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ABSTRACT: 0-Helical membrane proteins are important for many biological functions. Due to
physicochemical constraints, the structures of membrane proteins differ from the structure of soluble
proteins. Historically, membrane protein structures were assumed to be more or less two-dimensional,
consisting of long, straight, membrane-spanning parallel helices packed against each other. However,
during the past decade, a number of the new membrane protein structures cast doubt on this notion.
Today, it is evident that the structures of many membrane proteins are equally complex as for many
soluble proteins. Here, we review this development and discuss the consequences for our under-
standing of membrane protein biogenesis, folding, evolution, and bioinformatics.
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insertion, protein biogenesis

B INTRODUCTION

Biological membranes function as barriers surrounding living
cells and organelles in eukaryotic cells. The basic unit of most
biological membranes is the phospholipids, but they also contain
alarge fraction of proteins that are interspersed among or loosely
attached to the phospholipids. Actually, proteins embedded
within the lipids can make up half of the mass of a biological
membrane." The environment surrounding the lipid-embedded
proteins is obviously very different from the environment around
water-soluble proteins. Soluble proteins are found in a watery,
hydrophilic, environment, while membrane proteins are found
within a lipid, hydrophobic, bilayer. The differences in environ-
ment have fundamental effects on the structure of the proteins.
Membrane proteins can be classified as peripheral or integral.
Peripheral membrane proteins are attached to the membrane
either loosely through electrostatic or van der Waals interactions
with the lipid head-groups or other membrane proteins, or
through a covalent anchor. Integral membrane proteins span
the membrane." Two types of integral membrane proteins have
been identified, at-helical and f3-barrels. This review will mainly
discuss O-helical membrane proteins.

ot-Helical membrane proteins are the most abundant and also
the best studied. They contain one or several a-helices. These
helices are hydrophobic and typically about 20 residues long.
These characteristics make them relatively easy to detect from
sequence. Using prediction methods based on hydrophobicity, it
can be estimated that 20—30% of the genes in most organisms
encode O-helical membrane proteins.”

[-Barrel proteins consist of [3-sheets forming a barrel-like
structure. Here, the residues in each sheet point alternatively

"This Tutorial is part of the International Proteomics Tutorial Program
(IPTP7).
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outward, facing the lipids, and inward, facing the inside of the
barrel, resulting in a sequence pattern in which the residues are
typically alternatively hydrophobic and polar. The outcome is a
polar channel through which water-soluble molecules can cross.
It has been estimated that around 2—3% of the genes in gram-
negative bacteria encodes [-barrel membrane proteins.*
Further, a handful of 3-barrel proteins can also be found in the
outer membrane of mitochondria and chloroplasts.

Integral membrane proteins are important for all cellular life,
performing many crucial functions, Figure 1. They transport
ions, metabolites, and larger molecules such as proteins and RNA
across the membranes. Membrane proteins are also responsible
for sending and receiving chemical signals, propagating electrical
impulses, attaching cells to each other, and anchoring other
proteins to specific locations in the cell. Other functions include
regulating intracellular vesicular transport, controlling mem-
brane lipid composition, and organizing and maintaining the
shape of organelles and the cell itself." It should also be noted that
membrane proteins are harder to work with experimentally than
soluble proteins, due to their hydrophobic nature. This has
resulted in an under-representation of membrane proteins
among proteins of known structure.

B BIOLOGICAL MEMBRANES

Membranes need to be mechanistically strong and flexible and
impermeable to unwanted compounds. Further, to enable trans-
port of compounds and signals there is also a need for a leakage
mechanism.' The basic components of biological membranes are
lipid molecules, consisting of a hydrophilic headgroup, and one
or more hydrophobic fatty acid hydrocarbon tails. As a
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Figure 1. (A) Functions of membrane proteins are diverse. The proteins are, for example, involved in energy transport during photosynthesis or
respiration, transport of molecules across their membranes, transmission of chemical signals or catalyze of chemical reactions. Their important functions
make them highly interesting from a medical point of view. (B) Membrane proteins can be integral or peripheral. Integral membrane proteins come in

two flavors: a-helical bundles and [5-barrels.

