhodopsin has always been a model for the structure of class A GPCRs, mostly
because of its overwhelming abundance™ and stability; in complete darkness, it assumes
only a single (inactive) conformation. These properties enabled scientists to characterize
the structure of rhodopsin much earlier compared with other GPCRs, and to study the pro-
tein extensively using various approaches “°!. B-adrenergic receptors, which respond to
catecholamines (see Box 7.2), have also served as popular models of class A GPCRs. As in
the case of rhodopsin, their popularity stems from historical reasons; the $-adrenergic re-
ceptors were the first GPCRs to be sequenced and cloned after rhodopsin 4!, and their
three-dimensional structures were also solved quite early. Compared with rhodopsin, how-
ever, adrenergic receptors and many other GPCRs are considerably less stable, and their
crystallization requires the use of stabilization methods. These usually include mutations or
truncation of unstable parts (e.g., the third intracellular loop, ICL3) and attachment of these
parts to an antibody fragment or to another protein (e.g., T4-lysozyme). Lower stability is
often related to increased flexibility, which suggests that even when the GPCR is agonist-
free and inactive, it can still sample other conformations, including the active one. Indeed,
as noted above, most GPCRs are characterized by baseline activity even in the absence of an
activating signal, whereas rhodopsin has no baseline activity.

"1t constitutes 90% of the protein in purified retinal rod outer segments.
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As explained above, GPCRs share very similar structures (especially within each class),
which is remarkable considering the low sequence identity among members of the group.
For example, rhodopsin and the f3,-adrenergic receptor share only 21% identical amino
acids, yet the r.m.s.d. between their structures is merely 2.3 A, and in the transmembrane
region it is 1.6 A. Nevertheless, some differences do exist between GPCRs, and these merit
analysis. In the following paragraphs we review the main conclusions obtained thus far for
class A GPCRs, by addressing the three different regions of GPCRs (i.e., extracellular, trans-
membrane and intracellular) separately.

1. The extracellular (EC) region
As expected, most of the differences between GPCRs are localized to the extra-
cellular domain (ECD), and particularly to the ligand-binding site and adjacent
loops 371, ECL2 is particularly important in distinguishing among GPCR structures,
as it is the largest loop and can therefore assume different conformations. In contrast,
ECLs 1 and 3 are much shorter and usually do not have a distinct secondary structure.
Here are a few examples:

Rhodopsin (Figure 7.36a): The EC region has a compact, rigid tertiary structure,
which significantly restricts the access of solvent and other molecules to the
ligand-binding pocket 47}, This is not surprising; first, rhodopsin’s ‘ligand’ is
light (i.e., photons), which does not require a wide entrance. Second, solvent
access to the retinal cofactor (see Subsection 7.5.4 below) would result in hydrol-
ysis of the bond connecting the retinal to the polypeptide chain 7!, The main
structural element preventing the solvent from reaching the retinal is ECL2,
which forms a short 3-sheet. It also blocks the main entrance to the ligand-

binding pocket and prevents movement of the transmembrane helices 4%,

p-adrenergic receptors (Figure 7.36b): These represent the opposite case, with an
open EC region. In particular, ECL3 does not interact with any of the other

loops, ECL2 forms a very short helix, and the N is altogether disordered 3714071,

Adenosine (A,,) receptor (Figure 7.36c): ECL2 lacks secondary structure, yet re-
mains rigid due to disulfide bridges that stabilize it and the entire extracellular
region of the receptor. Polar and van der Waals interactions involving the three
loops also contribute to stabilization. It has been suggested that the role of the
disulfide bridges is to constrain segments of the EC regions that are involved in

407]

ligand binding (4071,
Neurotensin receptor (Figure 7.36d) and other peptide-binding GPCRs: The ex-

tracellular region is more open than that in non-peptide-binding GPCRs, and
ECL2 forms a hairpin structure.

Sphingosine 1-phosphate receptor (Figure 7.36e) and other lipid-activated GPCRs:
The extracellular region is capped by the N (organized as a helix) and ECL1,
which block the entrance of the ligand to its binding pocket. In these GPCRs, the
highly hydrophobic ligands are thought to gain access to their binding pockets
through the membrane.

2. The transmembrane region and ligand-binding pocket
This region is where GPCRs vary the least, especially those that belong to the same
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Rhodopsin B,-adrenergic receptor Adenosine (A, , ) receptor

(d) (e)

Neurotensin receptor Sphingosine 1-phosphate receptor

FIGURE 7.36 The extracellular regions of different class A GPCRs. (a) Bovine rhodopsin (PDB
entry 1hzx). The first, second and third extracellular loops are in blue, orange, and red (respectively),
whereas the N-terminus is in green (the loop numbers are also noted in the image). The retinal
cofactor is presented as magenta spheres, within the transmembrane region (in grey). (b) Human
B,-adrenergic receptor (PDB entry 2rh1). The ligand, carazolol, is presented as magenta spheres.
(c) Human adenosine (A, ) receptor (PDB entry 3eml). Sulfur atoms of loop-related disulfide bonds
are shown as small cyan spheres, and the ligand as magenta spheres. (d) Rat neurotensin receptor
(PDB entry 4xee). (e) Human sphingosine 1-phosphate receptor (PDB entry 3v2w).



Membrane-Bound Proteins W 581

class. Still, even this region contains parts that are structurally more similar than oth-
ers. This is evident in a structural alignment between the various structures, showing a
core of 97 residues that have a C,-r.m.s.d. of only 1.3 A 07 The other, less structurally
similar residues, are expected to be involved in those functions that make GPCRs
distinct from each other, i.e., ligand- and G-protein-binding. One of the common
structural characteristics of the GPCRs listed above is the chemical environment of
the highly conserved NPxxY motif, located at the intracellular end of TM7 ¥}, This
region is involved in key conformational changes occurring during GPCR activation
(see Subsection 7.5.4 below). Interestingly, the helix in all the above GPCR structures
is distorted in this region due to the presence of Pro in the sequence motif. The helical
distortion is, however, stabilized electrostatically by hydrogen bonds to other residues
or adjacent water molecules (Figure 7.37).

FIGURE 7.37  Stabilization of helical kink by hydrogen bond. TM7 of the f3,-adrenergic receptor
is shown as a red ribbon. The kink of the helix is seen clearly. The proline residue that induces the kink
is presented as sticks. The kink breaks the backbone hydrogen bond involving the carbonyl oxygen
of Ser-336. However, the latter is stabilized by Asn-59 of TM1 (blue ribbon), which hydrogen-bonds
to Ser-336 (dotted black line).

The structure of the ,-adrenergic receptor [4924%8 provides interesting insights re-
garding GPCR-lipid interactions. The structure contains a cholesterol-binding site
between transmembrane helices 2 through 4, which comprises evolutionarily con-
served residues. These include Trp-158 and Ile-154 on TM4, and Ser-74 on TM2 (Fig-
ure 7.38). Trp-158, which is highly conserved, is geometrically compatible with the
ring(s) of the bound cholesterol. This compatibility optimizes the nonpolar, van der
Waals and CH-r interactions between Trp-158 and cholesterol. It has been suggested
that the cholesterol-binding residues constitute an allosteric site of GPCRs 4”7}, in
accordance with the proposed role of cholesterol as a modulator of the function of
membrane proteins in general 9419 'and of GPCRs in particular *11-#13] As men-
tioned above, cholesterol and other membrane lipids are also thought to contribute
to the dimerization of GPCRs, which itself is believed to participate in the regulation
of GPCR signaling.
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FICURE 7.38 Cholesterol binding to the f3,-adrenergic receptor (PDB entry 3d4s). The choles-
terol molecules are shown as sticks (colored by atom type), whereas the receptor is represented as
ribbons, colored according to evolutionary conservation level (cyan — lowest, maroon - highest; see
color code in figure). The conservation levels are calculated using ConSurf (http://consurf.tau.ac.
il) 733741 The evolutionarily conserved residues Trp-158, Ile-154 and Ser-74 are shown as sticks.
These residues are adjacent to the site of many therapeutic agents that act on class A GPCRs 407,

and their location is an attractive target for future drugs.

Though the ligands of all class A GPCRs interact with both the transmembrane and
EC domains, the position of the binding pocket varies significantly across the differ-
ent receptors, although not in all cases. For example, the pockets of rhodopsin and
the 3-adrenergic receptors are quite similar to each other, with the ligand extend-
ing between TMs 3 and 7 and the interface between TMs 5 and 6 [“7), However, in
rhodopsin the bound retinal cofactor extends further and is in physical proximity
with Trp-265 on TM6, which is part of the conserved CWxP motif (Figure 7.39a).
This residue, together with Phe-208, is part of a mechanism called the ‘transmission
switch’ 14, which participates in the propagation of the signal to the intracellular
part of rhodopsin upon activation (see Subsection 7.5.4 below). In the $-adrenergic
receptors the inverse agonist is separated from Trp-286 (the equivalent of Trp-265)
by aromatic residues. In contrast to rhodopsin and the -adrenergic receptors, the
binding pocket of the adenosine (A,,) receptor has a very different location. First, it
is located closer to the interface between TM6 and TM7, where the ligand can interact
with the second extracellular loop, ECL2. Second, the ligand extends perpendicularly
to the membrane plane, and seems to be shifted towards the membrane-solvent in-
terface, where part of it is solvent-exposed [17],

Peptide-binding GPCRs such as the chemokine, neurotensin, and opioid receptors
have to accommodate ligands that are larger than biogenic amines like adrenaline,
or nucleotides like adenosine. As a result, the binding sites in these GPCRs tend to
be shallower than those in the other class A GPCRs, and the peptide ligands tend to
bind closer to the extracellular domain (Figure 7.39b). Still, as in GPCRs that bind
small molecules, there is variability in ligand locations and interactions within the
peptide-binding GPCRs 378,
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FIGURE 7.39 Ligand binding sites in class A GPCRs. (a) The sites of rhodopsin, the 3,-adrenergic
receptor, and the A,, receptors are represented by their respective ligands, as blue, red, and green
sticks. Rhodopsin’s Trp-265 is shown in magenta. For clarity, only rhodopsin’s helices are shown, in
grey. (b) Peptide binding to class A GPCRs. (I) the neurotensin 1 (NTS1) receptor (PDB entry 4xee),
(II) the &-opioid receptor (PDB entry 4rwa), and (III) CXCR4 (the human chemokine receptor 4,
PDB entry 3odu). As the image demonstrates, in peptide-binding receptors, the peptides, shown as
yellow sticks, tend to bind closer to the extracellular domain of the GPCR than compared to the
small ligands of other class A GPCRs.

