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SUMMARY

The cell is the basic structural and functional unit of life and all cells
are surrounded and delimited by biological membranes. Membranes
play a crucial role in the existence of cells by isolating from and
connecting with their environment. Biological membranes are mainly
formed by lipids and proteins. Whereas lipids form a bilayer that
prevents free diffusion of most molecules and ions, proteins control
molecular trafficing and information flow across the membrane. These
proteins embedded within biological membrane are called membrane
proteins, characterized by the presence of sequence regions adapted to
insert, fold and function in the complex environment of membranes.
Proper insertion, folding and orientation into the membrane are

essential for the correct function of membrane proteins.

This Thesis is focus on the transmembrane domains of a-helical
membrane proteins, a type of molecules that comprise 20-30% of all
genes in most sequenced genomes. However, due to the complexity of
the environment in which they live, our knowledge about membrane
proteins is still far away from that of soluble proteins.
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INTRODUCTION

I.1. BIOLOGICAL MEMBRANES

Biological membranes are the boundaries that surround and maintain
the cell integrity, acting as a barrier that separates the interior of the
cell from the exterior environment. Nonpolar molecules are able to
pass through the membrane following concentration gradients, but the
hydrophobicity of biological membranes does not allow polar
compounds and ions from crossing it by free diffusion, allowing the
creation of electrical potential and concentration gradients across the
membrane. Moreover, eukaryotic cell membranes contain organelles,
producing the compartmentalization needed for the proper operation
of metabolic pathways. Besides its role as a semi-permeable barrier,
biological membranes are involved in cell division, communication

with the exterior, molecular trafficking and biological reproduction.

The two main components of membranes are lipids and proteins,
molecules characterized by being amphiphilic, a property that
constitutes the structure of a membrane in an aqueous solution. The
lipids are organized in a double layer, which thermodynamically
favour and stabilize the membrane by the interaction of hydrophobic
acyl chains facing each other in the interior of the membrane
excluding water molecules and the polar head groups oriented to the

external aqueous environment.

One of the earliest models of cell membrane was the ‘fluid
mosaic model’, proposed by Singer and Nicolson in 1972 (Singer and
Nicolson, 1972). In this model, the membrane is seen as an ocean of
lipids with few proteins floating around in it, and where lipids and
proteins are in constant motion, freely moving laterally within the
membrane matrix (Figure 1). However, new experimental approaches
in the membrane field sustain a more crowded lipid bilayer with high

number of proteins embedded into the membrane, limiting free lateral
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INTRODUCTION

diffusion of molecules, suggesting that biological membranes are
more mosaic than fluid (Engelman, 2005; Goiii, 2014).

Figure 1. Membrane models. (A) Model structure of the cell membrane
based on the Singer-Nicolson model (Singer and Nicolson, 1972), where
lipids and proteins are freely diffusing laterally. (B) An update version of a
more crowded membrane according to current knowledge (Engelman, 2005).

i.1.1. Membrane lipids

Lipids in biological membranes are considered as amphipathic
molecules. They consist of a highly hydrophobic hydrocarbon tail and
a hydrophilic phosphate-containing head group. By the hydrophobic
effect, lipids spontaneously form a bilayer structure in aqueous
solution. The hydrocarbon tails of the lipids associate between them in
the hydrophobic core, excluding water molecules. The hydrophilic
head groups shield the tails, forming an interface between the
hydrophobic core of the membrane and the surrounding aqueous
environment (Granseth et al., 2005).

14



INTRODUCTION

There are three major types of lipids in biological membranes:
phospholipids, glycolipids and cholesterol (Figure 2 A). Due to the
diversity of chain length of the fatty acids and the different head
groups that exists, there are a high number of different lipid species.
One can find more than 100 different types present in a membrane of
a prokaryotic cell such as Escherichia coli (Raetz and Dowhan, 1990),
and more than 1000 in a eukaryotic cell (Sud et al., 2007). In fact,
cells use #5% of their genes to synthesize all the lipids they need (van
Meer et al., 2008). Based on their structure, lipids can be divided into
inverted conical with positive curvature, conical with negative
curvature and cylindrical with no curvature (Figure 2 B).

A Cholesterol Phospholipid Glycolipid

e
%

Figure 2. Different types of lipids in membrane. (A) According to their chemical
composition: cholesterol, phospholipids (dipalmitoylphosphatidylcholine, DPPC) and
glycolipids (C16 ceramide). (B) According to their structure: inverted conical

(positive curvature), conical (negative curvature) and cylindrical (no curvature).
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Phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS) and sphingomyelin (SM) are the most
common lipids in the eukaryotic plasma membrane, whilst
phosphatidic acid (PA) and phosphatidylinositol (PI) can be
found at a lower level (Suetsugu ef al., 2014). The phospholipid
composition varies between cell types and membranes. The
plasma membrane is enriched in sphingolipids and cholesterol.
This lipid composition of the plasma membrane contributes to a
more rigid and stable membrane. In endoplasmic reticulum (ER)
membrane, the scarcity of sphingolipids and cholesterol, and the
abundance of unsaturated fatty acids results in looser lipid
packing that is consistent with the role of this organelle in
transporting and inserting newly synthesized lipids and proteins
into the lipid bilayer (van Meer et al., 2008).

In addition, membrane are asymmetric. That is,
phospholipids are distributed into the two monolayers of the
membrane asymmetrically (Daleke, 2003). Lipids can move
between the two leaflets of the bilayer spontaneously in a very
slow manner (Kleinfeld et al., 1997), or this movement can be
catalysed by enzymes like flippases (Kol et al., 2004), which
move PE and PS from outer to cytosolic leaflet, flippases (van
Meer, 2011) that move phospholipids from cytosolic to outer
leaflet, and scramblases (Williamson, 2015), which move
phospholipids in either direction, toward equilibrium.
Furthermore, anisotropy can also be found in the leaflet plane of
the membranes. The lateral movement of membrane components
allows different levels of organization. In some membranes, the
lipid distribution is not random, but different types of lipids
group into clusters enriched in cholesterol and sphingolipids.

This microdomains, together with membrane proteins, form

16



INTRODUCTION

highly organized structures known as lipid rafts (Sonnino and Prinetti,
2013).

According to the electronic density profile obtained by molecular
dynamics simulation, a model bilayer formed solely by
dioleoylphosphatidylcholine (DOPC) can be divided into four regions
(MacCallum et al., 2008) (Figure 3). Starting from the center of the
bilayer, region I contains only hydrophobic tails of lipids, this region
constitutes what is generally known as the hydrophobic core and
occupies approximately 30 A thick. Region II contains the beginning
of hydrocarbon chains of the lipids and the initial part of the heads
polar regions. Region II has the largest electronic density and is the
most diverse, containing both hydrophobic as well as hydrophilic
compounds. Region III begins at the maximum of total electronic
density of the system and ends at the time when the most of the
density comes from water, in this region we find the major part of the
phosphate and choline groups. Finally, the IV region is the outer limits
of the membrane, composed mainly of water and a small portion of
the polar heads of the lipids. The sum of regions II and III is
considered as the interfacial region, and represents about 15 A of
thickness on each side of the hydrophobic core.

i.1.2 Membrane proteins

Membrane proteins are those that reside and exert their function while
inserted into biological membranes. They have crucial and specific
roles, and are involved in many biological functions. In addition to
maintaining the shape of the lipid bilayer, membrane proteins function
as receptors, signal transducers, transporters, channels, motors or
anchors and participate in signalling, transport, enzymatic processes
and cell adhesion. Around 25% of the genes in the genome of fully

sequenced prokaryotic and eukaryotic organisms encode membrane
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proteins (Krogh ef al., 2001), and they account above 50% of the drug
targets (Overington et al., 2006).

15
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Figure 3. Density profile of a model membrane. Upper panel, molecular dynamic
simulated structure of a membrane composed solely of dioleoylphosphatidylcholine
(DOPC). Water is shown as red (oxygen) and white (hydrogen) cylinders. The lipid
nitrogen and phosphate atoms are shown as blue and orange spheres respectively. The
lipid tails are shown as thin grey lines. Lower panel, electronic density of the same
membrane in which the four regions described can be differentiated. Total: total
electronic density. Adapted from (MacCallum et al., 2008).
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According to the interaction with the lipid bilayer, membrane
proteins can be differentiated between integral and peripheral
membrane proteins. Integral membrane proteins are buried inside the
bilayer, surrounded by lipids. They are strongly attached to the
membrane and can only be separated with hard treatments such as
detergents, organic solvents or denaturants. Peripheral proteins do not
span the hydrophobic core of the membrane, but they associate to the
bilayer through other proteins or lipid groups covalently linked to the

protein and reside at the membrane interface.

Determination of the three-dimensional structure of membrane
proteins has revealed two main types of structural motifs in membrane
proteins: a-helical bundles and B-barrels (Heijne, 1994; Vinothkumar
and Henderson, 2010) (Figure 4). While most proteins in eukaryotic
membranes are bundles of a-helices, B-barrels are found almost
exclusively in outer membrane of bacteria and in mitochondria and
chloroplast outer membranes. 2-3% of the genes of Gram-positive
bacteria have been estimated to encode B-barrels (Wimley, 2003). In
comparison, as stated above a-helical proteins represent about 25% of
all open reading frames in fully sequenced genomes (Krogh et al.,
2001). These two types of secondary structures allow the insertion in
the membrane of the polypeptide backbone by establishing
intramolecular hydrogen bonds, thus reducing the polarity of the CO
and NH groups of the peptide bond.

From here, this thesis focuses on a-helical proteins since they

comprise the great majority of cell membrane proteins.
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Cytoplasmic

Figure 4. The two major types of structures in membrane proteins. Left: an a-
helical bundle protein, bacteriorhodopsin from Halobacterium salinarum (PDB code:
2BRD). Right: a [-barrel protein, Outer Membrane Protein A (OmpA) from
Escherichia coli (PDB code: 1G90). Structures are shown in cartoon representation,
rainbow colored from blue (N-terminus) to red (C-terminus). Membrane boundaries
obtained from the PPM server (Lomize et al., 2012).

I.2. FOLDING AND STABILITY OF HELICAL MEMBRANE
PROTEINS

i.2.1. The two-stage model

The current knowledge on the folding of a-helical membrane proteins
is based on the model proposed in the early 1990s known as two-stage
model (Popot and Engelman, 1990). According to this model, and
giving rise to its name, the folding of membrane proteins occurs in
two stages.

20
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Figure 5. Two-stage model. (A) Thermodynamic equilibria for the formation of a
hydrophobic helix in a lipid bilayer surrounded by water. (B) Lateral association
(packing) of TMHs. Adapted from http://medicine.yale.edu/lab/engelman/.

In the first stage, hydrophobic sequences form a-helices when
inserted into the membrane. In the presence of water and a lipid
bilayer, a transmembrane o-helix (TMH) represents the most stable
state for a nonpolar amino acid sequence. Since the number of
hydrogen bonds of the polypeptide backbone is not critical in an
aqueous milieu, it is considered that the equilibrium between an
unstructured sequence and an o-helix will be governed by the side
chains of the amino acids (transition 1 in Figure 5 A). A helix formed
by hydrophobic residues has a high tendency to localize in the bilayer
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due to the reduction in the water entropy necessary for the same helix
to remain in the aqueous milieu (transition 2 in Figure 5 A). The
equilibrium of an unstructured sequence between water and lipid has
been estimated to be in favor of water due to the loss of hydrogen
bonds between the protein and water if this sequence enters in the
bilayer (transition 4 in Figure 5 A) (White and von Heijne, 2008).
Finally, disrupting a helix within the membrane is an unfavorable
process, due to the energy penalty of breaking the hydrogen bonding
pattern in an environment with a low dielectric constant such as that of
the membrane core. Therefore, a hydrophobic sequence within the
lipid bilayer is energetically prone to fold into an a-helical

conformation (transition 3 in Figure 5 A).

In the second stage, probably occurring at the same time as
insertion into the bilayer and acquisition of secondary structure, newly
inserted transmembrane (TM) segments associate (pack) with those
already in the membrane, leading to the formation of tertiary
structures (Figure 5 B). The packing between two helices causes an
increase in helix-helix and lipid-lipid interactions and a decrease in

helix-lipid interactions.

In 1989, Jacobs and White proposed a three-step thermodynamic
model for membrane protein folding based on structural and
thermodynamic measurements of the partitioning of small
hydrophobic peptides: interfacial partitioning, interfacial folding and
insertion (Jacobs and White, 1989). The combining of their model
with the two-stage model has led to the so-called four-step
thermodynamic cycle or four-step model (White and Wimley, 1999).
In this model, the four steps (partitioning, folding, insertion, and
association) can proceed along an interfacial path, a water path, or a

combination of the two (Figure 6). In addition, there is even a fifth
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step in which different events can take place such as the binding of
prosthetic groups, the folding of inter-helical loops, the entry of other
regions of the protein into the hydrophobic core or oligomerization of
different polypeptide chains into quaternary structure (Engelman et
al., 2003).

4— CDIE
/}_]h ~——  \AARAWAAN interface (i)
( ﬂG,‘f water (w)
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. G AGo: AGyhf ﬂGwha
water wiu wif
path
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unfolded (u) AGwif folded (f)

partitioning folding insertion  association (a)

Figure 6. Four-step thermodynamic cycle for describing the energetics of the
partitioning, folding, insertion, and association of an a-helix (red helices) in a lipid
bilayer (gray). A polypeptide chain may partition from and to water (w), the interface
(i) or the hydrophobic core of the membrane (h). In each of these environments the
chain can be unfolded (u) or folded (f) adopting some type of secondary structure that
neutralizes hydrogen bonds. Helices can associate (a) through interacting regions. The
location of a peptide sequence will depend on the free energy variation (AG)
associated with each of the transitions between the different. Adapted from (Cymer et
al., 2015).

Although these models do not necessarily mirror the actual
biological assembly process of proteins into biological membranes,
which will be discussed below, they can help to understand the
thermodynamic constraints on membrane protein structure formation
(Cymer et al., 2015).
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i.2.2. General structural features of membrane proteins

The main determinant for a sequence to be inserted in the membrane
is the global hydrophobicity value, which states that the tendency to
insert into the membrane increases with the degree of the sequence
hydrophobicity. This concept conflicts with the classical view that
charged residues within the membrane are thought to be prohibited in
the hydrophobic core. More recent studies have shown that this type
of amino acid residues does not prevent the insertion into the bilayer
of a sequence, but the insertion of a TM segment depends on its total
hydrophobicity (MacCallum et al., 2008; Martinez-Gil et al., 2008;
Ulmschneider et al., 2017). A similar effect is observed with those
amino acid residues that disfavour the formation of a-helical structure,
such as Pro (Nilsson et al., 1998) or Gly (Dong et al., 2012).

Although the hydrophobicity is the main feature of TM
sequences, a considerable fraction (> 30%) of the TMHs in
multispanning membrane proteins are not hydrophobic enough to be
efficiently inserted by themselves (Hessa et al., 2007), they are only
marginally hydrophobic. This finding suggests that membrane
insertion of TMHs in multispanning membrane proteins in many cases
may depend on sequence features extrinsic to the hydrophobic
segment itself (Hedin et al., 2010; Ojemalm et al., 2012).

In addition to the requirements of hydrophobicity and helicity, a
TMH must be long enough to be able to traverse the lipid bilayer.
Considering a translation of 1.5 A per residue in a canonical o-helix,
about 20 residues are required to span the hydrocarbon core (~ 30 A)
of the membrane. However, the minimum hydrophobic length
necessary to form a TMH has been investigated using model
membrane-inserted hydrophobic peptides (Krishnakumar and London,
2007). These studies showed that for alternating Leu and Ala peptides
(which have a hydrophobicity typical of natural TMHs), a length of 13
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consecutive residues is the minimum necessary to adopt a
predominantly TM disposition in synthetic bilayers with a biologically
relevant thickness. More recently, TM disposition of poly-Leu
sequences were analyzed using synthetic peptides and oriented
phospholipid bilayers, in vitro insertion into microsomal membranes
and molecular dynamics simulations (Jaud et al., 2009). Sequences
with either blocks of or dispersed hydrophobic residues have also been
analyzed using similar methods (Stone et al., 2015). The picture that
emerges from these studies is that lipid bilayers adapt to TMHs as
short as 10—12 leucines long.

Hydrophobic mismatch occurs when the length of a TM segment
does not match the thickness of the hydrophobic core of the
membrane (Killian, 1998). Studies have indicated that both TMHs and
lipids can adapt to minimize the effects of the mismatch (Figure 7).
When the length of a TM sequence is longer than the thickness of the
membrane (positive mismatch), it can tilt with respect to the normal
axis of the bilayer, resulting in kinked or even interrupted helices
(Bowie, 1997; Holt and Killian, 2010), or it can oligomerize to
minimize the exposed hydrophobic parts. In contrast, when the TM
segment is not long enough, it may result in aggregation or changes in
the side chain orientation such as the ‘snorkeling’ effect, by which
flexible aliphatic side chain of residues like Lys and Arg could face up
into the head group region, so the positively charged end can interact
with the phosphate groups of the lipid bilayer (Monné et al., 1998;
Killian and Von Heijne, 2000). In addition, lipids can also respond to
hydrophobic mismatch by stretching or disordering their fatty acid
chain, or by reorganizing membrane composition in microdomains or

lipid rafts.
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Figure 7. Possible adaptations to hydrophobic mismatch. In the case of too-long
transmembrane peptides: (A) bilayer distortion, (B) peptide tilting and/or (C) peptide
aggregation. For too-short transmembrane peptides: (D) bilayer distortion and/or (E)
peptide aggregation.

i.2.3. Driving forces in membrane proteins folding

Van der Waals forces

Van der Waals interaction originates from the attraction between
instantanecous atomic dipoles caused by fluctuation of electrons.
Although this is a weak force when considered individually, the sum
of all van der Waals interactions found in a protein can be a
significant force in its folding. Moreover, residues in TM regions tend
to be buried more often than residues in soluble proteins or
extracellular regions, allowing a higher number of van de Waals
interactions (Oberai et al., 2009).

Hydrogen bonds

A hydrogen bond is the electrostatic attraction between a hydrogen
atom covalently bound to a highly electronegative atom such as
nitrogen (N) or oxygen (O) and another highly electronegative atom.
The electronegative atom attracts the electron density from around the
hydrogen nucleus and, by decentralizing it, leaves the hydrogen atom
with a positive partial charge. Hydrogen atoms attached to carbon can

also participate in hydrogen bonding when the carbon atom is bound
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to electronegative atoms, resulting in a weaker hydrogen bond. In
membrane proteins, TMHs backbones can be involved in such weak
hydrogen bond (Jiang and Lai, 2002). Some studies have shown that
strong hydrogen bonds involving Asn, Asp, Gln and Glu can drive
helix oligomerization (Choma et al., 2000; Zhou et al., 2000; MeindI-
Beinker et al., 2006). The strength of the hydrogen bond depends on
the distance, the chemistry and the arrangement of the atoms involved,
and the nature of the surrounding milieu; small structural changes can

easily break a hydrogen bond (Mottamal and Lazaridis, 2005).

Salt-bridge interactions

Salt-bridges or ion-pairs in proteins are formed when two oppositely
charged groups are located within 4 A distance. Buried charged
residues have a stronger tendency to form salt-bridges than exposed
residues (Donald ef al., 2011). Within the hydrophobic environment of
the membrane, salt-bridge formation is a strong interaction due to the
decrease of the di-electric constant. Even though charged residues
(Asp, Glu, Lys, and Arg) are present at a low frequency level in
TMHs (Banoé-Polo et al.,, 2012), some studies have shown the
importance of intramembrane salt-bridges in TM packing (Bafi6-Polo
et al., 2013), as well as in the structure and function of helical
membrane proteins (Sahin-Toth et al., 1992; Donohue et al., 1999;
Hall et al., 1999).

Aromatic-aromatic interactions

Strong attraction between aromatic rings has been long recognized as
an important driving force in stabilizing nucleic acids, proteins, drug-
protein complexes, and poly-aromatic macrocycles (Hunter and
Sanders, 1990). A recent study has shown that the motifs
(Q,W,Y)xx(Q,W,Y) could drive self-oligomerization of TMHs in a
model system, and that this oligomerization effect was stronger when
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the aromatic residues were close to the interface region of the
membrane (Sal-Man et al., 2007). Another study showed that Trp at
various positions within a TMH promote homo-oligomerization in
sequences containing a randomised heptad repeat pattern (Ridder et
al., 2005).

Motifs involving glycine residues

Different motifs involving residues with small side chain allow tight
packing of TMHs. Side chains in helices form ‘knob-into-hole’
interactions, where ‘knobs’ are usually branched residues such as Val
and Ile, which fits into ‘holes’ formed primarily by Gly residues. This
kind of interaction was originally observed in the dimerization of the
TMH of glycophorin A and described as a oligomerization motif
(Lemmon et al., 1992, 1994), which was more recently minimised
(Orzéez et al., 2005). The GxxxG motif together with the less
common GxxxA have been found in many membrane proteins (Russ
and Engelman, 2000). Other Gly containing motifs involved in helix-
helix interactions are GxxGxxG, known as Gly zipper (Senes et al.,
2000) and GxxxxxxG or GG7 (Liu et al., 2002). Statistic studies have
shown that Gly zippers like GxxxG, (G,A,S)xxxGxxxG and
GxxxGxxx(G,S,T) are present in more than 10% of all known

membrane protein structures (Kim ef al., 2005).

1.3. BIOGENESIS OF HELICAL MEMBRANE PROTEINS

The vast majority of proteins are synthesized in the cytosol, where the
ribosome translates mRNA codons into amino acids and add them to
the growing polypeptide chain by catalyzing the peptide bond
formation. Soluble cytosolic proteins simply fold as they emerge from
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the ribosome. However, for secreted proteins and membrane proteins
the process is more complicated as they have to cross the membrane,
partially or totally. They use the machinery known as translocon for
its insertion and transport. In cukaryotic cells the translocon is a
multiprotein complex located on the ER membrane, consisting
basically of a channel that crosses the lipid bilayer. The translocon
allows soluble proteins to completely pass through the ER membrane,
and TM fragments of the integral membrane proteins to be laterally
inserted in the bilayer (Panzner et al., 1995).

i.3.1 The Sec translocon

The universal protein-conducting channel is called Sec61 in
eukaryotes and SecYEG in archaea and bacteria. The eukaryotic
Sec61 complex consists of three subunits, a, B, and y (Y, G and E in
prokaryotes). Both o and y subunits are highly conserved and are
essential for cell viability. In 2004 the determination of the X-ray
structure of the archaea Sec complex from Methanococcus jannaschii
(Berg et al., 2004) was a breakthrough in the study of translocation

and membrane protein integration.

The Sec6la (SecY) has 10 TM segments that form the aqueous
pore of the translocon, that has an hourglass shape (Figure 8 A). It
contains a constriction ring of six Ile residues in the cytoplasmic half
of the membrane, maintaining the permeability barrier during protein
translocation (Park and Rapoport, 2011). The a-subunit is divided into
two halves (TM1-5 and TM6-10) that forms a ‘clam shell’ and has an
interconnected hinge at the cytoplasmic loop between TM5 and TM6
(Figure 8 B). Furthermore, an extension of TM2 forms an a-helical
‘plug’ in the luminal side (Figure 8 A). This ‘plug’ blocks the channel
in the closed state and moves away during protein translocation,

conforming the open state of the translocon (Gogala et al., 2014).
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Additionally, an opening between TM2 and TM7 creates a lateral gate
that facilitates partitioning of TMHs into the membrane (Figure 8 B);
it has been confirmed that two halves of the a-subunit move apart
approximately 12 A in the presence of a TM segment (Gogala et al.,
2014).

Lateral
openning

Pore ring

Plug

Figure 8. Structure of the translocon. (A) Cross-sectional view from the side of the
crystal structure of the SecY complex from Methanococcus jannaschii. (B) View
from the cytosol of the channel. The a-subunit consists of two halves, TM segments
1-5 and 6-10 (in blue and red, respectively), which can open the lateral gate at the
front (purple double-headed arrow). The plug (TM2, in yellow) is in the centre of the
a-subunit. Plug movement towards the back (black double-headed arrow) opens the
channel across the membrane. The pore-ring Ile residues are indicated in green.
Adapted from (Rapoport, 2007).

The role of Sec61y (SecE) is to clamp the two halves of Sec61a,
and is essential for cell viability and translocation (Lycklama et al.,
2013). However, less conserved Sec61f subunit (SecG) is non-

essential and its function is still unclear.

Therefore, the Sec translocase complex has the ability to open
and close in two directions: perpendicular to the plane of the

membrane to allow translocation of soluble proteins, and laterally to
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allow the insertion of TM domains into the lipid bilayer. To reach the
translocon, the targeting process can be either co- or post-

translational.

i.3.2. Co-translational targeting

This mechanism, in which the translocation and insertion of the
protein in the membrane is coupled to the translation of the nascent
polypeptide chain, is the one used by secretion proteins and by the
majority of the membrane proteins. The pathway starts when a signal
sequence (SS) or the first TM of the growing nascent chain emerges
from the ribosome and is recognized by the signal recognition particle
(SRP) (Figure 9). The cleavable SS has a positively charged N-
terminal region followed by a hydrophobic domain composed of 7-15
residues and a polar C-terminal region. When SRP binds to the SS it
pauses the nascent chain elongation (Walter and Blobel, 1981; Mary
et al., 2010) and brings the whole ribosome-nascent chain (RNC)-SRP
complex to the ER membrane by interacting with the SRP receptor
(SR) (Akopian et al., 2013). Interaction between the SRP and the SR
requires GTP binding to both complexes. Subsequently, the RNC is
transferred from the SRP to the translocon, and GTP hydrolysis
triggers SRP-SR dissociation (Song et al., 2000). Then, the ribosome
can reinitiate the elongation of protein synthesis releasing the nascent
chain from the exit tunnel to the translocon channel. The translocon
will allow soluble domains to cross the membrane and hydrophobic
TM segments to exit laterally into the lipid phase (Nyathi et al., 2013)
(Figure 9). Both SRP and SR have a GTPase domain. As mentioned
above, they are bound to GTP when associated with the RNC,
however, when GTP is hydrolyzed the whole complex is disassembled
and SRP and SR are recycled for the next run (Akopian et al., 2013).
GTP hydrolysis is needed for the elongation of the polypeptide chain,
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but the movement through the translocon channel does not require

energy.
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Figure 9. Model of co-translational translocation and insertion. 1: Binding of the
SRP to a ribosome carrying a nascent chain with exposed signal sequence. 2: Binding
of the RNC-SRP complex to the SR. 3: Release of SRP, binding of the ribosome to
the Sec61 (SecY) channel, and transfer of the nascent chain into the channel. 4:
Translocation of the polypeptide chain, signal sequence cleavage, and folding of the
polypeptide on the other side of the membrane or lateral insertion for helical
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membrane proteins. Step 5: Termination of translocation or insertion and dissociation
of the ribosome into its two subunits. Adapted from (Park and Rapoport, 2012).

i.3.3. Post-translational translocation

In the post-translational pathway, the protein is completely
synthesized by soluble ribosomes in the cytosol and thereafter targeted
and inserted into the ER membrane. This pathway is used mostly by
soluble proteins, such as secretory proteins, which possess only
moderately hydrophobic signal sequences that cause them to scape

recognition by the SRP during their synthesis (Rapoport, 2007). These
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Figure 10. Model of post-translational insertion/translocation in eukaryotes.
Before targeting the translocon, the polypeptide is maintained in its unfolded state in
the cytosol by the binding of chaperones (dark blue). Once the polypeptide is located
in the translocon, it will be inserted into the membrane (membrane proteins) or
translocated through the channel to ER lumen (soluble/secretory proteins). BiP (light
blue) binding to the translocating polypeptide chain on the ER lumen prevents it from
returning to the cytosol. The Sec61 complex is indicated in yellow, Sec62/63 in brown
with the J-domain in green. Adapted from (Rapoport, 2007).

proteins need to remain unfolded or loosely folded after their release
from the ribosome to cross the membrane. After protein release, this
pathway begins with the binding of cytosolic chaperones while the
nascent chain emerges from the ribosome to prevent premature
folding before the polypeptide is transported through the channel. The
substrate is later targeted to the Sec61 complex, which interacts with
the Sec62/Sec63 complex in eukaryotes (Figure 10). The chaperones
release the nascent chain while it is translocated through the channel
(Plath and Rapoport, 2000; Park and Rapoport, 2012). On the lumenal
side of the ER the chaperone BiP (Binding immunoglobulin Protein)
binds to the polypeptide chain. BiP is an ATPase that provides energy
for translocation (Panzner et al., 1995). The mechanism is the

following: BiP interacts with Sec63 in its ATP-bound state, when
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ATP is hydrolyzed BiP binds to the polypeptide chain in its ADP
state, preventing it from sliding back to the cytosol. When the nascent
chain has sufficiently moved into the ER lumen, the next BiP
chaperone binds (Park and Rapoport, 2012). This process is repeated
until the polypeptide has completely traversed the channel. Once the
translocation is terminated, exchange of ADP for ATP opens the

peptide-binding pocket and releases BiP molecules (Figure 10).

i.3.4. Insertion into the ER membrane

As membrane proteins traverse the translocon channel, TM segments
are recognised by the translocon and inserted into the lipid bilayer by
the lateral opening of the channel. Once the channel plug is opened,
the lateral gate of the translocon is opening and closing continually,
exposing the regions of the proteins that are currently in the translocon
(aqueous) channel to the hydrophobic milieu of the membrane.
Hydrophobic segments will be directed to the membrane through the
lateral opening of the translocon. The size of this aperture suggests
that TM segments leave the channel one at a time (Heinrich and
Rapoport, 2003) or in pairs (Sauri et al., 2005, 2007), although there is
also evidence of insertion of several helices as a bundle (Sadlish et al.,

2005) (Figure 11).

In this sense, the translocon complex would allow interactions
between different TM domains of the same protein before the
integration process has completely finished, which facilitates the
insertion in the bilayer of segments that would not be able to integrate
by themselves, like marginally hydrophobic TM segments (White and
von Heijne, 2008; Hedin et al, 2010; Tamborero et al., 2011;
Ojemalm et al., 2012).
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Figure 11. TM integration. During membrane protein biogenesis, the TMHs are
transferred laterally from the proteinaceous environment of the translocon into the
lipid bilayer. This may occur sequentially with each TMS integrating independently
(up), in a pairwise fashion (middle), or in groups (down). Adapted from (Skach,
2009).

i.3.5. Translocon associated proteins

In addition to the Sec61 complex, the translocon machinery has in
eukaryotes many other components involved in  the
translocation/insertion process.

The signal peptidase (SP) complex is a protease that removes the
N-terminal signal sequence from secreted proteins and some
membrane proteins on the lumenal side of the membrane (Pactzel et
al., 2002). SP has a substrate specificity for small and uncharged
residues, such as Ala (Dalbey and von Heijne, 1992). Following the
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removal of the signal sequence, the polypeptide is folded, modified,
and salt bridges are formed. Moreover, the signal sequence left in the
membrane is further cleaved by a signal peptide peptidase (Weihofen
et al.,2002).

N-linked glycosylation is one of the most important covalent
protein modifications in mammals that occurs on about 1/3 of the
proteome, and it is essential for the folding of the protein and even for
oligomerization, quality control and transport (Igura et al., 2008). N-
linked  glycosylation  occurs  co-translationally by  the
oligosaccharyltransferase (OST) multi-subunit protein complex that is
closely associated with the translocon (Chavan et al., 2005; Pfeffer et
al., 2014). It transfers an oligosaccharide to the Asn residue of the
glycosylation site (Asn-X-Ser/Thr, being X any amino acid except
Pro). The catalytic site of the OST is located on the lumenal side of
ER membrane (Igura et al., 2008; Pfeffer et al., 2015), so only
glycosylation sites located at the ER lumen can be modified (Figure
12).

