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1.1 General Introduction 
	
1.1.1 Common Structural Principles of Membrane Proteins  
 

Proteins are macromolecules composed of 20 different amino acids as building 

blocks that are covalently linked via peptide bonds. The sequence of amino acids is 

specific for every protein and is referred to as the primary structure. The primary 

sequence contains all information required for the protein to reach its native 

conformation. In live cells, this process is assisted by chaperones that bind to partly 

folded polypeptides to prevent aggregation until the protein has reached its state of 

minimized free energy. 

 

While every protein embodies a final unique structure, specific folding patterns within 

parts of it can be found regularly. Both the a-helix and the b-sheet were described in 

the early 1950s (Pauling and Corey, 1951; Pauling, et al., 1951) and have been 

found to be particularly common folding motifs. The reason for this lies within the 

structure: since these motifs are the result of hydrogen bonds forming between the 

backbone amino- and carbonyl-groups, no amino acid side chains are involved and 

the helix or sheet can thus include nearly all amino acids.  

	
Figure 1: Multispanning membrane proteins arrange their a-helices as helix-bundles (left), while b-
sheets form a barrel-like structure (right). Every 3.6 residues, the helix fulfils a turn with a length of 
0.54nm. In the b-sheet, every third residue is 0.7nm apart. Spiess, personal correspondence. 
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In the a-helix, the polypeptide chain assumes a cylindrical shape due to the 

backbone performing a twist. The structure is stabilized by hydrogen bonds forming 

regularly between every fourth peptide bond, allowing the helix to reach a complete 

turn every 3.6 amino acids. The amino acid side chains are facing towards the 

outside of this helix. The b-sheet is stabilized by hydrogen bonds forming between 

the polypeptide backbones of several almost completely extended strands, which can 

be both parallel or antiparallel. The amino acid side chains stick out of this plane 

alternatingly facing upwards or downwards. a-helices, b-sheets and b-turns 

assemble to soluble proteins that fold by sidechain interactions and the hydrophobic 

effect, concealing hydrophobic parts inside the protein and exposing hydrophilic parts 

on the surface. Membrane proteins, in contrast, have a hydrophobic surface which is 

embedded in the hydrophobic core of the lipid bilayer. The majority of membrane 

proteins traverse the membrane with multiple segments. In these multispanning 

proteins, two principal architectures can be found: helix-bundles and b-barrels 

(Figure 1), formed by bundles of hydrophobic transmembrane a-helices (left) or a 

closed b-sheet (right) with antiparallel transmembrane strands, where every second 

residue is hydrophobic and faces the lipid environment. 

 

1.1.2 Co-translational Translocation 
	
Eukaryotic cells are divided into several membrane-enclosed organelles. This allows 

the cell to maintain several specialized compartments, each with a repertoire of 

distinct enzymes and functionalities. To achieve and maintain this degree of 

specificity, proteins have to be targeted to their destination organelles and may have 

to be translocated across membranes during the process (Palade, 1975). This is 

promoted via the recognition of specific signal sequences.  

 

The predominant pathway for translocation in eukaryotic cells is co-translational. This 

process depends on recognition of the ribosome-nascent chain complex (RNC) and 

its relocation to the endoplasmic reticulum (ER) membrane and the Sec61 translocon 

(Figure 2).   

 



General Introduction  10 

	
Figure 2: SRP binds a signal sequence as it emerges from the ribosome and stalls translation. The 
SRP-ribosome complex is then targeted to the ER membrane, where SRP engages with its receptor 
SR at the translocon. The nascent chain is inserted into the the protein translocator Sec61. 
Subsequently, SRP dissociates from SR and is recycled. Alberts (2016).  

	
A typical signal sequence for co-translational ER import is localized at the N-terminus 

of a protein, 15-30 residues long and hydrophobic. While this motif does not seem to 

display conservation in its sequence, it characteristically presents five to seven 

residues counting downstream the potential cleavage site that are called  

“c-region”, followed by the “h-region”, usually containing 6-8 hydrophobic residues 

(Leu, Ala, Met, Val, Ile, Phe, Trp) that form a hydrophobic core with a helical 

conformation, and the N-terminal “n-region” with positively charged residues (von 

Heijne, 1983). While the length and composition are variable, the hydrophobicity and 

a net positive charge are hallmarks of signal sequences (Gierasch, 1989).  