3. The intracellular region
The structure of the intracellular region of GPCRs is relatively conserved, proba-
bly because of the limited diversity of potential binding partners, which include
G-proteins, arrestins, and G protein-coupled receptor kinases (GRKs; see Subsec-
tion 7.5.5 below). Members of class A GPCRs have several distinct structural char-
acteristics, one of which is the conserved sequence motif D/ERY at the intracellular
side of TM3 [33¢], The three-dimensional structure of rhodopsin, which was the first
GPCR structure to be determined, demonstrated an electrostatic interaction, referred
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to as the ‘onic lock’, between Arg-135 of the motif and the adjacent Glu-247 on TM6
(Figure 7.40). The sequence involved in the ionic lock was conserved, suggesting that
the interaction was important. Furthermore, it was found that activation of rhodopsin
leads to the disruption of the ionic lock (see below). On the basis of these data, in ad-
dition to data obtained from mutational studies, it was suggested that the ionic lock
is important for the stabilization of the inactive state of GPCRs, and possibly for their
activation or signaling as well ¥71407] However, when the three-dimensional struc-
tures of other inactive GPCRs (e.g., the f-adrenergic receptors, the A,, receptor, and
the muscarinic (M,) receptor) were determined, the ionic lock was found to be ab-
sent in these structures. Other studies of f-adrenergic receptors have indicated that
the ionic lock is in fact in constant equilibrium between two conformations, one
in which it is formed and the other in which it is broken [4!5416 The partial or
complete absence of the ionic lock in the inactive forms of f and A,, receptors
may explain why these receptors have measurable baseline activity in their inac-
tive states, whereas rhodopsin does not 4171,

Another interesting point emerges from comparing the structures of vertebrate and
invertebrate rhodopsins, represented by bovine 18/ and squid 4'*4?°) rhodopsins,
respectively. As far as their function is concerned, the two proteins respond to the
same agonist and differ only in their G-protein specificity. Intriguingly, this differ-
ence seems sufficient to create detectible topological differences in the intracellular
regions of the two structures [*7). The largest difference is in the third intracellu-
lar loop, ICL3, which is attributed to the longer sequence of squid rhodopsin in that
region 121}, Indeed, ICL3 is considered to confer specificity to the intracellular bind-
ing partner; swapping this part between GPCRs results in switching the receptors’

G-protein selectivity [422],

\ " /’//7
)/

ionic lock ) ’

FICURE 7.40 The D/ERY motif. The figure shows the Arg residue of the D/ERY motif in the in-
tracellular domain of rhodopsin (colored by atom type) and the f3,-adrenergic receptor (red). In
rhodopsin, this residue forms an ionic interaction (dashed line) with an adjacent Glu residue (col-
ored by atom type). However, in the f3,-adrenergic receptor it is too far from its respective Glu (red)
to be engaged in a salt bridge.
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BOX 7.2 ADRENERGIC RECEPTORS: FIGHT YOUR ASTHMA AND YOUR
ENEMIES

Adrenergic receptors mediate the physiological effects of adrenaline and noradrenaline
in the animal body *?3 (Figure 7.2.1)®. Adrenaline and noradrenaline belong to a
group of hormones and neurotransmitters called catecholamines’, which are produced
from the amino acid tyrosine [42442¢!, There are two sources of catecholamines in the
animal body: the nervous system and the medulla (core) or the adrenal glands. The ner-
vous system implicates catecholamines in neurotransmission™®, whereas the medulla
implicates them — and particularly adrenaline — in hormonal action. The two cate-
cholamines have a very important function; they prepare the body for a situation called
fight-or-flight’ 28! (Figure 7.2.2). It is easy to understand this situation when consid-
ering the lives of wild animals and prehistoric man. In both cases, life in the wild is full
of danger for the individual. The danger can appear abruptly, in the form of a preda-
tor, competitor, and even a routine, yet catastrophic, act of nature. In such cases, the
difference between life and death often lies in the ability of the individual to respond
very quickly to the danger. This response involves perceiving the danger and taking
appropriate action.

OH OH
HO HO
"
NH, HN
HO HO @
Noradrenaline Adrenaline

FIGURE 7.2.1 The molecular structures of adrenaline and noradrenaline. Adrenaline is
formed by N-methylation of noradrenaline.

Indeed, upon detection of danger, the brain, which collects input from sensory organs,
innervates other organs (via sympathetic nerves) in order to get them ready for action.
Innervation of the two adrenal glands, located on top of the kidneys, stimulates their
neurosecretory cells to secrete adrenaline (and to a lesser extent noradrenaline) into
circulation, which further enhances the body’s readiness to handle the danger.

As the term ‘fight-or-flight’ implies, the immediate response of the body to danger,
following the action of adrenaline and noradrenaline, may be reduced to two simple
options: fighting or fleeing, depending on the situation. Both types of responses require
top performance of several body systems. First, sensory organs, such as the eyes, must
collect as much information as possible from the environment, so as to be able to alert
the body to danger. Second, skeletal muscles must be ready to respond quickly and

"3 Adrenaline and noradrenaline are also called epinephrine and norepinephrine, respectively.

"> Although both adrenaline and noradrenaline are used as neurotransmitters in the central nervous sys-
tem (CNS), and the sympathetic branch of the autonomic nervous system (ANS), noradrenaline is much more
common in this capacity [7],
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powerfully. This response involves the functions of several organs; the heart and lungs
must supply ample oxygen to the skeletal muscles, and the body’s sugar stores in the
liver and muscles must be broken down quickly to supply the muscles with available
fuel. In addition, bodily functions that usually take place in the resting state and require
the functioning of certain organs (e.g., digestion by the gastrointestinal (GI) system),
must be inhibited, so as to allow peripheral blood to reach the muscles in high volumes.

FIGURE 7.2.2 A wolf in a fight-or-flight posture. The image is taken from 2],

Clearly, some of these responses are neurological in nature (e.g., activation of skeletal
muscles), whereas others are metabolic (e.g., breakdown of sugar stores). Adrenaline
participates in both types of responses, whereas noradrenaline specializes in the for-
mer. The two catecholamines carry out their functions via a set of adrenergic receptors,
which reside in various tissues. The specific effects of activating these receptors are de-
tailed in Table 7.2.1. These effects mainly include constriction or dilation of blood ves-
sels (depending on the organ), as well as contraction of some muscles and relaxation
of others. Together, these effects create the following physiological outcomes [424):

1. Increased heart rate and stroke volume 2.

2. Diversion of blood from the skin and GI tract to the heart, lungs, brain, and
skeletal muscles.

3. Increased blood pressure.

4. Pupil dilation.

5. Windpipe dilation.

6. Relaxation of GI smooth muscle.

7. Increased blood clotting rate — less danger of hemorrhages following injury.
8. Increased sweating — cooling down of overworked body.

9. Increased metabolic rate, resulting from the breakdown of both liver lipid stores
and muscle glycogen stores.

"The amount of blood the heart can pump out in a single beat.
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TABLE 7.2.1 Some of the physiological effects of adrenergic receptors.

Receptor
Subtype Location Effect
o, Blood vessels Smooth muscle contraction — Vasoconstriction
Heart Increased cardiac contraction and rate
o, Blood vessels Smooth muscle relaxation — Vasodilation
B Heart Increased cardiac contraction and rate
Kidney Activation of renin-angiotensin-aldosterone system
— Na"-K" exchange — Na" retention
B, Blood Vessels Smooth muscle relaxation —> Vasodilation
Heart Increased heart rate and output
GI tract Smooth muscle relaxation
Pancreas Glucagon secretion
— glycogen breakdown and gluconeogenesis
B Liver Lipid breakdown

The adrenal glands act not only in response to fight-or-flight threats, which are imme-
diate and potentially life-threatening, but also to more prolonged types of threat, called
stress (439, In the latter case, however, the adrenal glands are activated hormonally by
the brain; the hypothalamus, which is the hormonal control center of the brain, stim-
ulates the pituitary adrenocorticotropic hormone (ACTH). This physiologically-active
peptide is secreted from the anterior pituitary gland into circulation under orders from
the brain’s central metabolic coordinator, the hypothalamus. This mode of stimulation
is referred to as the ‘hypothalamic-pituitary-adrenal (HPA) axis’; it also stimulates the
cortex of this gland to secrete large amounts of glucocorticoid hormones, primarily cor-
tisol, into the circulation. Cortisol is implicated in the stress response, which is less im-
mediate than the fight-or-flight response. Indeed, like many other steroid hormones,
cortisol acts more slowly than adrenaline and noradrenaline, but has extensive effects
on the body. For example, its metabolic effects are anabolic in the liver and catabolic
in muscle and fat cells, and act to increase blood glucose levels. Cortisol also affects
other systems, such as the cardiovascular system, the central nervous system, the im-
mune system, and the kidneys. Most importantly, cortisol inhibits the inflammatory
response, which can be potentially hazardous following injury.

The effects of the adrenaline-noradrenaline system on multiple organs have made
it a target for many medicinal drugs >/, These can be separated into the following
groups:

1. Adrenergic agonists. 3, receptors can be bound in the trachea (windpipe) and
bronchi. Therefore, 3, agonists, such as albuterol, are used to treat asthma. The
«a receptors can be found on smooth muscles, such as those controlling the di-
ameter of blood vessels. Whereas the activation of a; receptors leads to smooth
muscle contraction and the consequent constriction of blood vessels (vasocon-
striction), «, receptors function in regulating their «; counterparts, and their
activation leads to the opposite effect (vasodilation). Thus, «, agonists, such as



588 M Proteins: Structure, Function & Motion

clonidine, are used as antihypertensive drugs, i.e., to treat high blood pressure.
High blood pressure has been termed ‘the silent killer’ because of its devastating
effects on untreated individuals and the relative absence of symptoms.

2. Adrenergic antagonists (blockers). 3, receptors reside primarily in the heart,
and their antagonists (e.g., atenolol) are used for treating angina pectoris, hy-
pertension, and some arrhythmias.

3. Reuptake inhibitors. The action of adrenaline and noradrenaline in the ner-
vous system is stopped primarily by their uptake or reuptake away from the
synapse and into their secreting cells. These processes are carried out by trans-
porters, which have become targets for drugs termed ‘reuptake inhibitors’. These
drugs block transporters in order to elevate the levels of these neurotransmitters
in the synapse, thereby intensifying their action. The primary medical use for
adrenaline and noradrenaline reuptake inhibitors is fighting depression. Some
of the older-generation antidepressants, such as the tricyclics (e.g., desipramine)
inhibit the reuptake of both catecholamines and indoleamines (e.g., serotonin).
Antidepressants of newer generations (SSRIs) are more specific; they are de-
signed to boost only serotonin levels. Yet, a relatively new class of antide-
pressants (SNRIs) elevate the levels of both serotonin and noradrenaline. The
catecholamine reuptake system is also a target for certain types of drugs of
abuse, i.e., amphetamines (cocaine, MDMA). These drugs work similarly to the
adrenaline-noradrenaline reuptake inhibitors mentioned above, but with much
higher intensity. Amphetamines are addictive, and have serious adverse effects
on the cardiovascular system.