TRAM (translocating chain-associating membrane protein) is a
glycoprotein with eight TM segments and an N-/C-terminal cytosolic
orientation (Tamborero et al, 2011) that is involved in the
translocation and insertion of secreted and membrane proteins. It has
also been suggested to function as a membrane protein chaperone for
short, weak signal sequences and poorly hydrophobic TM segments
like those harbouring abundant charged residues (Goerlich et al.,
1992; Heinrich et al., 2000).
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Figure 12. Overall structure of the ER membrane-associated mammalian
ribosome. Segmented densities for the 40S (yellow) and 60S (light blue) ribosomal
subunits, translation elongation factors (magenta), Sec61 (blue), TRAP (green) and
OST (red) complexes. Density for the ER membrane is shown in grey. Adapted from
(Pfeffer et al., 2015).

Other component of the translocon machinery is TRAP
(translocon-associated protein). Although its main function is still
unclear, it has been proposed to be involved in the co-translational
insertion or translocation of newly synthesized eukaryotic proteins.
TRAP is a tetrameric protein complex (a, B, vy and §) of integral
membrane proteins (Hartmann et al., 1993) and is associated with
ribosome—Sec61 complexes with a 1:1 stoichiometry (Ménétret et al.,
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2008). It has been proposed that TRAP facilitates the initiation of
protein translocation (Fons et al., 2003), although the details of the
mechanism remain unknown. The o, B, and & subunits are single
spanning membrane proteins, whereas the y subunit crosses the
membrane four times (Bafio-Polo et al., 2017). More recently, the
molecular organization of the TRAP complex have been revealed by

cryo-electron tomography (Pfeffer ez al., 2017).

I.4. TOPOLOGY OF MEMBRANE PROTEINS

i.4.1. Classification of membrane proteins according to their
topology

The topology of a membrane protein (number of TM segments and the
relative location of its extramembranous domains on either side of the
membrane) is fundamental to being able to carry out its biological
function. In general, a protein can adopt a single topology in the
membrane, although cases have been identified in which the same
sequence is able to be inserted in the bilayer with two opposite
topologies (Rapp et al., 2006, 2007; Seppéla et al., 2010). According
to their topology, four large groups of membrane proteins can be
identified (Goder and Spiess, 2001).

Type I proteins are those with cleavable SS, therefore they have
their N-terminal end in the extracytoplasmic region. There are some
cases of proteins with a short loop between the SS and the first TM
domain, in which an inversion of the topology has been observed once
the SS has been cut (Stewart et al., 2001). Type Il and Type III are
SS-deficient membrane proteins in which the first TM segment is

oriented with its N-terminal towards the cytosol or the lumen,
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respectively (Figure 13). In multispanning proteins is the SS or in its
absence the first hydrophobic segment the main responsible for the
targeting as well as for establishing their global topology. In addition
to these three groups it could be considered a fourth (type IV) formed
by proteins anchored to the membrane by its C-terminal end. The
insertion mechanism of these proteins will necessarily locate the large
N-terminus towards the cytosol.

Type | Typell  Typelll Type IV
N C
N
C
E% %3 S
- - - ]
- - - -
- - - -

SRR
C N

Figure 13. Types of membrane proteins according to their topology. Type I are
Nouw With cleavable SS. Type II and III do not have SS, their first TM segment has a
Nip-Coue and Ng,-Ci, topology respectively. Type IV commonly also lacks SS and is
anchored to de membrane by the C-terminus, with the N-terminus oriented to the
cytosol. Classification based on (Goder and Spiess, 2001).

i.4.2. Topological determinants

The positive-inside rule

The major determinant for the topology of a membrane protein is the
so called positive-inside rule, which states that non-translocated loops

contain two to four times more positively charged residues (Arg and
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Lys) than the translocated ones (von Heijne, 1986a). Charges at the N-
terminal side of the SS may influence the orientation of the N-terminal
hydrophobic segment of a membrane protein. If it has positive
charges, the N-terminal part will remain in the cytosol and the C-
terminus will be exposed to the outside or the ER lumen (von Heijne,
1986b). One explanation could be that the positive charges are
arrested in the cytosol (Johansson et al., 1993; Fujita et al., 2011;
Yamagishi et al., 2014), probably because they interact with the
negatively charged lipid head groups (Van Klompenburg et al., 1997).
In addition, the translocon may be involved in the initial orientation of
the TM by following the positive inside rule; conserved negative
charges at the Sec61p (homologous to mammalian Sec61a) of yeast
seem to interact with the nascent chain providing the driving force for
signal orientation (Goder et al., 2004). More recently the Charge
Balance Rule (Bogdanov et al., 2014) was proposed as an extension of
the positive-inside rule, and it suggests that the net zero charge of
neutral lipids reduces the translocation potential of negatively charged
residues in favour of the cytoplasmic retention potential of positively
charged residues. This explains why positively charged residues are

more potent topological signals than negatively charged residues.

Transmembrane length

The length of the hydrophobic sequence can also determine the
orientation of TM segments. Longer sequences have a preference to
localize the N-terminus in the lumen (Sakaguchi et al., 1992;
Wabhlberg and Spiess, 1997; Eusebio et al., 1998). Cleavable signal
sequences have shorter hydrophobic segments than TM segments
orienting the N-terminal part to the cytosol (Nilsson ef al., 1994),
confirming the TM length as a determinant in defining the orientation
of the hydrophobic helix.
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Hydrophobicity

Besides the length of the sequence, its degree of hydrophobicity and
the hydrophobicity gradient can influence the orientation of a TM
domain in the bilayer. The more hydrophobic the TM segment is the
more it tends to insert with an N,,-C;, orientation independently of the
charges of the flanking region (Wahlberg and Spiess, 1997; Goder and
Spiess, 2003). An explanation for this observation is that very
hydrophobic helices may rapidly exit the lateral gate by interacting
with the hydrophobic core of the lipid bilayer (Heinrich et al., 2000).
In contrast, natural signal sequences (Ni,-C,) are less hydrophobic
and remain longer in the translocon allowing them to reorient during

nascent chain translation (Whitley and Mingarro, 2014).

Long loops and globular domains

Long loops reach further from the membrane surface to localize in the
aqueous environment and behave as other globular (soluble) domains.
If the N-terminal tail is long or rich in charged residues it will stay in
the cytoplasm and will not be translocated (Andersson and von
Heijne, 1993; Nouwen et al., 2009), leading to the N;,-C,,; orientation
of the segment. Similarly, it has been observed that the folding state of
an extramembrane domain preceding a TM segment precludes its
translocation, and consequently forces the TM segment towards an N-
terminal cytoplasmic orientation (Denzer et al., 1995). However, if the
N-terminal tail is translocated, the following TM domain will adopt a

Nou-Cin orientation.

Lipid composition

In addition to affecting the assembly and structure of membrane
proteins, lipid composition can also affect their topology. Some

studies have shown that membrane proteins from E. coli can adopt
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different topologies depending on the lipid composition (Bogdanov ef
al., 1996; Zhang et al., 2003, 2005). The topology of lactose permease
(LacY) was largely altered when inserted in a membrane lacking
phosphatidylethanolamine (PE), signifying the importance of lipid
influence on topology. Interestingly, by inducing PE synthesis post-
assembly of LacY, the TM domains could reorient to their native
orientation, indicating that the process is completely reversible
(Bogdanov et al., 2002).

I.5. COMPUTATIONAL METHODS IN MEMBRANE
PROTEINS

Despite the enormous advances in the field, it is still a challenge to
work with membrane proteins, as they are unstable outside the
membrane environment, and then difficult to handle biochemically.
To stabilize them outside the membrane, they need to be reinserted
into a kind of lipid, like detergent milieu, or by adding ligands or
inhibitors, or by introducing point mutations to generate a more stable
protein in solution (Vinothkumar and Henderson, 2010). Moreover,
experimental methods used to determine the three-dimensional
structure of proteins are expensive, time-consuming and require
crystallization, which is especially difficult for membrane proteins.
Although the progress in the determination of membrane protein
structures follows an exponential growth (White, 2004) (Figure 14),
there is still a huge gap between the number of structures of
membrane proteins and globular ones. All these difficulties underline
the importance and the need for automated computational tools to
identify and to predict the potential structure of membrane proteins.
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Figure 14. Growth in TM protein structure determination since the release of the
first structure (1985), showing an exponential trend. This exponential trend has been
reduced in the last decade relative to the expectations in 2005 (red dashed line).
Figure created at Stephen White’s lab (http://blance.biomol.uci.edu/mpstruc/)
(White, 2004).

i.5.1. Statistical and machine learning methods

Early predictions of TM segments generally used a scale-based
analysis, which follows a four-step procedure: 1. Each amino acid is
given a value derived from its physico-chemical properties, generating
a ‘propensity scale’. 2. Using these values, the amino acid sequence is
transformed into a sequence of values generating a plot of propensity
values among the sequence. 3. Smooth the plot by taking the average
propensity value in a window of n residues and plot the average at the

center of the window (sliding window average). 4. Identify TM
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regions by scanning the smoothed plot for regions with values higher

than a predetermined threshold.

Modern approaches in membrane protein topology prediction are
machine learning methods. The goal of machine learning is to develop
algorithms which can learn by themselves to solve problems. Many
algorithms used in topology prediction are based on hidden Markov
models (HMMs) and artificial neural networks (ANNSs).

HMMs are probabilistic models that are suitable for modelling a
wide range of sequence based problems (Rabiner and Juang, 1986). It
consists of a set of interconnected states, each of which emits an
observable output symbol. To each state there are two types of
parameters, emission probabilities, which are the probabilities of
emitting each symbol, and transition probabilities, the probabilities of
moving from one state to some other state. When predicting the
topology of TM proteins using HMMs (Sonnhammer et al., 1998;
Tusnady and Simon, 1998; Krogh et al., 2001; Bernsel et al., 2008;
Viklund and Elofsson, 2008), the basic idea is to build a model, where
each state is labelled with either “Membrane”, “Inside” or “Out-side”
and define the possible transitions between the states so that they
agree with the grammar of topology. Then, using sequences with
experimentally known topologies, the transition and emission
probabilities are adjusted. One advantage of using HMMs is that the
final prediction is guaranteed to be globally optimal, since the
predicted location for a particular residue depends on the most likely

state path through the model for the whole sequence.

ANNSs are a set of algorithms for information processing, which
are designed to mimic the functioning of brain synapses (McCulloch
and Pitts, 1943; Hebb, 1949; Rosenblatt, 1958). As with HMMs,
ANNSs in membrane topology predictions (Rost et al., 1995; Rost et
al., 1996; McGuffin et al., 2000; Jones, 2007) are generally used to
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classify each residue in a sequence as either “Inside” (i), “Outside” (o)
or “Membrane” (M). For each position in the sequence, the input is
commonly a window of residues centered on this position, and the
output is a value between 0 and 1 for each of the structural categories
(i, o and M). Using ANNSs for topology prediction usually involves
two steps, a parameter estimation step (training) and a prediction step.
In the parameter estimation step the weights of the neural network are
optimized using sequences with known topology. These estimated
parameters are then used for predicting sequences with unknown
topologies. Neural networks are most commonly used for residue level

predictions.

i.5.2. Hydrophobicity scales

Hydrophobicity scales are tables that assign a value to each amino
acid residue according to their tendency to interact with surrounding
water. Based on this, an estimation of which amino acids are preferred
in membrane regions can be made. For membrane proteins prediction,
these tables are used to define the free energy needed to insert an
amino acid into the hydrophobic core of the membrane.
Hydrophobicity scales are based on the partitioning of amino acids
between two immiscible liquid phases, chromatographic techniques or
accessible surface area calculations. Some of the numerous available

scales are chronologically outlined below.

One of the most frequently cited hydrophobicity scale, the Kyte-
Doolittle scale (Kyte and Doolittle, 1982), combines accessible
surface area measurements in globular proteins with water-vapor
partitioning preferences. By implementing this scale in a sliding-
window approach, it was possible both to distinguish exterior from
interior in globular proteins, and to identify TM regions in membrane

proteins.

45



INTRODUCTION

Another hydrophobicity scale specifically adapted to TMHs is the
Goldman-Engelman-Steitz scale (Engelman et al., 1986), in which a
semi-theoretical approach is taken, accounting for the attachment of

side chains to an a-helical backbone structure.

The Wimley-White scale (White and Wimley, 1999) in addition
to compute the hydrophobicity of isolated amino acids, takes into
account the contribution of the backbone peptide bonds to partition
into the Dbilayer. Partitioning of  pentapeptides  into
palmitoyloleoylphosphatidylcholine ~ (POPC) bilayer interfaces
(Wimley and White, 1996) and n-octanol (Wimley et al., 1996) were

used to build this scale.

The Hessa scale (Hessa et al, 2005, 2007) is a biological
hydrophobicity scale based on experimental results. The authors
challenged the Sec61 translocon with a large set of systematically
designed TM sequences and measured the efficiency of membrane
integration for each one. Then, they used the quantitative data
generated in this way to measure contributions from individual

residues and to calculate the energy needed to insert each amino acid.

The Zhao-London scale (Zhao and London, 2006) is based on
propensities of amino acids in protein structures. They applied
hydrophobicity analyses to databases of soluble and transmembrane
proteins of known structure and this information was used to define a
refined hydrophobicity-type TM sequence prediction scale. The
refinement procedure involved adjusting scale values to eliminate
differences between the average amino acid composition of

populations TM and soluble sequences of equal hydrophobicity.
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i.5.3. Membrane protein predictors

Transmembrane domain predictors

The DAS server, presented in 1997 (Cserzo et al., 1997), uses the so-
called Dense Alignment Surface (DAS) method, which is based on
low-stringency dot-plots of the query sequence against a collection of
non-homologous membrane proteins using a previously derived
special scoring matrix. In 2002, the method was updated to DAS-
TMfilter (Cserzo et al., 2002), which in a second prediction cycle
predicts TM segments in the sequences of the TM library.

SOSUI (a Japanese word that means “hydrophobic”) (Hirokawa
et al., 1998) classifies and predicts secondary structure of membrane
proteins taking into account the known helical potentials of the given
amino acid sequence. SOSUI uses 4 characteristics of the amino acids
in its prediction: ‘hydrophobicity index’ (Kyte and Doolittle, 1982),
‘amphiphilicity index’ (weighted presence of amphiphilic amino acids
and their localization), the charge of the amino acids and the length of

the sequence.

The AG Prediction Server (http://dgpred.cbr.su.se/) is based on
experimental results from systematically designed 19-residue long

amino acid sequences that have been expressed and tested for TM
insertion using an in vitro assay (Hessa et al., 2005, 2007). Given the
amino acid sequence of a putative TM helix, the server gives a
prediction of the corresponding apparent free energy difference,
4G,,,, for insertion of this sequence into the ER membrane. The
server runs in two different modes, for two different types of queries:
prediction of 4G,,, for membrane insertion of a potential TMH or

scan a full protein sequence for putative TMHs.

47


http://dgpred.cbr.su.se/

INTRODUCTION

Topology predictors

One of the first topology predictors was TopPred (von Heijne, 1992).
It uses the Goldman-Engelman-Steitz scale (Engelman et al., 1986) to
create a hydropathy plot of the sequence, with a sliding window
approach. All hydrophobicity peaks above a first cut-off value are
identified as 'certain' TM segments, whereas all peaks below this cut-
off but above a second lower cut-off value are marked 'putative’ TM
helices. Additionally, it solved the orientation problem by considering
the positive inside rule (von Heijne, 1986a). Few years later, an
improved version, named TopPred II, was compiled to include a n
option in which the unfavourable free energy of membrane insertion
of charged residues in the TM segments can be reduced by means of
the “Charge-pair Energy” parameter if they can form i, i+3 or i, i+4
charge-pairs (Claros and Heijne, 1994).

MEMSAT (MEMbrane protein Structure And Topology) is based
on the combination of a scoring matrix developed with a dynamic
programming algorithm (Jones et al., 1994). The scoring matrix
defines five different states: inside loop, outside loop, inside helix end,
helix middle, outside helix end. Latter versions of the program have
introduced main changes, as the use of ANNs and sequence profiles
(McGuffin et al., 2000; Jones, 2007).

PHDhtm was published in 1995 as the first ANN-based method
incorporating evolutionary information (Rost et al., 1995; Rost et al.,
1996). The method takes a sequence profile as input and predicts a
preference score for each profile column based on a sliding window of
neighbouring columns. A topology is then generated using a dynamic
programming algorithm, and the overall orientation is determined by

the positive-inside rule.
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The TMHMM (TransMembrane Hidden Markov Model)
(Sonnhammer et al., 1998) and HMMTOP (Tusnady and Simon,
1998) methods were introduced in the late nineties and use HMMs for
topology prediction. An advantage of HMMSs is that biological
knowledge can be easily translated into flexible models. The models
presented by both groups show many similarities: both separate the
helix into a core and two different end states and they differentiate
between inside/outside loop. Later on, the PRO-TMHMM (Viklund
and Elofsson, 2004), which is a development of TMHMM, was
introduced. PRO-TMHMM uses sequence profiles rather than single
sequences that can be scored against the model to improve prediction

performance.

The first version of Phobius (K4ll et al., 2004) was published in
2004. The main aim was to create a topology predictor that could
identify signal peptides, in turn reducing prediction errors by
assigning TM regions as signal peptides and vice versa. Knowledge
about the appearance of signal peptides also helps determining the
orientation of a protein inside a membrane. Shortly after the first
version was released, an extension called PolyPhobius (Kéll et al.,
2005) was released. Its improvement is a hidden Markov decoding
algorithm that uses evolutionary information by including for each
position in a multi-sequence alignment the average of the previous
label probability. This helps to improve the prediction performance for
both TM regions and signal peptides. Philius (Reynolds et al., 2008) is
based on the work done to create Phobius. Similarly, it can predict
signal peptides in addition to the TMHs. Philius also provides
confidence scores for its predictions and predicts the signal peptide

cleavage site.

TMDET (Tusnady et al., 2004) is an approach to distinguish

between transmembrane and globular proteins using structural
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information only and to locate the most likely position of the lipid
bilayer. An automated algorithm determines the membrane planes
relative to the position of atomic coordinates, together with a
discrimination function which is able to separate transmembrane and
globular proteins even in cases of low resolution or incomplete

structures such as fragments or parts of large multi-chain complexes.

SCAMPI (Bernsel et al., 2008) is based on the idea to take
biological knowledge and translate it into a computational model. It
uses a simple HMM with only two optimized parameters: the positive-
inside rule and the Hessa hydrophobicity scale (Hessa et al., 2005).
Although it is a simple method, it achieves results similar to those of

more complex methods (Peters et al., 2016).

OCTOPUS (Viklund and Elofsson, 2008) modelled for the first
time a variety of regions that do not completely span the membrane. It
is the first method to implement an HMM with an alphabet consisting
of residue preferences predicted by an ANN. Shortly after the release
of OCTOPUS, SPOCTOPUS (Viklund et al., 2008) was released to
address a well-known weakness of many prediction algorithms that

often confuse TM regions with signal sequences.

Finally, TOPCONS was introduced in 2009 (Bernsel ef al., 2009).
It is a meta-predictor that runs five other predictors (OCTOPUS,
Philius, PolyPhobius, SCAMPI and SPOCTOPUS) to combine their
output into a topology profile, and uses this profile as input for a
simple HMM. Basically, it filters predictions provided by the other
methods to assess the likely global topology. In 2015 an updated
version was published (Tsirigos et al., 2015), in which the HMM was
extended such that it is now able to separate between signal peptides

and the rest of the protein.

50



INTRODUCTION

i.5.4. Membrane proteins databases

Several databases have been built as repositories of membrane protein
sequences and/or structures, and for the purpose of helping
computational biologists to develop and test their prediction methods.
Some of the most frequently used membrane proteins databases are
described below.

Stephen White’s manually curated database
(http://blanco.biomol.uci.edu/mpstruc/) contain a current list of

membrane protein structures determined by X-ray, NMR and electron
diffraction with links to the Protein Data Bank (PDB)
(http://www.rcsb.org/) (Berman et al, 2000) and PubMed

(https://www.ncbi.nlm.nih.gov/pubmed) entries. From the same
group, MPtopo (Jayasinghe et al., 2001) is a curated database of

membrane proteins with experimentally validated TM segments.

PDBTM (Protein Data Bank of Transmembrane Proteins)
database (http:/pdbtm.enzim.hu/) (Tusnady et al., 2004, 2005a;
Kozma et al, 2013) is a comprehensive and up-to-date
transmembrane protein structures selection of the PDB. The PDBTM
database was created by scanning all PDB entries with the TMDET
algorithm (Tusnady et al., 2005b) which also predicts the membrane

orientation of protein structures.

The OPM (Orientation of Proteins in Membranes) database
(http://opm.phar.umich.edu/) (M. A. Lomize et al., 2006) provides as
a significant novelty spatial arrangements of membrane proteins with

respect to the hydrocarbon core of the lipid bilayer. OPM includes all
unique experimental structures of transmembrane proteins and some
peripheral proteins and membrane-active peptides. Each protein is
positioned in a lipid bilayer of adjustable thickness with the PPM
(Positioning of Proteins in Membranes) algorithm (A. L. Lomize et
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al., 2006; Lomize et al., 2011). PPM program can be applied to newly

determined experimental protein structures or theoretical models.

MemProtMD (http://sbcb.bioch.ox.ac.uk/memprotmd/beta/)

(Stansfeld et al., 2015) is a database of all known membrane proteins

identified in the PDB inserted into simulated lipid bilayers using
Coarse-Grained Molecular Dynamics simulations. The simulations are
analyzed for protein-lipid interactions, identifying lipid binding sites,
and revealing local bilayer deformations plus molecular access
pathways within the membrane. The coarse-grained models of
membrane protein/bilayer complexes are then transformed to

atomistic resolution for further analysis and simulation.
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The general objective of this thesis is the understanding of the
insertion and assembly of TM a-helices into biological membranes,
and how this process is affected by hydrophobic sequence length and
amino acid composition. During the study of these transmembrane a-

helices, this thesis has addressed the following specific objectives:

- To describe the differences between TM and water-soluble

helices in terms of length and amino acid composition.

- To study the amino acid distribution patterns statistically along
TM helices.

- To analyze the predicted insertion of computationally designed

sequences with different length and amino acid composition.

- To wvalidate experimentally our predictions by analysing its
membrane  integration capacity using an in  vitro

translation/glycosylation system.
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M.1. COMPUTATIONAL METHODS

m.1.1. Helix data sets

Two data sets of water-soluble and TM helices were obtained from the
PDB (Berman et al., 2000) and the MPTOPO databases (Jayasinghe et
al., 2001), respectively.

First, the water-soluble dataset was built by selecting a total of
4,405 structural chains deposited in the PDB (as of November 17th,
2011) that passed the following criteria were selected: (i) their total
secondary structure had more than 60% of a-helices and no -strands;
(i) their crystallographic resolution was 2.0 A or higher; and (iii) the
word MEMBRANE did not appear in the “TITLE” nor the
“DESCRIPTION” fields of the PDB file. Furthermore, to remove
redundancy, the 4,405 chain sequences were compared to each other
with the CD-HIT program (Huang et al., 2010) and pairs resulting in
sequence alignments with 80% or higher identity were discarded. The
final set of 930 non-redundant PDB chains was parsed to identify a
total of 7,348 helices from “HELIX” fields of each PDB chain entry.
Thus, the data set of water-soluble helices contained 930 non-
redundant and high-resolution protein structures, 7,348 a-helices and
108,277 amino acids.

Second, all a-helical membrane proteins deposited in the
MPTOPO database (last updated on January 19th, 2010) (Jayasinghe
et al., 2001), and thus with known membrane insertion topology, were
selected. The initial set was further filtered by: (i) removing any entry
of unknown structure as based on the MPTOPO entry classification
(i.e., keeping only entries described as “3D_helix” and “1D_helix”);
(i1) removing redundant pairs at 80% sequence identity by applying
the CD-HIT program (Huang et al., 2010). The final data set of TM
helices contained 170 non-redundant structures, 837 TM helices, and
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20,079 amino acids. Furthermore, to properly analyze the amino acid
propensities in single membrane spanning TM helices, we discarded
any helix shorter than 17 amino acids or larger than 38 amino acids.
The resulting TM data subset contained 792 TM helices, and 19,356

amino acids.

m.1.2. Amino acid propensity

We calculated three different amino acid measures: (i) probability and
percent, (i1) Odds, and (iii) LogOdds. The probability (p;) of an amino
acid 7 is defined as:

n
Pi =4 I

where i is the amino acid type (one of the 20 amino acids), »; is the
observation count of the amino acid i, and N is all amino acids in the
data set. Similarly, the percent of a given amino acid i is defined as its
probability multiplied by 100. The Odds (O;) of an amino acid i is
defined as:

0: = Dic Dir
l (1_pi,c) (1_pi,r)

2]

where p;. is the probability of the amino acid i in the class ¢ (for
example, TM helix) and p;, is the probability of the amino acid i in the
class » (for example, water-soluble helix). Similarly, the LogOdds of a
given amino acid i is defined as the logarithm in base 10 of its Odds.
Briefly, Odds higher than 1 (or positive LogOdds) indicate over-
occurrence of the amino acid type in the class. Odds smaller than 1 (or
negative LogOdds) indicate under-representation of the amino acid

type in the class.
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m.1.3. Computational sequence design

Using the created TM helices dataset described above (792 TM
helices and 19,356 amino acids), we generated a series of designed
sequences of a given length by populating them with an increased

number of amino acid types.

First, we generated sequences with only Leu amino acid type (the
most common in TMs) of lengths ranging from 9 to 25 residues. Next,
we included the second most common amino acid type in TMs (that
is, Ala) with its relative probability compared to Leu. Again, we
generated 1,000 sequences of each length where the sequences were
obtained by shuffling a string of L and A letters with the proportions
between them as found in our data set (58% L and 42% A). The same
procedure was repeated each time including a new amino acid type
following the order found in our dataset, in terms of abundance, until

we had all 20. (See Figure 15).

Next, we generated a set of sequences with both, amino acid
propensity as well as positional effect by taking TMs residues and
annotating their position with respected the center of the TM helix. In
such case, we computed the probability of an amino acid type in each
of the positions of a TM starting from the central one (position 0) and
increasing the positive number as we approached the cytoplasmic side
of the TM or a negative number as we approached the extracellular
side of the TM. The designed sequences were built taking into account
the position by selecting amino acids for each pool across the TM
helices. Similarly to the non-position dataset, 1,000 sequences of each
different length were generated for each amino acid type
compositions. (See Figure 15).
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Figure 15. Computational flowchart for designing TM sequences as well as
predicting their insertion probability using the experimentally based AG Prediction
Server (http://dgpred.cbr.su.se/).

m.1.4. Prediction of the AG values and probability of insertion

All sets of 1,000 sequences of desired length, amino acid composition
and non-positional or positional effect were used to generate a series
of predicted insertion capacity scores, which were predicted using the
experimentally based 4G Prediction Server (http://dgpred.cbr.su.se/)
(Hessa et al., 2005, 2007). In this program, the apparent AG is
described as:
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AGgpp = —RTInK 4y, 3]

where 7 = 298 K, R = 0.0019872 kcal/(K-mol) and the K, is the
equilibrium constant between the fraction of molecules inserted (f;)

and the fraction of molecules translocated (f;):

_fi
Kapp = f_tl [4]
Since
fi + ft =1 [5]

and the fraction of molecules inserted (f)) is the same than the

probability of insertion (p;), we can rewrite the equation 3 as follows:

—RTIn(-2

AG :
1-p;

app — ) [6]

Thus, by reorganization of equation 6 we can obtain the probability of

insertion (p;) from the 4G value given by the predictor:

eC=RT)
pi = Y- 7
1+ e =rT)

All the analysis mentioned above were performed with Python
(Python Software Foundation, version 2.7, https://www.python.org/),
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R (The R Foundation, https://www.r-project.org/) and RStudio

(https://www.rstudio.com/).

M.2. EXPERIMENTAL METHODS

m.2.1. Biological material

E. coli

The strain used for the routine extraction of plasmid DNA was E. coli
DH5a (genotype: dlacZ AM15 A(lacZY A-argF) U169 recAl endAl
hsdR17(rK-mK+) supE44 thi-1 gyrA96 relAl) (Taylor et al., 1993).
The competent cells were prepared in the laboratory following the

protocol from (Sambrook and Russell, 2001).

Growing conditions

For the growth of the bacteria we used LB media (Luria Bertani,
composed of yeast extract at 0.5% (w/v), triptone at 1% (w/v) and
NaCl at 1% (w/v)) liquid or solid (adding bacteriological agar at 2%
(w/v)). The media was autoclaved for 20 minutes at 1 atmosphere
pressure and 121°C and supplemented with the appropriate antibiotic.
Cells were grown at 37°C and 250 rpm (liquid LB) overnight (at least
12 hours).

Thermal shock transformation

To introduce the plasmids into the bacteria, 10 ng of DNA was
incubated on ice along with 50 uL of competent cells for 30 minutes.
After this period the cells were subjected to a thermal shock of 42°C
for 45 seconds and subsequently incubated for 5 minutes on ice. 500
pL of LB was then added and the cells were recovered at 37°C for 45
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minutes under stirring. Cells were collected by sedimentation at 3,000
rpm for 5 min, 450 uL of the supernatant was removed and the rest
was resuspended with the pellet and seeded on an LB plate with the

appropriate antibiotic. The plate was grown at 37°C overnight.

Electric shock transformation

In those occasions that high transformation efficiency was required,
the transformation of DNA was made by electroporation. In this case
50 uL of electrocompetent cells were incubated with 5 ng of plasmid
DNA. The cells were then subjected to an electric shock of 1.8
kV/em® for 5 milliseconds. The distance between the electrodes the
electroporation cuvettes was 0.1 cm. After the electric shock the cells
were recovered in LB medium by incubating them for 45 minutes at
37°C under agitation, after which the cells were seeded on an LB plate

plus the required antibiotic. The plate was grown at 37°C overnight.

m.2.2. DNA manipulation

DNA isolation

Plasmids isolation from E. coli and agarose gel purification were
made using commercial kits (GeneJET Plasmid Miniprep Kit and
GeneJET Gel Extraction Kit respectively) purchased from Thermo

(Ulm, Germany), following the manufacturer's instructions.

Insert construction, vector preparation and ligation

Tested sequences were constructed using two double-stranded
oligonucleotides with 5° overlapping overhangs at the ends. Pairs of
complementary oligonucleotides were first annealed at 85°C for 10
min followed by slow cooling to 30°C, after which the two annealed

double-stranded oligonucleotides were mixed, incubated at 65°C for 5
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min and cooled slowly to room temperature. The resulting
oligonucleotides were then purified in a 2% agarose gel,
phosphorylated, ligated into the vector and transformed into E. coli.
The vector was previously digested with the required restriction

enzymes, dephosphorylated and purified in a 1% agarose gel.

Site-directed mutagenesis

Mutations at the designed TM segments were obtained by site-
directed mutagenesis using the commercial kit Quickchange from
Agilent Technologies (Santa Clara, CA, USA). The reaction mix (2.5
uL of simple buffer 10x, 1 uL of dNTPs 25 mM, 250 ng of both
oligonucleotides and 2.5 U of Pfu Turbo polymerase) was subjected to
25 amplification cycles (denaturing 50 seconds at 95°C, annealing 1
minute at 58-60°C and elongation 12 minutes at 68°C) in a Eppendorf
Mastercycler Personal (Hamburg, Germany). The reaction was then
digested with Dpnl enzyme to degradate the parental DNA and

transformed into E. coli.