 

The signal sequence, as it emerges from the ribosomal exit site, is recognized by a 

conserved ribonucleoprotein complex called SRP (signal recognition particle). In 

mammals, SRP is comprised of six proteins (SRP9, SRP14, SRP19, SRP 54, SRP68 

and SRP72, named after their apparent molecular weight) and one RNA molecule 

(7S or SRP RNA, 4.5S in bacteria) (Walter and Blobel, 1980; Walter and Blobel, 

1982). SRP contains two domains: the Alu domain and the S domain (Figure 3). The 

Alu domain (formed by SRP9, SRP14 and domain I of the 7S RNA, while protein free 

in prokaryotes; Kempf et al., 2014) is responsible for an elongation arrest of nascent 

chains that occurs after SRP binding. This halt in translation ensures a time frame 

large enough to relocate the translation machinery to the ER, preventing a growing 

674 Chapter 12:  Intracellular Compartments and Protein Sorting

device may be especially important for secreted and lysosomal hydrolases, which 
could wreak havoc in the cytosol; cells that secrete large amounts of hydrolases, 
however, take the added precaution of having high concentrations of hydrolase 
inhibitors in their cytosol. The pause also ensures that large portions of a protein 
that could fold into a compact structure are not made before reaching the trans-
locator in the ER membrane. Thus, in contrast to the post-translational import of 
proteins into mitochondria and chloroplasts, chaperone proteins are not required 
to keep the protein unfolded.

When a signal sequence binds, SRP exposes a binding site for the SRP receptor 
(see Figure 12–36B,C), which is a transmembrane protein complex in the rough 
ER membrane. The binding of the SRP to its receptor brings the SRP–ribosome 
complex to an unoccupied protein translocator in the same membrane. The SRP 
and SRP receptor are then released, and the translocator transfers the growing 
polypeptide chain across the membrane (Figure 12–37).

This co-translational transfer process creates two spatially separate popula-
tions of ribosomes in the cytosol. Membrane-bound ribosomes, attached to the 
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Figure 12–36 The signal-recognition particle (SRP). (A) A mammalian SRP is a rodlike 
ribonucleoprotein complex containing six protein subunits (brown) and one RNA molecule (blue). 
The SRP RNA forms a backbone that links the protein domain containing the signal-sequence-
binding pocket to the domain responsible for pausing translation. Crystal structures of various 
SRP pieces from different species are assembled here into a composite model to approximate the 
structure of a complete SRP. (B) The three-dimensional outline of the SRP bound to a ribosome 
was determined by cryoelectron microscopy. SRP binds to the large ribosomal subunit so that its 
signal-sequence-binding pocket is positioned near the growing polypeptide chain exit site, and its 
translational pause domain is positioned at the interface between the ribosomal subunits, where it 
interferes with elongation factor binding. (C) As a signal sequence emerges from the ribosome and 
binds to the SRP, a conformational change in the SRP exposes a binding site for the SRP receptor. 
(B, adapted from M. Halic et al., Nature 427:808–814, 2004. With permission from Macmillan 
Publishers Ltd.)
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Figure 12–37 How ER signal sequences 
and SRP direct ribosomes to the ER 
membrane. The SRP and its receptor 
act in concert. The SRP binds to both 
the exposed ER signal sequence and 
the ribosome, thereby inducing a pause 
in translation. The SRP receptor in the 
ER membrane, which in animal cells is 
composed of two different polypeptide 
chains, binds the SRP–ribosome complex 
and directs it to the translocator. In a 
poorly understood reaction, the SRP and 
SRP receptor are then released, leaving 
the ribosome bound to the translocator 
in the ER membrane. The translocator 
then inserts the polypeptide chain into 
the membrane and transfers it across 
the lipid bilayer. Because one of the SRP 
proteins and both chains of the SRP 
receptor contain GTP-binding domains, 
it is thought that conformational changes 
that occur during cycles of GTP binding 
and hydrolysis (discussed in Chapter 
15) ensure that SRP release occurs only 
after the ribosome has become properly 
engaged with the translocator in the ER 
membrane. The translocator is closed 
until the ribosome has bound, so that the 
permeability barrier of the ER membrane is 
maintained at all times. 
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peptide chain from misfolding in the cytosol and ensuring correct insertion into the 

translocation complex (Blobel and Sabatini, 1971; Mason et al., 2000; Thomas et al., 

1997; Walter and Blobel, 1981). It is suggested that the Alu domain extends to the 

active site of the ribosome and competes with elongation factors at the ribosomal 

elongation factor binding site (Halic et al., 2004; Ogg and Walter, 1995). 