consequence of their amphiphilic nature, lipids aggregate and
spontaneously self-organize in water, generally into either mi-
celles or bilayers. In cells, the hydrophobic effect will cause them
to form bilayers, consisting of two sheets of lipids with their
hydrophobic tails facing each other.' The hydrophilic head-
groups shield the tails, forming an interface between the core
of the membrane and the aqueous surroundings.” There is no
sharp border between the hydrophobic core and the surrounding
water as this interface region provides a zone of gradually
changing hydrophobicity. In 1992, Wiener and White deter-
mined the structure of a bilayer of pure DOPC lipids,® Figure 2.
The hydrophobic core was about 30 A thick, while the interface
region extended about 15 A on either side. The tails of the lipids
can be of different lengths and stiffness and the size and electrical
charge of the headgroup can differ. Steroidic lipids, like choles-
terol, are very rigid and confer stability. The features and
properties of a biological membrane—thickness, ﬂuldlty, curva-
ture, pressure—will vary with lipid composition.” It varies from
organism to organism and between organelles in the same cell,
even between leaflets of the same bilayer. It is worth mentioning
that Archaea, often found in extreme habitats, employ lipids that
differ substantially from the bacterial and eukaryotic ones, even

though the hydrophilic part of the headgroups can be the same."°

B BIOGENESIS OF a-HELICAL MEMBRANE PROTEINS

The biogenesis of membrane proteins differs from the biogen-
esis of soluble proteins. The vast majority of membrane proteins
are synthesized in the cytosol, where the ribosomes translate
mRNA codons into amino acids and add them to the growing
polypeptide chain. In general, soluble cytosolic proteins simply
fold as they emerge from the ribosome. For proteins meant for

secretion or integration, the process is more complicated and
there are both cotranslational and post-translational pathways for
translocation across or insertion into the membrane.

The major system for membrane integration into the plasma
membrane is the SRP-dependent Sec pathway. Its major com-
ponents are the signal recognition particle (SRP), the signal
recognition particle receptor (SR) and the secretase (Sec)
translocon, see Figure 3. After translation is initiated, two major
steps follows:

1. Targeting to the translocon. The SRP will recognize and
bind a highly hydrophobic stretch of the nascent polypep-
tide chain, the signal peptide, when it emerges from the
ribosome. In eukaryotes, but not in prokaryotes, this
arrests the chain elongation until the ribosome contacts
the translocon. SRP then binds to its receptor in the ER
membrane (eukaryotes) or in the plasma membrane
(prokaryotes), which catalyzes the transfer of the ribo-
some-nascent chain-complex to the translocon.

2. Translocation/integration. After transfer to the translocon,
the exit tunnel in the ribosome is aligned with the trans-
locon pore and the nascent molecule is threaded directly
through the channel as it is being synthesized." Since
protein translation and translocation or membrane inser-
tion occur simultaneously, the process is termed cotrans-
lational." When the signal peptide reaches the translocon it
either reorients, placing the N-terminal in the cytosol, giving the
protein an Nj,-orientation, or it does not, resulting in an N,
orientation. As translation and chain elongation proceed, the
nascent chain passes through the translocon channel. Segments
that are of sufficient length and hydrophobicity will exit the
channel laterally and enter the lipid bilayer.""
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Figure 2. (A) Structure of 1,2-Dioleoyl-sn-Glycero-3-phosphocholine (DOPC) lipid bilayer after 1.5 ns molecular dynamics simulation. The figure is
adapted from Feller, 1997. (B) Distribution of the functional groups across a DOPC lipid bilayer, as determined by X-ray and neutron diffraction
measurements. The colors in both figures should represent similar groups. The figure is adapted from Wiener 1992.

ribosome

Figure 3. Translocon apparatus can be seen as a switching station that
receives elongating peptide sequences from the ribosome, and directs
them either across the membrane or into the membrane bilayer,
depending upon the segment’s properties. The figure is influenced by
White, 1999.

