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Abstract: This review discusses main features of transmembrane (TM) proteins which distinguish
them from water-soluble proteins and allow their adaptation to the anisotropic membrane environ-
ment. We overview the structural limitations on membrane protein architecture, spatial arrange-
ment of proteins in membranes and their intrinsic hydrophobic thickness, co-translational and
post-translational folding and insertion into lipid bilayers, topogenesis, high propensity to form
oligomers, and large-scale conformational transitions during membrane insertion and transport
function. Special attention is paid to the polarity of TM protein surfaces described by profiles of
dipolarity/polarizability and hydrogen-bonding capacity parameters that match polarity of the lipid
environment. Analysis of distributions of Trp resides on surfaces of TM proteins from different bio-
logical membranes indicates that interfacial membrane regions with preferential accumulation of
Trp indole rings correspond to the outer part of the lipid acyl chain region—between double bonds
and carbonyl groups of lipids. These “midpolar” regions are not always symmetric in proteins from
natural membranes. We also examined the hydrophobic effect that drives insertion of proteins into
lipid bilayer and different free energy contributions to TM protein stability, including attractive van
der Waals forces and hydrogen bonds, side-chain conformational entropy, the hydrophobic mis-
match, membrane deformations, and specific protein-lipid binding.
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Introduction

Biological membranes separate cells from the exter-
nal environment by creating selective permeability
barriers. In eukaryotic cells, membranes also divide
cells into specialized compartments or organelles,
such as nucleus, mitochondria, chloroplasts, endo-
plasmic reticulum, Golgi apparatus, lysosomes, per-
oxisomes, vacuoles, and transport vesicles. Different
types of biological membranes grow, divide, evolve
and function as complex macromolecular assemblies
with specific lipid, protein, and carbohydrate compo-
sitions and distinct physical properties.

The lipid bilayer of cellular membranes is
crowded with integral membrane proteins, with lip-
id:protein ratios ranging from 4:1 to 1:4 by mass.’
Membrane proteins may be classified as transmem-
brane (TM), which span the entire lipid bilayer,
monotopic, which are permanently inserted into the
membrane from one side, and peripheral proteins
that bind to the membrane transiently. Membrane
proteins participate in all vital cellular process,
including protein and lipid biogenesis, cell shape
regulation, transport, cell recognition and adhesion,
energy production and homeostasis, signal transduc-
tion, and generation and propagation of electric
impulse.

Because of the technical challenges, the pace of
elucidation of three-dimensional (3D) structures of
TM proteins is much slower than that of water-
soluble proteins. Nevertheless, recent process in pro-
tein expression, crystallization, and the emerging
crystallography on submicrometre-sized crystals has
significantly accelerated membrane protein struc-
ture determination.?? In addition, improved NMR
techniques have helped study structure and dynam-
ics of TM B-barrels®® and multi-helical proteins,®’
and allowed structural determination of dozens of
oligomers formed by single-spanning TM proteins,
for which crystallization usually fails to yield diffrac-
tion quality crystals.51°

3D structures of TM proteins are provided by
the Protein Data Bank (PDB).!! To date, more than
1000 distinct structures of more than 500 TM pro-
teins and protein complexes have been determined.
They are represented by ~2000 PDB entries. Many
of these structures are listed in Stephen White’s
database,'? the Membrane Proteins Data Bank'®
and the transporter classification database.'* Three
other specialized databases provide derivative PDB
files with calculated locations of hydrophobic mem-
brane boundaries: Protein Data Bank of Transmem-
brane Proteins,'® the Goarse-grained molecular
dynamics simulation database,'®!” and the orienta-
tions of proteins in membranes (OPM) database.'®
Collection of membrane proteins in specialized data-
bases facilitates comparative analysis of membrane
proteins. OPM is the most convenient resource for
such analysis, because it simultaneously provides
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spatial positions, classification, biological origin, dif-
ferent conformations and oligomeric states, topology,
and intracellular localization of TM, monotopic, and
peripheral proteins. Spatial positions of proteins in
membranes were determined in OPM by optimizing
transfer energy of molecules from water to the ani-
sotropic lipid environment.'® In addition, the under-
lying positioning of proteins in membranes (PPM
2.0) method provides methodology for analysis of
polarity of protein surfaces.’

Adaptation of TM proteins to the lipid bilayer
leads to a number of structural features which dis-
tinguish them from water-soluble proteins. Major
features are briefly reviewed here, including the fol-
lowing: (a) limitations imposed by the lipid bilayer
on protein architecture; (b) hydrophobic thickness
and spatial arrangement of TM proteins in the lipid
bilayer, (c) changes in TM protein surface polarity
along the bilayer normal that can be described by
polarity profiles; (d) the chaperone-assisted insertion
and folding of proteins into membranes; (e) role of
charged residues in topogenesis of TM proteins; (f)
significant oligomerization propensity of proteins in
the two-dimensional lipid matrix; (g) large-scale con-
formational transitions of proteins during their asso-
ciation with membranes and transport function. We
also discuss physical forces that drive membrane-
protein integration and specific interactions of TM
proteins with each other and membrane lipids. The
analysis uses 483 unique structures of TM proteins
and other information provided by the OPM data-
base (Supporting Information: Tables S1 and S2).

Structural Architectures of TM Proteins

The structural diversity of integral membrane pro-
teins is limited by the restrictions imposed by their
hydrophobic environment. TM «-helices, B-barrels,
and B-helices are the only known protein architec-
tures that fulfill the requirement to saturate the
hydrogen bonding potential of their polar main-
chain groups buried in membrane from water.
Because of the limitations on protein structure, the
probable number of membrane protein families was
estimated as about 10 times fewer than that for
soluble proteins.2! A recent estimate suggests that
80% of the sequence space for all polytopic mem-
brane proteins may be covered by only ~700 struc-
tures, while 70-80% of soluble protein domain
sequences may be covered by ~25,000 structures.??

TM a-helical proteins

The vast majority of TM proteins are «-helical (Fig.
1). These proteins are found in all types of biological
membranes and are encoded by ~25-30% genes in
sequenced organisms.??> TM proteins are known as
bitopic or polytopic if they cross the membrane only
one or multiple times, respectively. Bitopic proteins
represent the largest membrane protein class
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Figure 1. Complex structure of a-helical membrane proteins. (A) A trimer of sodium (Na*)-coupled aspartate transporter Gltpp,
from Pyrococcus horikoshii in complex with aspartate (2NWL) has a bowl-shaped architecture with a crevice reaching halfway
the lipid bilayer and open to the aqueous environment. Individual subunits in a trimer are colored grey, yellow, and green,
aspartate molecules are shown by red spheres. (B) A monomer (2NWX, subunit A) has 8 TM helices and 2 reentrant loops from
both membrane sides (yellow and orange). The highly tilted and bended 46 residue-long TM5 extends beyond the lipid bilayer
on the cytoplasmic side (light blue). Reentrant loops and two marginally hydrophobic helices (discontinuous TM7 and TM8,
blue) form the translocation pathway for substrate-aspartate (red spheres). The unwound region of TM4 defines the binding site

for sodium ions (purple balls). (C) Site-2 Zn-metalloprotease from Methanocaldococcus jannaschii (3B4R) represents the TM
six-helical a-bundle with three short helices (TM1, TM5, TM6) and a discontinuous TM4 helix. TMs 2-3 (light blue) and TM4
(blue) form protein core with a catalytic Zn?"ion (green sphere) in the active site, which is coordinated by two histidines and an
aspartate. An unusual structural feature is a membrane-inserted four-stranded B-sheet (yellow) that occludes the active site.
Calculated hydrophobic membrane boundaries from the OPM database are shown by lines: blue at the cytoplasmic side and

red at the periplasmic/extracellular side.

covering 15-18% and 30-47% of membrane pro-
teomes in prokaryotes and eukaryotes, respec-
tively.2* Genome-wide analysis of membrane
proteins demonstrates that while proteins with
small number of TM segments are prevalent in all
organisms, prokaryotes also have a higher prefer-
ence for proteins with 6 and 12 TM «-helices, and
eukaryotes for proteins with 7 TM a-helices.?® It is
noteworthy that proteins with even number of heli-
ces and with N- and C-termini located at the cyto-
plasmic membrane side are strongly overrepresented
in eukaryotic and bacterial proteomes.2®

To date more than 400 unique 3D structures of
TM «-helical proteins and protein complexes are
available for structural analysis (Table S1). How-
ever, the actual number of different structures is
much greater due to the presence of PDB entries
corresponding to different conformational, muta-
tional, and oligomeric states, and complexes with
distinct ligands or cofactors. Most structures repre-
sent prokaryotic proteins from archaebacteria (32
structures), Gram-negative bacteria (151 structures),
and Gram-positive bacteria (33 structures). There
are also 165 unique structures of eukaryotic TM «-
helical proteins, most of which are from the plasma
membrane and the endoplasmic reticulum, ER (103
and 21 structures, respectively), whereas only 7, 17,
14, and 3 structures represent a-helical proteins
from the mitochondrial outer membrane (MOM),
mitochondrial inner membranes (MIM), thylakoid,
and vacuole/vesicule membranes, respectively.
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2728 of «-helical membrane

Structural analysis
proteins indicate the complexity of their architec-
ture. TM «-helices are not necessarily straight,
hydrophobic, and long enough to traverse the entire
bilayer, rather they can be bent, distorted, or shorter
than a half of the membrane thickness.2?3® Struc-
tural details of TM «-helical proteins have been
extensively reviewed.?”?13¢ Here we only briefly
outline them.

TM «-helices of membrane proteins are gener-
ally hydrophobic. However, more than 30% of TM «-
helices in polytopic proteins have low hydrophobic-
ity.3" 3% Such marginally hydrophobic TM segments
are frequently functionally important and present in
ion channels and transporters.’’® Computational
methods of TM helix prediction are based on search
of long hydrophobic stretches and therefore often
fail to recognize such helices.**? Though single-
spanning helices of bitopic proteins are generally
more hydrophobic than TM segments of polytopic
proteins,*>** around 20% of TM helices in bitopic
proteins contain polar residues.?* The average num-
ber of polar residues per helix in bitopic proteins
decreases from 4 in prokaryotic to 2 in eukaryotic
proteins.2* The presence of polar and ionizable resi-
dues in single-spanning TM proteins was shown to
promote helix—helix association.*>™7

Lengths of TM «-helices range from 15 to 39
residues with an average length of ~26 residues and
preference for lengths greater than 20 residues. This
differs from helices in water-soluble a-bundles that
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have an average length of ~15-18 residues per helix
and preference for shorter helices.?>%348 Helices
usually traverse the entire bilayer with tilt angle
ranging from 5° to 35° relative to the membrane
normal,®! and an average tilt 17° + 11°.23 However,
more tilted helices (tilt >45°) exist, for example, in
structures of chloride-protein antiporter CIC (1KPL),
sodium-hydantoin  transporter = Mhpl (2JLN),
sodium-dependent glutamate transporter GIltPh
(2NWL) [Fig. 1(A,B)], ammonia channel (1U7QG),
SecYEG translocon (subunit SecE, 3DIN), complex
III (2FYU), ECF-transporter complex (subunit EcfS,
4HUQ, 4HZU). The very long and tilted helices usu-
ally form extensive contacts with 3-5 helices thus
stabilizing protein structure.