All oligonucleotides used in the production of constructs by the
annealing method and in site-directed mutagenesis are listed in Annex
L

m.2.3. Glycosylation assay

To analyze the experimental insertion of computed sequences into ER
membranes, we used the pGEM-Lep plasmid. In this plasmid, the E.
coli leader peptidase protein (Lep) is under a SP6 promotor. Lep
consists of two TM segments (HI and H2) connected by a
cytoplasmic loop (P1) and a large C-terminal domain (P2), and inserts
into ER-derived rough microsomes (RMs) with both termini located in
the lumen (Figure 16). The designed sequence (“TM-tested”) was
engineered into the luminal P2 domain and flanked by two acceptor
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sites (Gl and G2) for N-linked glycosylation. The engineered
glycosylation sites can be used as membrane insertion reporters
because G1 will always be glycosylated by the OST complex (see
Figure 12) due to its native luminal localization, but G2 will be
glycosylated only upon translocation of the analyzed region through
the microsomal membrane. A singly glycosylated construct in which
TM-tested is inserted into the membrane has a molecular mass ~2.5
kDa higher than the molecular mass of Lep expressed in the absence
of microsomes; the molecular mass shilts by ~5 kDa upon double

glycosylation (i.e, membrane translocation of the TM-tested

sequence).
translocated
G2
TM-tested

Gle . G1

inserted ER lumen
TM-tested H1 H2
G2 cytoplasm
P1
P2

Figure 16. Experimental insertion of segments into the ER membrane. Schematic
representation of the engineered Lep model protein. Lep, consisting of 2 TM
segments (H1 and H2, blue) and a large luminal domain (P2), inserts into rough
microsomes in an Ny,-C-,,, orientation. Computationally designed TM sequences
were engineered into the P2 domain with flanking glycosylation sites (G1 and G2).
For sequences that integrate into the membrane (green), only the GI site is
glycosylated (left), whereas both G1 and G2 are modified for sequences (red) that do
not integrate into the membrane (right).
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m.2.4. In vitro transcription and translation

Constructs in pGEM-Lep were transcribed and translated in the TNT
SP6 Quick Coupled System (Promega). A total of 75 ng DNA
template, 0.5 puL *’S-Met (5 pC;) and 0.25 pL microsomes (tRNA
Probes) were added at the start of the reaction, and samples were
incubated for 90 min at 30 °C. Translation products were diluted in 50
uL of loading buffer (Tris-HCl 625 mM pH 6.8, glycerol 10% (v/v),
SDS 2% (w/v), B-mercaptoethanol 4% (v/v) and bromophenol blue
0.025% (w/v)) and analyzed by SDS—PAGE. The gels were quantified
using a Fuji FLA-3000 phosphoimager and Image Reader 8.1j
software. The membrane-insertion probability of a given TM-tested
sequence was calculated as the quotient between the intensity of the
singly glycosylated (f},, inserted) band divided by the summed
intensities of the singly glycosylated and doubly glycosylated bands

(f2, translocated):

f
pi = -

N f1g+f2g 18]

Likewise, the experimental 4G was calculated with the next formula:

AGgnh = —RTInK 7 9]

where, in this case, the experimental equilibrium constant (K,,,) is
defined as the quotient between the intensity of the singly
glycosylated (f},, inserted) band divided by the intensity of the doubly
glycosylated band (f>,, translocated):

exp _ N
Kapp = é [10]
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Enzymes and chemicals

All enzymes as well as plasmid pGEM1, the TNT SP6 Quick Coupled
System and rabbit reticulocyte lysate were from Promega (Madison,
WI, USA). ER rough microsomes from dog pancreas were from tRNA
Probes (College Station, TX, USA). [*>S]Met were from Perkin Elmer
(Waltham, MA, USA). The restriction enzymes were purchased from
Roche Molecular Biochemicals. The DNA purification kits and site-
directed mutagenesis kit were from Thermo (Ulm, Germany). All the
oligonucleotides were purchased from Sigma-Aldrich (Switzerland).
All TM segment inserts and mutants were confirmed by sequencing of
plasmid DNA with the Sequencing Service from Macrogen Europe
(Amsterdam, the Netherlands).
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RESULTS

R.1. STRUCTURE-BASED STATISTICAL ANALYSIS OF
TRANSMEMBRANE HELICES

r.1.1. Helix length in membrane and water-soluble proteins

Length distributions for 837 TM and 7,348 water-soluble helices

found in high-resolution structures were analyzed, which turned to be
very different (Figure 17).

Helices in TM proteins are in average 24.0 (= 5.6) amino acid
residues long, this result slightly differs from previous data obtained
using databases with 45 (Bowie, 1997) and 129 (Ulmschneider et al.,
2005) TM helices, where average helix length was 26.4 and 27.1
amino acid residues, respectively. Because the translation per residue
in a canonical helix is 1.5A, a stretch of about 20 consecutive
hydrophobic residues can span the 30 A of the hydrocarbon core of
biological membranes. Indeed, the more prevalent (~12%) length for

TM helices in our data set was 21 residues (Figure 17).

TM helices shorter than 17 residues as well as larger than 38
residues were excluded in later analysis since they may not cross
entirely the membrane (Figure 17, inset a) or may contain segments
parallel to the membrane (Figure 17, inset b). In the case of water-
soluble helices all lengths were included in our analysis because no
restrictions in terms of length can be assumed for water-soluble
proteins in an aqueous milieu.
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Figure 17. Length distributions for TM and water-soluble helices.
Transmembrane helices are shown in blue (pale blue corresponds to discarded
lengths) and water-soluble helices are shown in orange. (a) Example of a short nine-
amino-acid-length helix in the CIC chloride channel from E. coli (1KPK entry in
PDB). Membrane boundaries were obtained from the PPM server (Lomize et al.,
2012). The selected membrane is shown in rainbow coloring from the N-terminal
(blue) end to the C-terminal (red) end. (b) Example of a large 43-amino-acid-length
helix in the chicken cytochrome BC1 complex (1BCC entry in the PDB); the N-
terminus of the helix (blue) lies at the membrane/water interface. Representation as in
inset (a).

r.1.2. Amino acid composition of a-helices

The amino acid composition for both TM and water-soluble helices
was examined (Figure 18). TM helices of lengths between 17 and 38
residues were selected from the MPTOPO database (Jayasinghe et al.,
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2001), which included helical segments that do completely span the

hydrophobic core of the membrane.

As expected, hydrophobic residues Leu, Ala, Val and Ile
constitute the bulk of the amino acids in the TM region accounting for
almost half (47.0%) of all residues. Similarly, these residues are also
frequently found in helices of water-soluble proteins (34.1%).
However, there are differences in composition of the two types of
helices. Despite sharing the same structural features, the differences
between the two types of helices are reflected by their preferential
occurrences measured by the logarithm of the Odds of finding a given
amino acid in a TM helix with respect to its frequency in a water-
soluble helix (Figure 18, bottom panel). While charged and polar
residues are much more frequently found in helices from water-
soluble proteins, Trp, Gly and Phe have higher propensities in TM
helices. Interestingly, in contrast to their conformational preferences
in water, the helical propensities of residues such as Val, Ile, Phe and
Met are notably increased in the membrane environment.
Significantly, Gly and Pro are more frequent in TM helices relative to

water-soluble helices.

A comparison of the amino acid frequency between TM and
water-soluble helices confirmed that strongly polar residues (Glu, Lys,
Asp, Arg, and GIn) are more prevalent in water-soluble helices
(Figure 19). These residues constitute only 8.2 % of the residues
within TM helices compared to 30.9 % in water-soluble helices.
Conversely, hydrophobic amino acids (Leu, Val, Ile, Gly, and Phe) are
over-represented in TM helices (Figure 19). Interestingly, although
being the second more abundant residue in TM helices (Figure 18),
Ala is not over-represented in this type of helices likely due to its
limited hydrophobicity (Nilsson ef al., 2003).
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Figure 18. Amino acid type distribution from TM and water-soluble helices.
(Upper plot) Amino acid type distribution for TM helices in blue and for water-
soluble helices in orange. (Lower plot) LogOdds values for comparison of the
relative abundance of each amino acid type in TM and water-soluble helices. Amino
acid types are ordered by LogOdds values.
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Figure 19. Amino acid type percentage comparison between TM and water-
soluble helices. Blue colored amino acids are over-represented (difference >3 %
points) in TM helices compared with water-soluble helices. Orange colored amino
acids are over-represented (difference >3 % points) in water-soluble helices compared

with TM helices. Dashed grey lines indicate a cut-off of 3 % difference points.

r.1.3. Amino acid distribution in TM helices

By taxonomic domains

We decided to analyze the amino acid distribution in TM helices

according to taxonomic domains.
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We found a total of 46 different species in our database: 1 from
Virus, 9 from Archaea, 29 from Bacteria and 11 from Eukarya
domain. Bacteria is the domain that most contributed to our database
(70.6 % of the total of 19,356 amino acids analyzed), followed by
Eukarya (23.7 %) and Archaea (5.6%) (Table 1). Due to the low
presence of amino acids from viruses (0.1 %), we decided not to take

into account this domain for further separate analysis.

SPECIES PROTEINS TMs AMINO ACIDS
Virus 1 1 1 22
Archaea 5 9 43 1,083
Bacteria 29 118 566 13,656
Eukarya 11 42 182 4,595
Total 46 170 792 19,356

Table 1. Number of species, proteins, TMs and amino acids found in our database
according to its taxonomic classification.

The amino acid distribution showed small differences among
Archaea, Bacteria and Eukarya domains (Figure 20 A). Compared to
Bacteria and Eukarya domains, in Archaea (blue) Tyr, Arg, Asp and
Glu residues are over-represented, while Phe and His are less present,
as well as Met, Cys and Asn with minor differences. In eukaryotic
proteins (yellow), Ser and Cys have an increased percentage, while
Ala, Gly and Val are down-represented. In Bacteria (red), Glu and
Lys have a reduced presence. Despite these minor differences, the
amino distribution is similar in the three domains, with a high
correlation coefficient between them (0.97 Archaea-Bacteria, 0.95
Archaea-Eukarya and 0.98 Bacteria-Eukarya). The length distribution
of all TM segments was also analyzed according to taxonomic
classification (Figure 20 B). The results showed a slightly
displacement of the Bacteria distribution peak towards shorter
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lengths, probably due to the reduced thickness of bacterial outer
membrane. One the other hand, Archaea have utterly different
membrane phospholipids, with branched isoprene chains instead of
fatty acids, L-glycerol instead of D-glycerol, and ether linkages
instead of ester linkages, which can affect hydrophobic thickness.
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Figure 20. Amino acid and length distribution by taxonomic domains. Archaea is
showed in blue, Bacteria in red and Eukarya in yellow. (A) Amino acids are ordered
according to the total frequency (see Figure 18). (B) The lines represents the moving
average (n=3) of length distributions.
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By monotopic/polytopic proteins
We also examined the differences in the amino acid distribution in

monotopic (single-pass) and polytopic (multi-pass, with two or more
TM segments) integral membrane proteins.

LogOdds
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Amino acid type

LI LI
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Figure 21. LogOdds for comparison of amino acid composition between TM helices
from monotopic and from polytopic proteins. Positive LogOdd values are indicative
of prevalence in monotopic proteins.

Only 51 of the 792 TM segments from our database are from
monotopic proteins, which comprise 1,322 residues (6.8 % of the total
of 19,356). To be able to compare the amino acid distribution among
both groups we calculated and plotted the LogOdds (Figure 21). Gly
and Pro are under-represented in monotopic proteins. Both residues
are considered as helix breakers, therefore the observed under-
representation in monotopic proteins could be explained because TM
interactions in polytopic proteins can compensate the helix

destabilization caused by Gly or Pro. Similarly, one can expect
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charged and polar residues to be under-represented in monotopic
proteins, but only Asn and Ser clearly are. Asp, His and Arg are quite
similar in both groups, whereas surprisingly Gln, Glu and Lys
(specially this latter one), are over-represented in monotopic proteins.
Nevertheless, the correlation coefficient between amino acid
distribution of TM helices from monotopic and from polytopic
proteins is high (0.98).

r.1.4. Position-dependent distribution of amino acid residues in
TM helices

We then analyzed the position-dependent distribution of amino acids

in the 792 TM helices from our complete database.

A comparison of the amino acid frequency at different positions
in a TM segment, taking as reference the TM center, confirmed that
about half of the natural amino acid residues have similar distributions
at positive positions (towards inside the cell) than at negative positions
(towards outside the cell) (Figure 22). It was found that not only the
strongly hydrophobic residues but also Gly and the hydroxylated
residues Ser and Thr are equally distributed along the hydrophobic

core of the membrane.

Sulphur containing Met or Cys are also frequent at different
locations within the hydrophobic core, but a relative prevalence can be
observed in a region that would correspond with the initial portion of
the polar headgroups of the phospholipids, consistent with the slightly
amphipathic nature of these amino acids and in agreement with its
distribution in the lipid bilayer recently obtained from molecular

dynamics simulation (MacCallum et al., 2008).

While Phe has a flat distribution in TM helices, behaving as a
hydrophobic residue, Trp, Tyr and Pro residues are distributed in a
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biased manner: they are found preferentially at the ends of the bilayer
(i.e. at the interface between the hydrophobic core of the bilayer and
the bulk water). At this location, aromatic residues may serve as
anchors for the TM helices into the membrane. In fact, Trp and Tyr
positioned 7 to 9 residues away from the center of a TM segments
result in a reduction in free energy (Hessa et al., 2007), which nicely
correlates with the present statistical distribution from
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Figure 22. Amino acid type and position distribution in TM helices. Each amino
acid type and its positioning in the TM helix is represented by its position-normalized
Odds (that is, for each column the Odds are normalized to an average of zero and a
standard deviation of unity). The amino acids are clustered (dendogram at the top) on
the basis of their positional normalized Odds within the helices. Positively labeled
positions indicate the cytoplasmic side of the membrane and its flanking region
whereas negatively labeled positions are indicative of extra-cytoplasmic regions.
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three-dimensional structures (Figure 22). A similar distribution is
observed for Pro residues, although an increased presence is
detectable towards the center of the bilayer. Indeed, thirteen TM
helices with known structure from our database have a Pro residue at
the 0 (central) position, which in all cases results in a kink in the helix.
Nevertheless, it should be noted that the interfacial preference of these
three residues is somehow more pronounced at the non-cytoplasmic
interface. This was also observed in the case of aromatic residues (Trp
and Tyr) in a membrane protein prediction analysis using sequence

information from 107 genomes (Nilsson ef al., 2005).

The distribution pattern for Asn, His and Gln, corresponds to an
interfacial preference close to the end of the TM regions, which is
consistent with the amphipathic nature of these molecules. In good
agreement with our data, this pattern was previously reported for His

residues (Ulmschneider and Sansom, 2001).

Among the 792 TM helices included in our database, 586 helices
(74.0%) contained at least one ionizable residue (Asp, Glu, His, Lys
or Arg) among the entire sequence and 461 (58.2%) helices contained
at least one ionizable residue within the hydrophobic region (that is,
the central 19 amino acid residues). A summary of the statistics is
presented in Figure 23. Since the energetic cost of inserting an
ionizable group in the hydrophobic environment of the membrane is
very high (White and Wimley, 1999), charged amino acids should
generally be excluded from the hydrophobic core of the TM helices.
However, charged amino acids consistently clustered at the TM
flanking regions (Figure 22). For example, acidic (Asp and Glu)
residues result in an increased distribution at both cytoplasmic and
extra-cytoplasmic side of the membrane, although with some
prevalence for the cytoplasmic region. Positively charged (Arg and

Lys) residues distribution is even more asymmetric between opposite
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sides of the membrane, in agreement with the positive-inside rule (von
Heijne, 1992).
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Figure 23. Ionizable residues in TM helices. Blue bars represents the number of
helices with each number of ioinzable (D, E, H, K or R) residues among the entire
sequence, whereas red bars represents the number of helices with ionizable residues in
the hydrophobic region (the central 19 amino acid residues).

When considered globally, charged residues (Lys, Arg, Glu and
Asp) cluster preferentially near the cytoplasmic end of the TM
segments (Figure 24, red line). This effect was already noted in a
previous structure-based analysis that included a lower number of
structures available at the time (Ulmschneider ef al., 2005). On the
contrary, although polar residues (Gln, His, and Asn) mimic the
distribution pattern of charged residues avoiding the more
hydrophobic region of the bilayer, they show a preference for the
extra-cytoplasmic region (Figure 24, orange line). Aromatic residues
(Trp, Tyr and Pro) are more abundant around 8 to 9 residue positions

away from the center of the membrane, that is, within the interface
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region, but with some bias toward the extra-cytoplasmic interface
(Figure 24, green line). The rest of natural amino acids (Cys, Met,
Thr, Ser, Gly, Val, Phe, Ala, Ile and Leu) are more abundant at the
center of the bilayer, within 7 amino acid positions on both sides of
the membrane normal, but they are also very frequently found beyond
this boundary as noted by their overall proximity to the Odd value of 1
for positions >10 on both sides of the center of the membrane (Figure
24, blue line). Interestingly, the amino acid distribution patterns at
both interface regions are slightly different. There is a sharper
transition from mainly hydrophobic to charged, polar and aromatic
residues at the cytoplasmic side of the membrane (positions 6 to 8)
compared to that at the extra-cytoplasmic side (positions -5 to -9).

5.0

—— Charged

e Polar
Aromatic

s Other

Odds

Aminoacid position

Figure 24. Most likely positions of amino acid groups in a membrane. Thin lines

represent the positional Odds for each amino acid individually, whereas thick lines
represent the average positional Odds for each group of amino acids obtained from
Figure 6. Amino acid types are grouped as in the dendrogram in Figure 22, i.e.
charged amino acids (red KRED), polar amino acids (orange QHN), aromatic amino
acids plus Pro (green PYW), and the other amino acids (blue CMTSGVFAIL).
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Finally, we analyzed and plotted the odd ratio for each amino
acid in three regions in a membrane, that is, taking the hydrophobic
TM region as the central 19 positions (~30A) and 9 residue positions
(~15A) on both sides as the extra-cytoplasmic (from -10 to -18
residues) and cytoplasmic (from 10 to 18) flanking regions (Figure
25). Hydrophobic amino acids (blue colored) populated preferentially
the hydrophobic center. However, this trend is not observed for the
more prevalent residues in TM segments (for example Leu, Figure
18), which are also frequently found at the flanking regions. Trp, Tyr,
and Pro (green) have a minor increase for the extra-cytoplasmic
flanking region. The absence of higher differences for the distribution
of these residues is probably due to their precise location at the
interface between the hydrophobic core and the flanking hydrophilic
environment. Polar (orange) residues (Gln, His, and Asn) have a
preference for both flanking regions since they are energetically
unfavorable within the membrane core. These residues do not ionize
at the physiological pH and are able to donate and accept hydrogen
bonds simultancously. Such an effect translates into a higher
preference of Gln, His and Asn for the rich hydrogen bond network
environment of the interface. Charged residues (red) are
underrepresented at the hydrophobic core and resulted in preferences
for the cytoplasmic flanking region being acidic residues more
prevalent at the extra-cytoplasmic flanking region. Furthermore, basic
residues are strong topological determinants that heavily populate the

cytoplasmic flanking region.
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9 residues (~15A)

19 residues (~30A)

9 residues (~15A)

Figure 25. Amino acid location prevalence in a membrane. Letter size is
proportional to the odds (relative prevalence) of finding a given amino acid in the
three regions in a membrane (i.e., from top to bottom outer, membrane, and inner
regions). Amino acids are colored as in Figure 24.
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R.2. BIOLOGICAL INSERTION OF COMPUTATIONALLY
DESIGNED SHORT TRANSMEMBRANE SEGMENTS

r.2.1. Predicted insertion capacity for designed sequences

Using the data obtained in the previous chapter, we generated sets of

sequences with different lengths and amino acid composition (See

Methodology and Figure 15 for details of the design procedure).

The membrane insertion efficiency of the computationally
designed sequences was predicted using the experimentally based 4G

Prediction Server (http://dgpred.cbr.su.se/). In an initial screen, the

insertion efficiency of polyleucine segments of different lengths (/,
from 9 to 25 residues) was calculated. Stretches of 11 or more leucine
residues were predicted to be fully inserted, while 9 consecutive
leucines was not enough to be inserted and 10 leucines resulted in a
probability of insertion (p;) of 0.59 (Figure 26 A, first row).

As expected, these results were in excellent agreement with the
previous experimental data (Jaud et al., 2009) that was used to
construct the AG Predictor. These extremely short sequences would
likely provoke the adaptation of the surrounding bilayer to reduce the
putative hydrophobic mismatch by changes in the lipid order
parameters in the peptide neighborhood, according to molecular

dynamics simulations (Jaud et al., 2009).

We thus began by testing computationally designed segments
with more variable amino acid composition, initially formed by
leucine and alanine residues, which are the two most prevalent
residues in TM helices. Sets of 1,000 sequences from 9 to 25 residues
long were computed with the leucine-alanine relative ratio (58.2%
Leu-41.8% Ala) found in TM helices in membrane proteins of known

structures. At least 13 residues were needed to obtain a
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Figure 26. Predicted membrane insertion efficiencies for computationally
designed sequences. (A) Probability of insertion (p;) for a series of computationally
designed TM segments of different lengths. First row corresponds to the predictions
of p; values for polyleucine stretches of different lengths (/). Each row in descending
order represents the inclusion of a specific amino acid to the TM segment composition
used in the previous row. The row order is derived from the prevalence for each
amino acid type in TM helix composition in a previous structure-based statistical
analysis. (B) Similar to (A) but including in the computational design information of
the position-dependent distribution for each amino acid type in TM helices. (C)
Differences between the position-defined (B) p; values and those obtained for the
computed sequences using only amino acid composition constraints (A).

significant level of predicted insertion (Figure 26 A, second row),
which was in good agreement with what it was found for alternating
leucine and alanine peptides in lipid vesicles (Krishnakumar and
London, 2007). Subsequently, we included one by one the rest of the
20 natural amino acids following the order of prevalence found in
native membrane proteins and maintaining the ratios between them as
obtained in the previous chapter. For instance, sets of 1,000 sequences
formed by leucines, alanines and valines were generated using 42.6%
Leu, 30.6% Ala and 26.8% Val residues, for each sequence length
(Table 2). As expected, sequence sets including less hydrophobic
residues needed longer segments to achieve insertion p; values greater
than 0.5 (Figure 26 A). Interestingly, when the less abundant lysine,
glutamine, cysteine and aspartate residues were included at their
naturally observed frequencies, the algorithm predicted that these
computationally designed sequences were not expected to be
efficiently inserted into biological membranes through the ER
translocon. However, some natural sequences with these precise
compositions are successfully inserted in vivo. Therefore, in line with
previous findings (Hessa ef al., 2007), we hypothesized that not only
the amino acid composition is relevant for TM insertion, but that the

actual position of the amino acid residues with respect the center of
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the TM segment could also have an important influence on the

insertion process.

To address this question, we changed our computational design
algorithm to reflect the amino acid frequency values stratified at
different position within a TM segment, taking as a reference the TM
center. Sets of 1,000 sequences were designed, using this position-
dependent distribution of residues in natural TM helices, and their p;
values were predicted (Figure 26 B). The predicted insertion
efficiency for sets with higher proportion of hydrophilic residues
increased significantly when residue position constrains were included
in the computational design. Hence, series of position-defined
sequences including Arg, His, Glu, Lys, Gln, Cys and Asp were
predicted to insert more efficiently at any given segment length than
the previous sets based only on the global TM helix residue
composition. The differences between the two data sets were most
evident for TM sequences that include the less prevalent, more

hydrophilic residues (Figure 26 C).

r.2.2. Determination of experimental insertion by glycosylation

assay

To be able to directly compare the predicted insertion efficiencies to
insertion into the mammalian ER, a total of 39 computationally
designed sequences with different lengths and amino acid composition
(31 from the non-position defined dataset and 8 from the position-
defined dataset) were analysed using a well-established in vitro assay
for quantifying the efficiency of membrane integration of designed
TM sequences into dog pancreas rough microsomes (Sdif et al.,

1998). The experimentally tested sequences are listed in Table 3.
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ID Sequence

LALll LAALLLAAALL

LAl3 LLALALALLAALL

LALlS LALLLALAALLALAL

LA17 AALALLLALLALALALL

LALG LALALALAALALLLLALLA
LA21 LALLLAALLALALLLLAAAAL
LAZ23 ALLAALLLALLLLAALALAALAL
L-F13 FFFIFGGVILIAA

L-F15 AATALLGLAVGLFLF

L-F17 AAAFATAGLFIAIVLIF

L-F19 AIILFLLVLIGVGVLAAGV
L-F21 VGIFVGLIFLAVLGIIALLLG
L-F23 ITLVIAGAFVVGVFAVFVLVLLF
L-W13 MLTVATIFISLGF

L-W15 GFVAYVAMIAWLLIG

L-wl7 VSFVGITVAFFWLVFTM

L-W19 AMISVLVGWVMVLLFFAGT
L-w21l MTLFMIIMLLAMYAWAGGLVG
L-W23 IVLLAGLALYSGIVAVVTIFMWM
L-R13 LMRVFAVVLGNVI

L-R15 LPLLWASVITAGTVL

L-R17 RWGTTAYFMLAVIAAPF

L-R19 PLLRPFFTLVTVLAYMAIV
L-R21 LFMAPVWYLVGNLITALLIYL
L-R23 LMFRVATSAPLIILYGFMRLTTT
L-K13 IFFEWLVGLGMGI

L-K15 VIEIVLIYHLVPIWI

L-K17 LFFFAVSLKLAWTMFVP

L-K19 PFIIWAASLSIGAKLSYAW
L-KZ21 MIFLLLLPMAILHRSPLLVGK
L-K23 FFHVLEFIWLSVVMLPFATEAYN
L-R17 position-defined LIVLFVRMLLAVLGLNG

L-R19 position-defined LAVITLATAWFMSIFGAYP
L-R21 position-defined RIWSILYIALTWTFILAGASR
L-R23 position-defined AAYTYSINLFAFVTMVLFARLPA
L-K17 position-defined SVALMFSLVGMYTIFGLH

L-K19 position-defined WVEPTVYLIITFLALLRVEK
L-K21 position-defined YWIEVPSVVIITVAAFGVLSF
L-K23 position-defined TWKIISGLVFLALFIWGMYPSEA

Table 3. List of experimentally tested sequences. All sequences were flanked by
insulating glycine-proline regions (GGPG-X,-GPGG), where X represents the
designed sequences of n (11-23) residues length.
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The host protein (Lep) consists of two TM segments (H1 and H2)
connected by a cytoplasmic loop (P1) and a large C-terminal domain
(P2), and inserts into ER-derived RMs with both termini located in the
lumen (Figure 16). The designed sequence (“TM-tested”) was
engineered into the luminal P2 domain and flanked by two acceptor
sites (Gl and G2) for N-linked glycosylation. The engineered
glycosylation sites can be used as membrane insertion reporters
because G1 will always be glycosylated due to its native luminal
localization, but G2 will be glycosylated only upon translocation of
the analyzed region through the microsomal membrane. A singly
glycosylated construct in which TM-tested is inserted into the
membrane has a molecular mass ~2.5 kDa higher than the molecular
mass of Lep expressed in the absence of microsomes; the molecular
mass shifts by ~5 kDa upon double glycosylation (i.e. membrane
translocation of the TM-tested).

We measured membrane insertion efficiencies of systematically
designed sequences GGPG-X,;,3;-GPGG, in which the flanking
tetrapeptides are included to insulate the central computed stretches of
different lengths (11 to 23 residues long) from the surrounding
sequence in the Lep model protein. The insertion efficiency was
calculated on the basis of the fractions of singly (f;;) and doubly (f>,)
glycosylated forms by using p; = fi/(fi; + f») determined from
quantitative analyses of SDS-PAGE gels.

Figure 27 includes representative examples of SDS-PAGE gels
showing the translation products of non-position defined sequences
composed of Leu and Ala residues (LA, fop), of Leu, Ala, Val, Ile Gly
and Phe (LAVIGF, middle) and of Leu, Ala, Val, lle Gly, Phe, Thr,
Met, Tyr and Trp (LAVIGFTSMYW, bottom). In all three cases, the
insertion efficiency into the ER membrane of the translated products
increased with the sequence length. Furthermore, the length needed to

achieve an efficient insertion (>0.75) increases when we included a
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wider variety of amino acids (i.e., 15 residues long for LA subset, 17
for LAVIGF and 19 for LAVIGTSMYW).

When less frequent polar amino acids as Pro, Asn and Arg
(LAVIGFTSMYWPNR subset) or Pro, Asn, Arg, His, Glue and Lys
(LAVIGFTSMYWPNRHEK subset) are added to the composition of
sequences, complete insertion is not achieved even for long stretches
of 23 residues (Figure 28 A). However, for the same length, insertion
increased when the putative TM sequences were designed using
position-defined constraints (Figure 28 B).

The results of the quantitative analysis for all sequences
experimentally tested are shown in Table 4, as well as their predicted

values obtained with AG Predictor.

A 1a

Length 11 13 15 17 19 21 23

RM -+ + + + + + o+

B LAVIGF
logn 13 15 17 19 21 23
RM - + + + + + +
- ed (1]
am— L]
— .—-4——! ”—'— —
C LAVIGFTSMYW
lngn 13 15 17 19 21 23
M -+ + + +  +  +

v— g v L

. e R — . —————. |

g

Figure 27. In vitro translation in the presence (+) or absence (—) of rough
microsomes (RM) of computationally designed TM sequences of different length of
subsets LA (A), LAVIGF (B) and LAVIGFTSMYW (C) without position-defined
constraints. Non-glycosylated protein bands are indicated by an empty dot; singly and
doubly glycosylated proteins are indicated by one or two black dots, respectively.
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LAVIGFTSMYWPNR LAVIGFTSMYWPNR
Length 13 15 17 19 21 23 Length 17 19 21 23
RM + + + + + + M-+ + + +
e ===
e D | e | @ N — — — . ¢
LAVIGFTSMYWPNRHEK LAVIGFTSMYWPNRHEK
lengn 1315 17 19 21 23 tength 17 19 21 23
M -+ +  + 4+ 4+ RM -+ + + +
==-~—- o N e — ”
— — — e — | LS - —— o

Figure 28. In vitro translation products of computationally designed TM sequences
of different length of subsets LAVIGFTSMYWPNR and LAVIGFTSMYWPNRHEK
designed without (A) and with position-defined constraints (B).

r.2.3. Correlation between predicted and experimentally
determined insertion efficiencies

Next, we analyze the correlation between the predicted p; values and

the experimental p; obtained with the glycosylation assay.

Figure 29 shows plots of the probability of membrane insertion as
a function of TM length for series of sequences that included the more
prevalent amino acid residues in TM helices. Hydrophobic Leu and
Ala account for more than one quarter (27.7%) of all amino acids in
TM helices, and together with Val, Ile, Gly and Phe constitute the
bulk of the amino acids embedded into the hydrophobic core of the
membrane, accounting for almost two thirds (64.4%) of all amino
acids in this membrane region. The grey area corresponds to the 500
sequences between percentiles 0.25 and 0.75 of the 1,000 predicted p;
values (see Annex II). The figure also shows the probability of
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D AG&pppreﬂ AGappexp pipr-d pjaxp
LA11 1,31 0,92 0,10 0,17
LA13 -0,02 0,05 0,51 @,48
LA15 -1,30 -1,15 0,90 0,88
LA17 -2,43 -1,36 0,98 0,91
LA19 -3,52 -4,23 1,00 1,00
LA21 -4,55 -1,38 1,00 0,91
LA23 -5,52 -2,69 1,00 @,99
L-F13 0,93 1,27 0,17 0,10
L-F15 0,04 -0,48 0,49 @, 69
L-F17 -1,05 -1,43 0,86 0,92
L-F19 -1,99 -1,37 0,97 0,91
L-F21 -2,90 -1,55 0,99 ®,93
L-F23 -3,63 -5,45 1,00 1,00
L-wi3 2,07 1,29 0,03 0,10
L-wi5 1,08 0,43 0,14 @,32
L-W17 0,37 -0,37 0,35 8,65
L-W19 -0,37 -0,87 0,65 0,81
L-W21 -1,38 -1,31 0,91 @, 90
L-w23 -1,70 -1,46 0,95 8,92
L-R13 2,93 1,01 0,01 8,15
L-R15 2,12 1,11 0,03 0,13
L-R17 1,50 1,11 0,07 @,13
L-R19 0,45 -0,02 0,32 @,51
L-R21 0,31 -0,22 0,37 0,59
L-R23 -0,14 0,62 0,56 0,26
L-K13 3,64 1,09 0,00 0,14
L-K15 3,12 1,14 0,01 0,13
L-K17 1,96 0,66 0,04 0,25
L-K19 2,04 1,05 0,03 0,14
L-K21 0,97 0,27 0,16 0,39
L-K23 0,95 -0,36 0,17 @, 65
L-R17 position-defined 1,05 1,29 0,15 Q0,10
L-R19 position-defined 0,31 0,62 0,37 0,26
L-R21 position-defined -0,27 9,29 0,61 0,38
L-R23 position-defined -0,71 0,29 0,77 0,38
L-K17 position-defined 1,27 1,20 0,10 0,12
L-K19 position-defined 0,11 9,25 0,45 Q, 40
L-K21 position-defined 0,67 0,99 0,25 0,16
L-K23 position-defined -0,87 -0,02 0,81 @,51

Table 4. Predicted and experimentally measured apparent AG (kcal/mol) and p; values
for all sequences tested with the glycosylation assay. Experimental values are the

mean of at least three independent experiments.
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insertion for the experimentally measured sequences (orange line) as

well as their particular predicted values (blue line).