It has been assumed that transmembrane helices move into the
lipid membrane from the protein-conducting channel through a
partitioning process, where sufficiently hydrophobic helices
prefer the bilayer, whereas more polar helices favor the

translocon. Therefore, the process would appear as an equilib-
rium process in which favorable interactions between lipids and
amino acid side chains promote membrane integration rather
than translocation.'' The efficiency with which a transmembrane
segment is integrated by the translocon should then be sensitive
to the relative positions of amino acids within the segment. This
trend is evident when looking at amino acid distributions in
known membrane protein structures.'>

For single-spanning proteins, it seems that the hydrophobi-
city, according to the biological hydrophobicity scale, determines
whether or not a given polypeptide segment will form a trans-
membrane segment. For multispanning proteins, the known
three-dimensional structures show that a surprisingly large frac-
tion of their membrane-spanning segments do not follow this
trend. Indeed, more than 25 segments in multispanning proteins
may depend on interactions with other parts of the same pep-
tide chain for efficient insertion.'" A few examples where the
interaction with neighboring helices aids the insertion have
been found."

Other Systems for Insertion of Membrane Proteins

Even though most membrane proteins seem to be inserted via
the SRP-dependent Sec pathway, there are other insertion
mechanisms. These are found in the bacterial membranes and
in the membranes of the eukaryotic mitochondria, chloroplasts
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Figure 4. Structure of the Glutamate transporter homologue. The
colored segments correspond to the most hydrophobic regions of each
transmembrane helix. The more bluish the more hydrophobic is the
segment. The location of the membrane borders are indicated with gray
lines. During the positioning of transmembrane regions in the folded
glutamate homologue, structure does clearly not always correspond to
hydrophobic region.

and peroxisomes. A very brief review of these systems will be
given here.

Mitochondria lack the Sec translocon completely and instead
this dual-membrane organelle is equipped with an elaborate
system for import and insertion of membrane proteins, involving
six major protein complexes and a number of chaperons.**

In peroxisomes, some membrane proteins are imported
cotranslationally, in a not yet completely elucidated process,
while others come in vesicles budded off from the ER."

Chloroplasts have translocons of the inner and outer mem-
branes (TOC and TIC) as well as the twin arginine translocon
(Tat) that translocates folded proteins over the thylakoid
membrane and seems to be involved in the insertion of some
integral membrane proteins. The Tat system is also found in
Eubacteria, Archaea, and plant mitochondria.'®

Folding of Membrane Proteins

The selection of transmembrane segments is only the first step
in the complex process of bringing the transmembrane segments
together to form the native protein structure. After translocon-
guided insertion, the transmembrane segments of multispanning
membrane proteins must condense to form the final folded
three-dimensional structure. Originally, it was believed that the
folding process of membrane proteins was quite simple. How-
ever, recent studies have shown that large rearrangements are
quite common.'” Also, it has been indicated experimentally that
some helices are not inserted cotranslationally but only later
during the folding process.''® It is quite likely that reentrant
regions ~ also are inserted into the membrane post-translation-
ally. One particular intriguing protein is the Glutamate transpor-
ter homologue, see Figure 4. Here, residues 151—171 are
recognized as the fourth helix by the translocon. Later, during

folding, this helix is shifted so that residues 129—160 cons-
titute the transmembrane helix.'” It has also been found that
Aquaporin 1 undergoes large structural rearrangements after
translocon recognition.13"18 Here, the second helix is not recog-
nized by the translocon and consequently helix number 3 is
inserted in the wrong orientation. Later on, helix 2 inserts and
helix 3 flips. The molecular details of this process are not known.

Stabilizing Forces of Membrane Proteins

During the folding of a protein some residues will remain
exposed to the environment while others will become buried in
the protein interior. For water-soluble proteins it is energetically
favorable to bury hydrophobic residues and expose polar and
charged residues surrounding water. However, transmembrane
proteins face three distinct environments: a hydrophobic lipid
environment inside the membrane, a hydrophilic water environ-
ment outside the membrane, and an interface region rich in
phospholipid headgroups. As a result of these distinct environ-
ments, the surfaces of transmembrane proteins need to expose
different types of residues at different locations. However, the
interior of transmembrane proteins could, at least for stability,
remain identical to what is found in the interior of soluble
proteins.