TM «-helices may be straight or distorted due to
the presence of kinks induced by Pro, tight turns of
310-helix, or wide turns of n-helix induced by inser-
tions of a single residue into a-helix.>* Almost 40%
of TM helices have irregularities, as compared to
19% in water-soluble proteins.>? TM o-bundle pro-
teins may include a B-sheet, as it was found in
structure of the site-2 meltalloproteinase (3B4R)
[Fig. 1(C)]l. Some «-helices are discontinuous (e.g.,
3RKO), or penetrate only halfway into the mem-
brane, thus forming reentrant loops.2”2>4° Re-
entrant loops constitute a signature element in
aquaporins (e.g., 3C02), voltage-gated potassium
channels (e.g., 2R9R), rhomboid proteases (e.g.,
4H1D), CIC H'/Cl~ exchange transporters (e.g.,
1kpl), H"-Glu™ symporter (e.g., 3KBC), SecY trans-
locases (e.g., 1RHZ). Exposed main-chain in discon-
tinuous helices and non-helical regions of reentrant
loops are often associated with binding sites of ions
or substrates and regions with increased conforma-
tional flexibility.?°

Many membrane proteins have repeated TM
domains with similar tertiary structure.?” These
tandem domains may have either parallel or anti-
parallel topology in the lipid bilayer. In the latter
case, they are named inverted repeat domains. Pro-
teins with duplicated TM domains in parallel orien-
tation include ABC-transporters expressed as a
single polypeptide (e.g., P-glycoprotein, 3G5U), and
numerous secondary transporters: mitochondrial
ATP-ADP carrier formed by three helical hairpins
with a pseudo threefold symmetry (10KC), different
transporters from the major facilitator superfamily
(1PW4, 2CFQ, 2XUT, 3WDO, 307Q, 3H5M, 4GCO0,
4J29, 4M64) and from the resistance-nodulation-cell
division®! family (2V50, SNE5), where two halves of
12 TM «-bundle are related by a pseudo twofold
axis. Among proteins with inverted repeat domains
are aquaporins (1PW4), glycerol-conducting channel
GlpF (1LDF), ammonia channels Amtl (2B2F), SeqY
translocase (1RHZ, 3DIN), transporters BtuCD
(1L7V), CIC H"/C1~ exchange transporter (1KPL),
Leu transporter LeuT (2A65), Na*/H" antiporter
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NhaA (4BWZ).2"26 These proteins probably evolutio-
narily arise from duplication of the corresponding
genes, which may lead to formation of covalently
linked dual topology dimers.2:52

TM B-barrels

The second common type of TM proteins is a B-
barrel (Fig. 2). TM B-barrels are abundant in outer
membranes (OM) of Gram-negative bacteria, myco-
bacteria, mitochondria and plant plastids. In addi-
tion, various toxins create B-barrel pores in host cell
membranes. A TM B-barrel can be formed either by
a single polypeptide chain or by multiple chains.
Currently there are 102 unique structures of TM -
barrels, among them 90 structures represent single-
chain barrels and 12 structures are multi-chain bar-
rels (Table S2). All known TM B-Barrels have the
simplest sequential up-and-down topology of anti-
parallel B-strands. It was suggested that a B-hairpin
serves as a principal evolutionary building block of
such proteins.?® All TM B-barrels can be divided into
three groups based on their topology and
localization.

The first and the most numerous group includes
single-chain B-barrels from the bacterial OM [Fig.
2(A,B)]. Around 2-3% proteins encoded by genomes
of Escherichia coli and Pseudomonas aeruginosa are
estimated as probable OM B-barrels.?6°45% Struc-
tural features of OM B-barrels have been extensively
reviewed®®%° and will be only mentioned here.

OM B-barrels are composed of an even number
of antiparallel B-strands, and their N- and C-termini
face the periplasm. B-Strands are tilted by ~35-50°
and connected via long loops on the extracellular
side and short turns at the periplasmic side of the
membrane. The internal pore has an oval shape
with hydrophobic and aromatic residues being
exposed to the lipid bilayer, while polar and charged
residues face the interior of the pore. The most
abundant OM proteins are porins that have 16 or 18
B-strands. Porins facilitate passive diffusion of small
molecules across the membrane and can discrimi-
nate these molecules based on their size, charge,
and lipohilicity. Some 8- to 12-stranded B-barrels act
as enzymes, receptors, or adhesion molecules.
Larger, 12- to 24-stranded pB-barrels function as
transporters of proteins involved in adhesion or bio-
film formation. Because the OM lacks proton motive
force, most B-barrels do not use energy. However,
some of them can actively import molecules (e.g.,
iron complexes, nickel chelates, vitamin B12, and
carbohydrates) against concentration gradients
because they form complexes with active transport-
ers from the bacterial inner membrane (IM). For
example, 22-stranded TonB-dependent FhuA (1QFG)
and BtuB (2GSK) transporters can use active trans-
port mechanisms through interactions with TonB-
ExbB-ExbD complex from the bacterial IM.5*

Adaptation of Proteins to Membrane Environment
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Figure 2. Different types of TM B-barrels. (A) Trimer of maltoporin LamB from the OM of E. coli with sucrose in the hydrophilic
channel (1AF6). Each monomer of the sugar transporter represents a 18-stranded single-chain TM B-barrel with a channel that
selects sugars through interaction with aromatic residues. (B) Monomer of NalP autotransporter from the OM of Neisseria men-
ingitides (1UYO). NalP is a 12-stranded single-chain TM B-barrel with the N-terminal passenger domain (red helix) inside the
pore that can be released after the self-cleavage. (C) Multichain B-barrel of TolC from the OM of E. coli (1EK9). 12-Stranded -
barrel of TolC is formed by homotrimer. (D) Single chain B-barrel of mitochondrial voltage dependent anion channel VDAC-2
from the MOM of Danio rerio (4BUM). VDAC-2 represents a 19-stranded TM B-barrel with N-terminal amphiphilic a-helix
located inside the circular channel, which is involved in voltage sensing. (E) Multichain B-barrel of MspA porin from the OM of
Mpycobacterium smegmatis (1UUN). The stem domain of MspA represents a 16-stranded B-barrel formed by homo-octamer.

Calculated membrane boundaries from the OPM database are shown by red and blue lines.

The second group is represented by single-chain
B-barrels formed by isoforms of the mitochondrial
voltage-dependent anion channel (VDAC) [Fig. 2(D)],
the most abundant proteins in the MOM.%? VDAC
has an unusual topology and is not evolutionarily
related to bacterial porins.®® Unlike bacterial OM
B-barrels, VDAC-1 (3EMN) and VDAC-2 (4BUM)
have an odd number of antiparallel B-strands that
are closed through a pair of parallel B-strands (1st
and 19th).>%37%5 Both isoforms have short loops at
both membrane sides and N-terminal amphiphilic «-
helix inserted into the round-shape channel.

The third group includes multi-chain B-barrels.
Unlike single-chain B-barrels, they are obligatory
homo- or hetero oligomers, where each subunit pro-
vides several B-strands to a B-barrel that encloses a
channel with a relatively large inner diameter. The
most extensively studied multi-chain B-barrels are
TolC-like proteins (1EK9, 1YC9, 3PIK, 1WP1), the
OM components of the bacterial Type I secretion sys-
tem involved in extrusion of drugs and proteins®%-¢7
[Fig. 2(C)]. Homotrimeric 12-stranded [-barrels

Pogozheva et al.

were also found in bacterial autotransporter adhe-
sins Hia (2GR7)°® and YadA (2LME).* Another
multi-chain B-barrel is the goblet-like mycobacterial
MspA porin (1UUN), the most abundant protein
from the OM of Micobacterium smegmatis that ena-
ble the transport of hydrophilic nutrients into myco-
bacteria® [Fig. 2(E)].

Multi-chain TM B-barrels are also formed by
diverse pore-forming proteins, such as mammalian
perforins or certain toxins from bacteria, fungi,
plants, and eukaryotic parasites.”>”! The known
structures of TM B-barrels of bacterial toxins repre-
sent mushroom-shaped homo-heptamers (7AHL,
3044, 4H56)">" or bicomponent octamers (3B07)"®
[Fig. 3(C)].

TM [-helices

The B-Helix is another type of regular structure
which can be stable in the lipid bilayer. It can be
formed by peptides with alternating L- and D-amino
acids, such as non-ribosomal antibiotics, gramicidin
A, B, C.""" The cation-conducting structure of
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Figure 3. Conformational rearrangements of bacterial pore-forming toxins (PFT) upon binding to membranes. (A-C) Structures
of B-PFT from Staphylococcus aureus: (A) soluble form of LukF monomer, a homologue of a-hemolysin (1PVL), (B) monomer of
a-hemolysin from the oligomer (7AHL), (C) a-hemolysin heptamer (7AHL). Conformational changes in a-hemolysin include
release of an amphiphilic B-hairpin (residues 108-147), oligomerization of seven molecules to create a stem domain with the
central hydrophilic channel, and insertion of the stem domain into the membrane. (D-F) Structures of a-PFT from E. coli: (D)
soluble form of ClyA monomer from E. coli (1QQOY), (E) monomer of ClyA from the oligomer (2WCD), (F) ClyA dodecamer
(2WCD). Conformational transitions of the ClyA toxin include detachment of 3-tongue domain (residues 176-202) from the a-
bundle, rearrangement of N-terminal a-helix, and formation of oligomers (octamers, dodecamers, or tridecamers) with circular
pore inside the hydrophobic membrane core. The B-sheet is shown in yellow, the a-helices are shown in red, membrane-bound
segments are shown in orange with side chains shown by sticks. Location of hydrophobic membrane boundaries are shown by
lines: inner membrane leaflet is colored blue, outer leaflet is colored red.

gramicidin A (1GRM) represents a TM head-to-head
dimer of two right-handed single-stranded p%2-heli-
ces (with 6.3 residues per helical turn)”®®° [Fig.
4(A)]. The size of the channel pore (diameter ~4 APt
is large enough to enable the passage of monovalent
cations.®%®? The gramicidin A channel is anchored
to the membrane-water interface by four Trp near
the C-terminus of each protomer. The hydrogen-
bonding ability of Trp and dipole moment of the
indole ring are essential for stabilization of the
structure of the ion-conducting channel.®3

Changing the gramicidin A sequence (Trp sub-
stitutions) or (using
organic solvents or lipid bilayers with acyl chains
<10 or >20 carbons) promotes formation of very dif-
which

environmental conditions

ferent double-stranded intertwined helices,
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can be right- or left-handed with parallel- or anti-
parallel chains (2XDC, 2I1ZQ, 1MIC) [Fig. 4(B,C)l.
Double-stranded helices can traverse the membrane

but are unable to conduct ions.”® 7784

Folding and Targeting of TM Proteins
At appropriate conditions, a number of hydrophobic
peptides,®>#¢ some a-helical proteins®”®° and p-bar-
rels®® can fold and insert into the lipid bilayer inde-
pendently of proteinaceous chaperones, assembly
cofactors, and energy sources. However, such in vitro
assembly is significantly slower and less efficient
than similar processes occurring in vivo.