As expected, the inclusion of less prevalent amino acid residues
in the designed TM sequences increased the variability of the

predictions (compare the grey areas in Figure 29 and Figure 30 A) for

all sets of sequence lengths. Moreover, the differences between the
predictions and the experimental measurements were larger for some
sequences (Figure 30 A). Next, we introduced constrains in our
computational designs derived from the position-defined distributions
found in native TM helices.

The introduction of the amino acid position constrains in our
computational algorithm increased both the predicted as well as the
experimentally measured p; values for the TM sequences containing
less abundant (polar) residues (Figure 30 B). Nevertheless, we noticed
that in some cases the differences between the predicted and
experimental values were large. In these cases, we re-ran the AG
Predictor algorithm but this time the algorithm was allowed to
identify subsequences (i.e., with lower AG estimated values). The new
predictions, in all cases, approached the experimental values (Figure
30 A and B, dashed lines), reinforcing that biological membranes can

adapt to accommodate sequences harboring deviations from canonical

hydrophobic regions.
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I 1 1 1 1 I I 1

91 LAVIGFTSMYW

0.7 -

0.5 4

0.3 1

0.1 1

] ] 1 ) L) 1 ] 1 1 1 L] L] )
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Length (number of residues)

Figure 29. Predicted and experimental p; values of sequences including the most
prevalent amino acid residues in TM helices. Upper panel: Computationally
designed Leu and Ala sequences of different lengths. The predicted values for each
given sequence are shown in blue and the measured values obtained for at least three
independent experiments in orange. The gray area represents the predictions of the pi
values for the 500 sequences between percentiles 0.25 and 0.75 of the total population
(1,000 computed sequences) (see Annex II). Central panel: Similar to upper but the
computationally designed TM sequences contained Leu, Ala, Val, Ile Gly and Phe.
Bottom panel: Similar to upper but including, in addition to the hydrophobic, the more
prevalent polar and aromatic residues in TM segments Met, Tyr and Trp.
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Figure 30. Predicted and experimental p; values of computationally designed TM
sequences including polar and charged amino acid residues. Experimental and
predicted values are shown as in Figure 29. (A) Computationally designed TM
sequences were constrained only by amino acid composition constraints. (B)
Computationally designed TM sequences were constrained both by amino acid

Probability of insertion

Probability of insertion

%1 LAVIGFTSMYWPNR
0.7 4
05 4
0.3 4
0.1 4
L] L L] L T T L] L L] T L) T L
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0.3 4
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T L T T T T T T T T L T T
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Length (number of residues)
**1 LAVIGFTSMYWPNR
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0.1 4
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composition and distribution along the helix.

100



RESULTS

r.2.4. Analysis and mutants of sequences with low correlation

between predicted and experimental insertion.

Considering the complexity of the biological system, the two sets of p;
values are well correlated (Figure 31): the linear fit has a slope of 0.80
with an r value of 0.93. Interestingly, the only outliers (highlighted as
empty dots) are the longer sequences designed without position-

dependent constrains, which include polar/charged residues.

A closer look to the first of these sequences (L-K23, empty
orange dot) revealed the presence of a histidine and glutamate residues
(Table 5). This construct inserted experimentally more efficiently than
predicted by the AG algorithm. Given the 3.6-residue periodicity of an
ideal (canonical) a-helix, an intrahelical charge pair would be

expected for this (i, i+3) His-Glu pair (see Figure 32).

To test this hypothesis, we swapped the histidine residue with its
neighboring valine residue (L-K23 H3V/V4H, Table 1) generating an
(i, i+2) periodicity for the His-Glu pair and likely precluding
intrahelical pairing by orienting the two side-chains toward opposite
faces of the helix. Noticeably, this mutant resulted in a slightly
increased predicted p; value but consistently diminished experimental
insertion efficiency. The combined effect of these data improved the
correlation between the experimental and prediction values for the
mutant sequence (Figure 31, arrow pointed dot), which has exactly the
same amino acid composition as the L-K23 sequence.
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1.0
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Experimental insertion

.4“"’0
P10L/L14P L-R23
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Figure 31. Correlation between experimentally measured and predicted p;
values. For each sequence analyzed, predicted values higher than the experimental
ones (i.e., below the grey dashed line) are shown in blue, whereas experimental values
higher than the predicted ones (i.e., above the grey dashed line) are shown in orange.
The correlation between the experimental and predicted insertion probabilities is
indicated by a green line. Outliers are shown as empty circles and the results of their
mutated sequences (that is, PIOL/L14P, A10P/P10A and H3V/V4H) are indicated by
arrows.
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ID Sequence AGESY DGR pie? P
10 8 6 -4 2 0 2 4 6 B 10

L-K23 FFHVLEFIWLSVVMLPFAIEAYN 0,95 -0,36 0,17 0,65

L-K23 H3V/V4H FEVHNEFIWLSVVMLPFAIEAYN 0,71 0,14 0,23 0,44

L-R23 LMFRVATSAPLIILYGFMRLTTT -0,14 0,62 0,56 0,26

1-R23 P10L/L14P LMFRVATSALLIIPYGEFMRLTTT 0,13 0,70 0,45 0,24

1-rR23 A6P/P10A LMFRVPTSAALIILYGEFMRLTTT -0, 30 0,11 0,62 0,45

Table 5. Thermodynamic cost of L-K23- and L-R23-derived TM segments
integration. The predicted and experimental (AG,,,,) energetic cost in kcal/mol of the
computationally designed TM segments. Negative values are indicative of TM
disposition, while positive values indicate non-TM disposition. Charged residues
studied are highlighted in color and mutated residues are shown in bold.

These results support the idea that intra-helical salt-bridge
formation between residues located on the same face of a TM helix (i,
i+3 or i, i+4) may reduce the free energy of membrane partitioning
(Chin and von Heijne, 2000; Bafé-Polo et al., 2012), whereas the
presence of His and Glu on opposite faces of the helix (i, i+2) is
unfavorable and lowers the ER translocon membrane insertion

efficiency.

Moreover, we analyzed the presence of charge pairs in the 792
TM helices of our database. We found that 169 helices (21.3%)
contain at least one charge pair and a total of 184 charge pairs, of
which 103 (56%) were in i, i+3 positions and 81 (44%) were in i, i+4
positions. More detailed results are shown in Table 6. Then we look at
the positions in which these charge pairs are located (Figure 33), and
we found that charge pairs are preferably located at the transition
regions between the hydrophobic core and the interphase of the

membrane, and are more prevalent in the cytosolic side.

Next, we analyzed the L-R23 (Figure 31, empty blue dot)
sequence. In this case the predicted value suggests a higher propensity
to insert than the measured experimental value. Inspection of L-R23

sequence (Table 5) highlighted the presence of a proline residue in a
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Figure 32. Canonic a-helix (left) and helical wheel (right) representations of L-K23
sequence (A) and L-K23-derived sequence (B). His residues are shown in blue and

Glu residues are shown in red. In the canonic a-helix representation, both residues
(His and Glu) side chains are shown in sticks mode.

central position within the hydrophobic region (—2 relative to the
center, negatively labeled positions indicate extra-cytoplasmic face).

Based on the L-R23 construct, we made two different mutants
with the proline residue placed at different positions. In particular, we
compared the insertion efficiency of positioning the proline roughly
one helical turn (4 residues) towards the N or C terminus by swapping
mutagenesis. When the proline residue was moved towards the C-
terminus (+2 position, mutant P10L/L14P) the experimental p; value
remained very similar to the one obtained for the original sequence
(Table 5), whereas the construct in which the proline was moved four
residues towards the N-terminus (—6 position, mutant A6P/P10A) was
inserted more efficiently into the ER (Table 5).

The different effect observed for these two mutants can be
explained by the different location of the proline residue in relation to
the midpoint of the TM segment. Hence, in the case of P10L/L14P
mutant (+2 position) the distortions produced by the proline occur
around the center of the membrane plane where the system is probably
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more sensitive to distortions. On the contrary, in the case of
A6P/P10A mutant (—6 position) the presence of the proline closer to
the interface would locate the unsatisfied carbonyl group in a less
hydrophobic environment (White and Wimley, 1999; MacCallum et
al., 2008) probably reducing the free energy of membrane
partitioning. It should be noted that all these mutants have exactly the

same amino acid composition.

24

R

204 Moving average (n=4) |

Number of charge pairs

-18 -16 -14 -12 -10 -8 -6 -4 -2
TM position

Figure 35. Position-dependent distribution of charge pairs. Blue bars represents
the number of charge pairs in i, i+3 or 7, i+4 positions centered at each TM position.
Red line represents the moving average for a window of 4 positions. Positive
positions indicate cytosolic side of the membrane; negative positions indicate
extracytoplasmic/luminal side of the membrane.

i, i+3 i, i+4 Total
D E D E D E
H 10 15 H 9 7 H 19 22
K 13 17 K 11 19 K 24 36
R 21 27 R 19 16 R 40 43

Table 6. Charge pairs in TM helices. Number of each of the six different charge
pairs (D-H, D-K, D-R, E-H, E-K and E-R) found in positions 7, i+3 (left), i, i+4
(middle) and total (right).
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D.1. STRUCTURE-BASED STATISTICAL ANALYSIS OF
TRANSMEMBRANE HELICES

In this chapter, we revisited the differences between helices from
water-soluble proteins and TM helices from integral membrane
proteins in terms of length and amino acid composition. In addition,
we analyzed the distribution of amino acid residues in TM segments,
which have to energetically accommodate into the highly
heterogencous media of biological membranes by interacting
favourably with its local environment (Figure 3). The present study
involved 170 helical membrane proteins with known three-
dimensional structure and topology, containing a total of 792 TM
segments. These sequences were also compared with 7,348 helices

from 930 water-soluble protein structures.

We first analyzed the length distribution for TM and water-
soluble helices and we found that TM helices are longer than soluble
helices. This is most likely due to that TM helices do suffer the
restrictions imposed by the low dielectric constant at the hydrocarbon
core of biological membranes, which forces the polypeptide backbone
to adopt, on average, larger secondary structures than water soluble
helices. On the other hand, water-soluble helices do not have to satisfy
the demanding restrictions imposed by the complexity of the
membrane environment, which allows them to adopt shorter
structures. Moreover, as the translation per residue in a canonical helix
is 1.5A, a stretch of about 20 consecutive hydrophobic residues can
span the 30 A of the hydrocarbon core of biological membranes,
which is in good agreement with the most prevalent length of TM
helices (21 residues) found in our analysis. Longer helices can span
the bilayer by different mechanisms to avoid the hydrophobic
mismatch (Figure 7), such as tilting the helix axis respect to the

109



DISCUSSION

membrane plane, polypeptide backbone deformation or lipid
accommodation (Holt and Killian, 2010).

The comparison of amino acid composition showed differences
between the two types of helix (Figure 18), as noted previously by
studies using smaller datasets (Bywater et al., 2001). As expected,
hydrophobic amino acids are more prevalent in TM helices, due to
that their prevalence in the membrane environment depends primarily
on their side chain hydrophobicity and on the local polypeptide region
in which the amino acids reside spanning the membrane (Li and
Deber, 1994). However, Ala is not over-represented in TM helices;
probably because its greater tendency to participate in an helical
structure in a aqueous environment (Blaber et al., 1993) than in
membrane-mimetic environments (Li and Deber, 1994). In fact, both
biological (Nilsson et al., 2003; Hessa et al., 2005) and biophysical
(Jayasinghe et al., 2001) measurements have placed Ala at the
threshold between those amino acids that promote membrane
integration of TM helices and those residues that preclude membrane
insertion. Additionally, although Gly and Pro residues are commonly
considered as “helix breakers”, we found that both residues are also
more frequent in TM helices. The explanation to this finding could be
that Gly residues occur frequently in TM helix-helix interactions,
especially in association with B-branched residues at neighbouring
positions (Senes et al., 2000), and that Pro, in addition to its function
in signal transduction and gating across the membrane, may also be

significantly involved in these processes (Orzaez et al., 2004).

To clarify which amino acids have position constraints in TM
helices, we analyzed the position-dependent distribution (Figure 22).
Surprisingly, not only hydrophobic amino acids, but also Gly, Ser and
Thr are equally distributed along the hydrophobic core of the
membrane. It is important to note that Gly is a residue type that is
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normally regarded as being conductive to turn (Williams ef al., 1987).
Nevertheless, there are important folding reasons for incorporating
Gly into TM helices: the absence of a side-chain of the Gly enables
bulkier groups to be accommodated close to the polypeptide backbone
of the TM helices and this might be important for intramolecular
helix-helix packing, for homo-oligomerization, or for recognition of
other membrane proteins, among other factors. Indeed, it has been
observed that Gly has the highest overall packing value in membrane
proteins (FEilers et al., 2002). On the other hand, Ser or Thr residues
within TM helices participate in hydrogen-bonding networks through
by hydrogen bonding of the side chain oxygen atom to the acceptor
side chain or peptide bond groups. These effects, intimate packing
(Gly) and hydrogen bonding (Ser and Thr), can be relevant at any
position along the TM region, which would explain the absence of

position prevalence for these residues in TM helices.

In contrast, the biophysical reason for the observed distribution of
Trp and Tyr residues, avoiding the center of the membrane (Figure
22), could rely on the relatively amphipathic nature of their side
chains, which can form hydrogen bonds as well as exhibit
hydrophobic character. Actually, this preferred location has previously
been observed not only for a-helical but also P-barrel membrane
proteins (Ulmschneider and Sansom, 2001). Pro has a similar
distribution, with an increased prevalence in the center of the TM,
which might be associated with the fundamental and subtle function of
Pro in the dynamics, structure and function of many membrane
proteins (Cordes et al., 2002). Indeed, about 30% (4) of the 13
proteins with a Pro residue located at position 0 in a TM helix are
rhodopsins. Rhodopsins are members of the G protein-coupled
receptor family, in which a highly conserved Pro residue located in the

center of helix 6 serves as a molecular hinge for the bending that
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allows the creation of an opening in the proteins structure, essential to
their function (Zhou et al., 2012).

Charged residues (Asp, Glu, Arg and Lys) have an even more
strongly  position-restricted  distribution (Figure 22), located
preferentially in the interface regions of the membrane. This is likely
because these amino acids should generally be excluded from the
hydrophobic core of the TM helices since the energetic cost of
inserting an ionizable group in the hydrophobic environment of the
membrane is very high (White and Wimley, 1999). Indeed, within
charged amino acids, basic residues (Arg and Lys) distribution is
strongly biased towards the cytoplasmic side of the membrane, clearly
reflecting the positive-inside rule (von Heijne, 1986a). Moreover, it
has been demonstrated experimentally that basic residues act as
stronger topological signals that acidic residues (Nilsson and von
Heijne, 1990; Sauri et al., 2009), which is reflected by their different
statistical preferences on either end of the TM segments. The effect of
positively charged amino acids located near the cytoplasmic end of
hydrophobic segments has been in fact estimated to be approximately
-0.5 kcal/mol to the apparent free energy of membrane insertion
(Lerch-Bader et al., 2008). This energetic contribution can be relevant
for precise anchoring of hydrophobic regions to biological

membranes.

Finally, the different transition from hydrophobic to charged,
polar and aromatic amino acids observed between in both sides of the
membrane (Figure 24) may reflect the important effect of the different
lipid composition between the two lipid leaflets in biological
membranes and the strong electrochemical potential over the
prokaryotic inner cell membranes. For instance, asymmetry in the
distribution of amino acid within TM segments from plasma

membrane proteins has been reported (Sharpe et al., 2010), and has
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been attributed to asymmetry in the state of lipid order in the
membrane. Such asymmetry is likely to be because of the enrichment
of lipids, for example sterols and sphingolipids, in the extra-
cytoplasmic leaflet, where a more gradual amino acid distribution can
be expected.

The results on TM helix architecture obtained in this chapter
should prove useful for constructing models of membrane proteins
with desired properties, which could help filling in some of the many
gaps in our knowledge in this field.
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D.2. BIOLOGICAL INSERTION OF COMPUTATIONALLY
DESIGNED SHORT TRANSMEMBRANE SEGMENTS

In this chapter, we systematically explored how the amino acid
composition and positioning affect the efficiency of membrane
insertion capacity of computationally designed TM segments, using
both prediction and experimental measurement. We used a
microsomal in vitro expression system to examine the translocon
insertion efficiency of chosen examples from the designed sequences.
To generate the sequences we took advantage of the calculated
distributions of amino acids from our previous structure-based

statistical analysis of TM helices (previous chapter).

Prior work showed that polyleucine sequences of 9-10 residues
were efficiently inserted by the ER translocon into microsomal
membranes (Kuroiwa et al., 1991; Jaud ef al., 2009) and by the E. coli
translocon (Chen and Kendall, 1995). However, TM segments in
natural membrane proteins are not made exclusively of leucines. To
expand our knowledge towards natural membrane proteins, we have
designed and analyzed large sets of sequences with amino acid

compositions that become more and more like the natural ones.

Using the AG Prediction Server we found that 12-14 consecutive
hydrophobic residues is about the minimum required for insertion into
biological membranes through the ER translocon for highly
hydrophobic sequences composed by leucine, alanine, valine and
isoleucine (L-I series), which account for almost half (47.8%) of
amino acid residue composition in TM helices. Sequences containing
less prevalent (more hydrophilic) amino acid residues in TM segments
have to be longer to efficiently insert into the membrane.

Not surprisingly, there is a correlation between amino acid

abundance in TM helices and hydrophobicity (Figure 34), which
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explains the need for an increased sequence length compensating the
lower hydrophobicity. However, this effect can be partly balanced by
taking into account amino acid position-dependent contributions.
Thus, when this last parameter was included in our computational
designs, the predictions for the insertion efficiency of sequences
harboring polar and charged residues significantly improved (Figure
26 C).
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Figure 34. Correlation between the amino acid type prevalence found in TM helices
from our data set and the biological free energy scale determined by (Hessa et al.,
2005).

Indeed, the results of our experimental assay using microsomal
membranes (Figure 29 and Figure 30) mirrored the AG algorithm

predictions. Our data reinforces the accepted idea that there is an
unfavorable free energy associated with locating hydrophilic residues
in the hydrophobic core of the membrane. However, this effect can be

reduced by allocating non-hydrophobic residues close to the polar
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headgroup region of the lipids at the membrane interface (White and
von Heijne, 2005), as well as by engaging polar residues in salt-bridge
pair formation (Jayasinghe et al., 2001; Bafio-Polo et al., 2013). This
is in line with our analysis of specific sequences with

experimental/predicted p; values that deviate from a linear correlation
(Figure 31).

One of these outlier sequences (L-K23) was inserted by the
translocon surprisingly efficiently compared with its AG Predictor
value (Table 5). We suggest that the stability of L-K23 TM helix
within the lipid membrane is derived from intra-helical electrostatic
and/or salt-bridge interaction between the histidine and the glutamic
acid side chains positioned at (i, i+3) periodicity. In TM helices, intra-
helical charge pairs within the same helix have been reported for
appropriately spaced (i, i+3 and i, i+4), oppositely charged residues
(Chin and von Heijne, 2000; Bafno-Polo et al., 2012). We support this
hypothesis by locating the His-Glu pair at (i, i+2) periodicity, which is
non-compatible with intra-helical electrostatic and/or salt-bridge
interaction. This mutation strongly reduced the experimental insertion
efficiency (Table 5).

As expected, ionizable histidine and glutamic acid residues are
present in TM helices at a low frequency level (1.7% and 1.6%,
respectively). Nevertheless, among the 792 TM helices included in
our database, 84 helices (10.6%) contained both amino acid residues
in their sequence, and 15 of these helices present the His-Glu pair at
(i, i+3) periodicity (Table 6). Interestingly, only one fourth of these
His-Glu pairs (4 from 15) are partly exposed to the lipid face, whereas
the rest (11) are buried in the protein interior, emphasizing the
necessity to shield the polarity of this interaction from the
hydrophobic environment of the membrane core. Moreover, although

charged and polar residues can face a high energetic barrier when
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inserting into a biological membrane, positive and negative charges
within the same (Chin and von Heijne, 2000; Bafio-Polo et al., 2012)
and different (Johnson and Parson, 2002; Bafio-Polo ef al., 2013) TM
helices can interact with each other, thereby drastically reducing this
barrier. In fact, these interactions can occur in the proximity of the
translocon (Sadlish et al., 2005; Sauri et al., 2007), where a strict
coupling of correct tertiary structure formation and membrane

insertion can be achieved (Cymer et al., 2015).

The other outlier sequence (L-R23) displayed a completely
different behaviour, since in this case the experimentally measured p;
value was lower than the predicted value (Figure 31). This sequence
contains a proline residue at a nearly central position in the TM
segment. Proline is rarely found in the middle of helices from soluble
proteins because it results in distortion of the canonical helical
geometry and loss of at least one backbone hydrogen bond (Barlow
and Thornton, 1988; von Heijne, 1991). However, proline residues are
relatively common in TM helices (Figure 18) (Cordes et al., 2002).
This suggests that proline residues may be of particular structural
and/or functional significance in membrane proteins, even though they
invariably produce deviations from canonical helical structure
(Yohannan et al., 2004). To learn how the proline present in the L-
R23 mutant reduces membrane insertion, we analyzed the insertion of
a mutant with the proline residue positioned near the middle of the
helix (P10L/L14P), and a mutant with the proline residue located near
the N-terminus of the helix (A6P/P10A), both with the same amino
acid composition. The A6P/P10A mutant inserted more efficiently
than the original sequence, while the P10L/L14P sequence resulted in

only minor changes in terms of membrane insertion.

These results indicate that proline residues are not easily

accommodated in the center of the helix, despite their prevalence
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found in this position (Figure 22). In general, the presence of proline
residues in an a-helix generates a constrained @® rotamer at the
position of the proline, the loss of a hydrogen bond donor and the
appearance of steric clashes between the proline cyclic side chain and
the peptide backbone. In the case of TM helices, all these effects may
eventually increase the polarity of the carbonyl groups of the TM
helix at the positions three and four residues N-terminal of the proline
location (Cordes et al., 2002), reducing insertion efficiency (Orzaez et
al., 2004). Moreover, structural studies have shown that proline
substitutions at the end of a TM helix can be accommodated by
movement of a small part of the helix, while proline substitutions in
the middle can require more complex and difficult to accommodate
structural changes (Yohannan et al., 2004). Statistical analyses of TM
helices show a similar pattern for proline residue distribution (Figure
35). Altogether, these results indicate that the proline in the original
sequence can diminish membrane insertion efficiency depending on

the position along the TM segment.

In summary, our analysis of the membrane insertion of
computationally designed TM sequences resulted in a good correlation
between the values predicted by the AG Predictor and experimentally
measured values. Nevertheless, our data indicate that some extra
attention has to be paid to accommodate intra-helical salt-bridge
formation and proline residues when designing short TM helices as
building blocks of membrane proteins, a major challenge when

engineering new membrane proteins to perform biomimetic functions.
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Figure 35. Proline positions along TM helices. The frequency of proline
residues in TM helices is shown as a function of their position within the
helices. Positively labelled positions indicate the cytoplasmic side of the
membrane whereas negatively labelled positions are indicative of extra-
cytoplasmic regions. The measured p; values for the L-R23-derived
sequences containing single proline residues are shown in red.
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TM helices adapt their length to the dimensions and constraints
of biological membranes. The observed differences relative to
helices from soluble proteins highlight that in the lipid bilayer,
where the environment forces secondary structure formation,

amino acid side chain hydrophobicity prevails to helicity.

Half of the natural amino acid residues are equally distributed
along the TM helices, whilst aromatic, polar and charged residues
plus Pro are biased towards the ends of the TM helices. Specially,
the distribution of charged residues is asymmetric occurring more
frequently on the cytoplasmic side of the membrane. In addition
to this asymmetry, Trp, Tyr and Pro residues are found to be
more frequent at the extra-cytoplasmic interface of the membrane
and the polar residues (Gln, His, and Asn) at the extra-

cytoplasmic flanking region of the TM helices.

Insertion efficiency predictions for computed sequences increase
with length, and for those sequences harbouring polar and
charged residues insertion predictions increase significantly when
residue position-dependent distribution is taken into account.

The experimental insertion efficiency observed correlates well
with predicted values. However, for long sequences designed
without position-dependent constraints, some differences

between predicted and experimental insertions are observed.

Our data demonstrate that to the de novo design of TM segments
as building blocks of membrane proteins, special attention has to
be paid to accommodate intra-helical salt-bridges and proline

residues.
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R.1. INTRODUCCION

La membrana biologica

Las membranas biologicas constituyen los limites que rodean y
mantienen la integridad celular, actuando como una barrera que separa
el interior de la célula del ambiente exterior. La hidrofobicidad de la
membrana permite el paso de moléculas apolares al tiempo que evita
que compuestos polares o iones la atraviesen por difusion libre,
permitiendo asi la creacion de un potencial eléctrico y de gradientes
de concentracion a ambos lados de la membrana. Ademas, la
membrana celular eucaridtica forma organulos, resultando en Ia
compartimentacion necesaria para el correcto funcionamiento de las
rutas metabolicas. Ademas de su papel como barrera semipermeable,
las membranas biologicas participan en la division celular, la
comunicacion con el exterior, el trafico molecular y la reproduccion

biologica.

Los dos componentes principales de las membranas son los
lipidos y las proteinas, moléculas caracterizadas por ser anfifilicas,
una propiedad que determina la estructura de una membrana en una
solucion acuosa. Los lipidos estan organizados en una doble capa que
favorece y estabiliza termodindmicamente la membrana por la
interaccion de cadenas alifaticas hidrofobicas que se enfrentan en el
interior de la membrana excluyendo moléculas de agua, con los

grupos polares orientados hacia medio acuoso externo.

Uno de los primeros modelos de membrana celular que explica
como se relacionan los lipidos y las proteinas que la forman, fue el
propuesto por Singer y Nicolson (Singer and Nicolson, 1972),
conocido como el “modelo del mosaico fluido” (Fig. 1). En este
modelo, la membrana se asemeja a un océano de lipidos con unas

pocas proteinas flotando en él, y en el que lipidos y proteinas se
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encuentran en constante movimiento lateral. Sin embargo,
aproximaciones experimentales mas recientes nos proporcionan una
vision mas compacta de la bicapa, con un elevado numero de
proteinas insertadas en la membrana, limitando asi la libre difusion
lateral de las moléculas. Esto sugiere, por tanto, que las membranas

son mas “mosaico que fluidas” (Engelman, 2005; Goni, 2014).

Proteinas de membrana

Las proteinas de membrana son aquellas que residen y ejercen su
funcion en membranas bioldgicas. Estas desempefian papeles cruciales
y especificos, y estan implicadas en muchas funciones biologicas
distintas. Ademas de mantener la forma de la bicapa lipidica, las
proteinas de membrana funcionan como receptores, transductores de
sefiales, transportadores, canales, motores o anclajes y participan en
sefalizacion, transporte, procesos enzimaticos y adhesion celular.
Alrededor del 25% de los genes del genoma de organismos
procariotas y eucariotas codifican proteinas de membrana (Krogh et
al., 2001), y representan mas del 50% de las dianas terapéuticas de los
farmacos actuales (Overington ef al., 2006).

En funcién de la interaccion que establecen con la bicapa lipidica,
las proteinas de membrana pueden diferenciarse entre proteinas
integrales de membrana y proteinas periféricas. Las proteinas
integrales de membrana se encuentran insertadas dentro de la bicapa,
rodeadas de lipidos. Estan fuertemente unidas a la membrana y solo
pueden separarse con tratamientos agresivos tales como el uso de
detergentes, disolventes organicos o de agentes desnaturalizantes. Las
proteinas periféricas no interactian directamente con el nucleo
hidrofobico de la membrana, sino que se asocian a la interfase de la
bicapa a través de otras proteinas o de grupos lipidicos unidos

covalentemente a la proteina.
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La determinacién de la estructura tridimensional de proteinas de
membrana ha revelado dos tipos principales de motivos estructurales:
los haces de hélices a y los barriles B (Heijne, 1994; Vinothkumar and
Henderson, 2010) (Fig. 4). Mientras que la mayoria de las proteinas en
las membranas eucariotas son haces de hélices o, los barriles B se
encuentran casi exclusivamente en la membrana externa de bacterias,
mitocondrias y cloroplastos. Se ha estimado que el 2-3% de los genes
de las bacterias Gram-positivas codifican proteinas con estructura
basada en barriles B (Wimley, 2003). En comparacion, las proteinas
helicoidales representan aproximadamente el 25% de todas las pautas
de lectura abierta en los genomas completamente secuenciados (Krogh
et al., 2001). Estos dos tipos de estructura secundaria permiten la
insercion en la membrana del esqueleto polipeptidico de la proteina
maximizando el nimero de enlaces de hidrogeno intramoleculares, y
reduciendo asi la polaridad intrinseca de los grupos CO y NH del

enlace peptidico.

A partir de aqui, en esta Tesis Doctoral nos referiremos
exclusivamente a proteinas de membrana helicoidales, ya que, como
se ha descrito, éstas constituyen el grupo mas numeroso y relevante de

proteinas de membrana.

Plegamiento y estabilidad de proteinas de membrana helicoidales

El conocimiento actual sobre el plegamiento de proteinas de
membrana helicoidales se basa en el modelo propuesto a principios de
los afios 90 por Popot y Engelman, conocido como modelo de dos
etapas (Popot and Engelman, 1990) (Fig. 5). En la primera etapa, las
secuencias hidrofébicas adoptan una conformacion a-helicoidal
cuando se insertan en la membrana. En presencia de agua y una bicapa
lipidica, una hélice a transmembrana (TM) representa el estado

termodindmicamente mas estable para una secuencia de aminoacidos
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no polares. Dado que el nimero de enlaces de hidrogeno del esqueleto
polipeptidico no es critico en un medio acuoso, se considera que la
transicion entre una secuencia no estructurada y una hélice o estara
gobernada por la naturaleza de las cadenas laterales de los
aminoacidos. En la segunda etapa, que probablemente ocurre al
mismo tiempo que la insercion en la bicapa y la adquisicion de la
estructura secundaria, nuevos segmentos TM se asocian con los que
ya estan insertados en la membrana, dando lugar a la formacion de la

estructura terciaria.

El principal determinante para la insercion de una secuencia en la
membrana es su valor global de hidrofobicidad. En otras palabras, la
tendencia a la insercion aumenta con el grado de hidrofobicidad de la
secuencia polipeptidica. Este concepto entra en conflicto con la vision
clasica de los residuos cargados dentro de la membrana, cuya
presencia en el nticleo hidrofobico se penso prohibido durante muchos
afos. Estudios mas recientes han mostrado que este tipo de
aminoacidos no impide la insercion en la bicapa de una secuencia
determinada, sino que la insercion de un segmento TM depende de la
hidrofobicidad global de la secuencia (MacCallum et al., 2008;
Martinez-Gil et al., 2008). Un efecto similar se observa con aquellos
aminoacidos que alteran la formacion de la estructura a-helicoidal,
tales como la prolina (Nilsson et al., 1998) o la glicina (Dong et al.,
2012).