Early studies of the bacteriorhodopsin structure suggested that
membrane proteins are “inside-out”, that is, that they consist of a
hydrophilic interior and a hydrophobic exterior. However, later
studies indicate that the “inside-out” rule is not generally applic-
able to all a-helical membrane proteins.”®”** The dominant
driving force behind folding of water-soluble proteins is the
hydrophobic effect that minimizes unfavorable interactions
between hydrophobic residues and water.”® In the membrane
environment, this driving force does not exist, nor is there any
major driving force to bury polar residues within the protein
interior, as the solvent environment there does not differ
significantly from the one of the membrane core.

In the absence of a strong hydrophobic effect, it has been
proposed that hydrogen bonds or ionic interactions are the main
driving forces in membrane protein folding. However, even if
hydrogen bonds certainly are important, recent studies have
indicated that hydrogen bonds are not significantly stronger
within the membrane than outside.”* This is in contrast to what
has been observed in apolar solvents, indicating that such
solvents do not accurately approximate the membrane environ-
ment. This might also explain the observed difference between
the biological hydrophobicity scale”>* and other hydrophobi-
city scales, most of which were derived from experimental setups
utilizing apolar solvents. In general, both experimental and
theoretical studies in these solvents indicate a significantly higher
energetic cost for inserting polar groups into a lipid environment
than what the biological hydrophobicity scale predicts. However,
when additional proteins are included in the description of the
lipid environment, this discrepancy disappears.’

The existence of a number of motifs involving small side
chains has been proposed to be important for membrane protein
stability.”® These motifs allow tight packing of TM helices. Short
chained-residues are spaced in such a way that they end up on the
same side of their helix, that is, in positions i and i+4 or in i and
i+7, creating a surface that allows close proximity. Statistics show
that Glycine zippers occur in more than 10% of all known MP
structures.” These motifs usually form right-handed crossings of
the helices. Tightly packed helices are stabilized by stronger van
der Waals interactions due to closer proximity of the interact-
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ing helices. Many helix—helix interfaces are also stabilized by
hydrogen bonds, both “classical” bonds and the weaker bonds
involving the peptide backbone, C.—H— 0.*°It has been shown
that the residues participating in hydrogen bonds are more
conserved than other buried residues and that the packing
preferences differ between channels and transporters and other
membrane proteins, mostly because these classes of protein
are enriched in different amino acids.>"** In channels and trans-
porters, the helix—helix interfaces are not as tightly packed,
hydrogen bonds occur more frequently and are often found in
proximity to water-filled cavities, providing alternative bonding
partners and allowing weaker bonds suitable for the structural
rearrangements needed for functionality.*®

B STRUCTURE OF MEMBRANE PROTEINS

For along time the general view was that 0.-helical membrane
proteins form simple helix bundles, with their hydrophobic
transmembrane helices crossing the membrane in more or less
perpendicular orientations. Indeed, many membrane proteins,
abide by this principle. Bacteriorhodopsin is one example of such
a protein. It is a seven-helix bundle and functions as a light-driven
proton pump: small, light-induced movements in its transmem-
brane helices entice protons to translocate across the membrane
against an electrochemical gradient. The helices lie almost
straight in the membrane and pack with typical knobs-into-holes
packing angles."!

However, some more recently solved membrane protein
structures show that the structural repertoire is much more
complex. The first such example was discovered when the
structure of aquaporin was solved in 2000.** In addition to the
six long-standard transmembrane helices, aquaporin contains
two “reentrant” regions. Such reentrant regions span only part of
the membrane and enter and exits the lipid bilayer on the same
side. Later studies have shown that membrane-embedded helices
can be short, long, kinked or interrupted in the middle of
the membrane (coils), almost perpendicular to the membrane
plane, strongly tilted, laying flat on the surface of the membrane
(interfacial helices), or even span only a part of the membrane
and then turn back as in the case of aquaporin. In addition,
some helices are packed in manners that do not follow the simple
“knobs-into-holes” geometry.6