4. Monoamine oxidase (MAO) inhibitors. MAO is an enzyme that catalyzes the
oxidative deamination of catecholamines and of indoleamines. Its inhibition
therefore increases adrenergic and serotonergic effects. MAO inhibitors (e.g., se-
legiline) are used primarily as antidepressants.

In addition to the drugs listed above, there are other drugs that achieve similar results
by acting on the opposite branch of the autonomic nervous system, i.e., the parasym-
pathetic system. For example, an antagonist of the receptor for acetylcholine (the prin-
cipal neurotransmitter in the parasympathetic system), such as atropine, induces some
of the physiological effects of agonists of adrenergic receptors.

7.5.4 GPCR and G-protein activation

Much of what we know today about the changes that GPCRs undergo following activa-
tion comes from extensive biochemical and biophysical studies performed on class A re-
ceptors (>3], Studying the activation process requires knowledge of GPCRs in both inactive
and active states. There are currently many structures of GPCRs, which have been crystal-
lized in complex with an agonist. However, such structures are only partly activated; studies
show that in order to assume a fully active conformation, the GPCR must also bind a G-

protein or a protein mimicking it (e.g., part of an antibody) on its intracellular side *31-433,
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To date, only three GPCRs, all of which belong to class A, have been crystallized in fully
active conformations:

« Rhodopsin. Two active structures have been determined, one bound on its intracel-
lular side to an 11-amino acid fragment representing the C-terminus of Ga 434, and
the other bound to an antibody.

« The f3,-adrenergic receptor. Two active structures have been determined in complex
with an agonist, one bound to an entire G-protein molecule 43*! on its intracellular

side, and the other bound to a nanobody (the heavy chain of an antibody) 43¢/,

 The muscarinic (M,) receptor. Two active structures have been determined; each is
in complex with an agonist and bound to a nanobody on its intracellular side 37,

One of these structures is also bound to an allosteric activator.

In our discussion of GPCR activation below, we focus on these three GPCRs, but also refer
to some of the other GPCRs, such as the A,, receptor, for which a partly active structure is
known. In the case of the f3,-adrenergic receptor, we refer only to the active structure bound
to a G-protein molecule, as it has been found to be very similar to the nanobody-bound
structure. For a more detailed account of the data obtained from known GPCR structures,

please see the review by Shonberg et el. [¥78),

7.5.4.1 Structural changes in GPCRs upon activation

Rhodopsin was the first GPCR for which 3D structures of both the active and inactive states
were obtained (Figure 7.41a), and it was therefore the first source of knowledge about the
activation process. Rhodopsin is a photoactivated protein residing in the membranes of
retinal rod cells; it enables these cells to relay visual input to the brain. Since polypeptide
chains are not well suited for responding to electromagnetic photons, rhodopsin uses an
organic cofactor called ‘11-cis-retinal’ (a vitamin A derivate, Figure 7.41b, left) as the photo-
reactive element. This molecule is covalently, yet reversibly bound to the polypeptide chain
via a Schiff base to Lys-296 (on TM?7). In the inactive state, the protonated (i.e., positively
charged) Schift base is stabilized by Glu-113 on TM3 (the 3 to 7 lock’). When hit by light, the
retinal responds by undergoing isomerization. That is, it changes from an 11-cis to an all-
trans configuration (Figure 7.41b, right)"!. This, in turn, induces conformational changes in
the protein, which create a binding site for rhodopsin’s cognate G-proteins 2. The a subunit
of the G-protein binds to the intracellular side of rhodopsin, and stabilizes its active confor-
mation”. After activation, rhodopsin is bleached. That is, the Schiff base binding the retinal
is hydrolyzed, allowing the retinal to leave the receptor and render the latter inactive, for
about 30 minutes. The retinal-free polypeptide chain that remains, which also represents
the active form of rhodopsin, is referred to as opsin’.

In 2011, two structures of fully active rhodopsin were determined in the presence of
all-trans retinal, one of the structures also bound to a Gs-derived 11-amino-acid fragment
in the intracellular domain 434, A first glance at the superimposed structures of inactive

“IThus, 11-cis retinal is in fact a covalently-bound inverse agonist.

"2 Transducin is the main rhodopsin-related G-protein.

“3This means that there are two factors stabilizing the active GPCR: its agonist, and its cognate G-
protein (403,
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and active states of rhodopsin reveals only modest changes in conformation, which mostly
involve helices 5, 6, and 7 1% (Figure 7.41a). A closer look at the retinal pocket seems
to confirm the first impression, with relatively subtle changes observed in that region. For
example:

o Certain side chain movements create room and promote the cis-to-trans change of
the retinal cofactor. These movements involve the side chain of Phe-208 on TM5, and
that of Trp-265 on TM6, which moves into a space formerly occupied by the f-ionone
ring of the retinal cofactor (Figure 7.41c).

« A distance is created between TM3 and TM7, mainly due to a shift in TM?7. This in-
creases the distance between Glu-113 and the Schiff base, from 3.5 A to 5.3 A, which
disrupts the salt bridge between them (i.e., the 3 to 7 lock). However, the conforma-
tional change also strengthens the existing salt bridge between the Schift base and
Glu-181, which replaces Glu-113 as the main stabilizer of the Schiff base.

NMR studies also suggest a disruption of hydrogen bonds between ECL2 and the extracel-
lular parts of helices 4, 5, and 6, occurring just before the dissociation of the retinal cofac-

tor [438]

FIGURE 7.41 Structural changes in rhodopsin following its activation. (Opposite) (a) General
view of activation-induced shifts of helices. The two structures presented here are of inactive (grey;
PDB 1gzm) and active rhodopsin (orange; PDB 3pqr). For clarity, the loops have been removed.
The red and blue lines mark the predicted boundaries of the membrane (the OPM database [1171).
(b) The retinal cofactor. The figure shows in one step the activation process in which 11-cis retinal
(left) transitions into all-trans retinal (right) using the electromagnetic energy of a photon (hv). Car-
bon atoms 11 and 12 are noted, and the rotation around the bond connecting them is represented by
the circular arrow. (c) Conformational changes in the retinal-binding pocket. The backbone of the
inactive state (PDB 1gzm) is shown from the extracellular side as grey ribbons. Residue conforma-
tions corresponding to the inactive state are colored by atom type, whereas those corresponding to
the active state (PDB 3pqr) are in orange. Movements of specific residues are marked by blue arrows.
The movements of Trp-265 and Phe-208 are clearly seen, as well as the breaking of the salt bridge
between Glu-113 and Lys-296 (dashed line). (d) Changes on the intracellular side of rhodopsin, al-
lowing the binding of transducin. The structures and representation of the active and inactive forms
of rhodopsin are the same as in panel (a), but the view is from the intracellular side. (I) Transducin
binding. The C-terminal 11 amino acids of transducin are presented as a purple ribbon. The white
arrows denote the direction of movement of TMs 3, 5, and 6, as well as of ICL3, when rhodopsin
shifts from the inactive state to the active state. This movement clearly creates space for the trans-
ducin fragment. (II) The conformational change disrupts the inactive state-related ionic lock, which
involves Glu-247 of TM6 and Arg-135 of TM3’s D/ERY motif. In its new position, Arg-135 is stabi-
lized by a hydrogen bond with Tyr-223 (dashed line). (III) The conformational change of rhodopsin
also includes a large movement of Tyr-306 of the NPxxY motif, which stabilizes the active conforma-
tion. A hydrogen bond between Tyr-306 and TM6 is shown. (e) Stabilization of rhodopsin’s active
conformation by transducin. Transducin is presented as a green ribbon. Residues of rhodopsin that
interact with transducin are shown as sticks, colored in magenta (helix 5) cyan (helix 6), and or-
ange (other secondary elements). The hydrogen bonds of transducin with Arg-135 and Val-138 are
presented as dashed lines.
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However, inspection of the intracellular side of rhodopsin’s TMD reveals larger changes
in TMs 3, 5, 6, and 7. The shifts of TMs 3 and 6 ! away from each other and from the
center of the protein create a space for transducin binding (Figure 7.41dI). These con-
formational changes result from the local movements of Trp-265 (the CWxP motif) and
Phe-208 in the retinal-binding pocket (i.e., the transmission switch) 414!, The space cre-
ated between TMs 3 and 6 leads to disruption of the ‘ionic lock’ between Glu-247 and
Arg-135 of the D/ERY motif (Figure 7.41dII). The loss of this interaction is partly com-
pensated for by new interactions formed between Arg-135 and some of the residues of TM5
(e.g., Tyr-223) and TM6, which become closer due to the shifts. As explained above, in the
other structurally determined GPCRs the ionic lock is absent, in at least some cases, which
has been proposed to account for the differences in baseline activity between the GPCRs.
Indeed, whereas rhodopsin is completely inactive in the dark, the other three GPCRs (like
many others) retain some activity even when they do not bind their agonists. This activ-
ity can be inhibited by inverse agonists, such as carazolol, which acts on the f3,-adrenergic
receptor (440,

As mentioned above, the NPxxY motif in TM7 differs from the D/ERY motif in that it
is involved in the activation of GPCRs, rather than in stabilizing the inactive state. Indeed,
Tyr-306 of the motif inserts into a space previously occupied by TM6 (Figure 7.41dIII),
which stabilizes the active conformation of rhodopsin. Similar movements are observed also
in the equivalent positions of Tyr-306 in the 3, - and 3,-adrenergic receptors, the muscarinic
(M,) receptor, and the A,, receptor upon activation, and it is believed that in these GPCRs,
too, the movements participate in the activation process. In the 3,-adrenergic receptor, sta-
bilization of the active site, conferred by the Tyr-306-equivalent position, relies in part on
a water-mediated hydrogen-bond with the Tyr-223-equivalent position on TM5 4], The
active structure of the M, receptor does not contain water molecules, but the same water-
mediated interaction between the two tyrosine residues is thought to happen there too 437,
The conservation of this interaction and the similar positions of the two tyrosine residues
in the three activated GPCRs suggests that the interaction is a hallmark of GPCR activation.