In vivo TM proteins fold and insert into mem-
branes either co-translationally or post-translationally.
Membrane protein insertion pathways are especially

Adaptation of Proteins to Membrane Environment



right-handed single-stranded
B-helix

parallel left-handed
double-stranded B-helix

ceoe L0000
23A
YY) feoo0o0o0o0

® K'ions
antiparallel right-handed
double-stranded B-helix

Figure 4. Different structures of antibiotic pentadecapeptide, gramicidin from Bacillus brevis. (A) Single-stranded right-handed
B-helix of gramicidin A in the lipid bilayer (1IMAG) forming a narrow ion channel with circular cross-section (diameter 4 A). (B)
Parallel left-handed double-stranded B-helix of gramicidin A in Ca*?-methanol solution (1MIC). (C) Antiparallel right-handed
double-stranded B-helix of gramicidin D crystallized from methanol in complex with K*-ions (21ZQ). Insertion of gramicidin into
the lipid bilayer decreases local hydrophobic thickness of the bilayer up to 20 A and induces leakage of monovalent ions. Four
Trp residues in each pentadecapeptide are shown by sticks colored purple (C-atoms) and blue (N-atoms). Calculated mem-
brane boundaries from the OPM database are shown by red and blue spheres.

complex in eukaryotes, because the newly synthesized
proteins must be targeted from ER or cytosol to the
plasma membrane (PM) or different intracellular
organelles. Biogenesis of membrane proteins in vivo is
assisted by complex protein machineries aimed at
recognition, translocation and integration of proteins
to specific membranes in correct topology, conforma-
tion and oligomeric state. Here we briefly describe
key TM chaperones with available 3D structures,
which are involved in protein insertion into
membranes.

Cotranslational protein folding and insertion

into membranes

Most TM «-helical proteins insert into membranes
through the co-translational pathway that involves
the signal recognition particle (SRP) and Sec-
translocon complex. This SRP/Sec-translocon system
exists in ER of eukaryotic cells, cell membranes of
Archaea and Eubacteria, thylakoid membranes, but
is absent in mitochondria.®%%!

SRP recognizes the cleavable N-terminal hydro-
phobic signal sequence or the first TM helix while it
emerges from the ribosome. By interacting with the
SRP receptor and the Sec-translocon, SRP targets
the ribosome-nascent chain complex to the eukaryo-
tic ER or the prokaryotic cell membrane. Structures
of bacterial SecYEG (3DIN),°2 archaebacterial
SecYER (1RHZ),”® and canine Sec6lapy (4CG5)%*
demonstrate structural conservation of the SRP/Sec-
translocon systems (Fig. 5). Ribosome binds directly
to the Sec61a/SecY pore at the cytoplasmic site and
pushes the nascent polypeptide chain through the
protein translocation channel. GTP hydrolysis pro-

Pogozheva et al.

vides energy for chain elongation by the ribosome. A
lateral gate located between TM2b and TM7 of
Sec61a/SecY-translocon presumably provides exit of
folded helical segments one by one or in pairs into
the lipid environment.®®%*®7  Insertion of
chloroplast-encoded proteins (e.g., proteins from the
reaction center of photosystem II) occurs from
stroma into thylakoid membranes through similar
cpSRP-pathway.®

SecA ATPase assists SecYEG [Fig. 5(C)] in
translocation of secretory proteins and membrane
proteins with large periplasmic domains across the
membrane.®” SecA-mediated translocation is stimu-
lated by 12-helical SecDF dimer (3AQP), a member
of the RND family of transporters that uses the
proton-motive force®® [Fig. 6(B)].

Bacterial SecYEG translocase co-operates with
YidC chaperone [Fig. 6(A)] during folding and topo-
genesis of multi-spanning proteins, proteins com-
plexes'®1%2 and proteins with large periplasmic
domains.®>1% YidC can also function as an inde-
pendent insertase of single and double membrane-
spanning proteins (e.g., subunit C of F;Fy-ATP
syntase).

YidC homologues were also found in archaebac-
teria, mitochondria (Oxal) and chloroplasts (Alb3).
The YidC/Oxal/Alb3 protein family mediates assem-
bly of major energy-transducing protein
plexes.%2 Mitochondrial Oxal, which functions as a
voltage-gated and substrate-dependent translo-
case,' is involved in co-translational insertion of
polytopic TM proteins encoded by mitochondrial
genome (13 core subunits of respiratory complexes I,
III, IV and V) from the matrix to the MIM.!%®

com-
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Figure 5. Protein translocation channels: (A) Archaebacterial SecYER from Methanococcus jannaschii (1RHZ); (B) canine
Sec61aBy (4CG5); (C) complex of SecYEG with SecA from E. coli (3DIN). The channel-forming Sec61a/SecY subunit has 10 TM
a-helices arranged as two five-helix inverted repeats forming an hourglass-shaped channel between two repeats. The loop5-6
and loop8-9 (colored orange) contact with SecA or ribosome. The channel has a cytoplasmic funnel, the central hydrophobic ring,
and external funnel filled by the TM2a helical plug (colored blue) with basic/polar residues (shown by blue spheres) that can elec-
trostatically repel positive charges of translocated segments thus assisting in topology decision.®2? Negatively charged residues
from TM8 (shown by red spheres) also play topological role. In resting state (A, B), the lateral gate between TM2b (colored red)
and TM7 (colored yellow) is closed, TM10 (colored gray) is moved outward, and the TM2a plug seals the pore ring, thus prevent-

ing ion leakage. In the SecYEG-SecA complex (C), insertion of two-helix finger of SecA into cytoplasmic funnel of SecY causes
movement of the TM2a plug toward the periplasm and the displacement of the TM2b away from the TM7, thus creating a 5 A-
gap between these helices and providing partial opening of the translocation channel.®? In the open state, lateral gate between
TM2b and TM7 is open and TM10 moves inward to the channel, which helps to release the translocated segment from channel
into the lipid environment.®* Calculated membrane boundaries from the OPM database are shown by red and blue lines.

In addition, the SecYEG-YidC machinery may
co-operate with the TatABC-system [Fig. 6(D,E)]
during integration of polytopic TM proteins with
large globular domains bearing diverse cofactors.'%®
It was proposed that some membrane proteins, such
as Rieske iron-sulfur protein, are initially inserted
into membrane by the Sec-machinery and then use
Tat-complex to translocate folded globular domain
containing Fe-S cluster.!%”

Post-translational targeting, folding and
membrane insertion

In contrast to the majority of TM «-helical proteins,
which insert co-translationally, B-barrels fold and
insert into membranes via post-translational path-
ways. The post-translational integration with mem-
branes also occurs for C-tail anchored proteins (TA)
and nuclear-encoded TM «-helical proteins targeted
to mitochondria and chloroplasts.

In Gram-negative bacteria, the biogenesis of
OM B-barrel proteins includes several steps'®19°: (i)
SecYEG-SecA-dependent translocation across the IM
assisted by SecB chaperone; (ii) transit through the
periplasm assisted by chaperones Scp, DEgP and
SurA; and (iii) folding and insertion into the OM by
the B-barrel assembly machinery (BAM) formed by
BamA 16-stranded TM B-barrel and four accessory
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lipoproteins (BamBCDE). Comparison of available
BamA structures (4K3B and 4K3C) suggests that
the lateral gate from the protein interior to the lipid
bilayer may be open due to transient separation of
the 1st from the 16th B-strand [Fig. 6(C)].

C-tail anchored proteins have a large water-
soluble N-terminal domain and a single C-terminal
TM «-helix. Because the C-terminal membrane
anchor emerges from the ribosome after termination
of translation, it cannot interact with SRP and Sec-
system and uses post-translational insertion path-
ways that involve cytosolic chaperones and specific
membrane receptors.'!®M! It was also suggested
that TA proteins may require chaperone assistance
only for delivery to the targeted membrane in an
insertion-competent form (to prevent aggregation),
but not for insertion into membranes.°

The nuclear-encoded mitochondrial preproteins
are targeted to the organelle by either N-terminal
cleavable presequences or internal targeting signals
with medium hydrophobicity and positively charged
flanking residues.!'>11® Proteins targeted to the
MOM usually have internal targeting signals, pro-
teins targeted to the intermembrane space have
“classical” amphipathic signals, while proteins
directed to the MIM or matrix have either bipartite
signals (amphipathic presequence followed by

Adaptation of Proteins to Membrane Environment
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TatC

Figure 6. Structures of TM chaperones assisting membrane insertion of TM proteins. (A) YidC2 fragment (27-267) from Bacillus
halodurans, (3WO7), an independent insertase and a membrane chaperone that cooperates with translocon SecYEG.'%®
YidCs7-_067 has five-helical TM core, N-terminal amphiphilic EH1 helix, and CH1, CH2, CH3 hydrophilic cytoplasmic helices. The
long TM1 (colored blue) is bent in the middle at P77 and forms a continuous helix with the CH1 helix. TMs 1-5 form a positively
charged hydrophilic grove with central R72 (blue sphere) and several solvent-exposed polar residues (shown by sticks). The
grove is open to the lipids and cytoplasm and sealed toward the extracellular side. It was suggested that positively charged
R72 in the grove (shown by blue spheres) transiently captures hydrophilic regions with acidic residues of translocated helices,
thus facilitating their TM insertion.®® (B) Structure of SecDF (F-form) from Thermus thermophilus (3agp), a chaperone powered
by proton motive force that assists SecYEG. D340 (shown by red spheres) and R671 (shown by blue spheres) are residues
involved in proton conduction.®® (C) BamA protein from Neisseria gonorrhoeae, the central component of BAM complex (4K3B).
BamA, which has TM 16-stranded B-barrel and five periplasmic POTRA domains (P1-P5), coordinates recognition, folding and
membrane insertion of TM B-barrels in the bacterial OM. BamA can undergo lateral opening between 1st and 16th B-strands,
providing route from the interior channel to the lipid environment.®* (D) Nonamer of TatA from E. coli (2LZS), a protein-
translocating element of Tat-system. TatA binds to TatBC/substrate complex and polymerizes to form substrate translocation
channel. (E) TatC from Aquifex aeolicus (4B4A), a six-helical substrate-binding component of Tat-system. TatC forms complex
with bitopic TatB protein via TM5 (colored orange with green spheres). Tween-arginine signal sequence of a substrate is recog-
nized by TatC (contact region is shown by purple spheres) within TatBC complex. Bitopic TatA protein binds to negatively
charged concave face of TatC with solvent-exposed E165 (shown by red spheres). Calculated membrane boundaries from the
OPM database are shown by red (“out” side) and blue (“in” side) lines.

hydrophobic sorting sequence) or internal signals.!'*  topic proteins.''” B-barrels (VDAC, TOM40, and