The glutamate transporter homologue is one protein with
many such deviations and, as Figure 4 shows, it has a complex
topology. This protein contains long, steeply inclined helices and
short, closely spaced pairs of helices forming reentrant regions.
There are also stretches of nonhelical structures, deep within the
membrane that are largely buried between the transmembrane
helices. In summary, structural irregularities include kinked TM-
helices, interfacial helices,* reentrant regions,19 and coils in the
membrane.>

Amino Acid Preferences of a-Helical Membrane Proteins
To fold properly, amino acid frequencies in membrane
proteins have adopted to the three different environments
surrounding them. This has resulted in that different amino acids
are preferred at different locations along the normal of the
membrane surface. In short, hydrophobic amino-acids are fre-
quent in the core of the membrane, while tyrosine and trypto-
phan are frequent in the polar headgroup (interface) regions and
amino acid distributions outside the membrane resembles the
one of soluble proteins, see Figure 5. Charged residues also have
statistically preferred locations, and we will discuss the so-called

snorkeling effect, the positive inside rule and the importance of
these residues for function.

Even if membrane proteins are very hydrophobic within the
membrane core region and about 70% of all amino acids in the
core of the membrane are hydrophobic, see Figure 5, exceptions
to this and the other statistical patterns mentioned above are seen
as more and more three-dimensional structures are solved. We
again want to remind the reader that charged residues and
sequences causing irregular secondary structure within the
hydrophobic core have been observed.>*”

Tyrosine and Tryptophan are more abundant about 15—20 A
away from the center of the membrane, that is, within the
interface region. This rather tight anchoring, employed to a
higher degree by 3-barrel proteins, seems to be due to both steric
and electrochemical factors. In the interface region, the polar
groups of these amino acids can interact with the phosphate
groups, while the hydrophobic rings can interact with the lipid-
chains. It has even been observed that there is a preference for
Tyrosine and Tryptophan to point toward the phosphlipid
headgroups, that is, residues that are located outside the interface
region point the polar groups inward, while the ones located
outside point the polar groups outward.>® Phenylalanine is also
aromatic, but entirely hydrophobic, and is not biased toward the
interface region.

Charged or polar amino acids are energetically unfavorable
within the membrane core. However, they are energetically
tolerated toward the termini of the transmembrane helices.***°
In particular, the polar groups of the long side chains in arginine
and lysine can “snorkel”, that is, orient themselves so that the
polar groups approach the interfacial and aqueous regions. This
allows them to pull hydrating waters into the hydrocarbon part of
the bilayer and create polar microenvironments for themselves.
Obviously, a long side chain is advantageous for snorkeling and
therefore Arginine is more frequent close to the membrane
center than Lysine.*®

Polar amino acids are also found in the center of the
membrane when binding ions or lining water filled channels.*”
These residues are often functionally important and therefore
evolutionarily conserved. Also, in contrast to polar amino acids
found outside the membrane, within the membrane these residues
are preferentially not exposed. This also partly contributes to
their conservation, as it is more difficult to replace a buried amino
acid than one that is exposed to the surrounding environment
without causing the structure of the protein to change. However,
even when taking this into account the polar residues are more
conserved than other residues within the membrane core,
indicating their functional importance.

Further, it can be noted that the positively charged (basic)
amino acids Arginine and Lysine are more frequent on the inside
(cytosolic) side of the membrane, confirming the so-called
positive inside rule.’** Positively charged, basic residues are
strong topology signals with a preference for the cytosol. Acidic
residues do not effect topology as strongly, or at all, and show no
statistical preference for loops on either side of the membrane.
However, they seem to have a greater influence on topology in
Secindependent translocation. During Sec dependent, cotransla-
tional insertion protein segments are affected by positively charged
residues. If placed downstream of and close to a transmembrane
segment of Cj,-orientation, a single Arg or Lys can lower the
apparent free energy of insertion of that segment with about
0.5 kcal/mol.*! The effect is additive, the more charged residues,
the lower the free energy. Also, a stretch of six lysines has been
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structure frequencies when ignoring transmembrane helices.

shown to affect insertion from a distance of up to 2S residues
away for a single-spanning protein and up to 12 residues away for
a transmembrane helix in a multispanning protein, when ex-
pressed in an in vitro system.*” Histidines are not charged at the
physiological pH of the cell but have a similar effect if the pH is
lowered.*