In conclusion, the changes described above, though they involve different parts of
rhodopsin, are overall small, i.e., within 2 to 6 A “2!], Nevertheless, they serve their pur-
pose, in creating a space between transmembrane helices 3, 5, 6, and 7, which serves as
a binding site for transducin 3714051, As we will see later, the f3,-adrenergic receptor and
the M, receptor display similar changes in their overall conformations upon activation.
The experimentally determined structures of the rhodopsin-transducin complex (PDB en-
tries 3cap and 3pqr) show multiple interactions, both polar and nonpolar, between residues
of transducin and those of rhodopsin, which stabilize the active conformation of the latter
(Figure 7.41e). The direct interaction between Arg-135 of the D/ERY motif and a back-
bone group in transducin may seem important, considering the high conservation level
of Arg-135. However, this interaction is absent in the 3,-adrenergic receptor, which has
been crystallized in complex with a complete G-protein molecule (see below). Rhodopsin-
transducin binding seems to be driven by nonpolar interactions, with hydrogen bonds ren-
dering the orientation of the transducin-derived peptide specific 37!,

"!In agreement with spectroscopic data showing a 5 A outward rotation of TM6 [+,
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7.5.4.2  Agonist effect and G-protein activation

In the previous subsection we described the conformational changes that GPCRs undergo
when activated. The ultimate goal of GPCR research, however, is to understand how these
changes are induced by ligand binding, and how they lead to the activation of the G-protein.
This aspect also has important pharmacological implications, since different ligands de-
signed to bind to the same pocket in the GPCR may induce different responses; some may
act as agonists, whereas others may act as antagonists or inverse agonists. These questions
cannot be answered by the aforementioned structures of rhodopsin, since this GPCR has a
non-diffusible agonist (i.e., the covalently-bound all-trans retinal) !, and the corresponding
structure of the activated receptor is bound to a small fragment of the Gs-protein. Fortu-
nately, the fully active structures of both the 8,-adrenergic receptor and the muscarinic (M,)
receptor have been determined.

The active structure of the f3,-adrenergic receptor was crystallized in 2011, bound to
a high-affinity agonist (BI-167107) and an entire Gs-protein (see above for details) [435]
The G-protein in the crystallized structure is nucleotide-free, which means it was captured
in the middle of the GDP-GTP exchange process. Comparison between the active struc-
ture of the f8,-adrenergic receptor and its inactive structure, bound to the inverse agonist
carazolol, reveals the following [*4?). As in rhodopsin, activation of the 3,-adrenergic re-
ceptor induces only small structural changes on the protein’s extracellular side and larger
changes on its intracellular side (Figure 7.42a). The bound agonist forms three hydrogen
bonds with residues in TM5: two with Ser-203 and one with Ser-207. These interactions
seem to pull TMS5 slightly inward (2 A at position 207, Figure 7.42b). This small movement
leads to rearrangement of the hydrophobic interaction network formed between Phe-208
(TM5), Pro-211 (TM5), Ile-221 (TM3), and Phe-282 (TM6) [“#3]. As a result, TM6 (and
to a lesser extent TM5) undergoes a hinge movement that pushes its intracellular tip out-
ward (Figure 7.42c); this movement is accompanied by much smaller inward movements
of TMs 3 and 7 (not shown). The movements of TMs 5 and 6 create sufficient room for
accommodating the carboxyl end of the G-protein’s «5 helix, which is pushed to a par-
tial extent into the transmembrane core of the receptor 2. This process leads to a large
displacement of one of Ga’s domains with respect to the other, both of which hold the GDP
cofactor in the inactive G-protein (Figure 7.42d), and this displacement is suggested to pro-
mote the exchange of GDP with GTP during activation [/, Note that the overall conforma-
tional change of the f3,-adrenergic receptor is relatively similar to the changes observed in
rhodopsin, the f3;-adrenergic receptor, and the muscarinic (M,) receptor (Figure 7.42e, see
also below). Interestingly, the displacement of TM6 in the f3,-adrenergic receptor is much
smaller than that observed in the ,-adrenergic receptor. This difference may have to do
with the fact that of the two structures, only that of the f3,-adrenergic receptor was crystal-
lized when bound to a G-protein, which was likely to have induced larger conformational
changes. Small displacements of helices are also observed in the adenosine (A,,) receptor,
whose active structure, like the active structure of the ,-adrenergic receptor, was crystal-
lized in the absence of a G-protein 44544 Indeed, Ga binding has been shown by NMR

"1 Although the all-trans and cis retinal can be considered as an agonist and an inverse agonist, respectively.

“2This is also made possible by conformational changes in the second intracellular loop, ICL2. These changes
involve rearrangement of the interactions between Asp-130 of the D/ERY motif, Asn-68, and Tyr-141, resulting
in displacement of the latter from the space, now occupied by the a5 helix. In its new position, the a5 helix
interacts with different residues in TMs 3, 5, and 6, as well as in ICL2.
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and molecular dynamics studies to be required for fully stabilizing the conformational
changes induced by the agonist (4317433,

We have seen that the chain of events leading to the large conformational changes on the
intracellular side of the f3,-adrenergic receptor starts with the hydrogen bonds formed be-
tween the agonist and serines 203 and 207 in TM5. These interactions pull TM5 slightly in-
ward, causing rearrangement of other, more downstream interactions, in addition to move-
ment of TM6. Interestingly, whereas Phe-208 is involved in this rearrangement, the other
residue included in the transmission switch, Trp-286, does not seem to play a part in the
activation of the -adrenergic receptor. The involvement of serines 203 and 207 in the ac-
tivation is not surprising considering their high conservation levels in aminergic recep-
tors [447), Carazolol, which is bound to the inactive structure of the f3,-adrenergic receptor,
also interacts with TM5. However, it forms only a single hydrogen bond with Ser-203, and
it seems that this interaction, which is weaker than that of BI-167107 in the active struc-
ture, is insufficient to induce the aforementioned structural changes. This may explain why
carazolol acts as an inverse agonist, whereas BI-167107 acts as an agonist. The same dif-
ferential interactions with TM5 are observed in the f3,-adrenergic receptor; in this case,
they involve the agonist isoprenaline and the antagonist cyanopindolol, although the re-
sulting conformational changes observed in this GPCR are much smaller. In contrast, in
the A,, receptor, TM2 and TM?7 are the helices that interact differently with the agonist

FIGURE 7.42  Structural changes in the ,-adrenergic receptor following its activation. (Op-
posite) (a) Superimposition of the active and inactive structures of the 3,-adrenergic receptor. The
inactive structure (grey; PDB entry 2rh1) is bound to the inverse agonist carazolol, and the active
structure (orange; PDB entry 3sn6) is bound to the agonist BI-167107. The red and blue lines mark
the predicted boundaries of the membrane (the OPM database [!'7!). (b) Agonist-induced move-
ments of TMs 5 and 6, and of key residues that act as molecular switches. The agonist is shown
as sticks, colored by atom type. The hydrogen bonds between the agonist and residues in TM5 are
shown as dashed lines. The resulting movement of TM5 leads to local movements of the downstream
nonpolar residues Phe-208, Pro-211, Ile-121, and Phe-282, and the hydrophobic contacts between
them. The movement of each of the above residues is marked by arrows. (c) Conformational changes
on the intracellular side of the receptor upon agonist binding. The changes described in (b) induce
a large hinge movement (curved arrow) in TM6, which creates room on the intracellular side for
the a5 helix of G, (marked). In addition, ICL2 shifts away from TM6, with a large change in the
position of Tyr-141. Smaller changes in the positions of TM3 and TM7 are not shown. As can be
clearly seen, the position of TM6 in the inactive state clashes with the helix of Ga, which prevents the
binding of the latter to the GPCR. (d) Superimposition of the structure of Ga in complex with the
B,-adrenergic receptor (PDB entry 3sn6; Ga is colored in green and the f3,-adrenergic receptor is
colored in orange) and free Ga bound to 5”-guanosine-diphosphate-monothiophosphate (GTPyS)
(PDB entry 1gia; Ga is colored in magenta). The superimposed structures are shown from two an-
gles, rotated 90° from each other. The superimposition shows that the activation of Ga involves a
substantial displacement of one of its domains with respect to the other (red arrow). () Comparison
between movements of helices in rhodopsin and those in the f3,-adrenergic receptor, 3, -adrenergic
receptor (where the inactive and active structures correspond to PDB entries 2vt4 and 2y03, respec-
tively) and muscarinic (M,) receptor. The inactive and active conformations of all three GPCRs are
colored in grey and orange, respectively. The arrows mark movements of the intracellular sides of
the helices, where the length of each arrow is proportional to the degree of movement. For clarity,
the helices are shown as cylinders, and the loops are not shown.
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(NECA) as compared to the inverse agonist (ZM241385), and the conformational changes
are transmitted to the intracellular side by TMs 3, 6, and 7, rather than TM5 441, Thus, it
seems that whereas the interactions of antagonists and inverse agonists with their re-
spective ligand-binding pockets generally differ from the interactions of agonists, the
exact mechanisms through which these interactions inhibit or activate the GPCR may
differ across GPCRs, and involve different molecular switches and/or transmembrane
segments.

Muscarinic receptors belong to the same class as rhodopsin and the $-adrenergic re-
ceptors (class Aa). These receptors, which mediate cholinergic transmission, include five
subtypes. They modulate a variety of physiological functions and are targeted by drugs for
treating different diseases (e.g., Alzheimer’s disease, Parkinson’s disease, and schizophre-
nia). In 2012 the antagonist-bound inactive structures of the M, (8 and M, 44! receptor
subtypes were determined, and a year later the fully active structure of the M, receptor was
determined, bound to the agonist iperoxo and to a nanobody on its intracellular side [437],
Comparison between the inactive and active structures of the M, receptor shows conforma-
tional changes at the ligand-binding site that involve TMs 5, 6, and 7, and which are larger
than those seen in rhodopsin and the f3,-adrenergic receptor. These changes lead to the
complete burial of the agonist inside the pocket, occluded from the solvent (Figure 7.43a,
top). This occlusion is created by an ‘aromatic lid” above the agonist, composed of Tyr-104,

FIGURE 7.43 Activation of M, receptor and allostery. (Opposite) (a) Conformational changes
in the ligand-binding site of the M, receptor. Top: A cross-section through the binding site of the
inactive (grey; PDB entry 3uon) and active (orange; PDB entry 4mgs) structures of the M, recep-
tor. The inactive structure is bound to the antagonist QNB, and the active structure is bound to
the agonist iperoxo. The aromatic lid residues above the ligands are colored in yellow. Activation
induces conformational changes that lead to the complete occlusion of the agonist from the sol-
vent. Bottom: Activation-induced closure of the aromatic lid (yellow sticks). (b) Propagation of the
conformational change in TM6 from the ligand-binding site to the intracellular site of the recep-
tor. The image shows a superimposition of the active and inactive structures of the M, receptor.
For clarity, only TMs 3 and 6 are shown. In the inactive state the antagonist is hydrogen-bonded to
Asn-404 on TM6 (black dashed line). Activation of the GPCR induces a small movement of TM6
towards TM3 and allows Asn-404 to remain hydrogen-bonded to the agonist (orange dashed line),
which is located further away from TM6 than the antagonist is. The pivot motion of TM6 around
Thr-399 (curved white arrow) converts the small movement of the helix near the ligand-binding site
into a large movement at the intracellular site, away from TM3. A coordinated movement of TM3
away from TM6 allows a hydrogen bond to be formed between Asp-120 and Asn-58. The activa-
tion also involves a conformational change in TM7, which changes the orientation of Tyr-440 (the
NPxxY motif), thus allowing it to interact with Tyr-206. Note that although the interaction is shown
here as a direct hydrogen bond (black dashed line), in reality it is mediated by a water molecule,
which is missing in the solved structure. (c) Binding of the allosteric activator LY2119620 to the
agonist-bound M, receptor (PDB entry 4mqt). LY2119620 binds above the agonist pocket, where it
is separated from the agonist iperoxo by the aromatic lid residues (in yellow). (d) Membrane-facing
position of an allosteric site in the P2Y, receptor (PDB entry 4xnv). The allosteric site is occupied by
the negative modulator BPTU (with blue carbon spheres). The orthosteric site, which resides in the
extracellular loop region of the receptor, is shown with a bound antagonist (orange spheres; PDB
entry 4xnw). Co-crystallized lipid molecules are also shown, in pink. The red and blue lines mark
the predicted boundaries of the membrane (the OPM database !117)).
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Tyr-403, and Tyr-426 (yellow patch in Figure 7.43a, top). In the receptor’s inactive state the
lid is partly open, but upon activation, movements of these residues, especially Tyr-403 and
Tyr-426, allow them to hydrogen-bond with each other and close the lid (Figure 7.43a, bot-
tom).