 

	
Figure 3: SRP in both E. coli and mammals consist of an M domain and a NG domain. The latter 
interacts with the corresponding domains of its homologous domain of SR. Bacterial SRP is comprised 
of fewer subunits and shorter RNA. Halic and Beckmann (2005). 

 

SRP54 (Ffh in bacteria) as part of the S domain has been identified as the subunit to 

bind the ribosome-nascent chain complex (Kurzchalia et al., 1986). The fact that the 

signal sequence itself is not conserved gave rise to a model that suggests a 

methionine-rich domain (M-domain) of SRP54 to provide a hydrophobic binding 

pocket that can accommodate many different signal sequences due to the flexibility 

of methionine side chains (Bernstein et al., 1989) and is occupied by a short helix in 

the unbound state (Voorhees and Hegde, 2015). This overall interaction was 

confirmed by crystallography studies of different SRP54-signal peptide fusions 

(Hainzl et al., 2011; Janda et al., 2010). While the binding of SRP to the signal 

peptide is not dependent on the length of the nascent chain (Flanagan et al., 2003) 

and is overall rather weak (Bradshaw et al., 2009), RNC-SRP complex formation 

appears to be additionally stabilized by interactions of ribosomal proteins with SRP54 

(Akopian et al., 2013; Halic et al., 2004). 

 

signal sequences in a hydrophobic groove closed by a
finger loop [1,2].

In eukaryotes, SR is a heterodimer formed by the SRa
and SRb subunits. Interestingly, SRa also contains anNG

domain, which is structurally and functionally homolo-
gous to the NG domain of SRP54. The NG domains of
SRP54 and SR interact in the GTP-bound state during
the docking step of co-translational targeting. In addition
to the NG domain, SRa contains an N-terminal X

Signal recognition particle Halic and Beckmann 117

Figure 1

Co-translational targeting in a eukaryotic cell, and the SRP systems in mammalian and E. coli cells. (a) Schematic overview of the
co-translational targeting of proteins destined for secretion or membrane insertion (SRP cycle). SRP interacts with the signal sequence
as soon as it emerges from the ribosomal polypeptide exit tunnel. Peptide elongation is retarded in eukaryotes upon SRP–RNC complex
formation. The complex is targeted to the ER membrane by the interaction of SRP with the SR, for which GTP binding to both SRP and
SR is a prerequisite. The RNC is then transferred to the protein-conducting channel in the membrane (the translocon) and, triggered by GTP
hydrolysis in SRP and SR, the SRP–SR complex dissociates. (b) Schematic overview of the mammalian and E. coli SRP systems. SRP consists
of two main domains, the Alu and S domains. The SRP RNA (7S and 4.5S in mammals and E. coli) is shown in red and the SRP proteins are
colored as follows: SRP54NG domain, turquoise; SRP54M domain, dark blue; SRP19, pink; SRP68/72, grey; SRP9/14, turquoise/dark blue;
SRa, bright blue; and SRb, orange. X and A refer to the corresponding domains in eukaryotic SRa and bacterial SR (FtsY in E. coli). G indicates
GTPase domains. Note that, in E. coli, the SRP consists of an SRP54 homolog (Ffh) and a short RNA only. In eukaryotic cells, SR has a second
subunit, SRb, which contains a single transmembrane helix as a membrane anchor.

www.sciencedirect.com Current Opinion in Structural Biology 2005, 15:116–125
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Since SRP recognizes and binds a variety of sequences, elucidating the patterns of 

cargo fidelity has been of large interest. Cargo binding alone appears not to be 

sufficient to reliably discriminate correct from incorrect cargo. However, additional 

checkpoints besides cargo binding have been discovered, such as during SRP-SR 

assembly, control of the kinetic activity of GTP hydrolysis occurring prior to 

translocation, and further rejection of incorrect signal sequences by Sec61p 

(Jungnickel and Rapoport, 1995; Zhang et al., 2010). 