Proteins in unfolded state are translocated across
MOM by the Translocase of Outer Mitochondrial
membrane (TOM)-complex composed of several
receptors and TOMA40 p-barrel channel 1116117
Almost all mitochondria-targeted proteins are recog-
nized and transferred across the MOM by TOM com-
plex, except TA and signal-anchored proteins, which
insert into MOM spontaneously. Membrane insertion
of these proteins depends on the lipid composition of
target membranes, for example, on the presence of
ergosterol and cardioplipin.'*®8712° TOM complex also
assists insertion into MOM of some bitopic and poly-
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SAM50) are inserted into MOM from the intermem-
brane space by the Sorting and Assembly Machinery
(SAM)-complex which is similar to bacterial BAM-
complex. 14117

Protein translocation and insertion into MIM is
assisted by translocases of the inner membrane
(TIM) complexes. TIM22 complex inserts multi-
spanning proteins containing internal signals, such
as ADP/ATP and phosphate carriers.”'® The twin-
pore carrier TIM22 is an essential integral protein
of the complex. It forms a hydrophilic high conduct-
ance channel activated by the inner membrane
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potential Ay and regulated by internal targeting
peptides.'?!  TIM23 complex interacts with
presequence-translocase-associated import motor
(PAM) complex. Together, they translocate proteins
with cleavable presequences into mitochondrial
matrix or insert them into MIM. TIMZ23 complex
uses both the electric membrane potential Ay and
the ATP-dependent activity of PAM as driving forces
for translocation of preproteins across MIM.'2° Oxal
may assist TIM23 complex in import of multi-
spanning MIM proteins.'*

Plant chloroplasts have three distinct mem-
branes: the outer, the inner and the thylakoid ones.
Targeting to chloroplasts is guided by cleavable
N-terminal transit sequences or by internal sequen-
ces included into mature proteins.''®'?2 Proteins
targeted to thylakoid lumen have bipartite prese-
quences that contain a tandem of stromal and lumi-
nal sorting signals. Interior chloroplast proteins are
translocated to stroma across both the outer and
inner envelope membranes by the Translocons of the
Outer and Inner envelopes of Chloroplast (TOC and
TIC). They use GTP and ATP as energy sour-
ces. 123124 After translocation to the stroma and
cleavage of the transit sequence, TM proteins can
insert into thylakoid or inner envelope membranes.
Proteins destined to thylakoid membranes can use
one of three chaperone-assisted pathways (cpSec-,
¢pSRP-, or DpH-) or insert spontaneously.'?>12¢ The
first, cpSec-pathway requires SecYE, SecA proteins
and ATP for translocation of proteins targeted to the
lumen or TM proteins with large globular domains.
The second, cpSRP-pathway  works  post-
translationally and independently of cpSecY. It
requires two SRPs with their receptors and Alb3.1
protein.'?” This pathway is engaged in transport of
the highly abundant nuclear-encoded light harvest-
ing chlorophyll a/b-binding proteins (LHCPs)
(1rtw).'?® The third, DpH-dependent pathway uses
the proton gradient (ApH and AV) as a driving force.
It provides translocation of presequences with twin-
arginine motif to the lumenal side of thylakoids
(e.g., PsaN and PsbT from Photosystem II).129:130
DpH-system components are homologous to compo-
nents of the bacterial Tat-system.!?® Finally, the
spontaneous insertion is restricted to a few single-
spanning membrane proteins (CF,II of the ATPase,
and PsbX, PsbW of the photosystem II) and some
polytopic proteins (Elip2, PsbS).%°

Spatial Arrangement in Membranes and

Hydrophobic Thickness of TM Proteins

Each TM protein has large continuous non-polar
surface that penetrates to the lipid acyl chain
region. To provide burial of this non-polar surface
from water, a TM protein acquires a certain spatial
position in the lipid bilayer. This position can be
investigated experimentally or calculated by mini-
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mizing transfer energy of the protein structure from
water to membrane.'3!

Each TM protein has an additional important
geometrical parameter: its intrinsic hydrophobic
thickness, which can be defined as the width of a
slice enclosed by two parallel planes separating the
non-polar and polar regions. Localization and con-
centration of proteins with similar hydrophobic
thicknesses in a certain membrane type may regu-
late the membrane width.'®> Therefore, average
hydrophobic thickness of TM proteins is an appro-
priate characteristic of a particular membrane type:
proteins from different membrane types tend to
have distinct intrinsic hydrophobic thicknesses (Fig.
7). For example, average hydrophobic thicknesses of
a-helical proteins from eubacterial and archaebacte-
rial cell membranes, eukaryotic ER, and thylakoid
membranes are close to 31 A. Average hydrophobic
thicknesses are significantly larger for eukaryotic
PM proteins (~33 A), but smaller for proteins from
MIM (~28 A). This is in agreement with X-ray scat-
tering data.'®? The gradual decrease of hydrophobic
thicknesses of proteins targeted to different mem-
branes (PM>ER>MIM) may facilitate protein sort-
ing during membrane biogenesis. Indeed, the post-
translational targeting and unassisted insertion of
TA proteins into MOM requires short and moder-
ately hydrophobic helices with positively charged
flanking residues, while ER-targeting is driven by
longer and more hydrophobic helices.!1%133

All B-barrel proteins from the OM of Gram-
negative bacteria and the MOM have significantly
smaller hydrophobic thickness (~24 A) (Figs. 2 and
7), in agreement with NMR studies of detergent-
embedded residues of OmpX, analysis of the thick-
ness of detergent belt in crystals of OMPLA, and
neutron scattering studies of LPS bilayers.1?4128 In
contrast, the stem domain of B-barrel porin MspA
from the outer mycobacterial membrane has unusu-
ally large hydrophobic thickness of ~40 A [Fig.
2(E)], consistent with the expected thickness of this
membrane, as it contains up to ~60% of long-chain
(Cs0 to Cgp) mycolic acids.'3®

Polarity Profiles, Membrane Interface, and
Midpolar Regions

The lipid bilayer cannot be viewed merely as a
hydrocarbon slab. This is a complex anisotropic envi-
ronment that can be described by profiles of polarity
and lateral pressure along the bilayer normal.*4°
While a protein in water is under isotropic pressure,
a TM protein experience negative pressure at the
level of lipid carbonyls, which is counterbalanced by
positive pressure at the lipid head-group and acyl
chain regions.'*® The lateral pressure profiles in
membranes cannot be directly measured; however,
they can be estimated from MD simulation of artifi-
cial lipid bilayers.141-142

Adaptation of Proteins to Membrane Environment
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Figure 7. Intrinsic hydrophobic thicknesses of a-helical and 3

-barrel TM proteins from different membrane types: eukaryotic

plasma membrane (PM), endoplasmic reticulum (ER), mitochondrial outer (MOM) and inner (MIM) membranes, PM of Archae-
bacteria and Gram-positive bacteria, outer (OM) and inner (IM) membranes of Gram-negative bacteria. Numbers of protein
structures in each protein set are indicated in parenthesis (adopted from Ref. 20).

Polarity, elastic, and geometrical properties of
lipid bilayers experimentally
obtained using scattering techniques.'** %7 For
example, the polarity of a fluid lipid bilayer can be
quantified by a few parameters commonly used to

artificial can be

describe solubility of molecules in organic solvents:
hydrogen bonding donor and acceptor capacities («
and B) and dipolarity/polarizability parameter (n*).1°
The transbilayer profiles of these parameters have
been recently calculated for several single- and
multi-component lipid bilayers using distribution of
lipid fragments obtained from neutron diffraction
and X-ray scattering data?® [Fig. 8(A,B)].

Unfortunately, the polarity of natural biological
membranes cannot be determined in the same way,
because they have a highly diverse and yet unidenti-
fied lipid and protein composition. Instead, one can
analyze hydrophobic thickness and polarity of surfa-
ces in 3D structures of TM proteins, which is
expected to match polarity of surrounding lipids.
Indeed, all TM proteins have a central hydrophobic
zone composed of aliphatic residues and two polar
zones that contain numerous ionizable residues and
crystallized water. Arg and Lys residues are embed-
ded in the lipid head-group area, where they can
form H-bonds and ion pairs with lipids. The inter-
mediate region is marked by belts of Tyr and Trp
residues that favorably interact with the membrane
interface. 148153

Hence the polarity of protein surfaces may be
described by distributions of different types of amino
acid residues, such as polar, non-polar, aromatic,
charged, and so forth. However, it can be described
more quantitatively by calculating profiles of polar-
ity parameters «, B, and n*. Unlike distributions of
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residues, these polarity profiles represent integral
quantitative characteristics that account for
hydrogen-bonding capacities and dipolarity/polariz-
ability of atoms on the protein surface.

The corresponding polarity profiles were recently
obtained for TM proteins from different biological
membranes, including bacterial, archaebacterial and
eukaryotic plasma membranes, inner mitochondrial,
thylakoid, and bacterial outer membranes.?’ As
expected, the polarity of protein surfaces (described by
«, B, and 7*) changes gradually [Fig. 8(D,F)] and cor-
relates with properties of the surrounding lipid bilayer.
Polarity profiles can be approximated by sigmoidal
curves whose midpoints coincide with midpoints in
distributions of co-crystallized water molecules, with
maxima in distributions of carbonyl groups from co-
crystallized lipids, and match positions of calculated
hydrophobic membrane boundaries. Interestingly,
polar groups of Trp and Tyr residues of TM proteins
often point to membrane boundaries where they may
form hydrogen bonds with glycerol groups of co-
crystallized lipids. However, distributions of aromatic
rings of Tyr and Trp residues do not coincide: while
maxima of distribution of Tyr benzene rings corre-
spond to the lipid carbonyl region, maxima of distribu-
tions of Trp indole rings are shifted by 3-5 A closer to
the membrane center [Fig. 8(C,E)]. This tendency was
observed for all proteins from different membrane
types, including «-helical and B-barrel TM proteins.

Polarity profiles calculated for proteins from dif-
ferent membrane types appear to be quite similar at
the center of membranes (Fig. 9). Thus, central
regions of proteins derived from membranes with
dissimilar composition demonstrate comparable
hydrophobicity. This observation may explain the
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Figure 8. Distributions of chemical groups and polarity profiles in artificial lipid bilayers (A, B) and at the lipid-facing surfaces of
TM proteins (C-F). (A) Volume fractions of lipid segments determined by X-ray and neutron scattering for fluid DOPC mem-
brane.®?* (B) Profiles of hydrogen-bonding donor («) and acceptor (B) capacities and dipolarity/polarizability parameter (t*) cal-
culated for DOPC bilayers.'® (C, E) Distribution of lipid-facing atoms in structures of 191 TM a-helical proteins from all
membranes (C) and 68 OM B-barrels (E): polar atoms (N- and O-atoms) of all residues, non-polar atoms (C- and S- atoms of
Val, Leu, lle, Met, Cys, Phe, Tyr, and Trp), aromatic atoms and C-atoms from benzene ring of Tyr and indole ring of Trp,
charged groups of Asp/Glu and Arg/Lys. (D, F). Transbilayer profiles of polarity parameters («, B, and ©*) were calculated for
lipid-facing atoms on surface of TM «a-helical (D) and OM B-barrel proteins (F) (see Ref. 20 for details). Midpolar regions (colored
light gray) were mapped as area of preferential accumulation of Trp indole rings in TM proteins (C-F), and based on locations
lipid double bond in artificial bilayers (A,B). Central hydrophobic regions are colored dark gray.

well-known tolerance of TM proteins to alteration of
the lipid composition in native cells, in artificial
bilayers, and during protein expression in different
host organisms.'® Larger distinctions in polarity
profiles are observed near hydrophobic boundaries
and in the lipid head group areas. These dissimilar-
ities may correlate with the large diversity of the

1176 PROTEINSCIENCE.ORG

lipid head-groups in different membranes though
may also reflect biases associated with mechanisms
of protein insertion into membranes.