Aunque la hidrofobicidad es la caracteristica principal de las
secuencias TM, una fraccion considerable (> 30%) de las hélices TM
de proteinas integrales de membrana que atraviesan la bicapa mas de
una vez no son lo suficientemente hidrofobicas como para ser
insertadas de manera eficiente por si mismas (Hessa ef al., 2007). Este
hallazgo sugiere que la insercion en la membrana de segmentos TM

puede depender en muchos casos de las caracteristicas de la secuencia
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extrinsecas al propio segmento hidrofoébico (Hedin et al., 2010;
Ojemalm et al., 2012).

Ademas de los requisitos de hidrofobicidad y helicidad, una
hélice TM debe ser lo suficientemente larga (en ntimero de residuos
de aminoacidos) como para poder atravesar la bicapa lipidica.
Teniendo en cuenta una translacién de 1.5 A por residuo en una hélice
o canonica, se requieren aproximadamente unos 20 residuos para
abarcar el nucleo hidrofobico (~ 30 A) de la membrana (Fig. 3). Sin
embargo, la longitud minima necesaria para constituir una hélice TM
ha sido investigada usando péptidos hidrofobicos modelo insertados
en membranas (Krishnakumar and London, 2007). Estos resultados
muestran que en el caso de péptidos compuestos por residuos de
leucina y alanina alternos, la longitud minima necesaria para adoptar
una disposicion predominantemente transmembrana en bicapas
lipidicas modelo es de 13 residuos. Més recientemente, la disposicion
en la membrana de secuencias de poli-leucina se analizé utilizando
péptidos sintéticos y bicapas fosfolipidicas orientadas, insercion in
vitro en membranas biologicas y simulaciones de dindmica molecular
(Jaud et al., 2009). La conclusion que emerge de estos estudios es que
las bicapas lipidicas se adaptan a hélices TM tan cortas como 10-12

leucinas.

Biogénesis de proteinas de membrana helicoidales

La gran mayoria de las proteinas se sintetizan en el citosol, donde el
ribosoma traduce los codones de RNA mensajeros en aminodcidos
cataliza la formacion de enlaces peptidicos. Las proteinas citosolicas
(solubles) se pliegan cuando emergen del ribosoma. Sin embargo, para
las proteinas de secrecion y las de membrana el proceso es mas
complicado, ya que tienen que atravesar la membrana, total o

parcialmente. Para ello, utilizan una maquinaria celular denominada
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translocon. El translocon es un complejo multiproteico situado en la
membrana del reticulo endoplasmatico (ER), que consiste basicamente
en un canal que atraviesa la bicapa lipidica (Fig. 8). El translocon
permite que las proteinas solubles pasen completamente a través de la
membrana ER, y los fragmentos TM de las proteinas integrales se
introduzcan lateralmente en la bicapa (Panzner et al., 1995), lo que le
convierte en el Unico canal conocido que debe permitir el paso de
moléculas en dos direcciones, perpendicular (de un lado a otro de la
membrana) para la translocacion de dominios y proteinas solubles, y

lateral para la insercion de las regiones TM.

El mecanismo en el que la translocacion o insercion de la
proteina en la membrana se produce a la vez que la traduccion es el
utilizado por las proteinas de secrecion y por la mayoria de las
proteinas de membrana. Esta via ‘co-traduccional’ comienza cuando
una secuencia sefial (SS), o en su ausencia el primer fragmento TM de
la cadena naciente, emerge del ribosoma y es reconocida por la
particula de reconocimiento de sefial (SRP) (Fig. 9). La SS tiene una
region N-terminal cargada positivamente seguida por un dominio
hidrofobo compuesto de 7-15 aminoacidos y una region C-terminal
polar. Cuando la SRP se une a la SS, interrumpe la elongacion de la
cadena naciente (Walter and Blobel, 1981; Mary et al., 2010) y lleva
todo el complejo ribosoma-cadena naciente (RNC) a la membrana del
ER interactuando con el receptor de la SRP (SR) (Akopian et al.,
2013). Cuando el complejo formado por SRP, SR y RNC se acopla al
translocon, el ribosoma puede reiniciar la elongacion de la proteina
que esta sintetizando liberando la cadena naciente al canal de
translocon. El translocon permitira que los dominios solubles
atraviesen la membrana y que segmentos TM hidrofobicos salgan
lateralmente a la fase lipidica de la membrana (Fig. 9) (Nyathi et al.,
2013; Whitley and Mingarro, 2014).
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Topologia de las proteinas de membrana

La correcta topologia de una proteina de membrana (determinacion
del niamero de segmentos TM y su orientacion relativa en la bicapa) es
fundamental para poder llevar a cabo su funcion bioldgica. En general,
una proteina puede adoptar una unica topologia en la membrana,
aunque en la tltima década se han identificado casos en los que la
misma secuencia es capaz de insertarse en la bicapa con dos

topologias opuestas (Rapp et al., 2006, 2007; Seppili et al., 2010).

El principal determinante de la topologia de una proteina de
membrana, la denominada ‘positive-inside rule’ (von Heijne, 1986a),
establece que las regiones extramembranosas no translocadas
(orientadas al citosol) contienen de dos a cuatro veces mas residuos
cargados positivamente (Arg y Lys) que las regiones
extramembranosas translocadas. Las cargas en el lado N-terminal de
la SS pueden influir en la orientacion del segmento hidrofébico N-
terminal de una proteina de membrana. Si tiene cargas positivas, la
parte N-terminal tendrd una mayor probabilidad de permanecer en el
citosol y el extremo C-terminal estard expuesto al periplasma
bacteriano o al lumen del ER en el caso de organismos eucarioticos
(von Heijne, 1986b).

La longitud de la secuencia hidrofébica también puede
determinar la orientacion del fragmento TM. En eucariotas las
secuencias mas largas muestran una preferencia por localizar el
extremo N-terminal en el lumen (Sakaguchi et al., 1992; Wahlberg
and Spiess, 1997; Eusebio et al., 1998). De hecho, las SS tienen
segmentos hidrofobicos mas cortos que los fragmentos TM y orientan
la parte N-terminal al citosol (Nilsson et al., 1994), confirmando la
longitud de la secuencia TM como un determinante en la definicion de
la orientacion de la hélice hidrofobica.
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Ademas de la longitud de la secuencia, tanto su grado como su
gradiente de hidrofobicidad pueden influir en la orientacion en la
bicapa de un dominio TM. Cuanto mas hidrofobico es el segmento
TM, mas tiende a insertarse con una orientacion con el extremo N-
terminal hacia el exterior celular y el extremo C-terminal hacia el
citosol, independientemente de las cargas de la region flanqueante
(Wahlberg and Spiess, 1997; Goder and Spiess, 2003). Por el
contrario, las SS naturales, que presentan una orientacion inversa, son
menos hidrofobicas y permanecen mas tiempo en el translocon, lo que
les permite reorientarse durante la traduccion (Whitley and Mingarro,
2014).

Esta Tesis se centra en el estudio de los dominios TM de
proteinas de membrana helicoidales, un tipo de moléculas que
comprenden el 20-30% de todos los genes en los genomas
secuenciados. Sin embargo, debido a la complejidad del entorno en el
que se encuentran, nuestro conocimiento acerca de su biogénesis y
plegamiento queda todavia muy lejos del que tenemos de las proteinas
globulares.
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R.2. OBJETIVOS

El objetivo general de esta tesis es la caracterizacion de la insercion y
el ensamblaje en la membrana lipidica de hélices o procedentes de
proteinas de membrana, y como la insercion se ve afectada por la
longitud de la secuencia y la composicion de aminoacidos. Durante el
estudio de estas hélices TM, en esta Tesis se han abordado los

siguientes objetivos concretos:

- Describir las diferencias entre hélices TM y hélices solubles en

términos de longitud y composicion de aminoacidos.

- Estudiar los patrones de distribucion de aminoéacidos en funcion

de la posicion en la hélice TM.

- Predecir el grado de insercion mediante el algoritmo AG
Predictor de secuencias disefiadas computacionalmente, usando
los valores estadisticos observados en estructuras de proteinas de

membrana de alta resolucion.

- Determinar, mediante ensayos de glicosilacion, la insercion
experimental en membranas microsomales de secuencias
generadas computacionalmente. Asi mismo, analizar las posibles
diferencias entre los valores obtenidos experimentalmente y los

teodricos (predichos).
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R.3. METODOLOGIA

r.3.1. Métodos computacionales

Bases de datos de o-hélices

Los conjuntos de datos de hélices solubles y de hélices TM fueron
obtenidos del PDB (Berman et al, 2000) y de la base de datos
MPTOPO (Jayasinghe et al., 2001), respectivamente.

En primer lugar, el conjunto de datos de hélices solubles fue
construido seleccionando un total de 4.405 proteinas globulares
depositadas en el PDB (hasta el 17 de noviembre de 2011) que
pasaron los siguientes criterios: (i) su estructura secundaria total tenia
mas del 60% de hélices a y no contenia hojas B; (ii) su resolucion
cristalografica era de 2.0 A o superior; y (iii) la palabra MEMBRANE
no aparecia en los campos "TITLE" ni "DESCRIPTION" del archivo
PDB. Ademas, para eliminar redundancia, las 4.405 secuencias se
compararon entre si con el programa CD-HIT (Huang et al., 2010) y
los pares de secuencia alincados que obtuvieron una identidad del
80% o superior fueron descartados. El conjunto final no redundante de
cadenas polipeptidicas del PDB fue analizado para identificar un total
de 7.348 hélices mediante el campo "HELIX" de cada entrada del
PDB. Asi, el conjunto de datos de hélices solubles contenia 930
estructuras de proteinas no redundantes y de alta resolucion, 7.348

hélices a y 108.277 aminoacidos.

En segundo lugar, se seleccionaron todas las proteinas de
membrana helicoidales depositadas en la base de datos MPTOPO
(actualizada al 19 de enero de 2010) (Jayasinghe et al., 2001) y, por
tanto, con topologia definida. El conjunto inicial se filtr6 mas a fondo:
(1) eliminando cualquier entrada de estructura desconocida basada en

la clasificacion de entrada MPTOPO (es decir, manteniendo s6lo las
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entradas descritas como "3D helix" y "1D_helix"); (ii) eliminando
pares de secuencias redundantes con una identidad de secuencia del
80% o superior mediante el programa CD-HIT (Huang et al., 2010).
El conjunto final de datos de hélices TM contenia 170 estructuras
polipeptidicas no redundantes, 837 hélices y 20.079 aminoacidos.
Ademas, para analizar adecuadamente la distribucion de aminoacidos
en hélices de proteinas de membrana monotopicas (que atraviesan la
bicapa una sola vez), descartamos cualquier hélice de menos de 17 o
mas de 38 aminoacidos de longitud. El subconjunto de datos de
hélices transmembrana resultante contenia 792 hélices y 19.356

aminoacidos.

Distribucion de aminoacidos

Se calcularon tres diferentes medidas para cada tipo de aminoacidos:
(i) probabilidad y porcentaje, (ii) Odds, y (iii) LogOdds. La
probabilidad (p;) de un aminoécido 7 se define como:

n;
Pi =y [1]

donde i es el tipo de aminoacido (uno de los 20 aminoacidos), »; es el
numero de residuos del aminoacido i, y N es el total de aminoacidos
presentes en el conjunto de datos. De forma similar, el porcentaje de
un aminoacido dado i se define como su probabilidad multiplicada por

100. Las Odds (O;) de un aminoacido i se definen como:

— Dic Dir
(1_pi,c) (1_pi,r)

i

2]

donde p;. es la probabilidad del aminoacido i en la clase ¢ (por
ejemplo, hélice transmembrana) y p;, es la probabilidad del

aminoacido i en la clase r (por ejemplo, hélice soluble). Del mismo
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modo, las LogOdds de un aminoacido dado i se definen como el
logaritmo en base 10 de sus Odds. En pocas palabras, un Odds mayor
que 1 (o LogOdds positivos) indican una sobre-representacion de ese
tipo de aminoacido en esa clase. Por el contrario, Odds menores que 1
(o LogOdds negativos) indican una menor tendencia de ese tipo de
aminoacido en esa clase.

Diserio computacional de secuencias

Usando el conjunto de datos de hélices TM mencionado anteriormente
(792 hélices y 19.356 aminoacidos), se generaron una serie de
secuencias de distinta longitud usando en su composicion un nimero
creciente de tipo de aminoacidos, siguiendo el orden de frecuencia
encontrado en nuestro conjunto de datos de hélices TM.

En primer lugar, se generaron secuencias formadas so6lo por
leucina (el aminoacido mas comun en hélices TM) de distintas
longitudes, desde 9 a 25 residuos. A continuacion, se incluyd el
segundo aminoacido mas comun (es decir, alanina) con su
probabilidad relativa en comparacion con Leu. Se generaron 1.000
secuencias de cada longitud (de 9 a 25 residuos), donde cada
secuencia se obtuvo mezclando una cadena de letras de Leu y Ala con
las proporciones entre ellos encontradas en nuestro conjunto de datos
(Leu 58,2% y Ala 41,8%). Este procedimiento se repitié incluyendo
en la composicion de las secuencias cada vez un nuevo aminoacido,
siguiendo el orden de presencia encontrado en hélices TM, hasta
incluir los 20 aminoacidos naturales (Fig. 15).

A continuacion, se generaron conjuntos de secuencias incluyendo
no solo la frecuencia sino también la distribucion por posicion de
aminoacidos. Para ello, se cogieron los residuos de segmentos TM y
se anotd su posicion relativa con respecto al centro de la hélice. En
este caso, se calculd la probabilidad de encontrar cada tipo de
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aminoacido en cada una de las posiciones de un segmento TM
empezando por el residuo central de la hélice (posicion 0) e
incrementando valores positivos conforme se aproximaba a la parte
citoplasmatica de la hélice, o valores negativos conforme se
aproximaba a la parte extracelular de la secuencia. De esta forma, se
crearon subconjuntos con los aminoacidos encontrados en cada una de
las posiciones relativas de las hélices TM, y se usaron dichos
subconjuntos para disefar secuencias teniendo en cuenta la posicion
de los aminoacidos. De forma similar al procedimiento seguido con
las secuencias creadas sin tener en cuenta la posicion, se generaron
1.000 secuencias de cada longitud (de 9 a 25 residuos) para cada

composicion de aminoacidos distinta (Fig. 15).

Prediccion de los valores de AG,y, y probabilidad de insercion

Para cada uno de los subconjuntos de 1.000 secuencias con
determinada longitud y composicion de aminoacidos (tanto del
conjunto de secuencias creadas sin tener en cuenta la posicién como
del conjunto creado incluyendo este factor) se generd una serie de
valores teoricos de insercion, utilizando el programa AG Predictor
(http://dgpred.cbr.su.se/) (Hessa et al., 2005, 2007). Este programa

asigna a cada secuencia un valor teorico de variacion de energia libre

(AG); valores negativos indican una mayor tendencia a la insercion en
la membrana mientras que valores positivos indican mayor
probabilidad de translocacion. La variacion de energia libre aparente

(AG,,) se describe como:

AGgpp = —RTInK 4y 3]

139


http://dgpred.cbr.su.se/

RESUMEN

donde 7= 298 K, R = 0.0019872 kcal/(K-mol) y K, es la constante
de equilibrio entre la fraccion de moléculas insertadas (f;) y la fraccion

de moléculas translocadas (f;):

_ fi
Kapp = T: [4]
Dado que
i+ fi=1 151

y que la fraccion de moléculas insertadas (f)) es igual que Ia
probabilidad de insercion (p;), la ecuacion 3 se puede reescribir de la

siguiente manera:

AGapp RTlTl( — [6]

Di

De esta manera, reorganizando la ecuacion 6 podemos calcular la

probabilidad de insercion (p;) a partir del valor de AG,,,, obtenido:

AGg,

e =R

pi = PYc—- 71
1+ eC=rT)

Todos los analisis descritos anteriormente se realizaron en Python

(Python Software Foundation, version 2.7, https://www.python.org/),

R (The R Foundation, https://www.r-project.org/) y RStudio
(https://www.rstudio.com/).
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r.3.2. Métodos experimentales

Material biologico

La cepa utilizada para la extraccion rutinaria de DNA plasmidico fue
E. coli DH5a (genotipo: dlacZ AM15 A(lacZY A-argF) U169 recAl
endA1l hsdR17(rK-mK+) supE44 thi-1 gyrA96 relAl) (Taylor et al.,
1993). Las células competentes fueron preparadas en el laboratorio

siguiendo el protocolos establecidos (Sambrook and Russell, 2001).

Para el crecimiento de las bacterias se us6 medio LB (Luria
Bertani, compuesto de extracto de levadura 0.5% (p/v), triptona 1%
(p/v) y NaCl 1%) liquido o soélido (afiadiendo 2% (p/v) de agar
bacteriologico). El medio se autoclavd para su esterilizacion durante
20 minutos a 1 atmdsfera de presion y 121°C, y fue suplementado con
el antibidtico apropiado en cada caso. Las células se cultivaron a 37°C

con agitacion (250 rpm) durante al menos 12 horas.

Para introducir los plasmidos de interés dentro de las cepas de E.
coli se incubaron en hielo 10 ng de DNA junto con 50 pL de células
competentes durante 30 minutos. Tras este periodo las células se
sometieron a un choque térmico de 42°C durante 45 segundos y
posteriormente se incubaron 5 minutos en hielo. Seguidamente se
afadieron 500 pulL de LB y se recuperaron las células a 37°C durante
45 minutos en agitacion suave. Las células se recogieron por
sedimentacion a 3.000 rpm durante 5 minutos y se eliminaron 450 pL
del sobrenadante. Las células fueron resuspendidas con el resto del
sobrenadante (aproximadamente 50 pL) y sembradas en una placa
Petri de LB, suplementada con el antibiotico requerido en cada caso.
Dichas placas se mantuvieron en una incubadora a 37°C durante al

menos 12 horas.

En aquellas ocasiones en las que se requeria una alta eficiencia de

transformacion del DNA se recurrio a la transformacion por
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electroporacion. En este caso, 50 uL. de células electrocompetentes se
incubaron durante 5 minutos con 5 ng de DNA plasmidico. A
continuacion, las células fueron sometidas a un choque eléctrico de
1,8 kV/cm® durante 5 milisegundos, para lo cual se emplearon cubetas
de electroporacion con una distancia entre los electrodos de 0,1 cm.
Para permitir la recuperacion de las células, a la mezcla de
transformacion se le afiadio 500 pl de medio LB y se incubaron a
37°C con agitacion durante 45 minutos, pasados los cuales las células

se recogieron y sembraron en placas como se explica anteriormente.

Manipulacion del DNA

Tanto el aislamiento de DNA plasmidico de E. coli como la
purificacion en gel de agarosa se realizaron utilizando kits comerciales
de la casa Thermo (Ulm, Alemania), siguiendo las instrucciones del
fabricante.

Las secuencias ensayadas experimentalmente se construyeron
mediante el método de hibridacién de oligonucledtidos, utilizando
oligonucledtidos bicatenarios con extremos 5’ protuberantes y
solapantes. Primero, se hibridaron pares de oligonucleétidos
complementarios incubandolos a 85°C durante 10 minutos tras los
cuales se dejo enfriar lentamente hasta una temperatura de 30°C. A
continuacion, se mezclaron los dos pares de oligonucleotidos
bicatenarios recién hibridados y se incubaron a 65°C durante 5
minutos, dejandolos posteriormente enfriar lentamente hasta
temperatura ambiente (unos 25°C). Los oligonucleotidos resultantes,
conteniendo la secuencia nucleotidica codificante de la secuencia a
ensayar, se purificaron en gel de agarosa al 2% (p/v), tras lo cual se
fosforilaron y ligaron en el vector previamente preparado. El vector se
prepar6 mediante digestion con las enzimas de restriccion adecuadas,

defosforilacion y purificacion en gel de agarosa al 1% (p/v).
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Los mutantes realizados sobre las secuencias construidas se
obtuvieron mediante mutagénesis dirigida empleando el kit comercial
QuikChange de Agilent Technologies (Santa Clara, CA, EE.UU.). La
mezcla de reaccion (2,5 uL tampon de reaccion 10x, 1 ul mezcla de
dNTPs 25 mM, 250 ng de cada uno de los dos oligos y 2,5 U de
polimerasa Pfu Turbo en 25 uL de reaccion ajustados con agua miliQ)
se sometié a 25 ciclos de amplificacion (desnaturalizacion a 95°C
durante 50 segundos, hibridacion a 58-60°C durante 1 minuto y
elongacion a 68°C durante 12 minutos). El DNA resultante fue
sometido a digestion con Dpnl para eliminar el DNA molde
(metilado), y seguidamente transformado en E. coli utilizando 1 pL
del producto de PCR.

Todos los oligos usados tanto en la realizacion de las
construcciones como en las mutagénesis dirigidas se muestran en el

Anexo L.

Ensayos de glicosilacion

Para analizar la insercion experimental en membranas de las
secuencias generadas computacionalmente se utilizd el plasmido
pGEM-Lep. En este plasmido, la peptidasa de la secuencia sefial de E.
coli (Lep) se encuentra bajo un promotor SP6. Lep esta formada por
dos segmentos TM (H1 y H2) unidos por un lazo citoplasmatico (P1)
y un dominio C-terminal grande (P2), y se inserta en microsomas
derivados del reticulo endoplasmatico con ambos extremos
localizados en el lumen (Figure 16). La secuencia a ensayar (“TM-
tested”) se insertd mediante ingenieria genética en el dominio luminal
P2, y flanqueada por dos dianas de N-glicosilacion (G1 y G2). Los
sitios de glicosilacion pueden servir para detectar de la insercion en la
membrana ya que G1 siempre sera glicosilado por el complejo OST
(Fig. 12) debido a su localizacion luminal, mientras que G2 sélo sera
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glicosilado si la region analizada es translocada a través de la
membrana. Una construccion en la que la secuencia a ensayar se
inserta en la membrana tendra una unica glicosilacion, lo que
aumentard su masa molecular en aproximadamente 2,5 kDa con
respecto a la masa molecular de la proteina expresada en ausencia de
membranas microsomales. En cambio, si la secuencia es translocada,
ambas dianas G1 y G2 seran glicosiladas, lo que aumentaréd la masa

molecular de la proteina en unos 5 kDa.

Transcripcion y traduccion in vitro

Las construcciones realizadas en el plasmido pGEM-Lep fueron
transcritas y traducidas in vitro utilizando el sistema TNT SP6 Quick
Coupled System (Promega). A 5 uL de lisado de reticulocitos se les
afadio6 un total de 75 ng de DNA molde, 0,5 pL. de metionina marcada
radiactivamente [S-Met] (5 pCi) y 0,25 pL de membranas
microsomales (tRNA Probes), y las mezclas fueron incubadas a 30°C
durante 90 minutos. Los productos de traduccion se diluyeron en 50
pL de tampon de carga (concentracion final Tris-HCl 625 mM pH 6.8,
glicerol 10% (v/v), SDS 2 % (p/v), p-mercaptoetanol 4% (v/v) y azul
de bromofenol 0,025% (p/v)) y fueron analizados mediante
electroforesis desnaturalizante en gel de poliacrilamida en presencia
de SDS (dodecilsulfato sédico). A continuacion los geles se analizaron
y cuantificaron usando un Fujifilm Fluorescent Image Analyzer
modelo FLA-300R (Tokyo, Japoén) y el software Image Gauge v4.0 de
Fuji Photo Film.

La probabilidad de insercion en la membrana (p;) de una
secuencia dada fue calculada como el cociente entre la intensidad de
la banda mono-glicosilada (f;,, insertado) y la suma de las bandas

mono- y doble-glicosiladas (f3, translocado):
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. fig
pl f1g+f2g

8]
El valor experimental de AG fue calculado con la siguiente
formula:

AG;;;; = —RTanfgg [9]

donde, en este caso, la constante de equilibrio experimental (K,,"") se
define como el cociente entre la intensidad de la banda mono-
glicosilada (f;,, insertado) y la banda doble-glicosiladas (f,

translocado):

exp N1
Kapp = ﬁ [10]

Productos quimicos y enzimas

Todas las enzimas utilizadas, asi como el plasmido pGEM1, el sistema
de transcripcion/traduccion in vitro TNT SP6 Quick Coupled System
y los lisados de reticulocitos de conejo fueron adquiridos de Promega
(Madison, WI, EE.UU.). Las membranas microsomales derivadas de
ER de pancreas de perro se adquirieron a tRNA Probes (College
Station, TX, EE.UU.). La metionina marcada radiactivamente se
compro a Perkin Elmer (Waltham, MA, EE.UU.). Las enzimas de
restriccion se adquirieron de Roche Molecular Systems (Pleasanton,
CA, EE.UU.). Los kits de purificacion de DNA y de mutagénesis
dirigidas se compraron a Thermo (Ulm, Alemania). Los

oligonucledtidos fueron adquiridos de Sigma-Aldrich (Suiza). Todas
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las construcciones realizadas, asi como los mutantes, fueron
confirmadas por secuenciaciéon del DNA mediante el servicio de

secuenciacion de Macrogen Europe (Amsterdam, Paises Bajos).
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R.4. CONCLUSIONES

1. Las hélices TM adaptan su longitud a las dimensiones y
restricciones de las membranas bioldgicas. Las diferencias
observadas con respecto a las hélices de proteinas solubles
destacan que en la bicapa lipidica, donde el medio ambiente
fuerza la formacioén de estructura secundaria, la hidrofobicidad de
la cadena lateral de aminoacidos prevalece a la helicidad.

2. La mitad de los aminoacidos naturales se distribuyen
uniformemente a lo largo de las hélices TM, mientras que los
residuos aromaticos, polares y cargados, ademas de Pro,
presentan una distribucion sesgada hacia los extremos de las
hélices TM. Especialmente, la distribucion de residuos cargados
es asimétrica, encontrandose con mayor frecuencia en el lado
citoplasmatico de la membrana. Ademas, los residuos de Trp, Tyr
y Pro resultan mas frecuentes en la interfase extra-citoplasmatica
de la membrana y los residuos polares (Gln, His y Asn) en la

region flanqueante extra-citoplasmatica de las hélices TM.

3. La insercion tedrica de las secuencias generadas
computacionalmente incrementa con la longitud, y para las
secuencias que albergan residuos polares y cargados la insercion
teorica aumenta significativamente cuando se incluye en su
disefio computacional la distribucion por posicion de los

aminoacidos.
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148

La insercion experimental de las secuencias disefiadas
computacionalmente, medida mediante ensayos de glicosilacion,
presenta una alta correlacion con los valores tedricos. Sin
embargo, en secuencias largas disefiadas sin tener en cuenta la
posicion que incluyen residuos polares y/o cargados, las
diferencias entre la insercion tedrica y experimental son mayores.

Nuestros datos demuestran que en el disefio de novo de
segmentos TM como bloques de construccion de proteinas de
membrana se debe prestar especial atencion a la disposicion de
puentes salinos intra-helicoidales y de residuos de prolina.
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ANNEX 1

List of oligonucleotides used to generate the constructs and mutants
analysed in this work by annealing method and site-directed

mutagenesis, respectively.
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ANNEX II

Distribution of predicted p; values for the 1,000 sequences generated
for each length and amino acid composition. Sequences are grouped in
0.05 p; window range. The gray boxes correspond to the predicted p;
values for the 500 sequences between percentiles 0.25 and 0.75, used

in Figure 29 and Figure 30 (gray areas). Dotted lines correspond to the

predicted p; values for the 250 sequences with higher standard
deviations on both sides.
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Abstract Recent advances in determination of the high-
resolution structure of membrane proteins now enable
analysis of the main features of amino acids in trans-
membrane (TM) segments in comparison with amino acids
in water-soluble helices. In this work, we conducted a
large-scale analysis of the prevalent locations of amino
acids by using a data set of 170 structures of integral
membrane proteins obtained from the MPtopo database
and 930 structures of water-soluble helical proteins
obtained from the protein data bank. Large hydrophobic
amino acids (Leu, Val, Ile, and Phe) plus Gly were clearly
prevalent in TM helices whereas polar amino acids (Glu,
Lys, Asp, Arg, and Gln) were less frequent in this type of
helix. The distribution of amino acids along TM helices
was also examined. As expected, hydrophobic and slightly
polar amino acids are commonly found in the hydrophobic
core of the membrane whereas aromatic (Trp and Tyr), Pro,
and the hydrophilic amino acids (Asn, His, and Gln) occur
more frequently in the interface regions. Charged amino
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acids are also statistically prevalent outside the hydropho-
bic core of the membrane, and whereas acidic amino acids
are frequently found at both cytoplasmic and extra-cylo-
interfaces, basic amino acids cluster at the cyto-
interface. These results strongly support the
experimentally demonstrated biased distribution of posi-
tively charged amino acids (that is, the so-called the
positive-inside rule) with structural data.

Keywords Membrane protein - Transmembrane helices -
Amino acid distribution - Statistical analysis

Introduction

Although helical membrane proteins constitute approxi-
mately one quarter of all proteins in living organisms (Wallin
and von Heijne 1998), the rules governing their folding are
still not completely established. The hydrophobic effect is a
dominant force driving folding of water-soluble proteins, but
its contribution to the folding of membrane proteins is more
complex, given thal these proteins “live” in a biophysical
environment—the membrane—which is clearly different
from aqueous media. The cell membrane is a very hetero-
geneous medium, composed mainly of phospholipids that
are self-organized into two leaflets giving rise to the for-
mation of a bilayer. The hydrocarbon core, of dimension
approximately 30 A, is the hydrophobic part of the mem-
brane. The polar head groups of the phospholipids define the
lipid/water interface and add approximately 15 A 1o the
thickness of each leaflet (White and Wimley 1999). It is in
this complex environment that membrane proteins must fold
into their native conformations.

The hydrocarbon core of biological membranes and the
interior of folded water-soluble proteins are hydrophobic.

&) Springer
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In such a hydrophobic environment, the polarity of the
polypeptide backbone is energetically unfavorable. Thus, in
protein structures, nearly all the polar groups of the peptide
bond (carbonyl and amide groups) tend to hydrogen bond
with one another, leading to secondary structure that sta-
bilizes the folded state. Alpha-helices are the commonest
secondary structures found in water-soluble and membrane
protein structures, However, the distribution of the helices
in these two groups of proteins is very different. Whereas
helices in water-soluble proteins can be exposed to both the
hydrophobic core and the water-accessible surface, trans-
membrane (TM) helices in membrane proteins are sur-
rounded by a hydrophobic lipid phase in which water is
essentially absent. Therefore, for structural stabilization of
helical membrane proteins that reside in this apolar (low
dielectric) environment, hydrogen bonding and van der
Waals packing forces are highly important.

Although the vast majority of membrane proteins inte-
grale into biological membranes through the translocon
(recently reviewed by Martinez-Gil et al. 2011), our current
biophysical understanding of its folding and function is
hampered by the scarcity of structural information. Fortu-
nately, the number of high-resolution structures of mem-
brane proteins has increased exponentially in recent years
(White 2004, 2009). Consequently, a new statistical survey
of the properties of TM helices is timely.

In this paper, we revisit the differences between helices
from water-soluble proteins and TM helices in terms of
length and amino acid composition. In addition, we analyze
the distribution of amino acids in TM segments, which are
energetically accommodated in the highly heterogeneous
media of biological membranes as a result of favorable
interaction with the local environment. This study involved
170 helical membrane proteins with known three-dimen-
sional structure and topology, containing a total of 792 TM
segments, which were compared with 7,348 helices from
930 water-soluble protein structures. Approximately half of
all amino acids are randomly distributed when allocated to
the membrane, but the others correlate strangly with amino
acid positions along the TM regions.

Methods
Helix data sets

Two data sets for water-soluble and TM helices were
obtained from the protein data bank (PDB) (Berman et al.
2000y and the MPtopo database (Jayasinghe et al. 2001b),
respectively.