 

The targeting of the SRP-bound RNC occurs via the SRP receptor (SR, FtsY in 

bacteria), a heterodimer that is bound to the ER membrane and composed of SRa 

and SRb. SRa is a homolog of SRP54 (Miller et al., 1995), and both protein domains 

contain a N-terminal four-helix bundle (N-domain) and a GTPase domain (G domain) 

which are closely associated and referred to as the NG domain. The interaction of 

the SRP-RNC complex with SR is facilitated through an interaction of their respective 

NG domains and regulated through GTP hydrolysis: bound GTP on both SRP54 and 

SRa is a prerequisite to the formation of the complex, whereas its dissociation is 

initiated after GTP hydrolysis. The SRP/SR-GTPase interaction is however distinct 

from classical GTPase switches, where external factors are required (Saraogi et al., 

2011). When GTP is bound, both protein domains are found in an “open” state where 

their affinity to each other is very low. Complex formation is in contrast favored over 

10000-fold once cargo is bound to SRP (Shen et al., 2011). Conformational changes 

during this process lead to interaction of SRP and SR via an intermediate “early” 

state to the “closed” state, which permits the GTPase domains to form contact sites 

and to subsequently release the cargo to the nearby translocon. This in turn allows 

reciprocal hydrolysis of their bound GTPs at the respective active sites, favoring 

disassembly and recycling of both SRP and SR (Zhang et al., 2009). It is believed 

that this mode of multistate GTPase regulation grants efficient control and 

coordination of cargo selection and targeting (Zhang et al., 2010). In this regard, the 

GTP-bound form of SRb is required to mediate the association with SRa (Schwartz 

and Blobel, 2003) and the Sec61b subunit of the translocon may act as a nucleotide 

exchange factor (Helmers et al., 2003).  
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1.1.3 SRP-independent translocation 
 

1.1.3.1 SecA is Involved in Post-Translational Translocation in Bacteria 
 

In parallel to the co-translational pathway, proteins may also be translocated or 

integrated into the membrane post-translationally. While this is more common in 

prokaryotes, a substantial fraction of secretory proteins is probably conveyed in a 

SRP-independent manner in eukaryotes as well (Ast et al., 2013). Post-translationally 

translocated proteins may be too short to engage the SRP machinery (Goder et al., 

2000; Zimmermann et al., 1990) or may not be hydrophobic enough to guarantee 

proper SRP interaction (Ng et al., 1996). The post-translational translocation pathway 

therefore depends on alternative modes as opposed to direction of the RNC to the 

ER. Calmodulin (Shao and Hegde, 2011), TRC40 (Johnson et al., 2012) and 

cytosolic Hsp40/Hsp70 (Ngosuwan et al., 2003) are known to act as chaperones 

during recognition, in that they prevent misfolding and interact with specialized ER-

bound receptors for targeting the fully synthesized protein to the Sec61 translocon.  

 

In bacteria, the SecA dependent pathway mediates translocation of fully synthesized 

polypeptides. While dimerization has been observed, the suggested mode of action 

is as a monomer (Or et al., 2005; Zimmer et al., 2008). It is comprised of several 

domains: two nucleotide-binding domains (NBD1 and NBD2) that together bind one 

molecule of ATP (Hunt et al., 2002; Papanikoloau, 2007), a helical scaffold domain 

(HSD, containing the “two-helix finger”), one polypeptide-cross-linking domain 

(PPXD) over which SecA interacts with the polypeptide chain, and a helical wing 

domain (HWD) (Figure 4).  