A closer examination of polarity profiles in TM
proteins (Figs. 8 and 9) shows that the central, 30—
31 A-Wide, non-polar region is not a uniform envi-
ronment, but includes two peripheral, 5-8 A-wide

Adaptation of Proteins to Membrane Environment
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Figure 9. Comparison of surface polarity in TM proteins from different biological membranes: IM (A) and OM (B) of Gram-
negative bacteria, PM of eukaryotic (C) and archaebacterial (D) cells, mitochondrial inner membranes (E) and thylakoid membranes
(F). Transbilayers distributions of aromatic and C-atoms of benzene ring of Tyr (purple lines and dots) and indole ring of Trp (green
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distributions of all solvent-exposed atoms in proteins from different membranes. Numbers of structures in each protein set are
indicated in parenthesis. Midpolar regions mapped by the preferential accumulation of Trp indole rings are colored light gray, cen-
tral hydrophobic regions are colored dark gray (see the set of proteins and details of calculations in Ref. 20).

zones with increased dipolarity/polarizability param-
eter (n*) and hydrogen-bonding acceptor capacity
(B). These peripheral zones with intermediate polar-
ity can be named “midpolar” regions.'®® In native
biological membranes, location of “midpolar” regions
can be deduced from the changes of polarity parame-
ter n*, or mapped by distribution of Trp indole rings
in TM proteins, which can be regarded as a reporter
group. Preferential accumulation of the Trp indole
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rings in the area between lipid carbonyl groups and
double bonds indicates a relatively small electro-
static penalty for the Trp dipole and a higher dielec-
tric constant there, which may be partly attributed
to the presence of residual water.

Depths of “midpolar” regions, as deduced from
locations of Trp residues, depend on the type of mem-
brane and may be different on the inner and outer
sides. For example, the polarity profiles of proteins
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from the bacterial OM demonstrate significant asym-
metry of their “midpolar” regions. This correlates with
asymmetric lipid composition in OM, where the inner
leaflet is composed of phospholipids, but the outer
leaflet is formed by lipopolysaccharides (LPS).*¢ In
contrast, proteins from the bacterial IM, which are
composed entirely of phospholipids, show symmetric
polarity profiles. Some degree of asymmetry in the
“midpolar” regions was also observed for proteins
from the eukaryotic and archaebacterial PM, MIM,
and thylakoid membranes (Fig. 9). This observed
asymmetry of polarity in eukaryotic PM proteins cor-
relates with non-uniform distribution of different lipid
species and cholesterol between leaflets of eukaryotic
cell membranes. 157158

Topogenesis of TM a-Helical Proteins and Role
of Charged Residues

In addition to the spatial arrangement in mem-
branes and hydrophobic thickness, an important
structural parameter of TM proteins is topology, or
placement of their termini on the certain side of the
membrane. This is another feature that distin-
guishes them from water-soluble proteins. TM pro-
teins usually acquire unique topology, although
there are rare examples of proteins with dual topol-
0gy.>" For example, the bacterial multidrug trans-
porter EmrE functions as an antiparallel homo-
dimer of monomers with opposite topologies
(3B5D).159160 Baged on their orientation in mem-
branes, bitopic proteins were classified to topological
classes I (with N-terminus facing to the outer space
and N-terminal cleavable signal peptide), II (with N-
terminus facing the inner space), and III (with N-
terminus facing to the outer space), while all poly-
topic proteins are assigned to class IV regardless of
their topology.!16*

The topology of TM «-helical proteins is usually
defined during their co-translational insertion, fold-
ing, and assembly in membranes.?” Topogenesis of
multi-spanning proteins may involve significant
rearrangement and reorientation of helices during
protein folding'®?7'%® and post-translational inser-
tion of reentrant loops.'®® For example, marginally
hydrophobic helices can be released from Sec-
translocon peripherally in the lipid head group
region and be refolded later in the course of helix
assembly.’®® Membrane insertion and spatial orien-
tation of such helices may be promoted by adding
charged or hydrophobic residues to the flanking
regions, or guided by interactions with adjacent TM
helices and their topological preferences.?840:44,167,168
For example, insertion of highly charged S4 helix of
voltage-sensing domain of the Shaker and KAT1
voltage-gated K-channels is assisted by electrostatic
interactions with neighboring helices.'%°

The topology of proteins with co-translational
membrane insertion depends on a number of factors.
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Among them are properties of TM segments (length,
hydrophobicity, hydrophobic gradient of helical seg-
ment, position of aromatic residues near TM helix
ends, charge difference at both ends of helix), folding
and glycosylation of extramembrane domains, mem-
brane electrochemical potential, and protein-lipid
interactions. 7172

However, two major topological determinants
are the hydrophobicity of TM segments and the
asymmetric distribution of positively charged resi-
dues (Arg and Lys) in polar regions located at both
membrane sides, the so-called positive-inside
rule.}”®17* This rule was suggested based on statisti-
cal analyses of amino acid residue distributions in
TM «-helical proteins from Eubacteria, Archaea, and
Eukarya (including proteins form mitochondria and
thylakoids).16%:174181 Syuch analysis exposed the sig-
nificant prevalence of positively charged residues in
loops located on the side of the membrane from
which proteins are inserted (the cis side or “inside”),
which is a cytoplasmic side of bacterial IM, eukaryo-
tic PM and ER, the stromal side of thylakoids, and
the matrix side of MIM. The “inside” bias of posi-
tively charged residues appear to be stronger for
prokaryotic proteins.'™ Interestingly, the positive-
inside rule is applicable to mitochondria-encoded
MIM proteins, but not to nuclear-encoded MIM pro-
teins which show more symmetric distribution of
positively charged residues on both membrane sides,
but significant “outside” bias for negatively charged
Glu residues.'®?

Distributions of positive charges in 3D struc-
tures of TM proteins are consistent with the
“positive inside” rule for o-helical proteins from all
membranes, no matter whether one considers all
protein residues!®®'®3 or only solvent-accessible
ones.?° Moreover, not only the distributions of cati-
onic residues, but also distributions of net charge
follow this pattern in protein structures from nearly
all membranes: it is positive on the inner membrane
side and close to zero or slightly negative on the
outer side. Two exceptions are proteins from MIM
and thylakoid membranes: MIM proteins have a pos-
itive net charge on both membrane sides, though it
is larger at the inner leaflet, while thylakoid TM
proteins have rather similar numbers of positively
and negatively charged residues at each side, and
therefore no pronounced maxima for net charge
(Fig. 10).

Maxima of distributions of positively charged
groups are located at approximately 20-22 A-
distance from the bilayer center in both membrane
leaflets. This corresponds to locations of phosphodi-
ester groups of phospholipids that may form ionic
pairs with Arg and Lys residues. The unusual lack
of maxima of net positive charges in proteins from
thylakoid membranes may be explained by the
unique membrane composition of these membranes.

Adaptation of Proteins to Membrane Environment
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Figure 10. Distribution of lipid-facing atomic groups and charges in TM proteins from different biological membranes: IM (A)
and OM (B) of Gram-negative bacteria, PM of archaebacterial (C) and eukaryotic (D) cells, mitochondrial inner membranes (E)
and thylakoid membrane (F). Distribution of polar atoms (N- and O-atoms) of all residues are shown by light blue lines, non-
polar atoms (C- and S- atoms of Val, Leu, lle, Met, Cys, Phe, Tyr, and Trp) are shown by brown lines, positively charged groups
of Arg and Lys are shown by blue lines, negatively charged groups of Asp and are shown by red lines, net charges are shown
by black lines. Numbers of structures in each protein set are indicated in parenthesis (see the set of proteins and details of cal-

culations in Ref. 20).

In thylakoid membranes, phosopholipids are mainly
substituted by non-phosphorous glycolipids,®* which
significantly decreases the amount of lipid groups
involved in ionic interactions with basic protein
residues.

The role of positive charges as topological determi-
nants was experimentally supported for both signal
peptides and integral membrane proteins. For exam-
ple, it was found that adding or removing of a single
basic residue at critical locations can invert the topol-

Pogozheva et al.

ogy of individual TM segments,'®® or entire pro-

teins.'®* Placing charged residues downstream of a
signal sequence arrested protein chain movement
through Sec-translocon'®® and blocked protein secre-
tion.'®” This “charge block” effect was more pro-
nounced in prokaryotic than eukaryotic systems,
which can be attributed to the presence of an electrical
potential (positive outside) across the bacterial IM.'87
Acidic residues may also affect topology of pro-
teins inserted by Sec-translocon, but to a lesser
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extent than basic residues, and only if present in
high numbers.'®® It was suggested that negative
charges around hydrophobic segments play only a
secondary role in fine-tuning the topology in Sec-
dependent membrane insertion.'®® In contrast,
acidic residues in periplasmic regions of double-
helical M13 and single-helical P3f coat proteins
appear to be important for Sec-independent translo-
cation/insertion that requires the proton motive
force.'®190 Consistently with smaller topological
role of acidic residues, it was found that distribu-
tions of these residues in sequences of membrane
proteins is generally symmetric'”™® and show only
moderate preference of Glu on the trans (“outside”)
side of the MIM.'¢L180 Tikewise, analysis of 3D
structures of membrane proteins showed almost
symmetric distribution of negatively charged resi-
dues at the both membrane sides.?%-182183

Physical mechanisms behind the positive-inside
topological rule are not completely understood. It
may be possible that the retention of positively
charged residues on the cytoplasmic side partially
results from their interactions with acidic phospholi-
pids at the cytoplasmic leaflet’®! or from the influ-
ence of the electrochemical potential on the bacterial
IM (inside negative).'®>®? However, the same
positive-inside bias was observed for proteins that
reside in membranes of acidophilic archaebacteria
with reversed Ay (inside positive).!®® Hence the
positive-inside rule is not strictly connected to the
sign of the transmembrane potential. Instead, it is
likely attributed to structural details of the Sec-
translocation channel and YidC chaperone. Indeed,
mutagenesis studies of the Sec61p-translocon dem-
onstrated that orientation of signal sequence can be
changed by reversing the positively charged residues
in the TM2a plug (R67E, R74E) or by elimination of
a negatively charged residue at the cytoplasmic end
of the TM8 (E382Q)%!% (Fig. 5). The insight on
the topological role of acidic residues of single-
spanning proteins was obtained from the inspection
of the crystal structure of the bacterial YidC'%: the
translocation of N-terminal acidic residues flanking
the single TM helix may be directed by conserved
positive charge located in the hydrophilic grove of
the YidC [Fig. 6(A)].