On the muscarinic receptor’s intracellular side, the conformational changes that follow
activation are overall similar to those observed in rhodopsin and in the f3,-adrenergic re-
ceptor (Figure 7.42eIV). In particular, the outward movements of TMs 6 and 2, and the
accompanying inward movements of TMs 7 and 3, are very similar to the movements seen
in the f3,-adrenergic receptor, and create the G-protein binding site in a similar manner. As
in the other GPCRs, the large conformational change of TM6 begins in the ligand-binding
pocket and propagates to the intracellular side. In the ligand-binding pocket both the antag-
onist and the agonist hydrogen-bond with Asn-404. However, the agonist, which is smaller
than the antagonist, is further away from TM6 and closer to TM3 than the antagonist is.
The interaction between the agonist and Asn-404 therefore pulls TM6 closer to TM3 in
this region (Figure 7.43b). TM6 undergoes a pivot motion around Thr-399, and its intra-
cellular side is displaced farther away from TM3. In light of the above, in addition to the
results of mutational studies *374°01, Asn-404 is thought to be a key residue in the activa-
tion of the M, receptor. The distance created between TMs 3 and 6 upon activation is also
the result of a slight displacement of TM3, which involves the formation of a stabilizing hy-
drogen bond between Asp-120 of the D/ERY motif and Asn-58 (the equivalent of Asn-68 in
the B-adrenergic receptor). We have already encountered this interaction in the active f3,-
adrenergic receptor, suggesting that it plays a general role in GPCR activation, and refuting
the association of the D/ERY motif with stabilization of the inactive state. The second motif
implicated in GPCR activation, NPxxY, also seems to be important for the activation of the
M, receptor. Specifically, Tyr-440 of the motif (the equivalent of rhodopsin’s Tyr-306) on
TM?7 becomes closer to Tyr-206 (the equivalent of rhodopsin’s Tyr-223) on TM5, and the
water-mediated interaction that is thought to occur between them is expected to stabilize
the active state of the receptor.

The study described above also investigated allostery in the M, receptor [4*”), The protein
was crystallized in complex with the agonist iperoxo and the positive allosteric modulator
LY2119620. The allosteric activator binds directly above the agonist (Figure 7.43c). Exclud-
ing a few small adjustments of the GPCR structure to the activator, mainly involving
residues that interact with the latter, the two structures (i.e., bound and unbound to the
activator) are very similar, indicating that the allosteric site is pre-formed by the ago-
nist. This idea is in line with our current view of allostery, which posits that allosteric
activators stabilize an active conformation of the protein, whereas allosteric inhibitors
stabilize an inactive conformation (see Chapter 5 for more details). Allosteric modula-
tors have been recognized in many class A GPCRs, including the adenosine, dopamine, his-
tamine, serotonin and chemokine receptors, as well as in class C GPCRs [*°!, The allosteric
sites identified in these GPCRs reside in the extracellular or transmembrane domains 37,
The modulators are chemically diverse and include lipids (e.g., fatty acids, phospholipids,
and cholesterol), amino acids, ions (e.g., Na®), and various small molecules. In fact, the G-
proteins and other intracellular binding partners of GPCRs (e.g., GRK and arrestins, see
following subsection) can also be regarded as allosteric modulators, as each binds prefer-
entially to an active or inactive conformation of the receptor and stabilizes it. As discussed
in Section 7.5.7 below, allosteric modulators are highly sought-after by the pharmaceutical
industry, for various reasons. Allosteric sites in GPCRs may appear in different locations of
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the protein, including the outer, membrane-facing surface. Such a position of an allosteric
site is observed, e.g., in the P2Y, (purine) receptor [4°?! (Figure 7.43d).

To conclude, the studies discussed above, as well as many others carried out in recent
years, have produced the following insights about the activation of class A GPCRs:

o The activation process usually involves relatively small conformational changes in the
extracellular and ligand-binding domains. One exception is the P2Y, receptor, where
5to 10 A shifts are observed on the extracellular sides of TM6 and TM?7.

o The activation results in the transmission of small, local conformational changes from
the ligand-binding site of the GPCR to its intracellular side by a variety of molecular
triggers, which include ionic locks and transmission switches (see [**! for a more
detailed description). Although these triggers do not act identically in all GPCRs, they
involve physically similar mechanisms and structurally equivalent positions, which
are included in highly conserved motifs, such as D/ERY and NPxxY.

o The local conformational changes are amplified as they propagate towards the intra-
cellular side, resulting in relatively large shifts of transmembrane helices, especially
TMS6, and to a lesser extent TMs 3, 5, and 7, which create a binding site for the G-
protein.

o Therearrangements of helices on the intracellular side are overall similar in both light-
activated rhodopsin and agonist-activated GPCRs.

o Ga undergoes large conformational changes upon binding to its receptor, which in
turn promotes nucleotide exchange and activation of downstream signaling.

Nevertheless, there are aspects of the activation process that are yet to be clarified. These
include the following:

« The generality of the structural changes observed in rhodopsin and in the f-
adrenergic receptors. Evaluating generality would require the determination of ad-
ditional fully-active GPCR structures, i.e., bound simultaneously to an agonist and to
an intracellular binding partner. It is particularly important to gain such information
for GPCRs of other classes beyond A, for which no fully active structures are available.

» The GDP-GTP exchange. The f3,-adrenergic receptor was determined in complex
with nucleotide-free Gs. To obtain a complete view of the activation process, it is
necessary to carry out additional studies on the GTP-bound form of GPCRs, as well
as on the intermediates that may exist between the two states. It should be noted that
crystallizing the active state of the GPCR with GTP-bound G-protein is not trivial, as
the presence of GTP promotes dissociation of the G-protein from the receptor.

o Ligand selectivity. Additional studies are required to understand the mechanistic ef-
fects of ligands with different functionality (agonists, antagonists, inverse agonists)
and receptor subtype specificity, as well as the eftects of biased ligands, that is, ligands
whose binding to the GPCR leads to activation of specific signaling pathways [4>#45],
Moreover, GPCRs may also be affected by allosteric ligands, and it will be interesting
to characterize the mechanisms of activation or inhibition employed by such ligands.
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o At the system level it is intriguing that GPCRs are an order of magnitude more di-
verse than their G-proteins (~600 versus ~20). From a signal processing view one may
wonder what benefit is obtained from having such a diverse ‘sensing end” (GPCRs)
that eventually reduces to the limited G-protein repertoire.

7.5.5 GPCR desensitization

Part of the regulation of GPCR action involves GPCR inhibition following short or pro-
longed activation, so as to prevent over-stimulation of the signaling system [*°. The first
type, i.e., downregulation that occurs very soon after the activation of the GPCR, is called
desensitization 1336457458] There are two types of desensitization:

1. Homologous desensitization acts on the activated receptor and is mediated by phos-
phorylation of Ser and Thr residues in ICL3 or the C” of the GPCR (Figure 7.33,
step 4). The phosphorylation is carried out by a specific group of Ser/Thr kinases
called GRKs **1, which act only on the agonist-bound conformation of the receptor.
The phosphorylation serves to increase the affinity of the GPCR to proteins of the
arrestin family, and facilitate their binding to the receptor (Figure 7.33, step 5). The
binding to arrestin has two outcomes: first, it prevents the GPCR from interacting
with its cognate G-protein, thus stopping the signaling. Second, it recruits clathrin and
its adaptor protein AP-2, which induces the internalization of the GPCR into the cell
via clathrin-coated vesicles °, after which the receptor is recycled or degraded ¢!,

Interestingly, class A GPCRs lose the clathrin coat and become dephosphorylated fol-

lowing internalization; as a result, it is thought that they may be able to continue sig-

naling even when inside the endosome 2!, In such a case, however, the GPCR and
its effectors are closer to the cell’s nucleus compared to their initial location in the
plasma membrane, which might make the activation of the transcriptional pathway
more efficient 93], In contrast, class B GPCRs remain bound to arrestin following in-
ternalization, which leads to their ubiquitylation and degradation. It should be noted
that, according to recent studies, arrestins’ involvement in cellular signaling is much
more complicated than that mentioned above (4], Specifically, it seems that arrestins
are involved in biased agonism: by binding to GPCRs they stabilize certain confor-

mations that block certain signaling pathways and promote other pathways (44641,

Thus, arrestins should be viewed as multifunctional adapter proteins rather than sig-

nal terminators (4%4],

2. Heterologous desensitization acts on other receptors and is mediated by second
messenger-activated kinases, such as PKA or PKC.

There are additional downregulation mechanisms that act on activated GPCRs following
prolonged stimulation of the receptor. These may act at several levels, including gene tran-
scription and translation 61,

In 2015 the structure of active rhodopsin bound to visual arrestin was deter-
mined (Figure 7.44a). Interestingly, the structure showed that arrestin binds to rhodopsin
asymmetrically, which should allow arrestin’s conserved hydrophobic residues (Phe-197,
Phe-198, Met-199, Phe-339, and Leu-343, Figure 7.44a, pink area) to touch, or even insert
into the nonpolar region of the membrane. In contrast to G-proteins and GRKSs, arrestins
are not attached to hydrophobic chains (palmitoyl or prenyl) that anchor them to the mem-
brane. Thus, the conserved hydrophobic patch may be the only means by which arrestins

[465]
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can become anchored to the membrane, and this anchoring may in turn stabilize arrestin’s
interaction with the GPCR %), Indeed, mutation of any of these residues to alanine affects
the binding of arrestin to rhodopsin [“°°!, The highly asymmetric shape of the rhodopsin-
arrestin complex has also been suggested to affect the curvature of the membrane, perhaps
as part of arrestin’s role in initiating rhodopsin’s endocytosis [4°,

From the arrestin end, binding to rhodopsin is mediated by several elements. A short he-
lical segment of arrestin inserts into the intracellular side of rhodopsin, in a process similar
to the insertion of the Ga subunit of rhodopsin’s G-protein, transducin (Figure 7.44b). The
helical segment of arrestin interacts with the carboxy-terminus of TM7 and with the amino
terminus of helix 8. Indeed, both of these elements have been implicated in previous studies
as important for arrestin binding [¢74%8!, Thus, arrestin directly competes with transducin.
Another interesting interaction occurs between arrestin and the second intracellular loop
of rhodopsin (ICL2, Figure 7.44b left). In its apo form (detached from rhodopsin), arrestin
assumes a closed conformation in which the interaction region is inaccessible (Figure 7.44c,
left). Upon binding it opens up, to accommodate rhodopsin’s ICL2 (Figure 7.44c, right). In
arrestin-bound rhodopsin, ICL2 adopts a helical conformation, whereas in arrestin-free,
active rhodopsin it is organized as a loop.