 

During polypeptide binding, the PPXD domain tilts in an 80-degree angle and applies 

grip on the substrate. PPXD, NBD2 and parts of HSD are involved and form a 

structure dubbed as “clamp”. Interaction and recognition with polypeptides appears to 

be orchestrated by opening and closing of this clamp. For this, a highly conserved 

tyrosine residue in the two-helix finger domain is supposed to be a key feature 

(Erlandson et al., 2008). Recognition of b-strands in the substrate that complement a 

b-sheet at the clamp is also proposed for substrate recognition (Zimmer et al., 2009). 
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With the bound substrate, one molecule of SecA interacts with one molecule of 

SecY. The clamp is positioned directly over the translocon pore, which enables the 

polypeptide to be pushed into the opening (Bauer and Rapoport, 2009). This is 

believed to occur via insertion of the two-helix finger into the cytosolic cavity and the 

polypeptide along with it. Subsequent ATP hydrolysis leads to a conformational 

change that positions the substrate deeper in the translocon. Upon ATP 

regeneration, SecA reverts to its open state and both the clamp and the two-helix 

finger are reset. SecA-mediated translocation is assisted by the multispanning 

SecD/F complex that is believed to apply a pulling force at the periplasmic side, 

utilizing the influx of protons over aspartate and arginine residues to couple 

conformational changes with active pulling of the substrate (Tsukazaki et al., 2011).  

 

Prior to SecA-mediated translocation, chaperone binding to the polypeptide is a 

prerequisite to prevent misfolding and aggregation. The homotetrameric SecB protein 

is a chaperone known to present this feature (Xu et al., 2000), although it is 

apparently not essential for viability and only a small number of E. coli proteins have 

been identified to rely on SecB (van der Sluis and Driessen, 2006). It specifically 

recognizes unfolded polypeptides, however not exclusively at defined sequences, but 

rather at short stretches rich in aromatic and basic residues. The engagement into 

either the SRP-dependent pathway or SecB-mediated translocation is decided during 

synthesis by Trigger Factor. This ribosome-associated chaperone is the first factor 

known to interact with the nascent chain (Beck et al., 2000; Valent et al., 1995). 

While SRP has a strong affinity to bind hydrophobic signals as they emerge from the 

ribosome, Trigger Factor is believed to delay the folding of non-SRP bound 

polypeptides and grant SecB a longer timespan to interact with it, eventually leading 

to localization towards the Sec translocon and post-translational translocation 

(Driessen et al., 2008). 
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Figure 4: Structure of SecA. (A) Overview of the domain organisation. NBD: nucleotide binding 
domain, PBD: peptide-cross-linking domain, HSD: helical scaffold domain, HWD: helical wing domain, 
CTD: C-terminal domain. (B) Crystal structure. (C) SecA-SecYEG-complex, with the lateral gate for 
membrane insertion facing frontwards. Denks et al. (2014). 

 

1.1.3.2 The Eukaryotic Sec62/Sec63 Complex is Involved in Post-Translational 
Translocation  

	
In yeast, Sec61 is known to interact with the tetrameric Sec62/63 complex during 

post-translational translocation, with which it forms a functional complex comprised of 

seven components (Deshaies et al., 1991), including Sec71p and Sec72p which are 

not present in mammals (Meyer et al., 2000). Furthermore, Kar2p (BiP in mammals) 

is involved (Panzner et al., 1995). After the initiation of translocation and the 

shedding of bound chaperones (Plath et al., 2000), ATP-dependent BiP binding and 

release cycles in the lumen act as a ratchet that introduces directional pull and 

prevents the polypeptide from exiting the channel back into the cytosol due to 

brownian motion (Matlack et al., 1999). The hydrolysis of ATP is supported by a 

specific luminal domain of Sec63, the J-domain. The ADP-bound form of BiP 

interacts tightly with the polypeptide chain and prevents its backward movement, 

whereas the ATP-bound state has a weaker affinity and allows BiP to dissociate. In 

the meantime, other BiP molecules may bind the polypeptide chain (Misselwitz et al., 

1999) (Figure 5). Because of the dependence on its activation by the J-domain, BiP 

binding may only occur in the proximity of the channel, which further enhances the 

SecDFYajC

The trimeric SecDFYajC complex is a low-abundant integral
membrane protein complex that was shown to interact with
the SecYEG (Duong & Wickner, 1997b). The deletion of
SecD/SecF negatively affects bacterial growth and their
presence stimulates protein export (Pogliano & Beckwith,
1994). SecDFYajC might support the pmf-and SecA-depend-
ent steps of protein transport (Duong & Wickner, 1997a;
Tsukazaki et al., 2011). However, Archaea lack SecA but have
SecDF, thus their SecA-associated role is not clear (Hand
et al., 2006). As SecDFYajC binds to the YidC insertase,
it was proposed to tether YidC to the SecYEG channel
(Nouwen & Driessen, 2002). However, a recent study showed
that SecY and YidC interact even in the absence of SecDF
(Sachelaru et al., 2013).