First, a total of 4,405 structural chains deposited in the
PDB (as of November 17th, 2011) that passed the fol-
lowing criteria were selected:

&) Springer

1 their total secondary structure had more than 60 %

w-helices and no ffi-strands;

their crystallographic resolution was 2.0 Aor higher; and

3 the word MEMBRANE did not appear in either the
“TITLE” or “DESCRIPTION™ fields of the PDB file.

(&)

Furthermore, to remove redundancy, the 4,405 chain
sequences were compared with each other by use of cd-hit
software (Huang et al. 2010} and pairs resulting in sequence
alignments with 80 % or higher identity were discarded. The
final set of 930 non-redundant PDB chains was parsed 1o
identify a total of 7,348 helices from the "HELIX" fields of
each PDB chain entry. Thus, the data set of water-soluble
helices contained 930 non-redundant and high-resolution
protein structures, 7,348 z-helices, and 108,277 amino acids,
Second, all #-helical membrane proteins deposited in the
MPtopo database (last updated on January 19th, 2010) (Jaya-
singhe etal. 2001b), and thus with known membrane insertion
topn]ogy, were selected. The initial set was filtered by:
removing any entry of unknown structure as based on
the MPtopo entry classification (i.e., keeping only
entries described as “3D_helix” and “1D_helix™); and

2 removing redundant pairs at 80 % sequence identity by
use of cd-hir software (Huang et al. 2010).

The final data set of TM helices contained 170 non-
redundant structures, 837 TM helices, and 20,079 amino
acids. Furthermore, to properly analyze the prevalent
locations of amino acids in single membrane-spanning TM
helices, we discarded any helix shorter than 17 amino acids
or larger than 38 amino acids. The resulting TM data subset
contained 792 TM helices, and 19,356 amino acids.

Measurement of the prevalent locations of amino acids

We calculated three different measures:
1 probability and percent,

2 Odds, and

3 LogOdds.

The probability (p;) of an amino acid / is defined as:
i,

P N‘
where i is the amino acid type (one of the 20 amino acids),
n; is the observation count of amino acid i, and ¥ is all
amino acids in the data set. Similarly, the percentage of a
given amino acid i is defined as its probability multiplied
by 100. The Odds () of an amino acid i is defined as:

Pic Pis
0= T
(l—pz.‘J/El = Pis)

where p;, is the probability of amino acid i in class ¢ (for
example, TM helix) and p, , is the probability of the amino
acid i in class r (for example, water-soluble helix).
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Similarly, the LogOdds for a given amino acid i is defined
as the logarithm to the base 10 of its Odds. Briefly, Odds
higher than 1 (or positive LogOdds) indicate over-occur-
rence of the amino acid type in the class. Odds smaller than
1 (or negative LogOdds) indicate under-representation of
the amino acid type in the class.

Results and discussion
Helix length in membrane and water-soluble proteins

Length distributions for helices found in high-resolution
structures deposited in the PDB (Berman et al. 2000) are
very different for TM and water-soluble proteins (Fig. 1).

Helices in TM proteins are, on average, 24.0 (£5.6)
amino acids long; this result differs slightly from previous
data obtained by using databases with 45 (Bowie 1997) and
129 (Ulmschneider and Sansom 2001) TM helices, for
which average helix length was 26.4 and 27.1 amino acids,
respectively. Because the translation per amino acid in a
canonical helix is 1.5 ,&, a stretch of approximately 20

consecutive hydrophobic amino acids can span the 30 A of
the hydrocarbon core of a biological membrane. Indeed,
the most prevalent (~12 %) length of TM helices in our
data set was 21 amino acids (Fig. 1). Longer helices can
span the bilayer with concomitant tilting of the helix axis
relative to the membrane plane. Other options are also
feasible, ranging from lipid accommodation to polypeptide
backbone deformation (Holt and Killian 2009).

Helices from water-soluble proteins have an average
length of 14.7 (£8.7) amino acids, which agrees with pre-
vious studies in which the most prevalent helix length was
10-11 amino acids (Engel and DeGrado 2004: Pal et al.
2003). The shorter length of helices in water-soluble pro-
teins is because of the absence of the restrictions imposed
by the low dielectric constant at the hydrocarbon core of
hiological membranes, which forces the polypeptide back-
bone to adopt, on average, larger secondary structures.

Amino acid composition of «-helices

Amino acid composition was examined for both TM and
walter-soluble helices (Fig. 2). TM helices of lengths

Transmembrane

Percent (%)

Water-soluble

I I I I
0 5 10 15 20

I I I I I
25 30 35 40 45 50

Helix length (aa)

Fig. 1 Length distributions for 837 TM and 7,348 water-soluble
helices from a set of non-redundant proteins of known structure (see
the “Methods™ section). Transmembrane helices are shown in blue
(pale blue corresponds to discarded lengths) and water-soluble helices
are shown in orange. a Example of a short nine-amino-acid-length
helix in the CIC chloride channel from E. coli (1KPK entry in PDB).

Membrane boundaries were obtained from the PPM server (Lomize
et al. 2012). The selected membrane is shown in rainbow coloring
from the N-termi (bluey end to the C-terminal (red) end. b Example
of a large 43-amino-acid-length helix in the chicken cytochrome BCI
complex (1BCC entry in the PDB): the N-terminus of the helix (biue)
lies at the water interface. Repr ion as in inset a
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Amino acid type

Fig. 2 Amino acid type distribution from 792 TM and 7,348 water-
soluble helices from a set of non-redundant proteins of known
structure (see the “Methods™ section). (Upper plor) Amino acid type
distribution for TM helices in blue and for water-soluble helices in
orange. (Lower plor) LogOdds values for comparison of the relative
abundance of each amine acid type in TM and water-soluble helices.
Amino acid types are ordered by LogOdds values

between 17 and 38 amino acids were selected from the
MPtopo database (Jayasinghe et al. 2001b); these included
helical segments that do completely span the hydrophobic
core of the membrane. TM helices shorter than 17 amino
acids and larger than 38 amino acids were excluded,
because they may not cross the membrane entirely (Fig. 1,
inset a) or may contain segments parallel to the membrane
(Fig. 1, inset b). Note that for water-soluble helices all
lengths were included in our analysis because no restric-
tions in terms of length can be assumed for water-soluble
proteins in an aqueous environment

As expected, hydrophobic amino acids Leu, Ala, Val,
and Ile constitute the bulk of the amino acids in the TM
region accounting for almost half (47.0 %) of all amino
acids. Similarly, these amino acids are also frequently
found in the helices ol water-soluble proteins (34.1 %).
However, there are, as noted previously using smaller
datasets (Bywater et al. 2001), differences between the
composition of the two types of helix. Despite sharing the
same structural features, the differences between the two
types of helix are reflected by their preferential occur-
rences, as measured by the logarithm of the Odds of finding
a given amino acid in a TM helix compared with its

@ Springer

frequency in a water-soluble helix (Fig. 2 bottom panel).
For example, whereas charged and polar amino acids are
much more [requently found in helices of water-soluble
proteins, Trp. Gly, and Phe are more likely to occur in TM
helices. Interestingly, in contrast with their prevalent con-
formations in water, the likelihood of amino acids such as
Val, Ile, Phe, and Met occurring in a helical structure are
notably increased in the membrane environment, and it has
been suggested that their prevalence in helices depends
primarily on their side chain hydrophobicity and on the
hydropathy of the local polypeptide region in which the
amino acids reside spanning the membrane (Li and Deber
1994). Significantly, Gly and Pro are more frequent in TM
helices than in water-soluble helices. Although commonly
regarded as “helix breakers™ it has been reported that Gly
oceurs frequently in TM helix-helix interactions, espe-
cially in association with f-branched residues at neigh-
boring positions (Senes et al. 2000), and that Pro, in
addition to its function in signal transduction and gating
across the membrane, may also be significantly involved in
these processes (Orziez et al. 2004).

Comparison of amino acid frequency between TM and
water-soluble helices confirmed that strongly polar amino
acids (Glu, Lys, Asp, Arg, and Gln) are more prevalent in
waler-soluble helices (Fig. 3). These amino acids constitute
only 8.2 % of the amino acids within TM helices compared
with 30.9 % of those in water-soluble helices. Despite their
lower occurrence, polar amino acids are evolutionary

20.0

]
2
1

Transmembrane helices (%)
o 3
B °
1 1

T T T
.0 5.0 10.0 15.0 20.0

Water-soluble helices (%)

Fig. 3 Amino acid type percentage comparison between TM and
water-soluble helices. Blue colored amino acids are over-represented
(difference >3 % points) in TM helices compared with water-soluble
helices. Qrange colored amino acids are over-represented (difference
=3 % points) in water-soluble helices compared with TM helices.
Dashed grev lines indicate a cut-off of 3 % difference points
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conserved in TM proteins, which has been partially
explained by their tendency to be buried in the protein
interior and. in many cases, because of their direct
involvement in the function of the protein (Illergard et al.
2011). Conversely. hydrophobic amino acids (Leu, Val, Ile.
Gly, and Phe) are over-represented in TM helices (Fig. 3).
Interestingly, Ala, although the second most abundant
amino acid in TM helices (Fig. 2). it is not over-repre-
sented in this type of helix; this is probably because its
greater tendency to participate in a helical structure in
aqueous environments (Blaber et al. 1993) than in mem-
brane-mimetic environments (Li and Deber 1994). In fact,
both biological (Nilsson et al. 2003; Hessa et al. 2005) and
biophysical (Jayasinghe et al. 2001a) measurements have
placed Ala at the threshold between those amino acids that
promote membrane integration of TM helices and those
that preclude membrane insertion.

T

K R ED Q@Q H N P ¥ W C M

Position-dependent distribution of amino acids
in TM helices

Comparison of amino acid frequency at different positions
in a TM segment, taking as reference the TM center,
confirmed that approximately half of the natural amino
acids have similar distributions in positive positions
(toward the inside of the cell) than at negative positions
(toward the outside of the cell) (Fig. 4). It was found that
not only the strongly hydrophobic amino acids but also Gly
and the hydroxylated amino acids Ser and Thr are equally
distributed along the hydrophobic core of the membrane. It
is important to note that Gly is normally regarded as being
conducive to turn (Williams et al. 1987), yet it is a common
amino acid in TM helices (Fig. 2). There are important
folding reasons for incorporating Gly into TM helices. The
absence of a side-chain from Gly enables bulkier groups to

T 8 6 VvV F A | L
1.00

|
“12
B =

9 residues (~15A)

Normalized Odds

-1.00

19 residues (~30A)

Fig. 4 Amino acid type and position distribution in TM helices. Each
amino acid type and its positioning in the TM helix is represented by
its position-normalized Odds (that is, for each column the Odds are
normalized to an average of zero and a standard deviation of unity).
The amino acids are clustered on the basis of their positional

9 residues (~154)

normalized Odds within the helices. Positively labeled positions
indicate the cytoplasmic side of the membrane and its flanking region
whereas negatively labeled positions are indicative of extra-cytoplas-
mic regions
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be accommodated close to the polypeptide backbone of the
TM helices. This might be importamt for intramolecular
helix-helix packing, for homo-oligomerization, or [or
recognition of other membrane proteins, among other
factors. Indeed, it has been observed that Gly has the
highest overall packing value in membrane proteins (Eilers
et al, 2002), Ser or Thr within TM helices participate in
hydrogen-bonding networks by hydrogen bonding of the
side chain oxygen atom to the acceptor side chain or
peptide bond groups. These effects, intimate packing (Gly)
and hydrogen bonding (Ser and Thr), can be relevant at any
position along the TM region, which could explain the
absence of position prevalence of these amino acids in TM
helices. Met or Cys are also frequent at different locations
within the hydrophobic core, but relative prevalence can be
observed in a region that would correspond to the initial
portion of the polar headgroups of the phospholipids,
consistent with the slightly amphipathic nature of these
amino acids and in agreement with its distribution in the
lipid bilayer recently obtained from molecular dynamics
simulation (MacCallum et al. 2008).

Whereas Phe has a flat distribution in TM helices,
behaving as a hydrophobic amino acid, distribution of Trp,
Tyr, and Pro is biased—they are most likely to be found at
the ends of the bilayer (i.e. at the interface between the
hydrophobic core of the bilayer and the bulk water). At
this location, aromatic amino acids may serve as anchors
for the TM helices in the membrane. In fact, Trp and Tyr
positioned 7-9 amino acids away from the center of a TM
segment result in reduction of the free energy (Hessa et al.
2007), which correlates well with our statistical distribu-
tion from three-dimensional structures (Fig. 4). The bio-
physical reason for the observed distribution of Trp and
Tyr could rely on the relatively amphipathic nature of
their side chains, which can form hydrogen bonds and also
have hydrophobic character, Actually, this prevalent
location has previously been observed not only for
a-helical but also ff-barrel membrane proteins (Ulmschneider
and Sansom 2001). A similar distribution is observed for
Pro, although increased prevalence is detectable toward the
center of the bilayer, which might be associated with the
fundamental and subtle function of Pro in the dynamics,
structure, and function of many membrane proteins of
inducing the formation of molecular hinges (Cordes et al.
2002). Indeed, thirteen TM helices with known structure
have Pro at the 0 position, which in all cases results in a kink
in the helix. Nevertheless, it should be noted that the
interfacial prevalence of these three amino acids is some-
how more pronounced at the non-cytoplasmic interface.
This was also observed for the aromatic amino acids
(Trp and Tyr) in a membrane protein prediction analysis
using sequence information from 107 genomes (Nilsson
et al. 2005).

&) Springer

The distribution pattern for Asn, His, and Gln, corre-
sponds 1o an interfacial preference close 1o the end of the
TM regions, which is consistent with the amphipathic
nature of these molecules. This pattern was previously
reported for His (Ulmschneider and Sansom 2001), and is
in good agreement with our results. Interestingly, in more
recent studies using computer simulations, it has been
noted that small molecule analogs of Asn (MacCallum
et al. 2008) and Asn, His, and GIn (Johansson and Lindahl
2007) result in an energy minimum for partition into model
lipid bilayers.

Because the energy cost of inserting an jonizable group
in the hydrophobic environment of the membrane is very
high (White and Wimley 1999). charged amino acids
should generally be excluded from the hydrophobic core of
the TM helices. Interestingly, nearly all membrane proteins
with six or more predicted TM helices contain at least one
ionizable amino acid (Arkin and Brunger 1998). However,
charged amino acids consistently cluster at the TM flanking
regions (Fig. 4). For example, increased distribution of
acidic amino acids (Asp and Glu) occurs on both the
cytoplasmic and extra-cytoplasmic sides of the membrane,
although with some prevalence for the cytoplasmic region.
Distribution of positively charged amino acids (Arg and
Lys) is even more strongly asymmetric between opposite
sides of the membrane, in good agreement with the posi-
tive-inside rule (von Heijne 1992). Moreover, il has been
demonstrated experimentally that basic amino acids act as
stronger topological signals than acidic amino acids
(Nilsson and von Heijne 1990; Saurf et al. 2009), which is
reflected by their different statistical occurrence on either
end of the TM segments. Nevertheless, when considered
globally, charged amino acids cluster predominantly near
the cytoplasmic end of the TM segments (Fig. 5, orange
line). This effect has already been noted in a previous
structure-based analysis that included the fewer structures
available at the time (Ulmschneider et al. 2005). In con-
trast, although polar amino acids (Gln, His, and Asn}
mimic the distribution pattern of charged amino acids,
avoiding the more hydrophobic region of the bilayer, they
tend to occur in the extra-cytoplasmic region (Fig. 5). Trp.
Tyr, and Pro are more abundant approximately eight or
nine amino acid positions from the center of the membrane,
that is, within the interface region, but with some bias
toward the extra-cytoplasmic interface. The other natural
amino acids are more abundant at the center of the bilayer,
within seven amino acid positions on both sides of the
membrane normal, but are also very frequently found
beyond this boundary, as noted by their overall proximity
to the Odd value of 1 for positions =10 on both sides of the
center of the membrane (Fig. 5). Interestingly, the amino
acid distribution patterns in both interface regions are
slightly different. There is a sharper transition from mainly
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Fig. 5 Most likely positions of

amino acid groups in a
membrane. Thin lines represent
the positional Odds for each
amino acid individually,
whereas shick lines represent the
average positional Odds for
each group of amino acids
obtained from Fig. 4. Amino
acid types are grouped as in the
dendrogram in Fig. 4, i.e.
charged amin ids (red
KRED), polar amine acids
(orange QHN), aromatic amino
acids plus Pro (green PYW),
and the other amino acids (blue
CMTSGVFAIL)

-16  -14 12 -10

hydrophobic to charged, polar, and aromatic amino acids
on the cyloplasmic side of the membrane (positions 6-8)
than on the extra-cyloplasmic side (positions —5 1o —9).
The different lipid composition between the two lipid
leaflets in biological membranes and the strong electro-
chemical potential over the prokaryotic inner cell mem-
branes can exert an important effect, which may be
reflected by this difference. For instance, asymmetry in the
distribution of amino acids within TM segments from
plasma membrane proteins has recently been reported
(Sharpe et al. 2010), and has been attributed to asymmetry
in the state of lipid order in the membrane. Such asym-
metry is likely to be because of enrichment of lipids, for
example sterols and sphingolipids, in the extra-cytoplasmic
leaflet, where more gradual amino acid distribution can be
expected.

Finally, we analyzed and plotied the odds ratio for each
amino acid in three regions in a membrane, that is, taking
the hydrophobic TM region as the central 19 positions
(~30 13\] and nine amino acid positions (~ 15 fk) on both
sides as the extra-cytoplasmic (from —10 to —18 amino
acids) and cytoplasmic (from 10 to 18) flanking regions
(Fig. 6). Hydrophobic amino acids (blue colored) pre-
dominated in the hydrophobic center, However, this trend
is not observed for the more prevalent amino acids in TM
segments (for example Leu, Fig. 2). which are also fre-
quently found in the flanking regions. A minor increase is
observed for Trp, Tyr, and Pro (green) in the extra-cyto-
plasmic flanking region. The absence of larger differences
for the distribution of these amino acids is probably
because of their precise location at the interface between
the hydrophobic core and the flanking hydrophilic envi-
ronment. Polar (orange) amino acids (Gln, His, and Asn)
predominate in both flanking regions, because their pres-
ence within the membrane core is energetically unfavor-
able. These amino acids do not ionize at physiological pH

19 residues (~30A)

9 residues (~154)

Fig. 6 Amino acid location prevalence in a membrane. Letter size is
proportional to the odds {relative prevalence) of finding a given amino
acid in the three regions in a membrane (i.e., from rop to bottom outer,
membrane, and inner regions). Amino acids are colored as in Fig. 5

and can donate and accept hydrogen bonds simultaneously.
This effect is manifested as greater occurrence of Gln, His,
and Asn in the rich hydrogen-bond network environment
of the interface. Charged amino acids (red) were under-
represented in the hydrophobic core and tended to occur in
the cytoplasmic flanking region, with acidic amino acids
more prevalent in the extra-cytoplasmic flanking region.
Furthermore, basic amino acids are strong topological
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determinants that heavily populate the cytoplasmic flank-
ing region. The effect of positively charged amino acids
located near the cytoplasmic end of hydrophobic segments
has been estimated to contribute approximately —0.5 kcal/
mol to the apparent free energy of membrane insertion
(Lerch-Bader et al. 2008). This energy contribution can bhe
extremely relevant for precise anchoring of hydrophobic
regions to biological membranes.

Concluding remarks

We have compared the length and amino acid composition

of helices in TM and water-soluble proteins. Overall, sig-

nificant differences are observed for these proteins; these
may be attributed to the biophysical differences between
the two environments in which they fold.

— First, TM helices adapt their length to the dimensions
and constraints of biological membranes, whereas
waler-soluble helices are statistically shorter because
they do not have to satisfy the demanding restrictions
imposed by the complexity of the membrane
environment.

— Second, the observed differences indicate that in the
lipid bilayer, an environment which forces secondary
structure formation, amino acid side chain hydropho-
bicity prev over helicity. Accordingly, aliphatic
amino acids with reduced tendency to form a helix
(Val, lle, Gly, and Phe) are abundant in TM helices,
whereas polar amino acids (Glu, Lys. and Arg) with
high tendency to form a helix are consistently less
frequent in TM helices.

— Third, half of the natural amino acids are equally
distributed along TM helices whereas aromatic, polar,
and charged amino acids plus Pro are biased toward the
ends of the TM helices.

— Fourth, as previously observed, the distribution of
charged amino acids was asymmelric, occurring more
frequently on the cytoplasmic side of the membrane,
which causes net charge unevenness on both sides of
the membrane. In addition to this asymmetry., Trp, Tyr,
and Pro were found to be more frequent at the extra-
cytoplasmic interface of the membrane and the polar
amino acids (Gln, His, and Asn) at the extra-cytoplas-
mic flanking region of the TM helices.

— Fifth, transitions between the different types of amino
acid at the ends of the hydrophobic core occur in a more
defined region on the cytoplasmic side than at the extra-
cyloplasmic face, probably reflecting the different lipid
composition of both leaflets of biological membranes.

The conclusions on TM helix architecture described
here should prove useful for constructing models of

&) Springer

membrane proteins with desired properties, which could
help filling in some of the many gaps in our knowledge in
this field.
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: The great majority of helical membrane proteins are inserted co-translationally into the ER membrane
¢ through a continuous ribosome-translocon channel. The efficiency of membrane insertion depends

Carlos Baeza-Delgado®, Gunnar von Heijne?, Marc A. Marti-Renom*** & Ismael Mingarro’

on transmembrane (TM) helix amino acid composition, the helix length and the position of the amino
acids within the helix. In this work, we conducted a computational analysis of the composition and
location of amino acids in transmembrane helices found in membrane proteins of known structure

. toobtain an extensive set of designed polypeptide segments with naturally occurring amino acid

distributions. Then, using an in vitro translation system in the presence of biological membranes, we
experimentally validated our predictions by analyzing its membrane integration capacity. Coupled with
known strategies to control membrane protein topology, these findings may pave the way to de nove
membrane protein design.

‘Transmembrane (TM) helices are the building blocks of the vast majority ol integral membrane proteins. To
perform their biological functions, integral membrane proteins must first insert their TM segments into the
membrane in a helical conformation, and then acquire a defined three-dimensional structure by assembling their

M helices. In eukaryotic cells, the insertion and assembly of membrane proteins is mediated by the concerted
on ol a translating ribosome and the endoplasmic reticulum (ER) translocon, which allows lateral integration
of TM helices into the ER membrane'. Although it is well accepted that thermodynamically favorable partitioning
of TM helices from the translocon into the more hydrophobic (lipidic) environment is important at the insertion
age™”, the limits for the insertion of TM helices with naturally occurring amino acid distributions has not been
ematically explored.

The minimum hydrophobic length necessary to form a TM helix has been investigated using model
membrane-inserted hydrophobic peptides’. These results show that for alternating Leu and Ala peptides (which
have a hydrophobicity typical of natural TM helices), 13 consecutive residues is the minimum necessary to adopt
a predominantly TM disposition in synthetic bilayers with a biologically relevant thickness. More recently, TM
disposition of poly-Leu sequences were analyzed using synthetic peptides and oriented phospholipid bilayers,
in vitro insertion into microsomal membranes and molecular dynamics simulations®. Sequences with either
blocks ol or dispersed hydrophobic residues have also been analyzed using similar methods®. The picture that
emerges from these studies is that lipid bilayers adapt to TM helices as short as 10-12 leucines. However, TM
helices in native membrane proteins vary significantly in length, being 24.0 (+5.6) amino acids long on average’.

How exactly a particularly short TM helix responds to the surrounding lipid bilayer will depend not only on
the nature of the lipids with which il is in contact but also on its amine acid composition and the distribution
of amino acids along the helix. While the studies cited above are all based on model hydrophobic sequences
composed of only a few different kinds of amino acids, TM helices of amino acid composition that more closely
matches natural TM helices need to be studied Lo lay a foundation for more advanced TM helix designs.

Here we used a database including 792 TM helices from membrane proteins with known three-dimensional
structure and topology to generate a collection of random sequences with naturally occurring T™M compositions
of different lengths. The membrane insertion efficiency of these sequences were predicted computationally and
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Estudis Avangats (ICREA), 08010 Barcelona, Spain. Correspondence and requests for materials should be addressed
to L.M. (email: Ismael.Mingarro@uv.es)
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systematically examined experimentally using a microsomal in vitro expression system. The results reveal a cor-
relation between the predictions and the experimental data, but also highlight the importance of local residue
positioning, particularly with respect to the presence of proline residues and putative salt bridges within the TM
segment.

Results

Predicted insertion capacity for designed sequences.  The membrane insertion efficiency of the com-
putationally designed sequences (see Methods and Supplementary Information Fig. §1 for details of the design
procedure) was predicted using the experimentally based AG Prediction Server (http://dgpred.cbr.su.se). Inan
initial screen, the insertion efficiency of polyleucine segments of different lengths (I, from 9 to 25 residues) was
calculated. Stretches of 11 or more leucine residues were predicted to be fully inserted, while 9 consecutive leu-
cines was not enough to be inserted and 10 leucines resulted in a probability of insertion (p,) of 0.59 (Fig. 1A,
first row). As expected, these results were in excellent agreement with the previous experimental data® that was
used to construct the AG Predictor. These extremely short sequences would likely provoke the adaptation ol the
surrounding bilayer to reduce the putative hydrophobic mismatch by changes in the lipid order parameters in the
peptide neighborhood, according to molecular dynamics simulations®.

We thus began by testing computationally designed segments with more variable amino acid compositian,
initially formed by leucine and alanine residues, which are the two most prevalent residues in TM helices. Sels
of 1,000 sequences from 9 to 25 residues long were computed with the leucine-alanine relative ratio (58.2%Leu-
41.8%Ala) found in TM helices in membrane proteins of known structures”. At least 13 residues were needed 1o
abtain a significant level of predicted insertion (Fig. 1A second row], which was in good agreement with what it
was found for alternating leucine and alanine peptides in lipid vesicles', Subsequently, we included one by one
the rest of the 20 natural amino acids following the order of prevalence found in native membrane proteins’,
For instance, sets of 1,000 sequences formed by leucines, alanines and valines were generated using 42.6% Leu,
30.6% Ala and 26.8% Val residues, for each sequence length (81 Table 1). As expected, sequence sets includ-
ing less hydrophobic residues needed longer segments to achieve insertion p; values greater than 0.5 (Fig. 1A).
Interestingly, when the less abundant lysine, glutamine, cysteine and aspartate residues were included at their
naturally observed frequencies, the algorithm predicted that these computationally designed sequences were not
expected to be efficiently inserted into biological membranes through the ER translocon. However, some natu-
ral sequences with these precise compositions are successlully inserted in vivo, Therefore, in line with previous
findings’, we hypothesized that not only the amino acid composition is relevant for TM insertion, but that the
actual position of the amino acid residues with respect the center of the TM segment could also have an important
influence on the insertion process.

To address this question, we changed our computational design algorithm 1o reflect the amino acid frequency
values stratified at different position within a TM segment, taking as a reference the TM center’. Again, sets of
1,000 sequences were designed, using this position-dependent distribution of residues in natural TM helices,
and their p, values were predicted (Fig. 1B). The predicted insertion efficiency for sets with higher proportion of
hydrophilic residues increased significantly when residue position constrains were included in the computational
design. Hence, series of position-defined sequences including arginine, histidine, glutamate, lysine, glutamine,
cysteine and aspartate were predicted to insert more efficiently at any given segment length than the previous
sets based only on the global TM helix residue composition, The differences between the two data sets were most
evident for TM sequences that include the less prevalent, more hydrophilic residues (Fig. 1C).

Correlation between predicted and experimentally determined insertion efficiencies. Tobe
able to directly compare the predicted insertion efficiencies to insertion into the mammalian ER, some of the
computationally designed sequences were analysed using a well-established in vitro assay for quantifying the
cﬂicicncy of membrane integration afdcstgncd TM sequences into dog pancreas rough microsomes (RMs)®. The
host protein (Lep) consists of two TM segments (H1 and H2) connected by a eytoplasmic loop (P1) and a large
C-terminal domain (P2}, and inserts into ER-derived RMs with both termini located in the lumen (Fig. 24). The
designed sequence (“TM-tested”} was engineered into the luminal P2 domain and flanked by two acceptor sites
(G1 and G2) for N-linked glycosylation. The engineered glycosylation sites can be used as membrane insertion
reporters because G1 will always be glycosylated due to its native luminal localization, but G2 will be glyco-
sylated only upon translocation of the analyzed region through the microsomal membrane. A singly glycosylated
construct in which TM-tested is inserted into the membrane has a molecular mass ~2.5 kDa higher than the
molecular mass of Lep expressed in the absence of microsomes; the molecular mass shifts by ~5 kDa upon double
glycosylation (i.e. membrane translocation of the TM-tested).

We measured membrane insertion efficiencies of systematically designed sequences GGPG-X;, 5-GPGG,
in which the flanking tetrapeptides are included 1o insulate the central computed stretches of different lengths
(11 to 23 residues long) from the surrounding sequence in the Lep model protein. The insertion efficiency was
calculated on the basis of the fractions of singly (f,) and doubly (f,,) glycosylated forms by using p; = fi/{fi, + f,)
determined from quantitative analyses of SDS-PAGE gels, Examples of SDS-PAGE gels showing the transla-
tion products of non-position defined leucine and alanine (I.A) stretches 11, 13, 15 and 17 residues long and
position-defined LAVIGFTSMYWPNR stretches of 17, 19, 21 and 23 residues long are shown in Fig. 2B.

Figure 3 shows plots of the probability of membrane insertion as a function of TM length for series of
sequences that included the more prevalent amino acid residues in TM helices. Hydrophobic Leu and Ala account
for more than one quarter (27.7%) of all amine acids in TM helices, and together with Val, Ile, Gly and Phe
constitute the bulk of the amino acids embedded into the hydrophobic core of the membrane, accounting for
almost two thirds (64.4%) of all amino acids in this membrane region”. The grey area corresponds to the 500
sequences between percentiles (.25 and 0.75 of the 1,000 predicted p; values (SI Fig. $2). The figure also shows
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Figure 1. Predicted b insertion efficiencies for computationally designed seq) (A) Probability
of insertion () for a series of computationally designed TM segments of different lengths. First row corresponds
to the predictions of p, values for polyleucine stretches of different lengths (/). Each row in descending order
represents the inclusion of a specific amino acid to the TM segment composition used in the previous row. The row
order is derived from the prevalence for cach amino acid type in TM helix composition in a previous structure-
hased statistical analysis”. (B} Similar to (A} but including in the computational design information of the position-
dependent distribution for each amino acid type in TM helices”. (C) Differences between the position-defined

(B) p, values and those obtained for the computed sequences using only amino acid composition constraints (A).
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L-K23 FFHVLEFIWLSVVMLPFAIEAYN +0.96 —0.36 017 0.65
L-K23 H3V/V4H FFVHLEFIWLSVVMLPFATEAYN +071 +0.4 0.23 044
L-R23 LMFRVATSAPLIILYGFMRLTTT —0.14 +062 056 0.26
L-R23 PIOL/L14P LMERVATSALLIIPYGFMRLTTT +0.13 +0.70 0.45 0.24
L-R23 A6P/P10A LMFRVPTSAALIILYGFMRLITT 030 +0.11 0.62 045

Table 1. Thermodynamic cost of L-K23- and L-R23-derived TM segments integration. The predicted and
experimental (AG,,) energetic cost in keal/mol of the computationally designed T™M segments. Negative values
are indicative of TM disposition, while positive values indicate non-TM disposition. Charged residues studied
are highlighted in color and mutated residues are shown in bold.

the probability of insertion for the experimentally measured sequences (orange line) as well as their particular
predicted values (blue line) (see SI Table 52 for details on the TM segments analyzed).