Unlike TM «-helical proteins, single-chain TM
B-barrels from the bacterial OM demonstrate oppo-
site “positive-outside”®” trend in distribution of
solvent-exposed Lys and Arg residues [Fig. 10(B)].
Basic residues are highly abundant in outside-facing
loops, where they interact with negatively charged
LPS from the outer leaflet. In contrast, acidic resi-
dues occur much more frequently in periplasmic
turns of P-barrels (“negative-inside” rule),?’ where
they interact with cationic periplasmic chaperones
(e.g., Skp) that assist in folding and insertion of B-
barrels into the OM.1%®
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Oligomerization of TM Proteins

TM «-helical proteins frequently form dimers or
higher order oligomers in membranes.!?® The major-
ity of membrane protein complexes (50-70%) are
homo-oligomers,?°®2°! where homo-dimers represent
the largest fraction (>65%).2°2 The prevalence of
homomers is also observed in available structures of
a-helical TM proteins, where homo-dimers and
higher order homo-oligomers account for ~20% and
~30% of unique protein structures, respectively
(Table S1), while hetero-oligomers account for ~19%
of structures. Large membrane protein complexes
may also include peripheral proteins, for example in
signaling cascades and electron-transfer chains.

Though oligomerization is a common property of
both water-soluble and membrane proteins,?*® the
presence of a lipid bilayer reduces the area accessi-
ble to diffusion of proteins and therefore promotes
non-specific aggregation due to several factors:
increased concentration of proteins in two-
dimensional space, microphase separation and lat-
eral segregation of lipids, and formation of lipid
rafts. The lipid bilayer also restrains positions of TM
helix termini and forces helices to adopt nearly par-
allel or anti-parallel arrangements.

All functional protein—protein association in
membrane is driven primarily by specific interac-
tions, rather than these non-specific factors. Specific
interactions may involve non-covalent binding of
extramembrane and/or TM domains, domain swap-
ping and even covalent linking.199-203-206

High affinity lateral association of TM «-helices
critically depends on packing of complementary heli-
cal interfaces that may contain specific dimerization
motifs or polar residues involved in interhelical salt
bridges or hydrogen bonds.*>2°"2! The extent and
structure of TM protein aggregates may also depend
on membrane curvature,?’? be modulated by
physico-chemical properties of the lipid bilayer®!3
and affected by the environmental conditions (pH,
presence of ions, organic or macromolecular ligands,
lipids, and detergents).2*4-216

While the physiological impact of experimentally
observed transient oligomerization of some proteins,
such as GPCRs, is not completely understood,?*” in
many cases, the functional significance of stable
multi-protein complexes has been well-established.
It is known that protein association increases pro-
tein stability, generates TM conductive pores (ion
channels, bacterial secretion systems, toxins), forms
ligand-binding sites at the oligomer interface, allows
cooperativity between subunits, and provides an
additional level of regulation.?!®

Some structural units are stable and functional
in membranes only as oligomers.'®2'® Among them
are: a-helical dimers of potassium uptake proteins
(83UM7), ABC transporters (2QI9, 3G5U, 3PUW,
4AYT), EmrE multidrug transporter (3B5D), MgtE
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transporter (2YVX), trimers of acid-sensing and
ATP-gated channels (3H9V, 4NTX), tetramers of
voltage-, ligand-, Ca?"-, or H'-gated (2R9R, 3EFF,
3LDC) potassium channels, pentamers of ligand-
gated channels (3rhw), hexameric Gap junction-
forming connexins (2ZW3) and CRAC-channels
(4HKR), 4-, 5-, 7-meric mechanosensitive channels
(20AR, 2VV5, BHZQ), F-, V-, and A-type proton and
sodium-translocating ATPases with 10 to 15 subu-
nits (1YCE, 2BL2, 2X2V, 2XQU, 3V3C, 4B2Q), octa-
meric a-helical barrels of Wza (2J58), 14-meric a-
helical core complex of type IV secretion system
(8JQO), trimeric B-barrels of TolC-like bacterial pro-
teins (1EK9), 12-meric a-pore-forming ClyA toxin
(2WCD), and heptameric haemolysin (7TAHL) or octa-
meric (3B07) B-pore-forming toxins [Figs. 2(C,E) and
3(C,F)].

Large-Scale Conformational Transitions
TM proteins seem to undergo significant conforma-
tional transitions more frequently than water-
soluble proteins due to several reasons. First, co-
translational and post-translational integration of
proteins in membranes frequently leads to signifi-
cant conformational changes. These changes have
been extensively studied for antimicrobial, cell-
penetrating and fusogenic peptides, bitopic proteins,
and pore-forming toxins.®2°%219223 For example,
membrane binding and insertion of many
biologically-active peptides is accompanied by folding
and stabilization of their regular secondary struc-
ture, the so-called partitioning-folding
pling 224225 Pore-forming toxins also undergo large
conformation rearrangements and oligomerization
when converted from the water-soluble form to
membrane-integrated pores.”* After binding to spe-
cific receptors (e.g., lipids, proteins, sugars, GPI
anchors) in target cell membranes, these water-
soluble toxins undergo activation, oligomerization,
and folding into «-helical or B-barrel structures
enclosing large (up to ~26 A inner diameter) water-
filled channels.”' Bacterial, viral, and eukaryotic
toxins can form different types of pores that either
destroy membranes or facilitate toxin delivery into
host cells. Though molecular details of toroidal pores
that can be formed by actinoporin-like toxins are
still poorly understood, structures of pores formed
by a-helical dodecamer of E. coli ClyA toxin (2WCD)
or by multi-chain B-barrels of bacterial «-, and vy-
hemolysins (7TAHL, 3044, 4H56)">""* and bicompo-
nent leukoltoxin (Luk) (3B07)”® have been resolved.
Comparison of structures of water-soluble and
membrane-bound forms of pore-forming toxins
uncovers the magnitude and nature of structural
rearrangements during protein activation, oligomeri-
zation and insertion into the lipid bilayer (Fig. 3).
Furthermore, the large-scale conformational
transitions between multiple states (“open,

cou-

” «

closed,”
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» o«

“inward-facing,” “outward-facing”) is a signature of
proteins involved in transfer of various substances
or signals across the membrane: receptors, channels,
and transporters. Conformational transitions may
include significant movements of “plug” and other
structural elements and changes in positions of indi-
vidual subunits, domains, or entire protein com-
plexes with respect to the lipid bilayer. Structural
transitions in secondary and primary transporters
induced by binding of ligands, lipids, and nucleotides
involve domain reorientation and movement of heli-
cal pairs.2”?26-229 Rigid-body helix movements can
be depicted as translation, piston, rotations parallel
(pivot) and perpendicular to the membrane.?3°

For example, large protomer reorganization and
reorientation in membranes occurs in energy-
coupling factor (ECF), a member of ABC transporter
superfamily. ECF transporters are composed of two
TM domains (EcfT and EcfS) and two nucleotide-
binding cytoplasmic domains (EcfA and EcfA) 231232
Substrate-binding domains EcfS are individually
stable in membranes and may exist either independ-
ently (3RLB, 3P5N, 4DVE) or as part of a tetrameric
complex (4HZU). Surprisingly, TM helices of EcfS
are oriented along the membrane normal in isolated
subunit, but almost perpendicular to membrane nor-
mal in tetramer (Fig. 11).

Conformational transitions may involve changes
in subunit composition and quaternary structure of
protein complexes. One notable example of
substrate-dependent protomer rearrangement is the
Tat-system found in bacterial, archaebacterial, and
thylakoid membranes.?®> The Tat-system is com-
posed of three small proteins, single-spanning TatA
(2LZS) and TatB (2MI2) and a hexa-helical TatC
(4B4A). These subunits form large multimeric com-
plexes for translocation across membranes of folded
proteins with twin-arginine signal sequence. After
binding of a translocated protein to TatBC complex,
this complex recruits TatA protomers and oligomer-
ize into a TM pore-like channels?28233:234 of variable
diameter (30-70 A) depending on the number of pro-
tomers in the complex (85-130 particles)®®® [Fig.
6(D,E)].

Energetics of Protein-Membrane Interactions

3D structures of both water-soluble and membrane
proteins correspond to a minimum of Gibbs free
energy in their native environment.?*® Physical
forces and factors that contribute to structural sta-
bility of membrane proteins were discussed in the
literature. 22243 A predictive and verifiable theory
of membrane protein folding must account for all
these forces and reproduce the experimentally deter-
mined membrane folding pathways and thermody-
namic stabilities of TM «-helical and B-barrel
proteins. However, development of such theory still
remains a challenge.
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Figure 11. Reorientations of TM domains in energy coupling
factor (ECF) transporters. (A) ECF transporter tetramer from
Lactobacillus brevis (4HZU) is composed of TM energy-
coupling component (EcfT) that links cytosolic ATPases,
EcfA-EcfA’, to the substrate-binding or S-protein (EcfS). In
context of the ECF transporter tetramer, helices of the EcfS
are highly tilted relative to the membrane plane (>45°) with
the opening of the substrate-binding pocket approaching the
cytoplasmic membrane interface. (B-D) Individual substrate-
binding proteins are stable in membranes and are oriented
along the membrane normal with substrate-binding pocket
facing the extracellular space: (B) Biotin transporter S-
protein, BioY, from Lactococcus lactis (4DVE); (C) Riboflavin
transporter S-protein, RibU, from Staphylococcus aureus
(8P5N); and (D) Thiamine transporter S-protein, ThiT, from
Lactococcus lactis (3RLB). Substrates inside the binding
pockets of S-proteins are shown by green spheres. Calcu-
lated hydrophobic membrane boundaries from the OPM
database are shown by lines: blue at the cytoplasmic side
and red at the extracellular side.