YidC

YidC is an essential membrane protein, present in Bacteria,
some Archaea, mitochondria (Oxa1) and chloroplasts (Alb3,
Alb4) (for review see Dalbey et al., 2011; Kudva et al., 2013).
It acts as a co-insertase/chaperone supporting the integration
of membrane proteins via the Sec complex (Beck et al., 2001;
Nagamori et al., 2004). YidC was recently shown to establish
extensive contacts to all four TMs of the lateral gate of SecY
(Sachelaru et al., 2013). Apart from that, YidC can also serve
as a Sec-independent insertase for a broad range of inner
membrane proteins (Chen et al., 2002; Samuelson et al., 2001;
Welte et al., 2012). YidC substrates are mainly hydrophobic
without long periplasmic stretches (Welte et al., 2012). While
targeting of substrates to YidC has been shown to require
the SRP pathway (Facey et al., 2007; Welte et al., 2012),
it remains to be investigated whether this is a general rule for
targeting. It also remains to be studied how YidC-mediated
insertion of membrane proteins occurs in vivo.

PpiD and Skp

The periplasm of Gram-negative bacteria hosts a myriad
of chaperones engaged in protein folding and quality control

(for review see Merdanovic et al., 2011). Two of these
periplasmic chaperones, PpiD and Skp (seventeen-kilodalton-
protein) are known to act in the immediate vicinity of
the SecYEG translocon. PpiD and Skp are periplasmic
chaperones that influence the assembly of numerous outer
membrane and periplasmic proteins (Chen & Henning, 1996;
Dartigalongue & Raina, 1998; Jarchow et al., 2008). Skp was
shown to interact with its substrate in the vicinity of the
plasma membrane (Schäfer et al., 1999) and before the
preprotein is fully translocated by the Sec complex (Harms
et al., 2001). Although this suggests that Skp is in close
proximity to the Sec complex, direct evidence for an
interaction between the two is lacking. This is different for
PpiD, another non-essential and membrane-anchored peri-
plasmic chaperone. Cross-linking data show that PpiD
establishes extensive contacts with the lateral gate of SecY
(Sachelaru et al., 2013). PpiD is thought to mediate the
release of the nascent chain from the translocon and it could
play a role in the early folding of translocated proteins
(Antonoaea et al., 2008; Matern et al., 2010).

FtsH and Syd

FtsH is an essential zinc-metalloprotease which plays a role in
membrane protein quality control in bacteria, mitochondria
and chloroplasts. It is proposed to degrade misfolded
substrates in an ATP-dependent fashion (Dalbey et al.,
2012; Ito & Akiyama, 2005). FtsH has been shown to
degrade the SecY subunit of the translocon when SecE is not
present in stoichiometric amounts (Kihara et al., 1995).
This could be mediated by the small SecY-binding cytosolic
protein Syd which might recognize the compromised status of
the translocon (Dalal et al., 2009). FtsH has also been found in
the complex with YidC indicating that the latter might
participate in the quality control of transport processes
(van Bloois et al., 2008).

MPiase

MPiase is a glycolipid composed of diacylglycerol and a
glycan chain of three acetylated aminosugars linked through

Figure 6. Structure of SecA, the motor
protein of the post-translational transport in
bacteria. (A) Schematic domain organisation
of SecA (NBD, Nucleotide binding domains;
PBD, peptide-cross-linking domain; HSD,
helical scaffold domain; HWD, helical wing
domain; CTD, C-terminal domain). (B)
Crystal structure of SecA from Thermotoga
maritima (adapted from Zimmer et al.
(2008); pdb: 3DIN). The colour code is the
same as in (A). (C) Crystal structure of SecA
in complex with the SecYEG translocon
(adapted from Zimmer et al. (2008); pdb:
3DIN). The helices of the lateral gate of SecY
are highlighted. This Figure is reproduced in
color in the online version of Molecular
Membrane Biology.