The exact mechanisms behind the positive inside rule are not
yet fully understood, and they may differ slightly between
Archaea, Bacteria and Eukarya. For example, the retaining effect
of positive charges is more pronounced in E. coli than in
microsomes (miniature eukaryotic ER membrane), most likely
due to the much stronger electrochemical potential over the
bacterial inner cell membrane.**

Secondary Structures within the Membrane

In general a-helical membrane proteins consist of a core of
long, about 20 residues, helices, see Figure S. In the vicinity of the
phospholipid headgroups these helices are terminated and there-
fore this region is enriched in coil residues. It can also be noted
that hardly any f3-sheet residues are found close to the mem-
brane. When taking a closer look it is clear that in addition to coil

residues in this region it contains “interface-helices”, but no
B-sheets.>

Although most of the residues in the membrane core are in a
helical state, about 7% coil residues are found.** This means that
on average about one residue in each TM helix is in a nonhelical
state. In a coil, the peptide backbone forms no regular secondary
structure, hence exposing its polar backbone. It has been found
that particularly in channels and transporters, this feature occurs
frequently and is important for function. In TM helices, these coil
residues might provide a higher degree of structural flexibility,
creating swivels and hinges and also positioning side chains
properly for interactions. As proposed by their conservation they
are often functionally important. Both polar residues and back-
bone coil residues are most frequent among channels and
transporters.

Reentrant Regions. As briefly mentioned above, reentrant
loops are segments that penetrate the lipid bilayer without
traversing it, entering and exiting on the same side. They have
been estimated to occur in at least 10% of all multispannin
membrane proteins, mostly in ion and water channels.'”*
Although some attempts have been made to identify reentrant
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regions from sequence alone no method can identify them with high
confidence so these numbers are quite uncertain.*® Most likely this
is due to the large variation seen between different reentrant
regions. Reentrant regions can either consist of (1) helix-turn-
helix and are, if long enough, sometimes hard to distinguish
from two transmembrane helices; (2) shorter segments of
coil—helix or helix—coil, and (3) even shorter segments of
purely irregular coil structure. Reentrant loops are enriched in
prolines and small residues, especially glycines and alanines.

H BIOINFORMATICS

The topology, that is, secondary structure, of membrane
proteins is quite easy to predict even using simple methods.
Some limited prediction accuracy of entire 3D-structures has also
been reported.*” The first methods only used hydrophobicity
and were actually quite accurate. However, with the inclusion of
the positive inside rule into the TOPPRED method the accuracy
increased dramatically. Slightly later, MEMSAT was introduced.*®
In contrast to earlier methods, the topology is predicted by
finding the optimal path through a model mimicing a membrane
proteins. The scoring is based on statistical preferences of amino-
acids in different parts of transmembrane protein. This was much
later used in methods based on hidden Markov models.*”*°
Surprisingly, recent benchmarks show that these two methods
still perform quite well and often better than methods developed
more recently. A clear improvement was not achieved until the
appearance of methods combining multiple sequence alignments
and hidden Markov models.>" Recently, the inclusion of the more
accurate biological hydrophobicity scale,” a combination of several
machine learning methods,**** and the use of consensus methods™*
have increased the accuracy even further.

Despite much progress, three major chanllenges for TM
topology predictions remain. First, the appearance of more
complex membrane protein structures has created a need for
more complex methods to predict structural features of mem-
brane proteins. One such method is OCTOPUS.* In OCTO-
PUS, a combination of artificial neural networks and hidden
Markov models tries to identify not only the transmembrane
regions of a membrane protein but also reentrant regions and
interface helices. This has resulted in an increased accuracy in the
topology predictions, but unfortunately the ability to identify
nonstandard features is still quite limited. Most likely, this is due
to the low number of membrane proteins with known structure.
The second major challenge for membrane protein topology
predictions is how to distinguish between membrane regions
and signal peptides. The first method that could do this with
some accuracy was Phobius®® and later some improved
methods have been introduced.**>® Finally, it has recently
been shown that altough the prediction accuracy is similar
between the best methods the predictions on a genome scale
differs significantly.*
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