As expecled, the inclusion of less prevalent amino acid residues in the designed TM sequences increased the
variability of the predictions (compare the grey areas in Figs 3and 4A) for all sets of sequence lengths. Moreover,
the differences between the predictions and the experimental measurements were larger for some sequences
(Fig. 4A). Next, we introduced constrains in our computational designs derived [rom the position-defined distri-
butions found in native TM helices’. The introduction of the amino acid position constrains in our computational
algorithm increased both the predicted as well as the experimentally measured p; values for the TM sequences
containing less abundant (polar) residues (Fig. 4B). Nevertheless, we noticed that in some cases the differences
between the predicted and experimental values were large. In these cases, we re-ran the AG Predictor algorithm
but this time the algorithm was allowed Lo idenlily subsequences (i.e., with lower AG estimated values). The new
predictions, in all cases, approached the experimental values (Fig. 4A,B, dashed lines), reinforcing that biological
membranes can adapt to accommodate sequences harboring deviations from canonical hydrophobic regions.

Considering the complexity of the biological system, the Lwo sets of p; values are well correlated (Fig. 5): the
linear fit has a slope of 0,80 with an rvalue of 0,93, Interestingly, the only outliers (highlighted as empty dots) are
the longer sequences designed without position-dependent constrains, which include polar/charged residues.
A closer look to the first of these sequences (L-K23, emply orange dot) revealed the presence of a histidine and
glutamate residues (Table 1). This construct inserted experimentally much more efficiently than predicted by the
AG algorithm. Given the 3.6-residue periodicity of an ideal o-helix, an intrahelical charge pair would be expected
for this (i, i+ 3) His-Glu pair, To test this hypothesis, we swapped the histidine residue with its neighboring valine
residue (1.-K23 H3V/V4H, Table 1) generating an (i, i + 2) periodicity for the His-Glu pair and likely precluding
intrahelical pairing by orienting the two side-chains toward oppuosite faces of the helix. Noticeably, this mutant
resulted in a slightly increased predicted p, value but consistently diminished experimental insertion efficiency.
‘The combined effect of these data improved the correlation between the experimental and prediction values
for the mutant sequence (Fig. 5, arrow pointed dot), which has the same amino acid compeosition as the L-K23
sequence. These results support the idea that intra-helical salt-bridge formation between residues located on the
same face of'a TM helix (i, i + 3) may reduce the free energy of membrane partitioning™'”, whereas the presence
of His and Glu on vpposite faces of the helix (i, i 4+ 2) is unfavorable and lowers the ER translocon membrane
insertion efficiency.

Next, we analyzed the L-R23 (Fig. 5, empty blue dot) sequence. In this case the predicted value suggests a
higher propensity to insert than the measured experimental value. Inspection of L-R23 sequence (Table 1) high-
lighted the presence of a proline residue in a central position within the hydrophobic region {2 relative to the
center, negatively labeled positions indicate extra-cytoplasmic face). In general, the presence of proline residues
inan o-helix generates a constrained & rotamer at the position of the proline, the loss of a hydrogen bond donor
and the appearance of steric clashes between the proline cyclic side chain and the peptide backbone. In the case
of TM helices, all these effects may eventually increase the polarity of the carbonyl groups of the TM helix at the
positions three and four residues N-terminal of the proline location’!, reducing insertion efficiency'®.

Based on the L-R23 construct, we made two different mutants with the proline residue placed at different
pasitions. In particular, we compared the insertion efficiency of positioning the proline roughly one helical turn
(4 residues) towards the N or C terminus by swapping mutagenesis. When the proline residue was moved towards
the C terminus (42 position, mutant PIOL/L14P) the experimental p, value remained very similar to the one
obtained for the original sequence (see Table 1), whereas the construct in which the proline was moved four
residues towards the N terminus (—6 position, mutant A6P/P10A) was inserted more efficiently into the ER
(Table 1). The different effect observed for these two mutants can be explained by the different location of the
proline residue in relation to the midpoint of the TM segment. Hence, in the case of PI0L/L14P mutant (+2 posi-
tion) the distortions produced by the proline occur around the center of the membrane plane where the system
is probahly more sensitive to distortions. On the contrary, in the case of AGP/PI0A mutant (—6 position) the
presence of the proline closer o the interface would locate the unsatisfied carbonyl group in a less hydrophobic
environment'*1%, probably reducing the free energy of membrane partitioning.

Discussion

In this study, we have systematically explored how the amino acid composition and positioning affect the effi-
ciency of membrane insertion capacity of computationally designed TM segments, using both prediction and
experimental measurements. We used a microsomal in vitro expression system to examine the translocon
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Figure 2. Integration of computationally designed TM segr into micre | b (A) Schematic
of the engineered leader peptidase (Lep) model protein, Lep, consisting of 2 TM segments (H1 and H2) and
alarge luminal domain (P2), inserts into rough microsomes in an N ,-Ce,, orientation. Computationally
designed TM sequences were engineered into the P2 domain with flanking glycosylation sites (G1 and G2). For
sequences that integrate into the membrane (green), only the G1 site is glycosylated (left), whereas both G1 and
G2 are modified for sequences (red) that do not integrate into the membrane (right). (B} In vitro translation in the
presence (+) or absence () of rough microsomes (RM) of computationally designed TM sequences of different
length (I} composed of Leu and Ala residues (top), and of Leu, Ala, Val, Tle, Gly, Phe, Thr, Ser, Met, Tyr, Trp, Pro,
Asn and Arg residues with position-defined constraints (bottem). Non-glycosylated protein bands are indicated by
an empty dot; singly and doubly glycosylated proteins are indicated by one or two black dots, respectively,

insertion efficiency of chosen examples of the designed sequences. To generate the sequences we took advantage
of the caleulated distributions of amino acids from our previous structure-based statistical analysis of TM helices.

Prior work showed that polyleucine sequences of 9-10 residues were efficiently inserted by the ER translocon
into microsomal membranes™'* and by the E. coli translocon'®. However, TM segments in natural membrane pro-
teins are not made exclusively of leucines. To expand our knowledge towards natural membrane proteins, we have
designed and analyzed large sets of sequences with amino acid compasitions that become more and more like the
natural ones, Using the AG Prediction Server we found that 12-14 consecutive hydrophobic residues is about the
minimum required for insertion into biological membranes through the ER translocon for highly hydrophobic
sequences composed by leucine, alanine, valine and isoleucine (L-I series), which account for almost half (47.8%)
of amino acid residue composition in TM helices. Sequences containing less prevalent (more hydrophilic} amino
acid residues in TM segments have to be longer to efficiently insert into the membrane, Not surprisingly, there
is a correlation between amine acid abundance in TM helices and hydrophobicity (SI Fig. 3), which explains the
need for an increased sequence length compensating the lower hydrophebicity. However, this effect can be partly
balanced by taking into account amino acid position-dependent contributions. Thus, when this last parameter
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Figure 3. Predicted and experi 1 p; values of seq including the most prevalent amino acid
residues in TM helices. Upper panel: Computationally designed leucine and alanine sequences of different
lengths (I). The predicted values for each given sequence are shown in blue and the measured values obtained for
three independent experiments in orange. The gray area represents the predictions of the p, values for the 500
sequences between percentiles 0.25 and 0.75 of the total population (1,000 computed sequences, see Fig. $2).
Central panel: Similar to upper but the computationally designed TM sequences contained leucine, alanine,
valine, isoleucing, glycine and phenylalanine. Bottom panel: Similar to upper but including, in addition to the
hydrophaobic, the more prevalent polar and aromatic residues in TM segments, See Supplementary Information
Table 2 for details on the TM- tested sequences used.
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Figure 4. Predicted and experimental p; values of computationally designed TM sequences including polar
and charged amino acid residues. Experimental and predicted values are shown as in Fig, 3. (A) Computationally
designed TM sequences were constrained only by amine acid composition constraints, (B) Computationally
designed TM sequences were constrained both by amino acid composition and distribution along the helix. See
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Figure 5. Correlation between experimentally measured and predicted p; values. For each sequence
analyzed, predicted values higher than the experimental ones (i.e., below the grey dashed line) are shown in
blue, whereas experimental values higher than the predicted ones (i.e., above the grey dashed line) are shown in
orange. The correlation between the experimental and predicted insertion probabilities is indicated by a green
line. Outliers are shown as empty circles and the results of their mutated sequences (that is, PIOL/L141, A10P/
P10A and H3V/V4H) are indicated by arrows.

was included in our computational designs, the predictions for the insertion efficiency of sequences harboring
polar and charged residues increased significantly (Fig, 1C).

The results of our experimental assay using microsomal membranes (Figs 3 and 4) mirrored the AG algo-
rithm predictions. Our data reinforces the accepted idea that there is an unfavorable free energy associated with
locating hydrophilic residues in the hydrophobic core of the membrane, However, this effect can be reduced by
allocating non-hydrophobic residues close to the polar headgroup region of the lipids at the membrane inter-
face', as well as by engaging polar residues in salt-bridge pair formation™'®. This is in line with our analysis of
specific sequences with experimental/predicted p, values that deviate from a linear correlation (Fig. 5). One of
these outlier sequences (L-K23) was inserted by the translocon surprisingly efficiently compared with its AG
Predictor value (Table 1). We suggest that the stability of L-K23 TM helix within the lipid membrane is derived
from intra-helical electrostatic and/or salt-bridge interaction between the histidine and the glutamic acid side
chains positioned at (i, i + 3) periodicity. In TM helices, intra-helical charge pairs within the same helix have been
reported for appropriately spaced (i, i + 3 and i, i+ 4), oppuositely charged residues®°. We support this hypothesis
by locating the His-Glu pair at (7, i + 2) periodicity, which is non-compatible with intra-helical electrostatic and/
or salt-bridge interaction. This mutation strongly reduced the experimental insertion efficiency. As expected,
ionizable histidine and glutamic acid residues are present in TM helices at a low frequency level (1.7% and 1.6%,
respectively). Nevertheless, among the 792 TM helices included in our database, 84 helices (10.6%) contained
both amino acid residues in their sequence, and 15 of these helices present the His-Glu pair at (i, i+ 3) perio-
dicity. Approximately, only one fourth of these His-Glu pairs (4) are partly exposed to the lipid face, whereas the
rest are buried in the protein interior, emphasizing the necessity to shield the polarity of this interaction from
the hydrophobic environment of the membrane core. Charged and polar residues can face a high energetic bar-
rier when inserting into a biological membrane. Nevertheless, positive and negative charges within the same*'?
and different'®*" TM helices can interact with each other, thereby drastically reducing this barrier. In fact, these
interactions can occur in the proximity of the translocon® #, where a strict coupling of correct tertiary structure
formation and membrane insertion can be achieved®*.

‘The other outlier sequence (L-R23) displayed a completely different behavior, since in this case the experi-
mentally measured p; value was lower than the predicted value (Fig. 5). This sequence conlains a proline residue
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at a nearly central position in the TM segment. Proline is rarely found in the middle of helices from soluble pro-
teins because it results in distortion of the canonical helical geometry and loss of at least one backbone hydrogen
bond**. However, proline residues are relatively common in TM helices™"". This suggests that proline residues
may be of particular structural andfor functional significance in membrane proteins, even though they invaria-
bly produce deviations from canonical helical structure®. To learn how the proline present in the L-R23 mutant
reduces membrane insertion, we analyzed the insertion of a mutant with the proline residue positioned near the
middle of the helix (P10L/L14P), and a mutant with the proline residue located near the N-terminus of the helix
(A6P/P10A), both with the same amino acid composition. The A6P/P10A mutant inserted more efficiently than
the original sequence, while the P1OL/L14P sequence resulted in only minor changes in terms of membrane
insertion. These results indicate that proline residues are not easily accommodated in the center of the helix.
Structural studies have shown that proline substitutions at the end of a TM helix can be accommodated by move-
ment of asmall part of the helix, while proline substitutions in the middle can require more complex and difficult
to accommodate structural changes™. Statistical analyses of TM helices show a similar pattern for proline residue
distribution (SI Fig. $4). Altogether, these results indicate that the proline in the original sequence can diminish
membrane insertion efficiency depending on the position along the TM segment.

In summary, our analysis of the membrane insertion of compurationally designed TM sequences resulted
ina good correlation between the values predicted by the AG Predictor and experimentally measured values.
Nevertheless, our data indicate that some extra attention has to be paid to accommodate intra-helical salt-bridge
formation and proline residues when designing short TM helices as building blocks of membrane proteins, a
major challenge when engineering new membrane proteins to perform biomimetic functions.

Methods

Computational sequence design. Al statistics of amino acid composition at the TM level as well as the
positional level was derived from our previously published datasets”, Briefly, our dataset included a total of 170
non-redundant structures described in the MPropo database®” containing 792 TM helices of length from 17
and 38 residues, which resulted in a total of 19,356 amino acids. The dataset was further parsed to compute
the probability of a given amino acid to be included in a TM helix. Using our dataset, we generated a series of
designed sequences ol a given length by populating them with an increased number of amino acid types. First, we
generated sequences with only Leu amine acid type (the most common in TMs) of lengths ranging from 9 to 25
residues. Next, we included the second most common aminoe acid type in TMs (that is, Ala) with its relative prob-
ability compared to Leu. Again, we generated 1,000 sequences of each length where the sequences were obtained
by shuffling a string of L and A letters with the proportions defined in Supplementary Information Table S1. The
same procedure was repeated each time including a new amino acid type until we had all 20. Next, we generated
aset of sequences with both, amine acid propensity as well as positional effect by taking TMs residues and anno-
tating their position with respected the central part of the TM helix. In such case, we computed the probability
of an amino acid type in each of the positions of a TM starting from the central one (position 0) and increasing
the position number as we approached the cytoplasmic side of the TM or a negative number as we approached
the extracellular side of the TM. The designed sequences were built taking into account the position by selecting
amino acids for each pool across the TM helices. Similarly to the no position-defined dataset, 1,000 sequences of
each different length were generated for each amino acid type compositions,

Prediction of the AG values and probability of insertion.  All sets of 1,000 sequences of desired length,
amino acid composition and non-positional or positional effect were used to generate a series of predicted inser-
tion capacily scores, which were predicted using the experimentally based AG Prediction Server (http://dgpred.
chr.su.se/)>. The generated sequences and their AG values can be oblained in the provided Excel file (SI Table 83).

Enzymes and chemicals. All enzymes as well as plasmid pGEMI, the TNT SP6 Quick Coupled System
and rabbit reticulocyte lysate were from Promega (Madison, W1). ER rough microsomes from dog pancreas were
from IRNA Probes (Callege Station, TX). [**S]Met were from Perkin Elmer. The restriction eNZYmes were pur-
chased from Roche Molecular Biochemicals. The DNA puriﬁcm.ion kits were from Thermo (Ulm, Germany). All
the oligonucleotides were purchased from Sigma-Aldrich (Switzerland).

DNA manipulation. For experimental analysis of the computationally designed sequences, oligonucleotides
encoding the computed hydrophobic (TM) regions were introduced into the P2 domain of E. coli leader peptidase
(Lep). Tested sequences were constructed using two double-stranded oligonucleotides with 5” phosphorylated
overlapping overhangs at the ends. Pairs of complementary oligonucleotides were first annealed at 85°C for 10 min
followed by slow cooling to 30°C, after which the two or three annealed double-stranded oligonucleotides were
mixed, incubated at 65 °C for 5 min, cooled slowly to room temperature and ligated into the vector. Mutations at
the designed T™ segments were obtained by site-directed mulagenesis using the QuikChangee kil (Stratagene, La
Jolla, California). All TM segment inserts and mutants were confirmed by sequencing of plasmid DNA.

In vitro transcription and translation. Constructs in pGEM1 were transcribed and translated in the
TNT 3P6 Quick Coupled System (Promega). 75 ng DNA template, 0.5pL #§-Met (5pC,) and 0.25 uL micro-
somes (IRNA Probes) were added at the start of the reaction, and samples were incubated for 90 min at 30°C.
Translation products were diluted in 50 L of loading buffer and analyzed by SDS-PAGE. The gels were quantified
using a Fuji FLA-3000 phosphoimager and Image Reader 8.1j software. The membrane-insertion probability of a
given TM sequence was calculated as the quotient between the intensity of the singly glycosylated band divided
by the summed intensities of the singly glycosylated and doubly glycosylated bands.
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Abstract

The vast majority of membrane proteins are anchored to biological membranes through hydrophobic x-helices. Sequence
analysis of high-resolution membrane protein structures show that ionizable amino acid residues are present in
transmembrane (TM) helices, often with a functional and/or structural role. Here, using as scaffold the hydrophobic TM
domain of the model membrane protein glycophorin A (GpA), we address the consequences of replacing specific residues
by ionizable amino acids on TM helix insertion and packing, both in detergent micelles and in biolagical membranes. Our
findings demonstrate that ionizable residues are stably inserted in hydrophobic environments, and tolerated in the
dimerization process when oriented toward the lipid face, emphasizing the complexity of proteindipid interactions in
biolegical membranes.
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Introduction

The wvast majority of membrane proteins are anchored to
biological membranes  through  hydrophobic  a-helices. These
transmembranc (TM) #-helices, rather than serving solely as
featureless  hydrophobic stretches tequired for anchorage of
proteins in membranes, have structural and/or functional roles
well beyond this canenical capacity. In fact, the [olding and
assembly of membrane proteins rely in part on interacting TM
helices, which was conceptualized as a two-stage process [1]. In
the first stage, TM helices are inserted into the membrane by the
wranslocon. The driving force for this process derives primanily
from the transfer of hydrophobic side chains from the aqueous
channel of the translocon to the apolar region of the bilayer [2]. In
the second stage, the protein attains its native tertiary structure
through the packing of its 'I'N helices, In the apolar environment
of the membrane core, van der Waals packing, hydrogen bonding
and ionic interactions are the dominant contributors to TM helix
packing,

Sequence analysis of high-resolution membrane protein struc-
tures show that ienizable amino acid residues are present in TM
helices, although at a low frequency level [3] Insertion of these
residues through the translocon has been proved o be feasible
thanks 10 the overall hydrophobicity of the TM segment [4] and
depending on their position along the hydrophobic region [5]. In
many cases, ionizable residues are involved in TM helix packing
[6,7.8]. Likely, hydrogen bending [6,7] or salt-bridge [9]
for
drives these interactions, while at the same tme, reduces the

tion with other membranc-spanning hydrophilic residues

PLOS ONE | www.plosone.org

unfavorable energetics of inserting polar or ionizable res into
the hydrophobic membrane core,

Homo-oligomeric membrane proteins provide attractive sys-
tems for the study of TM helix packing because of their symmetry
and relative simplicity. These model systems can serve as an
excellent starting point to understand the structural dynamics and
folding pathways of larger membrane proteins, One of the best-
suited models of membrane protein that oligomerizes {more
specifically, dimerizes) through non-covalent interactions of its TM
ix is undoubtedly glycophorin A (GpA) [10,11]. The wide use
of this protein as a model membrane protein is partially based on
its intrinsic simplicity, since the free energy decrease associated
with TM helix-helix interactions is enough to confer detergent
resistant dimerization to the protein.
affect or modify the dimerization process can be analyzed using
sodium  dodecyl sulfate (SDS}-PAGE. The GpA homodimer,
defines a dimerization interface that has been extensively studied
by diverse techniques such as saturation mutagenesis [12] and
alanine-insertion scanning [13] in SDS micelles, solution NMR in
dadecyl phosphocholine micelles [14] and solid-state NMR in lipid
membranes [13]. The output of these studies deseribes a
dimerization motl” in the TM segment composed of seven

Thus, those factors that could

residues, L7 baeGVaxGVax T, which is responsible for the
dimerization  process. More recently, using  proline
mutagenesis it was demonstrated that Leu7

scanning
is not so cleanly
. focusing the nteracti
aral GTVaxGVxx T motil, which includes the widely

involved in the packing process [16
the ¢
proved framework for TM helix association, GG [17,18].
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Nevertheless, the sequence context highly determines the thermo-
dynamic stability of GxxxG-mediated TM helix-helix interactions
(recently reviewed [19]).

In the present study, we have analyzed the distribution of
ionizable (Asp, Glu, Lys and Arg) amino acid residues in 'TM
segments from  high-resolution membrane protein structures,
which have to energetically accommodate  into the  highly
hydrophobic core of biological membranes by interacting favor-
ably with its 1 environment, Then, we address the conse-
quences of replacing specific residues by jonizable amino acids
along the hydrophobic region of the GpA TM domain on the
dimerization of this madel membrane protein, hoth in detergent
micelles and in biological membranes. Our findings demeonstrate
that ionizable residues are stably inserted in  hvdrophobic
environments, and tolerated in the ierization process when
oriented toward the lipid face, emphasizing the complexity of
protein-lipids interactions in biological membranes,

Results and Discussion

lonizable amino acid residues in TM z-helices

“I'M helices of lengths between 17 and 38 residues were selecred
from the MPTOPO  database [20], which
segments that do completely span the hydrophobic core of the
menmbrane. TM helices shorter than 17 residues as well as larger
than 38 residues were excluded since they may not cross entirely
the membrane or may contain segments parallel to the membrane
[3]. respectively.

As expected, jonizable residues (Asp, Glu, Lys, and Arg) are
present at a low frequency level. All together, these residues
constitute only 6.6% of the residucs within TM helices. Despiie
their lower presence, strongly polar residues are evolutionary
conserved in TM proteins, which can be partially explained by
their tendency to be buried in the protein interior and also in
many cases due 1o their direet involvement in the function of the
[21.22]. Among the 792 TM helices included in our
database, 366 helices (46.2%) contained at least one ionizable
residue within the hydrophobic region (that is, the cenwal 19
amino acid residues). A summary of the statistics is presented in
Figure 1. Furthermore, 96 TN helices contained at least one
acidic plus one basic residue in their sequence, and 20 of these
helices present oppositely charged residues with the appropriate
periadicity i, 4} to form intrahelical charge pairs. To gai
detailed insight into the structural role of these jonizable residues
within the membrane core, we analyzed the enviranment of all
these 20 helices. Approximately half of the ionizable vesidues
(51%;) found in these helices are buried in the protein interior, but
the rest arc partly exposed o the lipid face. Some of these lipid
facing ionizable residues are located in pairs at the appropriate
distance to form a salt-bridge, as in the sarcoplasmic/ endoplasmic
reticulum caleinm ATPase | protein (Fig. 2).

cluded  helical

prot

Effects on SDS-resistant TM helix packing

Next, we investigated the effect of strongly polar residues in TN
helix packing using the GpA TM segment as a model (scaffold)
segment. Initial polar mutations (187D, TE7K, 191D, and 191K
made on residues located at the helix-helix interface (Fig. 34)
abolished  dimerization  (Fig. 3B}, Furthermore, it has heen
reported that T878 (which retains the side chain y oxygen)
permits dimer formation both in SDS micelles [23] and in E. cali
membranes [24], whereas a bulkier hydroxylated side chain
(T87Y) is smrongly disruprive (Fig. 51). However, point mutations
corresponding to replacements of nonpolar residues located at the
lipid-facing interface (Fig. 3A) by ionizable residues gave rise o a

PLOS ONE | www.plosone.org
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R (155) D (109)

K (114)

Figure 1. Venn diagram of TM segments (the central 19 residues)
containing charged residues: Asp (D, red), Lys (K, blue), Glu (E,
yellow) and Arg (R, green). The value in parenthesis is the total TM
helices that contain at least ane of such residues. The values inside the
ellipses indicate the number of TM helices in each combination of these four
amino acids, For example, there are 57 TM helices with anly Lys as a charged
residue, 12 helices with only Lys and Asp, 7 helices with Lys, Asp and Glu,
and 3 helices with all four ionizable residues

doi:10.1371/journal pone.0044263.9001

maore tolerated response (Fig. 3B). When 1e83 was substituted by
ionizable side-chain residues, cither negatively charged (I85D) or
positively charged (853K and 185R), the dimerization level was
similar to native GpA TM sequence as shown under SDS-PAGE
analysis (Fig. 3C, compare lancs 2, 3 and 4 to lanc 1) It is
commonly assumed that single ionizable residues should exist in
their uncharged form within membrane-spanning helices [25]. In
fact, the p& values observed for Asp residues in hydrophobic
helices were somewhat elevated (5-8.3) relative 1o those for Asp
residues in solution [26]. Furthermore, the replacement of Leuf9
by basic residues (LE9K and L89R) had almost no effect, while its
substitution by an acidic residue (L89D) abolished dimerization
(Fig. 3B and 3C). The opposing conscquences observed for Leuf9
mutants can be explained taking into account the nature of the
SDS-micelles used in these experimental conditions. These results
suggest that LA9D mutation alters the interaction of the protein
with the negatively charged detergent micelle, possibly resulting in
a structure that differs from a “wansmicellar’ o-helix due to helix
distortions and interaction with the polar micelle surface. This
effect was not observed when the Asp residue was located in a
more central position (I83D), where its carboxylate should be
located away from the negatively charged sulfate groups of the
SDS molecules. In this regard, the capacity of SDS to respond to
such nuance of sequence in terms of SDS solvation of TM
segments within protein-SDS - detergent complexes has been
proved w be highly sequence (position) dependent [27]. Never-
theless, the comparable electrophoretic migration observed for
185D and L89D (Fig. 3C) suggests that the monomers associate
with  SDS  quite  similar] ‘o identify  the helix interface
responsible of dimer formation in the Leu89 mutants, we designed
double mutants that contained a non-polar highly disruptive
mtation (GB3L). GlyB3 has been proved to be extremely sensits
since all mutations tested disrupted the dimer completely |
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Figure 2. Structure of the calcium ATPase 1. Left panel: cartoon representation of sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (PDB
1D: 15U4) with cytosolic domain in the up side and transmembrane aspartic 59 and arginine 63 residues in spheres representation (C atom gray, O
atom red and N atom blue). Membrane boundaries (dashed red lines) were obtained from the PPM Server [44]. Right panel: zoom view centered on
the salt bridge between Asp59 and Arg63, dashed pink lines indicate O to N atom distances.

doi:10.1371/journal.pone.0044263.g002

shown in Fig. 3B, G83L mutant did not form any detectable
dimer, and both double mutant proteins (G83L/LBIK and G83L/
LEID) containing this mutation did not dimerized, suggesting that
the lysine residuc introduced was not participating in the
dimerization process, instead, the native dimerization morif is
responsible of helix-helix interaction.

Given the §.6-residue periodicity of an ideal a-helix, intrahelical
charge pairs would be expected for (i, #+4) Lys-Asp pairs. To
further assess if intrahelical charge pair formation can be tolerated
in dimerizing TM sequences, we performed a double mutation
combining two strongly dimerizing sequences  (I83D/LG9K],
which only reduced dimerization by about 30% compared o
the wild-ype sequence (Fig, 3B}, Similarly, I85K/L89K mutant
retained  the same level of dimerization, bkely favored by a
beneficial SDS solvation effect on the lysine residucs. On the
contrary, when oppositely charged residues were located at the
TM-interacting interface (I'87D/191K) dimerization was abro-
gated (Fig. 3B). Furthermore, when charge pairs inchade LB9TY
mutation although facing the lipids, as for IB3K/L89D, we found
no cvidence for dimer formation (Fig. 5B). These resulis suggest
that charge pairs are tolerated only when located ar the non-
interacting interface, but solely at specific positions.

Recent mutational analysis of strongly  self<interacting TM
segments demonstrated that basic and acidic residues located at
the helix-interacting interface participate in homotypic interac-
tions [23]. In this case, basic and acidic residues spaced (i, #1) and
(t, #2) contribute to the interaction of model 'TM segments. To

PLOS ONE | www.plosone.org

test this idea in the GpA sequence, we designed two mutants with
appropriately spaced basic and acidic residucs (L89D/I91K and
L90DA191K). and no dimeric forms were abserved in any of these
proteins,

In light of our experiments in SIS micelles, it can be concluded
that nonpolar to ionizable substitutions away from the dimer
interface (lipid facing) in combination with N-terminal native GpA
dimerization motif (including GxxxG sequence) does not perturb
the dimerization process, while similar mutations positioned at the
helix-interacting interface strongly compromise dimer formation.

Effects on insertion and packing into biological
membranes

To test the molecular effect of the jonizable residucs in
biological membranes we used a glycosylation mapping technique
o measure changes in the insertion capacity of the GpA TM
domain after introduction of 1omzable residues at the more
tolerant positions in terms of TM packing. The glycosylation
mapping technique has been used previously to investigate the
membrane  insertion level o hydrophobic  regions and 1o
systematically examine the effects o ividual residucs on their
pasition in the membrane [16,28,29], The method is based on the
obscrvation that the endoplasmic reticulum (ER) enzyme oligo-
saccharide transferase (OST) can only transfer a sugar moiety 1o
Asn-X-Thr/Ser acceptor sites when they are oriented toward the
lumen of the ER membrane. To assess the effect of the presence of
ionizable residues on the GpA TM scgment insertion into
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Figure 3. Dimerization in SDS micelles. (A) Helical wheel projection of GpA TM sequence. The residues associated with dimer formation as
defined by Orzaez et al. [16] are shown in blue. Non-interacting residues susceptible of ionizable residue substitution are shown in magenta. (8)
Green colored bars denoted dimerization levels similar to wild-type sequence. Bars for intermediate dimerization levels (=40%) are colored orange.
Red colored bars denote non-dimerizing sequences (dimerization<3%). (C) SDS-PAGE analysis of GpA mutants. Chimeric proteins were purified in the
presence of SDS and analyzed by PAGE. Positions of the monomer and dimer of the chimeras are marked on the right as single and double helices,

respactively,
doi:10.1371/journal. pone 0044263.g003

biological membranes, we located this hydrophobic sequence
(Fig. 4A) in place of the sccond TM fragment of the well-
characterized  Escherickia coli inner membrane protein leader
peptidase (Lep). Although of bacterial origin, Lep integrates
efficiently into dog pancreas microsomes with the same opology as
in K. coli [30] {i.e., with both the N- and C-termini exposed to the
luminal side of the ER membrane) and the presence of its first TM
segment together with the eytoplasmic P1 domain (Figure 4B) is
suflicient for proper targeting of chimeric proteins to the
eukaryotic membrane [30,31]. An engincered glycosylaton site
placed at the C-terminal P2 domain is glycosyla ly upon
correct insertion into the microsomal membrane (Fig, 48), serving
as a reporier to distinguish between a lumenal (glycosylated) and a
cytoplasmic (unglyeosylated] location, Glycosylation of the mole-
cule results in an increase in molecular mass of about 2.5 kDa
relative to the observed molecular mass of Lep expressed in the
absence of microsomes. The efficiency of glycosylation of Lep
ions s B0-90% [31.32]. The strength of the
Lep system is that it provides a comparative scale for the energetic
cost of inserting a broad range of model and actual TM sequences
into biological membrancs, closely mimicking the # s situation.