Folding of «-helical peptides and proteins in
membranes may be described by a thermodynamic
cycle that includes several processes: (1) helix-coil
transition in water, (2) transfer of folded a-helices
into the lipid environment; (3) helix-helix association
in membrane, (4) polypeptide chain binding and par-
tial folding at membrane interface, (5) membrane
insertion/folding of interface-bound polypeptide
chain (Fig. 12). A similar cycle can be drawn for B-
barrel proteins. Free energy changes during these
processes were determined in experimental studies
of protein folding and helix-coil transition in aque-
ous solution (AGfold,wat),244_246 peptide binding to
membrane surface (AGpina),2*" 2% transmembrane
insertion of peptides (AGgiawat T AGiranst ,250-252
membrane binding of folded peripheral proteins
(AGirans),2® and energies of o-helix association in
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Figure 12. Folding, membrane insertion and oligomerization
of an a-helical peptide. The five states of the peptide are: a
coil, an a-helix in aqueous solution, a partially folded peptide
at the surface of membrane, TM «-helix and TM «-helical
dimer. Numbers in the thermodynamic cycle indicate different
processes: (1) helix—coil transition in water, (2) transfer of
folded a-helices into the lipid environment; (3) helix-helix
association in membrane, (4) polypeptide chain binding and
partial folding at membrane interface, (5) membrane inser-
tion/folding of interface-bound polypeptide chain. Processes
(4+5) and (3) correspond to steps (I) and (Il) in two-stage
model of membrane protein assembly in vitro:*2° (I) a-helix
folding and insertion; and (ll) lateral association in the lipid
bilayer.

membranes and micelles (AGassoe)-2>* In addition,
equilibrium unfolding energies were measured for
many TM o-helical and p-barrel proteins.??®

These experimental free energy values can be
used for development and verification of theoretical
models that describe energetics of protein folding
and association in membanes. For example, forma-
tion of a TM «-helical dimer can be represented as
the sequence of steps (1), (2), and (3), that is, forma-
tion of an a-helix in water, helix transfer from water
into the membrane, and association of helices in the
membrane. Though these steps do not necessarily
describe real events during protein folding and
insertion in membranes, this cycle remains valid for
energy calculations based on experimentally-derived
parameters. Energy of helix-coil transition (step 1)
can be calculated using experimental «-helix propen-
sities, entropic and enthalpic contributions for poly-
peptide backbone, and energies of interactions
between side-chains in water.24424¢ Transfer energy
of a protein from water to the fluid lipid bilayer
(step 2) can be estimated using an implicit solvent
model of the lipid bilayer.!®?®® Energy of specific
helix-helix association (step 3) can be evaluated
based on empirical parameterization of hydrogen-
forces in mnon-polar
media.?’” The corresponding physical processes of
transfer and association in membrane are described
in more detail below.

bonds and van der Waals

Adaptation of Proteins to Membrane Environment



Non-specific solvation of membrane proteins by
the lipid bilayer

Insertion of membrane protein into the lipid bilayer
is driven by the hydrophobic effect, as proteins tend
to bury their large hydrophobic surfaces from water
to non-polar environment. However, the hydrophobic
interactions are unimportant for helix—helix associa-
tion inside the lipid bilayer. This situation differs
from folding of water-soluble proteins, where burial
of non-polar residues from water drives the entire
folding process.

The energy of insertion of TM proteins into
membranes can be evaluated based on various
hydrophobicity scales. Whole-residue hydrophobicity
scales were derived from studies of partitioning of
peptides or amino acid analogues between water and
more hydrophobic organic solvents or lipid
vesicles,?®® from mutagenesis studies,?®® from statis-
tical analysis of residue distribution along the mem-
brane normal,!8%183:260-263 o MD simulations.?64267
All these scales correlate with each other, though
absolute values vary by several fold.3%:268269 Both
experimental and theoretical studies indicate the
favorable insertion into the lipid bilayer of non-polar
residues, but the high cost of insertion of polar and
charged residues.

Recently, the so-called “biological” hydrophobic-
ity scales have been derived based on of the effi-
ciency of the insertion of hydrophobic segments into
the ER membranes (mammalian and yeast), bacte-
rial IM, and mitochondrial inner membranes, which
were mediated by Sec61, SecYEG, YidC, and TIM23
translocons, respectively.*>27°2"® It was found that
“biological” scales developed for different systems
are rather similar, though absolute difference
between contribution for the most hydrophobic and
most hydrophilic residues is larger in bacterial sys-
tem and smaller in yeast than for the mammalian
ER membranes. “Biological” scales appear to be
rather similar to a “knowledge-based” scale derived
from relative abundance of residues in membrane
proteins'®® and to the White-Wimley octanol
scale.?™

Although whole-residue hydrophobicity scales
may be helpful for predicting TM «-helical segments
and their topology,2’®27® or positioning of proteins in
membranes, 83252 they cannot properly account for
the solvent exposure of protein residues. For exam-
ple, the solvent-accessible surface area and the cor-
responding solvation energies are much greater for
amino acid analogues than for less exposed residues
included in an «-helix, a B-barrel, or the whole pro-
tein structure.'® Therefore, the correct estimation of
solvation energy requires the full-atomic description
of membrane proteins.

The estimation of transfer energies of proteins
from water to membrane requires adequate repre-
sentation of the lipid bilayer, where energy cost of
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residue insertion strongly depends on membrane
penetration depth.*® It’s noteworthy that even
hydrocarbon slab representation of the lipid can pro-
duce very reasonable results for positioning of TM
and peripheral proteins in membranes.?®® Neverthe-
less, more complex description of anisotropic mem-
brane properties and more advanced solvation
models are desirable to account not only for the
depth-dependent hydrophobic interactions, but also
for electrostatic, hydrogen bonding, ionic, and other
energy contributions that change along the mem-
brane normal. For example, the recently proposed
PPM method!®2?5¢ uses a new implicit solvent model
and represents the anisotropic lipid bilayer by pro-
files of polarity parameters («, B, €, and ©*) calcu-
lated from X-ray and neutron scattering data on
lipid bilayers. This approach also allows characteri-
zation of polarity profiles for different biological
membranes, including their hydrophobic thicknesses
and polarity of interfacial regions.2’

Folding and insertion of TM «-helical proteins
in artificial membranes also depend on mechanical
properties of the bilayer. These properties can be
regulated by changing lipid composition and vesicle
size. In particular, it was shown that curvature
stress translated in increased lateral pressure at the
center of the lipid bilayer enhanced folding of OmpA
and galactose transporter GalP, but decreased fold-
ing of bacteriorhdopsin, diacylglycerol kinase, and
EmrE transporter.2’” Therefore, calculations of pro-
tein transfer energy into membranes, as well as the
energy of protein association (see below), should
account for some additional contributions from pro-
tein—lipid and lipid-lipid interactions, including cur-
vature stress and mechanical deformation of the
lipid bilayer.!*® The energetic cost of bilayer defor-
mations depends on material properties of the
bilayer, such as thickness, intrinsic lipid curvature,

and the elastic compression and bending moduli.?"®"
280

Helix-helix association in the lipid bilayer

The association of TM «-helices within the non-polar
lipid bilayer cannot be driven by hydrophobic forces,
as for water-soluble proteins. Instead, it is primarily
driven by van der Waals interactions of tightly
packed helices and, to a smaller degree, by inter-
helical hydrogen bonds and ionic interactions.2042%
To describe energetics of helix association in mem-
branes, the following interactions should be consid-
ered: (1) attractive van der Waals forces and
hydrogen bonds in the lipid environment, (2) side-
chain conformational entropy changes which oppose
helix—helix association; and (3) additional “solvation”
energy contributions which come from protein—lipid
and lipid-lipid interactions, including those respon-
sible for mechanical deformation of membrane,®!
and (4) electrostatic interactions of helix
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Figure 13. Structural similarity of TM and water-soluble «-helical oligomers. (A) Superposition (rmsd 1.1 to 2.2 A) of right-
handed (crossing angle ~—40°) TM dimers of bitopic proteins with GxxxG motif: glycophorin A (1AFO, cartoon, colored red)
and other unrelated TM homo- and hetero-dimers (2J5D, 2JWA, 2K1K, 2K9J, 2J7A, thin lines, colored grey). (B) Superposition
(rmsd 1.1 to 1.2 A) of left-handed (crossing angle ~20°) TM helix pairs taken from bitopic protein complexes with heptad pack-
ing motif: zeta dimer (2HAC, colored blue), phospholamban pentamer (1ZLL, colored red), and M2 tetramer (2RLF, colored yel-
low). (C-D) Superposition (rmsd ~1 ,5\) of TM oligomers with water-soluble coiled-coil proteins: (C) phospholamban (1ZLL,
colored red) and water-soluble pentameric cartilage oligomeric matrix protein (1VDF, colored blue); (D) tetramer M2 channel
(2RLF,red) and water-soluble tetrameric CGN4 leucine zipper mutant (1GCL, colored blue).

macrodipoes and rigid-body immobilization entropy
of interacting helices.25"-282

All intermolecular forces, including van der
Waals interactions and H-bonds, are of electrostatic
nature, and therefore depend on dielectric properties
of the environment.?®®> The magnitudes of these
interactions are similar in the non-polar interiors of
water-soluble and TM proteins, ~ —1 to —1.5 kcal
mol ™! for hydrogen-bond and ~0.02 kcal mol ! A?
for van der Waals interactions.2?”28%285 Tt is note-
worthy that helix-helix association is similar to crys-
tallization or liquid-solid state transition.285286
Therefore, these interactions are of the same nature
as enthalpy of fusion of molecular crystals; they fol-
low “like dissolves like” rule, and their energy is
much weaker than “potential energy” in molecular
mechanics and dynamics, which is parameterized
using enthalpy of sublimation. This requires novel
parameterization of interatomic potentials based on
data for condensed media, such as AAG values for
protein mutants.257-285

The importance of van der Waals interactions
for association of TM helices is supported by many
observations. The mutual arrangements of TM «-
helixes are limited to a few discrete packing modes,
which provide knobs-into-holes intercalation of their
side chains, as required for close packing of the
quasi-parallel helices. These packing modes include
parallel and antiparallel helix arrangement, with
left-handed and right-handed crossing motifs.?8” In
parallel helices, the left-handed packing with posi-
tive crossing angles (~+20°) is related to the pres-
ence of a heptad repeat, while the right-handed
packing with negative crossing angles (~—40°) is
related to the presence of a tetrad repeat and
GxxxG-like sequence motif.2°"2°® The structure of
parallel TM dimers and symmetric oligomers are
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well superimposible (rmsd of 1-2 A) with corre-
sponding templates taken from water-soluble pro-
teins (Fig. 13).

Furthermore, small and polar residues (Gly,
Ala, Ser, Thr) occur more frequently at helix packing
interface in TM proteins?®? than in water-soluble o-
bundle proteins.?2>288 The presence of small residues
(Gly>Ala>Va>Ile) is required for efficient helix
association in membranes, because it allows close
packing and significantly increases van-der Waals
interactions of anti-parallel helices with heptad
motifs.?®® In contrast, efficient association of similar
helices in water, which is driven by hydrophobic
forces, required presence of larger side chains on the
contact surface and show higher preference for the
Ile side chain vs. Gly (Ile>Va>Ala>Gly).2%

The important role of hydrogen-bonding and
ionic interactions was demonstrated for self-
assembly of hydrophobic TM «-helices bearing cen-
trally located polar amino-acid residues (Asn, Asp,
Gln, Glu, and His).?°°2%2 1t was shown that the
affinity of oligo-Leu TM segments and membrane-
soluble MS1 peptides in the lipid bilayer dramati-
cally increased upon placement of an Asn residue
within the TM segment,?°%?°2 which was due to for-
mation of intermolecular hydrogen bonds between
Asn side chains.?®° The role of ionic interactions
between charged residues embedded into the lipid
bilayer was demonstrated in a study of the T-cell
receptor complex.??> Formation of o-helical com-
plexes is also affected by electrostatic interactions of
a-helix macrodipoles in membrane, which are stabi-
lizing for antiparallel, but destabilizing for parallel
a-helices 257282

In addition to enthalpic contributions, the free
energy of helix-helix interactions in membrane
depends on entropic contributions that oppose the
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association. The most important of these represents
the conformational entropy changes of flexible side-
chains due to their immobilization during associa-
tion.2®” The loss of side-chain entropy is smaller for
residues that are conformationally restricted in iso-
lated a-helices (Gly, Ala, Val, Thr, Ile).