As mentioned above, arrestin binds with high affinity to activated rhodopsin only after
the latter has been phosphorylated by a GRK. In the rhodopsin-arrestin structure described
above, rhodopsin is not phosphorylated and the binding was made possible by the introduc-
tion of mutations into the two binding partners. Thus, the structure of arrestin in that case
represents a pre-activated state of the protein. Determining the structure of phosphorylated
rhodopsin bound to activated arrestin will enable us to understand the process of arrestin
activation and also, hopefully, the initiation of signaling pathways associated with arrestin
binding.

7.5.6  GPCRs of other classes

The number of structures determined for GPCRs outside class A is much smaller than the
number of class A structures. Known non-class-A structures include the following:

Class B - glucagon and corticotropin-releasing factor (CRF) receptors
Class C - mGlul, mGlu5, and GABAj receptors
Class F - Smoothened protein (SMO, a GPCR-like receptor)

7.5.6.1 Class B GPCRs

Class B GPCRs bind large peptide hormones, and therefore constitute attractive targets for
therapeutic drugs used to treat diseases associated with glucose metabolism (e.g., diabetes),
the stress response, cardiovascular regulation, etc. Unfortunately, the structural data on
these GPCRs is relatively scarce, with only two members of the group characterized struc-
turally: the corticotropin-releasing factor (CRF) [“¢°! and glucagon 47! receptors. Moreover,
stabilization of the structures for crystallization requires, among other things, the removal
of large portions of the N- and C-termini. Thus, the structures represent mainly the trans-
membrane domains of the receptors. The structure of CRF receptor subtype 1 (CRFR1) was
determined in complex with the non-peptide antagonist CP-376395. There are three strik-
ing differences between the structure of CRFR1 and those of the class A GPCRs discussed
above:
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(a) Rhodopsin (b)
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FIGCURE 7.44 Binding of arrestin to active rhodopsin. (a) The overall structure of the complex
(PDB entry 4zwj), where rhodopsin is in gold and arrestin is in green. The conserved hydropho-
bic patch in arrestin is colored in pink. The red and blue lines mark the predicted boundaries of
the membrane (the OPM database [117]). (b) Left: The interaction of arrestin’s short helical segment
with rhodopsins TM7 and helix 8, where rhodopsin is in blue, the transducin segment is in ma-
genta, and the TM7-HS8 binding site is in yellow. Right: The structure of active rhodopsin bound to
a short segment of the Ga subunit of transducin (PDB entry 3pqr), where the transducin segment
is in magenta. The segment binds to the same intracellular pocket of rhodopsin that binds arrestin’s
short segment, although the orientations of the two segments within the pocket are different. (c) In-
teraction between arrestin and rhodopsin’s ICL2 (colored yellow). Left: Free arrestin in its basal
(inactive) state (red, PDB entry 1cfl), superimposed on the bound arrestin. Right: The rhodopsin-
arrestin complex. The rhodopsin is not phosphorylated, and arrestin is therefore said to be in its
pre-activated state (see main text). The bound arrestin has an open conformation that accommo-
dates ICL2. For clarity, only TM3, TM4 and ICL2 are shown in rhodopsin. The ICL2-interacting
pocket is close, and sterically clashes with the short helix of ICL2. (d) Evolutionary conservation of
the rhodopsin-arrestin interface. The image is identical to the one shown on the right side of (), but
both rhodopsin and arrestin are colored according to conservation levels (cyan — lowest, maroon —
highest; see color code in figure). The conservation levels are calculated by the ConSurf web server
(http://consurf.tau.ac.il) ¥7>374 As can clearly be seen, the residues in both proteins that form the
interface are evolutionarily conserved.
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1. CRFR1 is V-shaped and has a large cavity (Figure 7.45a).

2. The antagonist’s binding site is located near the intracellular side. Note, however, that
the native (peptide) ligands of class B GPCRs bind to both the extracellular and trans-
membrane domains of the receptor (see more below).

3. TM7 has a sharp kink above the midpoint of the transmembrane domain, around
Gly-356. This residue is part of a conserved QGxxV motif in class B GPCRs. Gly-356
allows TM7 to acquire the kink, similarly to the NPxxY proline in class A GPCRs,
which also induces a distortion in TM?7. The intracellular side of the transmembrane
domain, on the other hand, is similar in shape to that of class A GPCRs (despite the
lack of ICL2), indicating that this structure is likely to be able to bind the cognate
G-protein.

The glucagon receptor (GCGR), which was crystallized in the same year as CRFR1, was also
shown to include a large cavity (Figure 7.45b), but since the ligand could not be resolved,
the exact binding location is unknown. The structure of the glucagon receptor does not
have the pronounced V shape seen in the CRFRI1 structure. Moreover, GCGR seems to be
more similar in structure to class A GPCRs than CRFR1 is, in terms of the orientations and
positions of the transmembrane helices. One clear difference between the GCGR structure
and the structures of class A GPCRs is TM1, which is significantly longer in the former. This
region is thought to be involved in glucagon binding and in the positioning of the ECD with
respect to the TMD.

The structures described above lack portions of the ECD and a bound peptide. This pre-
vents us from understanding the spatial relation of the ECD to the TMD, how the natural
peptide agonist binds to the receptor, and how the receptor is activated. There are, however,
biochemical data implicating a GWGxP motif in a functionally important network of inter-
actions. These interactions are seen in the CRFR1 structure, but since the active structure of
the receptor is unknown, their exact role is yet to be understood. As mentioned above, the
natural peptide ligands of class B GPCRs bind to both the ECD and the TMD. Specifically,
the C-terminus of the peptide agonist binds primarily to the ECD, whereas the N-terminus
binds to the TMD. This pattern has prompted studies of the isolated ECD of class B GPCRs
in complex with a peptide agonist (see review by Parthier and coworkers [7!). The studies
indicate that members of this group have similar ECDs, all of which are quite large. This
is consistent with the large ligands of class B GPCRs, i.e., peptides comprising ~30 amino
acids 472, The peptide-binding site is composed of two small B-sheets and an adjacent a-
helix, and is stabilized by three disulfide bonds (Figure 7.46a). The binding of the peptide
ligands seems to be coupled to their folding (Figure 7.46b), similarly to what we have
seen in intrinsically unstructured proteins (Chapter 6). Upon binding, the C” of the pep-
tide ligand is squeezed between the two -sheets of the ECD (Figure 7.46b), where it forms
mainly nonpolar but also polar contacts with complementary ECD residues of loops 2 and
4, and of the C’ of the GPCR (Figure 7.46¢). On the other side, the N’ of the peptide ligand
is held close to the TMD (Figure 7.46a). In this orientation, the N’ of the ligand can inter-
act with extracellular loops and transmembrane helices of the GPCR. The binding is also
accompanied by conformational changes in ECD loops, which may be transmitted to the

TMD, and therefore constitute part of the activation process 471,
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FIGURE 7.45 The transmembrane domain of class B GPCRs. (a) The inactive corticotropin-
releasing factor receptor 1 (CRFR1) bound to the non-peptide antagonist CP-376395 (PDB entry
4k5y). Left: The full structure of the receptor (blue ribbons), with the bound ligand shown as yellow
sticks. TM7, which has an unusual kink, is marked. Right: The same structure, colored according
to evolutionary conservation level (cyan - lowest, maroon - highest; see color code in figure). The
Ca atoms of the highly-conserved Gln-355, Gly-356, and Val-359 (the QGxxV motif) are shown as
spheres. TM5 is removed for clarity. Conservation levels are calculated by the ConSurf web server
(http://consurf.tau.ac.il) 733741 (b) The inactive glucagon receptor (PDB entry 416r). The receptor
was crystallized in the presence of the antagonist NNCO0640, but the latter was not resolved in the
structure.
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FICURE 7.46 Ligand binding in class B GPCRs. The extracellular domain (ECD) of the human
gastric inhibitory peptide (GIP) receptor, in complex with the hormone GIP (PDB entry 2qkh).
(a) The structure of the ECD, colored by secondary structure. The disulfide bonds are represented as
orange sticks. (b) General view of the ECD-GIP complex. The ECD is colored according to conserva-
tion level (cyan - lowest, maroon - highest; see color code in figure), and the peptide ligand is in yel-
low, with its termini noted. The side chains of the highly conserved residues in the ECD are shown as
sticks. As would be expected, most of the highly-conserved residues in the ECD face the peptide lig-
and. Conservation levels are calculated by the ConSurf web server (http://consurf.tau.ac.il) 373374],
(c) ECD-ligand interactions. The surface of the receptor’s ECD is shown in grey. The ligand peptide
is shown as a ribbon, with its side chains represented as sticks. In both the ligand and the ECD, po-
lar residues involved in protein-ligand interactions are in yellow, and nonpolar interacting residues
are in orange. The interactions are similar across different class B GPCRs, and the ECD loops 2
and 4, which mediate these interactions, are consistently the parts undergoing the most significant
conformational changes following activation.
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7.5.6.2 Class C GPCRs

Studies on class C GPCRs have concentrated mainly on the metabotropic glutamate re-
ceptors (mGluR), which are classified into three subgroups based on sequence similarity,
agonist selectivity, and effector:

I - mGluR subtypes 1 and 5
IT - mGluR subtypes 2 and 3
III - mGluR subtypes 4, 6, 7, and 8

The focus on mGlu receptors is not surprising considering their physiological, medical and
therapeutic importance. Glutamate, the native agonist of these receptors, is the principal ex-
citatory neurotransmitter in the central and peripheral nervous systems, and it is involved
in numerous neurological functions, including memory and learning, sensory and motor
functions, emotions, etc. Thus, mGluR malfunctioning leads to diseases such as epilepsy,
neurodegeneration, chronic pain, schizophrenia, anxiety, and autism 474, Accordingly,
mGlu receptors are promising targets for different neurological and psychiatric drugs.