“The wild-type sequence of GpA "ITM segment efliciently inserts
into the ER-derived microsomal membrancs, while 1850 mutation
severely diminished membrane insertion capacity (Fig. 4C). On
the contrary, L89K mutation allowed efficient insertion (Fig. 4C,

ed efficie

under standard condi
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lane G). The different effect observed for these two murants can he
explained by differences in amino acid side chain size and the
position of the residuc in relation w the midpeint of the TM
sequence (Fig. 4A). Henee, in the casc of LBIK, the longer side
chain of this cationic amino acid and its proximity 1o the
membrane interface compared to 1851 may allow the hydrophilic
maoiety of the lysine residue to snorkel, that is, to approach its &
amino group toward the interfacial and aqueons region, close 10
the negatively  charged  phospholipid  head  groups. Next, a
construct with an Asp-Lys pair at the same positions (double
mutant 185D/LBYK) was glycosylated somewhat more elficiently
than the 185D construct (Fig. 4C, lanes 4 and 8), supporting the
itea that an intrahelical sali-bridge or hydrogen bond interactions
between Lys and Asp side chains located on the same face of a TM
helix can facilitate its insertion into biological membranes by
reducing the free energy of membrane partitioning, as previously
suggested ina similar system [9]. Furthermore, the predicred
insertion frequencies from the biolagical hydrophobicity seale
[2,5] for these mutants wsing the AG Prediction Server v1.0
(http:/ /dgpred. chr.suse/) are shown in Table 1. In this algorithm,
the predicted nsertion frequency comes from the apparent free-
energy difference an(}_”,‘,) from insertion into ER membranes.
Since very low and very high insertion efficiencies cannot be
accurately measured, AGy,, values outside the interval 1.5 keal/
maol are only qualitative. The positive value of AG,,, predicred
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45-
kDa

30- i
12 3 4567 8

glycosylation % 90+5 2618 7910 414

Figure 4. Insertion of GpA-derived segments into microsomal
membranes. (A) Model of the GpA TM wild-type sequence. GpA
residues involved in dimer formation are blue, the hydrophobic
residues replaced to ionizable residues are magenta, and flanking
residues are shown in italic. (B) Membrane topology of Lep chimeras,
The second TM segment of Lep was replaced by the GpA TM amina
acid sequence (gray). The glycosylation acceptor site located in the
beginning of the P2 domain will be maodified anly if GpA-derived TM
sequence inserts into the membrane. (C) In vitro translation in the
presence of rough microsomal membranes (RM). Proper insertion of the
GpA-derived TM sequences results in an increase in molecular mass of
about 2.5 kDa relative to the observed molecular mass of the proteins
expressed in the absence of microsomes. Bands of nonglycosylated and
glycosylated proteins are indicated by white and black dots,
respectively. Average *+ sd. of glycosylation results from four
independent experiments are shown at the bottom.
doi:10.1371/journal.pone.0044263.9004

that the tested-sequence is not TM. The high negative value for
the GpA wild-type sequence agrees with our experimentally
measured  glvcosylation  data showing  the highest  insertion
efficiency. A closer analysis of the output data highlighted 18
mutation as precluding TM disposition. Hence, replacing e85
with aspartic acid reduced AG,g, by almost 2 keal/mol (Table 1),
which correlates with our lowest glycosylation efficiency. However,
replacing Leud9 with lysine has a lower energy cost (AG,,, close 1o
0) that is reflected by a higher insertion level (Fig. 4C). Finally, the
double mutant 183D/ LBIK results in the highest predicied penalty
for T'M disposition, whereas experimentally we find no ev

PLOS ONE | www.plosone.org
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that GpA TM segment is significantly compromised by the
presence of two poplar/ionizable residucs. Such phenomena
points towards an intra-helical interaction between the ionizable
residucs and should be taken into account o improve TM
prediction algorithms.

Finally, the effect of ionizable residues in TM packing in
bacterial cytoplasmic membranes was assessed using the ToxCA'T
assay [33]. This assay uses a chimeric construct composed of the
ToxR N-terminal rranscriptional activation domain [34] fused 10
the GpA TM segment and a Ceterminal maltose binding protein
(MBP) domain (Fig. 5A) TM-mediated  dimerization of the
chimera in the E. coff inner membrane results in transcriptional
activation of a reporter gene encoding chloramphenicol acetyl-
transferase (CAT), with the level of CAT protein expression
indicating the strength/intensity of "I'M helix-helix interactions.
After translormation of these ToxCAT constructs into £, cofi
NT326 cells, we tested the ability of the wild-type and mutant
fusion proteins carrying ionizable residues ta complement the malk
phenotype of the NT326 strain by growing cach construct on
plates containing maltose as the sole carbon source. Cells
containing a construct that lack a TM segment do not grow
(pecKAN), but the wild-type and all point mutants support growth
on maltose (Fig. 5B), indicating that the MBP domains of these
chimeric proteins are properly targeted w the periplasm of the
NT326 cells, Consequently, the expected topology (Fig. 5A) is
being achieved by these proteins, in agreement with GpA wild-
type and point mutants in ToxR [33] and ToxCAT [33] assa
Dimerization o wild-type and mutant  sequences  carr
ionizable residues was assessed along with a GpA peint mutant
(G831 that disrupts homodimerization as negative control. The
183D mutant was found to dimerize in this system to about 35% of
the level shown by wild-type GpA (Fig. 3C). Interestingly, L89D
mutant, which precludes dimer formation in the presence of SDS
micelles (Fig. 3C), appears to retain some dimerization c;
(21%4%, normalized dimerization), which highlights the influence
of the specific lipid environment during the assembly of TM
segments [36]. Nevertheless, differences in TM segment length
and flanking residues sequences [see Fig. S1) may aler the
dimerization process in the two systems, which are difficult 10
rationalize. Mutation of Leu8% to lysine (L89K) had a smaller
effect on TM dimerization, and double murant 185D/ 189K sill

retained some dimenzation capacity (F 2. In agreement with
these data, recent molecular dynamics simulations suggested that a
Iysine residue outside the contact interface could exert a significant
influence on TM helix association affinity of the bacteriophage
MI3 major coat protein because the extent of their burial in the
membrane could be different in monamers and dimers [37].
T'ogether, our data indicate that the presence of ionizable residues
dacs not preclude membrane insertion and allows dimer formation
in bacterial cells,

Conclusions

Ionizable amino acid residues are functionally and/or structur-
ally important residues  in membrane  proteins.  Therefore,
although the insertion of such residues intw the membrane
hydrophebic core may be energetically unfavourable, there is
often a functional and/or structural necessity to accommadate
them. In the light of our experiments it can be concluded that
nonpolar to ionizable point substitutions at specific positions away
from the dimer interface (‘Tipid facing’) in combination with a N-
terminal GaexG motif does not preclude neither the dimerization
process nor TM helix insertion, while point mutations of nonpolar
(or polar nonionizable) to jonizable residues in the ‘helix facing’,
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Table 1. Thermodynamic cost of GpA-derived TM segments
integration.

GpA- Glycosy-

derived lation %

region AGpea (measured) Sequence

Wt —1545  90=5 ITLIIFGVMAGVIGTILLISYGI
1850 +0413 26%8 TTLI IFGVMAGVDGTILLISYGI
LBIK +0112  79+9 ITLIIFGVMAGYIGTIKLISYGH

1850/LB9K  + 2561 41=4 ITLIIFGVMAGYDGTIKLISYGE

The predicted (AGy ) energetic cost in keal/mal of inserting versions of the
GpA TM spanning region estimated using the biological hydraphobicity scale
125] are provided solely for the basis of comparison. Negative A values are
indicative of TM disposition, while positive values indicate non-TM disposition.
Mutated residues at positions 85 and 89 are shown in bold.
doi10.1371Journal.pone 0044 263.1001

eg 191D/E, I91K/R, or T87D swongly compromise dimer
formation. These notions need o be considered i we are 10
develop a predictive understanding of TM helix interactions in
membrane proteins,

Materials and Methods

Helix data set

All a-helical membrane proteins deposited in the MPTOPO
database (last updated on Jamuary 19", 2010} [20], and thus with
known membrane insertion topology, were selected. The initial set
was further filered by: (i) removing any enory of unknown
siructure as based on the MPTOPO entry classification
keeping only entries described as “3D_helix™ and “1D_helix™)
and (i} removing redundant pairs at 80% sequence identity by
applying the ed-hit program [38]. The final data set of 'I'M helices
contained 170 non-redundant structures, 837 TM helices, and
20,079 amino acids. Furthermaore, to properly analyze the amino
acid propensitics in single membrane spanning TM helices, we
disearded any helix shorter than 17 amino acids or larger than 38
amino acids. The resulting TM data subset contained 792 TM
helices, and 19,356 amino acids.

(e

Plasmid constructs

Construction of the plasmids encoding the His-tagged chimeric
(SN/GpA) have been deseribed [13,39]. Mutations ar the
I'M fragment of GpA were obtained by site-directed mutagenesis
using the QuikChange site directed mutagenesis kit (Stratagene,
La Jolla, California). Introduction of the TM segment from GpA
into the Lep sequence was described elsewhere [16]. The
ToxCAT vector peceKAN, and the der; ves carrying the TN
domain of GpA (pecGpA) and a distuptive GpA mutant [peeGpA-
G831 fused to the ToxR transcription activator and to maltose-
binding protein (MBP) were described previously [33]. All mutants
were confirmed by DNA sequencing.

Protein expression and purification

Overexpression and - purification  of  His-tagged  SN/GpA
constructs from transformed Escherchia calt BL21 (DE3) cells was
performed as described [40], fn wifro transcription/ translation of
Lep-derived constructs was done in the presence of reticulvie
Iysate and [**8]-labeled amino acids as described [16].

PLOS ONE | www.plosone.org
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Figure 5. Dimerization in £ coll membranes. (4) Schematic
representation of the ToxCAT assay. ToxR domains (squares) can
activate transcription of the reporter gene (CAT) if brought together by
the GpA-derived TM domains (right). The maltose binding protein
domain (ellipses) helps direct the insertion of the construct into the
membrane, complements the malE mutation in the host cells, and
serves as an epitope for quantifying the expression level of fusion
protein. (B) Complementation assays for wild-type and selected mutant
ToxRIGPAIMBP fusion constructs. NT326 cells {malE deficient) carrying
various constructs were streaked on a plate with maltose as the sole
carbon source and grown for three days at 37°C. All ToxR(GpA)MBP
chimeras permit growth of NT326 cells on maltose, while control
transformants (pcckAN) do not. (C) Normalized dimerization of the
indicated TM domain variants as measured by CAT-ELISA relative to the
wild-type GpA TM domain. Bars for intermediate dimerization and non-
dimerizing levels are colored orange and red, respectively. Average =
s.d. of results from four independent experiments are shown. Levels of
expression of selected ToxR(GPAIMBP constructs as analyzed by
immunoblotting are shown at the bottom.

doi:10.1371/journal pone.0044263 005
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These results are part of the background of this Thesis. Carlos Baeza
contributed by performing the membrane integration experiments

shown in figure 2.
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Abstract

Background: The only known albino gorilla, named Snowflake, was a male wild bomn individual from Equatorial
Guinea who lived at the Barcelona Zoa for almost 40 years, He was diagnosed with nan-syndromic aculacutaneous
albinism, i.e. white hair, light eyes, pink skin, photophebia and reduced visual acuity. Despite previous efforts to
explain the genetic cause, this is still unknown. Here, we study the genetic cause of his albinism and making use of
whole genome sequencing data we find a higher inbreeding coefficient compared to other gorillas

Results: We successfully identified the causal genetic variant for Snowflakes albinism, a non-synanymous single
nucleotide variant located in a transmembrane region of SLC4542. This transporter is known to be involved in
oculocutaneous albinism type 4 (QCA4) in humans. We provide experimental evidence that shows that this amino
acid replacement alters the membrane spanning capability of this transmembrane region. Finally, we provide a
comprehensive study of genome-wide patterns of autozygogosity revealing that Snowflake's parents were related,
being this the first report of inbreeding in a wild born Western lowland garilla.

Conclusions: In this study we demonstrate how the use of whaole genome sequencing can be extended to link
genotype and phenotype in non-model organisms and it can be a powerful tool in canservation genetics
(e.g, inbreeding and genetic diversity) with the expected decrease in sequencing cost.

Keywords: Gorilla, Albinism, Inbreeding, Genome, Canservation

Background

The only known albino gorilla named Snowflake (Figure 1)
was a male wild-born Western lowland gorilla (Gorilla
gorilla gorilla) from Equatorial Guinea. He was brought to
the Barcelona Zoo in 1966 at young age [1], where he
gained popularity worldwide. Swowflake presented the
typical properties of albinism as seen in humans: white
hair, pink skin, blue eyes, reduced visual acuity and
photophobia. Given his lack of pigmentation and thus
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"Institut de Biologia Evolutiva, (CSIC-Universitat Pompeu Fabra), PREB,
Barcelona 08003, Spain

Plnstitucia Catalana de Recerca i Estudis Avancats (ICREA), Barcelona 08010,
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Full list of author information is available at the end of the article

Creative Carr
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reduced protection from UV light, the aged albino
gorilla developed squamous-cell carcinoma that led to
his euthanasia in 2003 [2].

Smnowflake was diagnosed with non-syndromic albinism
(Oculocutaneous Albinism, QCA). This is a group of
Mendelian recessive disorders characterized by the
generalized reduction of pigmentation in skin, hair, and
eyes. Pigmentation is determined by melanin compounds,
which are produced in melanocytes and are transported
via melanosomes into keratinocytes of the epidermis and
hair follicles. It has been widely studied in humans and
four genes are found to be causative of this disorder: (i)
OCAILA/B (MIM 203100,606952) are caused by mutations
in the gene TYR (Tyrosinase) (i) mutations in the OCA2
gene (previously known as P-geme) can cause OCA2

© 2013 Prado-Martinez et al; licenses BioMed Central Ltd, This is an Open Access article distributed under the terms of the
% Attribution License http/creativecommans.ong/licersestiy/2.0
distribution, and reproduction in any madium, provided the original wark is propery cited.

ich permits unrestricted use,
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Figure 1 Snowflake, the only known albino gorilla. This Westemn
lowland gorilla was wild-bom in Equatorial Guinea and he presented
the typical characteristics of oculocutaneous albinism

phenotype (MIM 203200) (iii) mutations in TYRPI cause
OCA3 (MIM 203290) and (iv) OCA4 (MIM G06574) is
caused by mutations in SLC#5A2 (formerly known as
MATP and AIMI) [3]. Tyrosinase and TYRP1 are critical in
the melanin synthesis pathway whereas ' protein (OCAZ2)
and SLC45A2 are involved in melanocytes maintenance
or formation.

A previous study tried to assess whether the causative
mutation of Snowflake's albinism was located in the TYR
gene but no causative mutation was found [4]. Here, we
make use of whole genome sequencing to provide a
better characterization of all known genes related to
albinism to try to ascertain the genetic component causing
this phenotype and to study genome wide patterns
that can help the field of conservation genetics. Most
of the knowledge about ecology, population dynamics,
demography and social behavior about gorillas has
been collected from mountain gorillas (Gorilla beringei
beririgei) and until recently this has not expanded to
Western lowland gorillas [56]. This effort has been
extremely helpful to improve our knowledge and conserva-
tion of this endangered species. With the development
of conservation genetics we have gained insights into
population genetics (7], demographic history [8] and group
relationships through the usage of both microsatellites and
mitochondrial markers. The main difficulty of these studies
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is that non-invasive samples such as hair or feces cannot
provide DNA of high quality.

Here, using high quality DNA and next-generation
sequencing, we have studied for the first time the whole
genome of a wild born Western lowland gorilla. It is
important to stress that previous whole-genome sequencing
projects of Western lowland gorillas, involved captive-born
individuals, Kamilah [9] and Kwan [10], individuals that
do not belong to a wild population as it has been recently
studied with microsatellite markers [11]. Studying
this unique albino gorilla, we find the first evidence of
inbreeding in wild Western lowland gorillas.

Results

We sequenced the genome of Snowflake at 18.7x
effective coverage using the Illumina GAllx platform
(114 bp paired-end reads). We aligned the reads to the
reference human genome (NCBI build 37) using GEM
[12], and used samtools [13] to identify single nucleotide
variants (SNVs) (Methods). We found 73,307 homozygous
non-synonymous Suowflake’s mutations compared to the
human reference genome. Out of those, 20 were found
within candidate genes for albinism (OCA related genes),
but a single mutation was private compared to two other
sequenced gorillas (Additional file 1: Tables S1 and 52)
[9,10]. This substitution is located in the last exon of the
SLC#5A2 gene at the position hgl9: chr5_33944794_C/G
and it causes a substantial amino acid change, Glycine to
Arginine, (pGly518Arg) in a predicted transmembrane
region of the protein. We then resequenced this mutation
using capillary sequencing and it was confirmed as homao-
zygous in Swowflake and heterozygous in all five tested
non-albino offspring, as expected in Mendelian recessive
disorders. To rule out the possible participation of other
candidate genes, we also looked for structural variants that
may be disrupting other genes related to pigmentation.
We applied computational methods based on paired-end
and split read approaches to detect genomic deletions
(Methods), followed by experimental validation using
array-comparative genomic hybridization (aCGH). We
identified 1,390 validated deletions totaling to 9.5 Mbps, a
similar proportion of the genome compared to previous
reports [5] (Additional file 1: Table S3). These deletions
overlap completely with 36 RefSeq transcripts and
partially (>10%) with 660 transcripts (Additional file 1:
Table $4) but none of them has a direct association with
albinism.

Several pieces of evidence support the hypothesis that
the non-synonymous mutation found in SCL45A2 might
be responsible for Snowflake’s albinism. First, this specific
Glycine residue is conserved throughout all available
vertebrate taxa (Additional file 2: Figure S1), suggesting a
conserved role of this amino acid. Second, we predicted
whether this amino acid change may affect the protein
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structure and function based on sequence conservation
and protein properties using SIFT [14] and PolyPhen-2
[15]. It is predicted as a “damaging” mutation by SIFT,
and “probably damaging” by PolyPhen-2. Third, this gene
was reported to be the genetic cause of albinism in several
other species (e.g, mouse [16], medaka fish [17], horse (18]
and chicken [19]). Last, previous reports showed that
Glycine to Arginine mutations within other transmembrane
regions of SCL4542 in humans result in severe albino
phenotypes [20].

We followed up on this finding with an experimental
study to determine how this amino acid substitution
affects the transmembrane segment where this mutation
is present. For this purpose we used a functional assay
based on Escherichia coli inner membrane protein leader
peptidase (Lep) that detects and permits accurate measure-
ments of the apparent free energy (AG,p,) of translocon-
mediated integration of transmembrane helices into the
endoplasmic reticulum (ER) membranes [21-23). This pro-
cedure allows the quantification of the proper integration
of the transmembrane region with the normal sequence
and with the mutation. When we assayed the construct
with the wild type sequence, we observed that 90% of
the proteins were properly recognized for membrane
insertion. However, translation of the mutant (G518R)
found in Snowflake resulted in a significant reduction
(~25%, p-value =0.036 Mann-Whitney U test) in the
membrane integration capability (Figure 2), suggesting
that the replacement of a glycine by an arginine residue
lowers the affinity of the transmembrane region and
possibly alter the topology of the SLC45A2 gene product.

Finally, the last piece of evidence supporting the role of
the mutation in the phenotype is based on genome-wide
patterns of heterozygosity in the genome of Snowflake
(Additional file 2: Figure S2). We found that SLC45A42
gene is located in a large run of homozygosity (40 Mbps)
orthologous to human chromosome 5 (Figure 3a), meaning
that this allele was inside a block identical by descent,
which is characteristic for Mendelian recessive disorders.
The other three candidate genes are not found in any
autozygous regions. Overall, we found 25 large runs of
homozygosity (longer than 2 Mbps), and a general reduction
of heterozygosity compared to the other known genomes
sequenced of the same species (Figure 3b). Some of the
runs of homozygosis are particularly large, such as a
continuous 68 Mbps segment in chromosome 4 (Additional
file 2: Figure 52). This reduction of variation might allow
the emergence of certain phenotypes otherwise masked by
dominance, and they could lead to inbreeding depression
[24], as previously reported in chimpanzee and other
primates [25].

These patterns of heterozygosity allow the estimation of
the amount of autozygosity, ie. long regions of the
genome identical by descent as a result of inbreeding. The
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Figure 2 of ni Ibino wild-type (wt)
and mutant (Snowflake) G518R sequences. (a) Schematic
representation of the enginesred leader peptidase (Lep) model
protein. Wild-type Lep has two transmembrane (TM) helices

(H1 and H2) and a large C-terminal luminal domain (P2), it inserts
inta rough microsomal (RM) membranes in an Ne/Cr ER luminal
arientation. SLC4542 TM12 domains (Th12) wild-type and G518R
mutant were inserted in the P2 domain flanked by two glycosylation
acceptor sites (G1 and G2), If the inserted sequence integrates into
the membrane, only the G1 site is ghycosylated (left), whereas both
G1 and G2 sites are glycosylated for the sequences that do not
integrate into the membrane (right). (b) Plasmids encoding the
constructs were transcribed and translated in vitro in the absence
(-} and presence (+) of RM membranes. Non-glycosylated protein
bands are indicated by a white dot; singly ar doubly ghycosylated
proteins are indicated by ane or two black dots, respectively.

(€) SLC45A2 TM12 sequence in each construct and AG,,, values
predicted using the AG Prediction Server (hrtpu//doprad cbrsuse/)

and deduced from the data in panel b are shown,

minimum threshold of these stretches has been estimated
in humans ranging between 1-2.25 Mbp depending on the
population [26]. We conservatively quantified the inbreeding
coefficient in Swowflake based on autozygosity (Fpopn) of
0.118 (306 Mbps out of 2,587 Mbps) compared to 0.002
and <0.001 estimated from the previously sequenced
gorillas, Kamilah and Kwan respectively, using the same
criteria (Methods)., Assuming no previous inbreeding in
any of the parents, 0.125 would correspond to parents
being grandparent—grandchild, half-siblings, or uncle—
niece/aunt—nephew, We performed a set of simulations
that replicated the patterns of autozygosity in different
pedigrees, accounting for the differential amount of
recombinations derived from the number of meiosis
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as a result of the inbreeding cbserved in Snowfiake,

Figure 3 Heterozygosity distributions of the studied gorillas. (a) Heterozygasity values in 1 Mbp non-overlapping windows along the human
chromosome 5. The SLC45AZ gene is contained within a 40 Mbp run of homaozygosity in Snowflake (blue). The other two garillas do not show
any run of homozygoesity (Kamilah in red and Kwan in green). (b) Distribution of the heterozygesity values of 1Mbp non-overlapping windows in
the aforementioned gorillas. While most of the genome shows a similar distribution, we observe an excess of windows with less heterozygosity

o 1 2 3
Heterozygosity (het - b - 10%)

and the sex of the ancestors that is known to influence
recombination rates [27]. These simulations reconstruct
the different recombination patterns in different possible
pedigrees under a random paternal transmission, and we
estimated which fragments may appear as autozygous in
the offspring. Finally, we compared the distribution of
sizes and number of autozygous segments in Snowflake
with the different simulated outcomes to calculate a
likelihood for each case. The uncle/niece or aunt/nephew
combination is the most probable scenario, although there
was not a unique best statistical pedigree (Additional
file 2: Figure $3C-F and Additional file 1: Table S5).

Discussion

We sequenced the whole genome of a phenotypically
unique gorilla, identified and characterized the causative
mutation for his albinism, and explored the origin of this
trait. We found a private non-synonymous substitution
in one of the candidate genes - the SLC4542 gene - as-
sociated with the OCA4 class of albinism. We provided
several lines of evidence based on evolution, human dis-
ease and a functional assay supporting that this mutation
in a transmembrane domain can modify the topology of
the translated protein, therefore reinforcing its causative
role in this rare case of albinism. Moreover, long runs of
homozygosity in this wild born individual explain the
emergence of this recessive trait through identity by
descent, suggesting that inbreeding was an important
factor towards the emergence of this phenotype.

We inferred that Swowflake was an offspring of closely
related individuals supported by an inbreeding coefficient
of 0.118. In general, inbreeding is avoided in the wild
because the offsprings within gorilla societies disperse to

other groups before maturity [28]. This is strictly true in
patriarchal groups that are commenly composed of a
silverback male and several females (97% of all the gorilla
groups) [6] whereas in multimale groups, females can
remain and have their first birth in the natal group.
Multimale groups are usually composed of related males
and therefore, newborn females are likely to be also
related to them (commonly with relationships such as half’
brothers or half uncles). However, multimale groups have
mainly been abserved in mountain gorillas, while only two
multimale groups have ever been reported in Western
lowland gorillas, suggesting that they are extremely rare in
these populations [6]. Therefore, it seems unlikely that a
multimale group would explain the inbreeding found in
this Western lowland gorilla.

Previous parentage studies in wild Western lowland
gorillas have never found inbred mating, suggesting that is
probably a rare behavior [29]. Despite this and considering
that the observation of inbreeding in a single individual
could be an extreme case, some social observations may
point that inbreeding may still occur. First, gorillas seem
to follow a patrilocal social structure, ie. silverbacks are
usually related to one or more nearby silverbacks [30].
Additionally, females transfer several times during their
lifespan after the dispersal from their natal group [31],
which may result in the arrival of a female to a new group
where the silverback is related to her. Although father-
daughter inbreeding is completely avoided, this hypothesis
is feasible because other mating relationships, with half-
brothers or even full brothers, are possible; suggesting that
females do not detect consanguinity [6]. Other factors
such as habitat loss, small population sizes and population
fragmentation may influence the disposal of breeding
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groups and therefore of unrelated silverbaclks which may
in turn favor inbreeding |32 Other porentiat explanations
are less likely, male takeovers are highly avoided and
the death of a nale sidverback wormally resulls in the

disintegration of the growg and femule dispersal

A proevious stucy using microsatellite markers in captive
gorilla populations showed that their genetie diversity is
comparable to wild gorilla papulations [1i]. However, in
wor study, Srtawfake showws dilforent pattoms of hotorosy-
wosity compared Lo Uw caplive born gorilias, The porilla
studbooks show that Agrnilah {Studbook 11 6617 is a first
generation captive-born goriila, while Kwar (Studbook
M 1I07) 08 & second generation captive-horn gorilla.
When wo compared the haterosygosily genomae-wide, we
observed that K is the gorilla with higher heterozyzosity,
despite we cannot rule out that this was a result of some
false positives due to the lower sequencing coverage.
Faunileth anel Spovfake have lower heterozygosity, with
Lhe allsine gorilla showing the lowest values compared Lo
the  other captive-benn ndividuals [Figure  3b1 even
accounting for the regions of inbreeding This suggests
that breeding programs could resolt in an inorcase of
genetic viaviarion but a bigger sample sive would e necded
La systematically explore this effect

o this particalar studdy, we show that high throughput
sequencing can be used not only to unravel the penetic
mechanisng of fundamental phonetypes (including disease}
in nem-maodel arganisims, hut alse to provide nsights info
conservation genetics throagh U detection of inbreeding
of endangered species such as gorilla. Vowever, o order to
sesrematically explore relationships and breeding patterns
trom wild specimens using whole genomae sequencing data,
high quality I3NA is required anel in mest Geld studies,
wisive samples such as feves o hair are used, anel
e amount of IINA extracted from such sunples precludes
the application of this methedology o conservation studics,
Still, it con be applied w analyze the genomes of wild horn
individuals i zoes whers bland samples are usually faken
during routine veterinary check ups. Towever, seguencing
teclnologies quickly and canstantly improve, and recent

developments that includes Ebrary construction with very
lictle amones of DNA 330 ar single-coll sequencing
[34.33] may allmw the implementation of this kind of
anadvses inlo conservation genetics in the near future.

Canclusions

Hoeve we make use of next-generation sequencing to study
the complete genome of o wild born Western Joawlanel
vorilla genome, Using these data we have heen able to
identify the genetic canse of a rare phenotype --albinism—
in this non-model species and we provide several lines of
evidence that reinforces this hypothesis, ranging from
cralation to human disease. WMoreover, we have heen
able tes charwcterize thuat this individual was descendant of
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close relatives by studving the patterns of antozvgesity
genome-wide, providing the first gencric evidence  of
We discuss this finding from
the perspective of gorilla secieties aned we link several

inbreeding in this spos

pieces ol information i order t provide plassible scenarios
where this event could bave happened, We envision that
the analvsis of whole genome data of endangered species
will be a seandard in future conscrvation and management
studivs and will ke availablo relevast information thal
Tvats been missed o previous studies,

Methods
Sequencing
We oxtracted DNA using phenol-chiorephorm from a
fro:

1 blood sample previously taken from Spenvfleke

(Goritta gorilfa gorilia). constructed Hlumina lbraries
using the standard protocol with two different fragment
sizas at 250 hp and 430 bp. We sequenced the genome
al <= coverage with paired end reads (114 ) Fo
compariscn pposes, we anabveed the genoes of lwo
other Western lowland Geriltas (Kwan 100) and kamilah
[9i1 tAdditional file ¥: Table 11, The research did not in-
volve any experiment on hwman sublects or animals and

for Al reason ne ethical approval was necessay, 1he

bloodl used for the sequerncing of Saengflede was extracied
atter the death of the gorilla.

Single nucleotide variants

Wo mapped all reads 0 the human wefoence genoime
[GRCHhIT) using GEM 127 allowing a divergence of 4% in
order to capture all purative changes between human and
gorilla keeping uniquely placed reads. We identified single
nuclestide differences with Swutoeds [13] (00190 and
filterecl out potential Gilse positives by nepping qualily and
rewd depth (based on the different sequencing depths for
the samples).

Copy number variation discovery and validation

W assessed genomic shuctural viriwats cormpared Lo 1he
human genowe asing 4 combivation of paived- end and
split read methods o provide an jnitial catalog of potential
deleticns. In erder b validare these regions using an inde-
pendent approach, we irther amalyzed them with. Arvay-
comparative genomic hybridization, Firally, we reporled

the regiony that revealed o variation and that were concord-
ant using both methadodogics (Additienal tile 2,

Inbreeding
To estimate the degree of heterozyoosity in the penome of
Suwenvflake, we divided the genome into 1 Mbp non-
osverlapping windows and caleulated the heterazygous po

tioms per Kbp. To avoid divergent outliers in the estinates
of cach window, we removed alt regions that averlapped
more than 40% with duplications, and we corrected 1he
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number of heterozygous positions by the remaining cffeet-
ive baves of the windows, o caleulate the inbreeding coet-
ficient, we conservatively considered regions with a loss of
heleroeygosily when al least two consecative 1 Mbyp win-
dhoves showed o reduction of holerogygosily.

Inbreeding simulations
Computer simulations wore an in ordor to infoy the
family history that may be responsible Tor the pattenn of
homozypous fragments tound inthe genoie of Sineflate.
We comsicered all the possible pedigrees: half-siblings,
aunt/nephew, uncleinicer, grandtather/granddaugheer and
grandmathergrandson. A retal of 10 maodels were defined
to aceount lor the differont pedig
merate the above parental o
Figure 3.

For cach pedigree model, 10,000 simulated “Snowflakes”

o combintions that
ns {Additionat file 2

can

were rrented comsidering no relanonship ameng founding
members. W ased different rates of recombination for
males andl lemiales (891029 crossomersinucleotide for
males, and 1.4x10-8 tor fomales) following eopirical data
[27].

I'he simulations wore performicd using 2 Java progrant
wiitlen wdl T for Uhis particular porpese. For every
founder individual in U pedigree two sets of chromosoimes
are generated containing ditferent alleles (zero inbreeding is
assumed among all founders). In descendane individuals,
chromosomes are generated by crossing over parental
chromosomes and vandomdy passing one out of the
two present i each parent o the oftspring. Descendant
individuals will have a mix of founder alleles in their
chremnsemes. Due to the inbyed structure of the pedigrees.
the simulated Spovfake is oxpected to presont regions
where both cieomosomes have the sae allele originated
from a singie founder indivicdual,

Nunther and length distribution ol homorygous frag-
menty resulting from cach muodel were compared with
the actual values in the genome of Suowflaie (Additional
file 2= Figures S ancl 331 For cach model, bomosygous
fragments aktained were classilied according to their

length into 3 34bp beans and a multinemial distribution
wag defined using the resuiting counts. The probability
of these distributions of generating the actial Sponflake
counls was used as womeasure of lkelihood for each model
iAdditional file 10 Table $3). To make the obtained data
compatible with experimental dara, we removed segments
smaller than 2 Mbp and merged the segments separatued
Ly gaags ammaller than SO0 Ky,

Mutant membrane integration
Wild type and Sumwfiabe constructs in pGEML were
transaribed and  tanslated in the TNT  SP6 Quick
a. DNA tonplate (73 ng),
S i, and 1ol of des puane

Coupled System from Prone
1ol e [455]Met
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Riis were added to 5 pl of Iysate at the stare of the
reaction. and samples were incubated for %0 min at 30°C
T'he translation reaction mixeure was diluted in 5 volumes
of phosphate buffer saline (pIT 740 Subsequently,
inembranes were collected by Jayering the supematant
onto a 50 plosucrose cushion and centrifumed  at
100,000 « g for 20 min at 4°C in a Beckman tabletop
ultracentrifuge with a TLA-35 rotor. Ninally, pellets weore
analyzed by ROS-PAGT, and guls wore visualized on a
Fuji FLASZOO0 phosphorimager asing the hoageGange,
(Additional file 2).

Additional files

Addmnna! file 1: Contains (he supplememaw tables. Table 5%
Table 52 * i s
s Tahle 53

Table 85 -

Additiona! file 2: Contains detatled explanation on some methods
! and supplementary figures.
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