Another important factor for association of
proteins in membranes is the hydrophobic mis-
match, that is, the difference between hydrophobic
thicknesses of TM proteins and surrounding lipid
acyl chain region.2°* A hydrophobic mismatch can
be alleviated through changes of protein tilt
angles, conformational transitions, oligomeriza-
tion, or by thinning or stretching the lipid
bilayer.2® Bilayer-mediated elastic forces caused
by the hydrophobic mismatch can significantly
affect specific and non-specific association of TM
domaing.209-211,212,296-299 p1. example, the hydro-
phobic mismatch between mitochondrial F;F, ATP
synthase (hydrophobic thickness 32.8 A) and inner
mithochondrial membrane (average hydrophobic
thickness 28.6 = 1.4 A)?° may promote oligomeriza-
tion of this protein. Indeed, oligomers of mitochon-
drial F1Fy-ATP synthase were observed by EM as
ribbon-like structures stacked in parallel along the
crystae.300

Specific lipid-protein interactions

Insertion, positioning and 3D structure of proteins
in membranes can be significantly affected by
direct protein—lipid interactions.!4%-150:301-303 mpe
strength of protein—lipid association can vary from
high affinity specific binding to rotational immobili-
zation of first-shell (or annular) lipids that undergo
fast exchange with bulk lipids.2’”® Many TM pro-
teins were co-crystallized with annular lipids or
surrounding detergents, as well as with specifically
bound bound lipids that usually originate from
native membranes. Here we mention several such
examples.

Acyl chains of annular lipids usually fill hydro-
phobic cavities on protein surfaces and form non-
specific van der Waals interactions. Surprisingly, it
was observed that hydrocarbon tails of different lip-
ids or detergents in tetramers of mammalian aqua-
porin AQPO (2b60, 3m9i, lymg) occupy similar
cavities on protein surface, while their head-groups
interact differently with polar residues of the
protein. 304305

The locations of strongly bound lipids are also
rather similar in structures of homologous proteins,
such as mitochondrial (2DYR) or bacterial (1M56,
1QLE) cytochrome c oxidases.?°® The structural con-
servation of lipid binding sites were reported for cho-
lesterol in P2-adrenergic receptor (2RH1) and Na™*-
K*-ATPase (2ZXE), for cardiolipin (CL) in formate
dehydrogenase-N (1KQF), and for phosphatidylgly-
cerol (PG) in KcsA potassium channel (1K4C).2%
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The specific binding of lipids and other hydro-
phobic molecules, such as carotinoids, chlorophyll
and other cofactors, can stabilize loosely packed TM
a-bundles and large multimeric protein
plexes.’%%303 For example, folding, stability, and
function of the plant light harvesting complex II,
which is composed of loosely packed marginally
hydrophobic TM helices (1IRWT, 2BHW), requires
presence the of lipids and numerous cofactors (chlor-
ophylls and carotenoids).?’” Lipids co-crystallized
with cyanobacteria Photosystem II (3BZ1) include 11
monogalactosyl diacylglycerol, 7 digalactosyl diacyl-
glycerol, 5 sulfoquinovosyl diacylglycerol, and 2 PG.
This lipid composition of the preferential location of
acidic lipids at the stroma leaflet reflects the relative
contents (~45 mol%, ~25 mol%, ~15-25 mol%, 5-15
mol%, respectively) and asymmetric distribution of
these mostly non-phosphorus lipids in thylakoid
membranes.?*® Coordination of lipid molecules with
photosynthetic proteins was shown to play an impor-
tant structural role: lipids fill internal cavities near
cofactors, stabilize oligomers, “lubricate” subunits
that need to be structurally flexible, and, possibly,
influence the biophysical properties of cofactors that
affect the rate of electron transfer.>%°

Natural lipids and cofactors also stabilize tri-
meric complexes of archaebacterial retinal-
containing bacteriorhodopsin (BR)-like ion pumps.>*°
Different cryo-electron microscopy and crystal struc-
tures of BR show the presence of up to 30 lipid-
binding sites per trimer that are occupied by archae-
ols (sn-2,3-diphitanylglycerol) consisting of two Cgo
isoprenoid chains connected via an ether linkage to
glycerol.®™ Besides, in each trimeric assembly of all
BR-like proteins, except BR itself, carotenoid bacter-
ioruberin with Cjsy, carbon atoms stabilizes the
trimer by binding to crevices between adjacent pro-
tomers; while in the deltarhodopsin structure
(4FBZ), three extended squalene molecules together
with lipid molecules fill the central opening of the
trimer [Fig. 14(A-C)].

The crystal structure of dimeric mitochondrial
cytochrome c¢ oxidase (2DYR) includes 26 tightly
bound phospholipids.>'?> Among these lipids, there
are four CL molecules: two CLs facing the inter-
membrane side that supposedly participate in dimer
stabilization, and two CLs facing matrix side that
may function as proton traps that facilitate the pro-
ton translocation along the protein surface®'® [Fig.
14(D)]. CL bearing four acyl chains and two negative
charges is the signature phospholipid of mitochon-
drial membranes: it accounts up to 20 mol% of the
inner membrane.?'43% CL is known to be critically
required for biogenesis and stabilization of respira-
tory chain supercomplexes®'®317 and for regulation
of many other mitochondrial functions.?!® Another
highly abundant mitochondrial protein, the ADP/
ATP carrier, represents a TM six-helical bundle

com-
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Figure 14. Specific protein-lipid interactions. (A) Bacteriorhodopsin trimer from Halobacterium salinarium (1IW6) with co-
crystallized archaeol lipids (colored orange), including S-TGA-1 sulfoglycolipid (3-sulfate-Galpp1-6Manpa1-2Glcpa1-archeol)
colored cyan. (B) Deltarhodopsin trimer from Haloterrigena thermotolerans (4FBZ) with co-crystallized lipids/detergents (colored
orange), 3 squalene molecules (colored cyan) occupying intertrimer space, and 3 bacterioruberin moleculs (colored purple)
located at monomer interfaces. (C) Cruxrhodopsin-3 trimer from Haloarcula vallismortis (4JR8) with 3 co-crystallized bacterioru-
berin moleculs (colored purple) located at monomer interfaces. (D) Dimeric mitochondrial cytochrome ¢ oxidase from bovine
heart (2DYR) co-crystallysed with 26 lipids (colored orange) including four hemes A (colored red) and four CLs (colored cyan):
two CLs (CL-1) at the intermembrane side that likely participate in dimer stabilization, two CLs (CL-2) molecules at the matrix
side that may participate in the proton translocation along the protein surface.?'® In the latter case CL in each monomer inter-
acts with basic residues from subunits 3 and 7A1. (E) Ferrix hydroxamate uptake receptor FhuA from E. coli (colored by sec-
ondary structure: yellow B-strands, red helices, and green loops) in complex with LPS (colored orange) (1QFG). Lipid A of LPS
forms specific interactions with a number of basic (shown as blue sticks), polar (white sticks) and aromatic residues (green

sticks) of FhuA.

formed by three repeated a-helical hairpins, each
bound to a CL molecule.?'® It was shown that CL is
critical for carrier folding and translocation.?2°
Specific lipid-protein interactions may involve
contacts of lipid hydrocarbon chains with aromatic
residues and ionic and/or hydrogen bonding interac-
tions of lipid phosphodiester groups with Tyr, Asn,
Lys, His, Arg, Trp, Ser, and Gln located near lipid
head groups.!#®1%® For example, a conserved struc-
tural motif for LPS recognition by the ferric hydrox-
amate uptake receptor FhuA, an OM B-barrel, [Fig.
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14(E)] includes cluster of eight basic residues (K280,
K306, K351, R382, R384, K439, K441, R474) and
three polar residues (E304, Q353, D386) that form
ionic and electrostatic interactions with the phos-
phate moieties. In addition, six aromatic residues of
FhuA (F231, F235, Y284, F302, F355, F380) interact
with six acyl chains of the lipid A.3%%321

These examples demonstrate the essential role of
annular and specifically bound lipids for structure,
stability, and function of TM proteins and their com-
plexes. Thus, both non-specific and specific protein—
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lipid interactions should be taken into account during
computational modeling of membrane proteins.

Summary

This review summarizes our current understanding
of membrane protein structures, different pathways
of protein biogenesis, physical forces that define pro-
tein folding and integration into membranes, as well
as common and distinctive properties of TM proteins
targeted to different biological membranes. The avail-
able spatial architectures of TM proteins are limited
to a-helical bundles, single-chain and multi-chain B-
barrels and B-helices. However, their 3D structures
are highly complex and include significant irregular-
ities in secondary structure (3;o-helices, kinks, inter-
ruptions, B-bulges, turns of n-helix), reentrant loops,
and repeated domains with identical or different top-
ologies. TM proteins frequently form large complexes,
which are crucial for their biological function. Struc-
tural examination demonstrates several helix-helix
interaction motifs, suggests the role of ligands and
cofactors, and highlights ability of these proteins to
switch between different conformational states and
oligomerization modes. The most significant confor-
mational transitions are observed in pore-forming
toxins that exist in water-soluble and membrane-
bound forms and transporters that switch between
multiple conformations. Analysis of polarity of TM
protein surfaces uncovers the presence of a
“midpolar” region inside the hydrocarbon region of
the lipid bilayer. This membrane region is character-
ized by the increased dipolarity/polarizability and the
hydrogen-bonding acceptor capacity and can be
mapped by the preferential accumulation of indole
rings of solvent-exposed Trp residues. The observed
asymmetry of “midpolar” regions in proteins from dif-
ferent membranes correlates with asymmetric lipid
composition of corresponding membranes. Compari-
son of TM proteins from different types of natural
biological membranes shows protein adaptation to
distinct lipid environments and correlation between
properties of protein surfaces and thicknesses and
polarity asymmetry of target membranes. Distinct
hydrophobic thicknesses and polarity profiles
obtained from analysis of TM proteins from different
membranes can be used to describe anisotropic lipid
environment in corresponding natural membranes.
These models of biological membranes may be useful
for development of advanced computational methods
aimed at structural modeling and prediction of spa-
tial localization, topology, and self-translocation abil-
ity of peptides, proteins drug-like
molecules. Analysis of forces and factors that define
folding and stability of TM proteins highlights the
essential role of the hydrophobic effect that drives
protein insertion into membrane and important con-
tributions into protein stability of van der Waals
attraction forces, hydrogen bonding and ionic interac-

and small
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tions, side-chain conformational entropy, the hydro-
phobic mismatch, membrane deformations, and
specific protein-lipid binding.
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