The structure of the ECD of mGlu receptors has been determined (43 and shown to con-
sistofa “Venus fly trap’ (VFT) domain, which binds the glutamate agonist, and a cysteine-rich
(CR) domain, which links the VFT domain to the TMD (Figure 7.47a). Thus, in contrast to
GPCRs of classes A and B, class C GPCRs bind their ligands only through the ECD. The VFT
domain also mediates the dimerization of mGluR™, and its crystallized structures demon-
strate substantial conformational flexibility, which is stabilized by agonist binding. In 2014,
the structure of the TMD of mGluR5 was determined in complex with the negative allosteric
modulator mavoglurant 47! (Figure 7.47c, left). This structure was of great importance for
two reasons. First, allosteric modulation of mGluR5 was postulated to be effective in treating
anxiety disorders (negative modulation), as well as schizophrenia and disorders of cognitive
function (positive modulation) (7%, Second, as explained earlier, drugs acting on allosteric

FIGURE 7.47 The structure of the metabotropic glutamate receptor (mGluR). (Opposite)
(a) The extracellular domain of mGlu3 monomer in complex with glutamate 473! (PDB entry 2e4u).
The Venus fly trap (VFT) and cysteine-rich (CR) domains are noted. (b) The dimeric structure of
the EC domain of mGlu3. Each monomer is in a different color. The monomers interact via the
VFT domain. The disulfide bond between the monomers is located in a disordered region that was
not resolved in the structure. (c) The transmembrane domains of mGluR5 (PDB entry 4009) and
mGluR1 (PDB entry 4or2), in complex with the negative allosteric modulators mavoglurant and
FITM (respectively), shown as yellow sticks. ECL2, which caps the entrance to the allosteric site, is
colored in magenta. The region in mGluR1 linking the TMD to the ECD is colored in green. (d) The
postulated structure of the entire monomeric mGluR (for a more elaborate structure and domain
interactions, see *°*)). The structure was produced by joining the TMD and ECD through the linker
regions. (e) A cross-section through mGluR1, showing the narrow allosteric site. (f) Superposition
of mGluR5 and rhodopsin (PDB entry 1gzm), showing the differences in the relative orientations
of TMs 5 and 7 between them. For clarity, only transmembrane helices are shown.

“ImGlu and calcium-sensing receptors create disulfide-linked homodimers (Figure 7.47b; note that the
region forming the inter-chain disulfide link is missing in the structure). In contrast, the GABA} and taste 1
(TAS1) receptors form non-crosslinked heterodimers.
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sites are more likely to be subtype-specific, since allosteric sites are less conserved than or-
thosteric (agonist-binding) sites. As in the case of the class B receptors described above,
large flexible portions of the extracellular and intracellular domains of mGluR5 had to be
removed for crystallization, so the exact positioning of the ECD with respect to the TMD
is still unknown. The structure of the TMD of mGluR1 was determined in the same year,
bound to the negative allosteric modulator FITM 4% (Figure 7.47c, right). In the case of
mGluR1, however, the linker region to the ECD was resolved, allowing us to postulate the
structure of the entire monomeric receptor (Figure 7.47d). Also, the structure was solved
as a dimer, with six cholesterol molecules residing at the interface between the monomers
(not shown). These observations support the suggestion made earlier, that cholesterol
molecules inside the membrane are involved in GPCR dimerization.

The TMDs of mGluR1 and mGluR5 are overall similar to the TMDs of class A and
class B GPCRs, especially on the intracellular side. As already explained above, this makes
sense, considering that there are only a few intracellular binding partners for all GPCRs,
such that minimal structural diversity is required in the intracellular region. When the dif-
ferent classes are compared in terms of the conformation of each helix in the TMD, most
of the differences seem to be located in TMs 5 through 7 (see more below). As Figure 7.47c
shows, in both mGluR structures, the allosteric binding site is deeper than the average class
A binding site, yet is not as deep as the (class B) CRF receptor’s binding site for the antag-
onist CP-376395 (see above). Still, FITM extends further towards the extracellular side of
the transmembrane domain. The different locations and interactions of the two allosteric
modulators with the TMD highlight the aforementioned potential of such modulators to
serve as subtype-specific drugs. The entrance to the allosteric site in both structures is oc-
cluded by ECL2 (Figure 7.47c), and it is quite narrow (Figure 7.47¢), mainly due to TMs
5 and 7, which have a more inward orientation compared to their counterparts in class A
and class B GPCRs (Figure 7.47f). The capping of the TMD by ECL2 is consistent with the
fact that, unlike in class A GPCRs, the native ligands of mGlu receptors bind to the ECD,
so there is no need for a wide entrance to the TMD. Finally, the mGlu receptors include
a set of ionic locks and other interactions!, which, as we have seen in class A GPCRs, are
important for structural stabilization and the activation process. Although the positions in-
volved in these interactions differ among the GPCR classes, their functional mechanisms
are similar. A more detailed comparison between the functional motifs of class A GPCRs

and those in class C (mGlu5R) is given in (7%,

7.5.6.3 Class F GPCRs

Smoothened (SMO) is a GPCR-like protein that constitutes a part of the hedgehog (Hh)
signaling pathway, which regulates animal embryonic development 477}, Malfunctioning
of this pathway leads to embryonic malformations, and sometimes to cancer in adults.
Several structures of SMO have been determined since 2013, in complex with different
ligands 4784801 In the first structure, of human SMO in complex with the antagonist
LY2940680 78], the architecture of the TMD was similar to that of class A GPCRs, de-

“IFor example, in mGluR5 the ionic lock between Lys-665 (the equivalent of rhodopsin’s Arg-135) and
Glu-770 contributes to the stabilization of the inactive state. Indeed, disrupting the lock by mutating these
residues to alanine leads to constitutive activity of the receptor [47°),
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spite low sequence identity (< 10%) between the two types of proteins (Figure 7.48a)". The
differences in this domain are mostly in TMs 5 through 7, similar to what we have seen
in the glutamate (mGlu) receptors. The ligand resides in the interface between the trans-
membrane and complex extracellular domains, and interacts mainly with ECL2 and ECL3
(Figure 7.48b)2. As in the mGlu receptors, the ligand-binding cavity in SMO is narrow,
partly because of the inward positioning of TM5. In the case of SMO, however, ECL2 is
located inside the TMD.

In 2014 the antagonist-bound and agonist-bound structures of SMO were deter-
mined 47! (Figure 7.48¢). One of the most pronounced differences between the two struc-
tures involves an ionic lock in the ligand-binding site, between Arg-400 (TM5) and Asp-473
(TM6). This interaction exists in the antagonist-bound structure but is eliminated upon ago-
nist binding, due to a conformational change in Arg-400 (Figure 7.48c). In its new position,
Arg-400 hydrogen-bonds with Asn-477, which is also part of TM6. This ‘remodeling’” of
interactions is likely to serve as a molecular switch in the activation of SMO, although the
current structures do not reveal the underlying mechanism. On the intracellular side of the
transmembrane domain, the only significant difference between the two structures seems
to be in the orientation of TM5 (Figure 7.48d), in contrast to the case of class A GPCRS,
whose activation primarily involves changes in TM6. This difference, however, does not
necessarily constitute a fundamental distinction between class A and class F GPCRs; the
agonist-bound SMO lacks an intracellular binding partner ®, which means it is not fully ac-
tivated. Complete activation of the receptor may induce changes more reminiscent of those
we observed in rhodopsin and in the f3,-adrenergic receptor.

7.5.7 GPCR-targeting drugs

As mentioned above, it is estimated that 30% to 50% of clinically prescribed drugs tar-
get GPCRs [343-346] This is not surprising considering the numerous physiological pro-
cesses that are regulated by GPCRs and the high accessibility of these cell-surface recep-
tors. Therefore, the pharmaceutical industry constantly attempts to find new drugs that act
on GPCRs 4821, GPCR-acting drugs are currently used to treat a plethora of pathological
conditions and disorders (see Table 7.2). These drugs may be grouped as follows:

1. Directly-acting drugs affect the activity of the GPCR by binding to it. They can be
further classified according to binding site type:

« Orthosteric drugs constitute most of the GPCR-acting drugs. This type of com-
pound binds to the orthosteric site of the GPCR and acts as an agonist, antag-
onist, or inverse agonist. The latter type is particularly interesting, as demon-
strated by the antipsychotic drug aripiprazole. Psychosis is associated with over-
activation of D, (dopamine) receptors in certain brain areas, which is why many
antipsychotic drugs, e.g., haloperidol, act by blocking these receptors. Unfortu-

I'The low sequence identity results in the absence of most of the conserved motifs of class A GPCRs, in-
cluding D/ERY (TM3), CWxP (TM6) and NPxxY (TM7).

“2In another antagonist-binding structure the ligand is bound deeper than LY2940680, but it still interacts
with both the TMD and ECD %), a hallmark of class F GPCRs.

3SMO has been shown to activate G-proteins 8], but in the hedgehog pathway it may act (also) by activat-
ing other binding partners. For example, in fruit flies, SMO binds the kinesin-like protein Costal-2 (Cos2). The
exact way in which SMO activates the mammalian pathway is less understood, and may involve G-proteins.
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FIGURE 7.48 The smoothened protein (SMO). (a) The structure of the dimeric human SMO,
bound to the antagonist LY2940680 (PDB entry 4jkv). Each subunit is colored differently, and the
ligand is shown as spheres, colored by atom type. (b) The location of the ligand at the interface
between the TMD and the ECD allows the ligand to interact extensively with ECL2 (red) and ECL3
(yellow). (c) and (d) Superposition of an antagonist-bound structure and an agonist-bound structure
of SMO (PDB entries 4n4w and 4qin, respectively). For clarity, ECD segments and intracellular loops
have been removed. (c) An extracellular view of the superposed structures, showing differences in
noncovalent interactions that involve Arg-400, Asp-473, and Asn-477. (d) An intracellular view of
the superposed structures showing conformational changes in the orientation of transmembrane
helices.
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nately, this blockage is a double-edged sword, which also leads to neurologi-
cal side effects such as tardive dyskinesia (i.e., tremors). Like haloperidol and
other antipsychotics, aripiprazole also acts on D, receptors. However, instead
of blocking these receptors, it acts as a partial agonist. Not only does this ac-
tion of aripiprazole lead to alleviation of psychotic symptoms, but it apparently
also results in fewer side effects [*33]. Finally, some of the directly acting drugs
act as bivalent ligands, i.e., they bind in a way that promotes dimerization of
GPCR 1841,

o Allosteric drugs bind to an allosteric site and modulate the activity of the GPCR
directly, or by changing its affinity to the natural ligand. Maraviroc is an exam-
ple of an allosterically acting therapeutic agent. It is an antiretroviral drug used
for the treatment of HIV infection. The drug targets CCRS5 (the C-C chemokine
receptor type 5), which is a co-receptor of HIV on certain white blood cells. By
allosterically stabilizing an inactive conformation of the receptor 43°1, maravi-
roc prevents the binding of the virus to CCR5, thus blocking HIV entry into the
host cell. The 3D structure of the CCR5-maraviroc complex (Figure 7.49) sug-
gests that the drug stabilizes the inactive conformation via nonpolar interactions
with the transmission switch Trp-248 (the equivalent of rhodopsin’s Trp-265).
This should prevent movement of the tryptophan residue, which, as we saw ear-
lier, is part of the activation process of certain GPCRs. Allosteric drugs are of
great interest to the pharmaceutical industry [482], for at least two reasons. First,
they constitute an alternative to the veteran orthosteric drugs, which have al-
ready been studied extensively. Second, allosteric drugs enable pharmaceutical
scientists to control the activity of target GPCRs more accurately (see Chapter 9
for details), and, since allosteric sites are less conserved than orthosteric sites,
allosteric drugs tend to be more subtype-selective.

2. Indirectly-acting drugs change the activity of GPCRs by affecting other proteins. SS-
RIs are well-known examples of such drugs; these antidepressants elevate the levels of
serotonin in the brain by inhibiting its reuptake from the synapse [4347! (see Chap-
ter 1). Although SSRIs directly target serotonin transporters rather than GPCRs, the
resulting elevation of serotonin levels leads to increased action of this neurotransmit-
ter on its cognate receptor, which is a GPCR 78],

Academic and industrial labs worldwide are continuously searching for GPCR-acting drugs.
The drug discovery process is similar to that corresponding to other protein targets, as de-
scribed in Chapter 8. Briefly, this process relies mostly on the screening of many known
molecules with potential to bind to the target protein and change its activity. In the past the
screening process was conducted solely in the lab using various binding and functional as-
says. Such assays were, however, costly and time-consuming, and could only be carried out
effectively by large organizations. The subsequent development of computational methods
for small molecules enabled pharmaceutical scientists to conduct structure-activity relation-
ship (SAR) studies, in which the structural and chemical properties of a desired drug were
deduced on the basis of the activity of other, yet similar, known drugs. Later, more sophis-
ticated computational methods were developed, in which, given a 3D structure of a protein
and a ligand, it became possible to characterize the physicochemical interaction between the
two molecules (receptor-based approach). The determination of numerous high-resolution
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structures of GPCRs in various states and with various bound ligands has enabled scien-
tists to use the receptor-based approach to predict the binding of many millions of potential
compounds to a target GPCR, in a relatively short time (virtual screening) 482, The top-
ranking compounds are then tested in the lab to confirm the binding and characterize their
pharmacological activity.

As mentioned above, there is a growing effort to develop allosteric drugs that will facil-
itate more accurate modulation of GPCR activity and complement the arsenal of existing
drugs, most of which act as agonists or antagonists on orthosteric sites. However, discov-
ering allosteric drugs is not an easy task, as it requires knowledge of active and inactive
conformations of the protein, which usually requires crystallization of the GPCR with vari-
ous ligands or under different conditions. Additional desired goals in GPCR drug discovery
include the following drug types 482!

« Biased drugs that activate specific signaling pathways [4>#4%), Such drugs render

treatment more specific, and their use is therefore expected to result in fewer side ef-
fects. This is particularly important in the case of GPCRs, which, as explained above,
are involved in virtually all physiological processes in the body. Furthermore, the use
of biased drugs is also expected to allow the targeting of the same GPCR for treating
different diseases [482]. In such cases, each biased drug inhibits or amplifies a different
signaling route that is initiated by the same GPCR.

+ Dual-acting drugs that can bind to different receptors or other proteins. Such drugs

TABLE 7.2 Examples of GPCR-targeting drugs.

Type of
Disease or Disorder = Disease or Disorder Drug Target GPCR
Psychiatric Depression or anxiety Buspirone 5-HT, , and D, receptors
Schizophrenia Aripiprazole D, (dopamine) receptor
Insomnia Suvorexant Orexin receptor
Cardiovascular Hypertension Valsartan Angiotensin receptor
Congestive heart failure
Thrombosis Clopidogrel ~ P2Y,, receptor
Neurological Pain Oxycodone Opioid receptors
Migraine Sumatriptan ~ 5-HT), receptor
Vomiting or nausea Dolasetron 5-HT; receptor
Respiratory Asthma or chronic Salmeterol B,-adrenergic receptor
obstructive pulmonary
disease (COPD)
Metabolic Diabetes Albiglutide GLP-1 receptor
Hormonal Hypothyroidism Parathyroid =~ PTH receptor
hormone
Acromegaly Octreotide Somatostatin receptor
Gastrointestinal Gastric ulcers Ranitidine H, receptor
Cancer Prostate cancer Leuprolide GNRH receptor
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FIGURE 7.49 Binding of the drug maraviroc to CCR5. (a) An overall view of the receptor. The
receptor is shown as a green ribbon, and maraviroc, which is bound to the ECD-TMD interface,
is shown as blue sticks. (b) A magnification of the maraviroc binding site. The drug forms nonpo-
lar interactions with Trp-248, which is thought to prevent the protein from undergoing activation-
induced conformational changes. Trp-248 and Tyr-244 constitute a switch that relays the ligand-
induced activation process to the intracellular domain. Thus, preventing Trp-248 from moving is
expected to inhibit CCR5 activation, which in turn prevents CCR5-HIV binding and viral entry
into the cell.

can couple the activity of different GPCRs, or the activity of a GPCR to that of another
protein that complements it. For example, the small molecule donecopride can both
activate 5-HT, (serotonin) receptors and inhibit the enzyme acetylcholinesterase. The
combined effect of the two activities is potentially beneficial for treating Alzheimer’s
disease [488],

« Monoclonal antibodies that bind to desired GPCRs in a highly specific manner and
modulate their activity (e.g., ***)). However, the administration and use of such drugs
is much more complicated than in the case of small molecules.

+ Drugs that affect the trafficking or desensitization of the GPCR (e.g., GRKs and
arrestins [#90).

7.6 SUMMARY

« Membrane-bound proteins constitute 20% to 30% of the human genome and are involved
in numerous cellular and physiological processes. As such, they are also involved in dif-
ferent pathologies, and therefore constitute prime targets for drugs.

o Membrane proteins reside in a two-layered lipid body referred to as the lipid bilayer.
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They are either immersed inside it or anchored to it peripherally. The highly anisotropic
lipid bilayer has complex physicochemical properties, such as amphipathicity, asymme-
try, quasi-fluidity, and curvature.

o These properties, in addition to specific interactions between membrane proteins and
lipids, affect the properties of both. Importantly, the properties of the lipid bilayer signif-
icantly constrain the structural space available for membrane proteins. Therefore, despite
the limited number of experimentally solved structures of membrane proteins, the prin-
ciples governing their structure can be deduced.

o At the primary structure level, the transmembrane regions of membrane proteins tend to
be highly nonpolar and contain on average 21 to 26 residues. These strong tendencies are
the basis for current computer algorithms that trace membrane proteins in raw genomic
sequences.

o Transmembrane segments of membrane proteins have an extremely high tendency to
form secondary structures, mostly a-helices. This property is mainly driven by a need
for lipid-exposed polar backbone groups to be paired in hydrogen bonds.

o At the tertiary structure level, transmembrane domains are mostly arranged as a-helical
bundles, and in some cases as f3-barrels. The near total dominance of the former struc-
ture probably results from its high adaptability. Indeed, helical bundles can form a range
of structures, each fulfilling a different role. For example, they can form water-filled ion
channels through which ions can diffuse across the membrane, or water-free transporters
that undergo considerable conformational changes in order to ‘pick up’ a ligand on one
side of the membrane and release it on the other side. Both of these structures contain
domains (or elements) responsible for transport, as well as domains (or elements) that
regulate transport according to cellular needs.

« Some membrane proteins have complex structures and are involved in equally com-
plex physiological processes. Examples of such proteins are G protein-coupled recep-
tors (GPCRs), which respond to a variety of hormones, factors, and even light photons.
Most GPCRs have a similar seven-transmembrane structures, and they differ mainly in
their extracellular domains. The response of a GPCR to its ligand involves conformational
changes, which allow the protein to bind and activate its cognate G-protein(s) in the cyto-
plasm. Thus, an entire signal transduction system is activated, with results that are often
dramatic to the cell. The large number of GPCR structures determined in recent years
demonstrates that the activation process involves various molecular triggers and switches,
which relay the ligand-binding signal to the intracellular side of the protein, thus creating
a binding site for the G-protein. Moreover, the binding induces conformational changes
in, and activation of, the G-protein. Although the molecular triggers and switches dif-
fer to some extent between different classes of GPCRs, many of them are associated with
shared conserved motifs, and work in similar ways.

EXERCISES

7.1 Explain why the interest in membrane proteins far exceeds their relative proportion in
a cell.
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7.2 'Thelipids found in biological membranes differ significantly from each other in chem-
ical structure and composition. What makes them all suitable as membrane building
blocks?

7.3 Unlike other membrane lipids, cholesterol has a bulky, rigid structure. In your opinion,
how would this structure affect membrane properties?

7.4 Suggest reasons why membranes of different organelles, cells, and organs differ so sig-
nificantly in their lipid composition.

7.5 A. Estimate how many encounters between a divalent cation and the plasma mem-
brane are needed in order for the cation to cross the membrane successfully. As-
sume that the radius of the cation is 1 A, and that the dielectrics of the membrane
and cytoplasm or extracellular matrix are 2 and 80, respectively.

B. Ifeach unsuccessful cation-membrane encounter lasts 107'% s, how much time may
be needed for the system to achieve a successful encounter?

7.6 Following the study of Elazar et al. (2016) (Elife 5:e12125), state the expected general
locations of the following amino acids in an integral membrane protein: Val, Trp, Arg,
Pro, and Asp. Explain your prediction.

7.7 What are the main differences between the driving forces for the folding of globular
proteins and those of integral membrane proteins?

7.8 Explain the following observations regarding membrane proteins that function in the
transport of ions:

I. Channels contain a water annulus, yet make the passing ions lose their solvation
shell for a short part of the way.

II. Carriers do not contain a constant water annulus linking the bulk solvent on both
sides of the membrane.

7.9 Peripheral membrane proteins require more than a single type of noncovalent inter-
action to bind to the membrane. Explain the underlying advantage(s).

7.10 List the different means that the protein-membrane system can use to ameliorate the
energy cost of positive hydrophobic mismatch.

7.11 Explain how activation of adrenergic receptors serves the ‘fight-or-flight’ response in
animals.

7.12 Unlike other class A GPCRs, rhodopsin has no baseline activity in the absence of an
agonist. Which structural features of GPCRs have been proposed to explain this phe-
nomenon?

7.13 List the structural features of GPCR activation that have emerged from the study of
rhodopsin’s active and inactive structures.
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