66 K. Denks et al. Mol Membr Biol, 2014; 31(2–3): 58–84
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efficiency of preventing the polypeptide’s movement back to the cytosol (Osborne et 

al., 2005).  

 

	
Figure 5: Model of post-translational translocation in eukaryotes. The Sec62/63-complex accepts 
chaperone-bound cargo and hands it over to the Sec61 complex, where it is inserted into the pore and 
translocated. On the luminal side, Kar2/Bip interacts with the translocated chain and is activated by 
the J-domain of Sec63. Rapoport (2007). 

	
1.1.3.3 The GET Machinery Inserts Tail-Anchored Proteins into the Membrane 
 

Tail-anchored proteins lack a classical signal sequence and are characterized by a 

single transmembrane segment near the C-terminal region. Long N-terminal domains 

project into the cytosol, while the part exposed to the lumen is approximately 30-40 

amino acids long (Borgese et al., 2003). Tail-anchored proteins can be found in all 

organisms and carry out various functions in the cell, with an estimation of 200-400 

genes coding for this type of proteins (Kalbfleisch et al., 2007). Well-known examples 

are proteins of the SNARE family or Sec61b/Sec61g. 

 

The class of tail-anchored proteins was early recognized to follow a pathway different 

from SRP-mediated targeting and Sec61-mediated membrane integration. Instead, 

this occurs post-translationally utilizing a different machinery (Kim et al., 1997; Kim et 

al., 1999; Kutay et al., 1993; Kutay et al., 1995). In parallel to the co-translational 

pathway, it was assumed that the hydrophobic domain must be shielded in a 

chaperone-mediated manner. Hsp40/Hsc70 were found to recognize these 

sequences, to interact and to be sufficient to mediate membrane insertion. However, 

cytoplasmic funnel is empty, the external funnel is plugged by a short
helix. The crystal structure therefore represents a closed channel but,
as will be discussed later, biochemical data indicate how it can open
and translocate proteins. The constriction of the hourglass-shaped
channel is formed by a ring of six hydrophobic residues that project
their side chains radially inward. The residues forming this ‘pore ring’
are amino acids with bulky, hydrophobic side chains.

Different modes of translocation
The channel alone is a passive pore; it must associate with partners
that provide a driving force for translocation. Depending on the part-
ner, there are three known ways in which the channel can function.

In co-translational translocation, the main partner is the ribosome.
This mode of translocation is found in all cells and is used for the
translocation of secretory proteins as well as for the integration of
most membrane proteins. Co-translational translocation begins with
a targeting phase. The signal or transmembrane sequence of a growing
polypeptide chain is recognized by the signal-recognition particle
(SRP); after this, the ribosome–nascent-chain–SRP complex binds
to the membrane, first by an interaction between SRP and its mem-
brane receptor, and then by an interaction between the ribosome and

the translocation channel (Fig. 2; for review of the targeting phase, see
refs 21 and 22). The elongating polypeptide chain subsequently moves
directly from the tunnel inside the ribosome into the associated mem-
brane channel. GTP hydrolysis is required for chain elongation by the
ribosome, but polypeptide movement through the channel is inde-
pendent of nucleotide hydrolysis23. In the case of membrane proteins,
certain polypeptide segments do not enter the channel, but instead
emerge from the ribosome–channel junction into the cytosol24, gen-
erating a cytosolic domain.

In most if not all cells, some proteins are transported after com-
pletion of their synthesis, that is, post-translationally. This pathway
seems to be used by a larger fraction of proteins in simpler organisms,
such as bacteria and yeast, perhaps because in these fast-growing cells
translocation does not always keep pace with translation. This path-
way is used mostly by soluble proteins, such as secretory proteins,
which possess only moderately hydrophobic signal sequences that
cause them to escape recognition by the SRP during their syn-
thesis25,26. These proteins need to remain unfolded or loosely folded
after their release from the ribosome27. Post-translational transloca-
tion occurs by different mechanisms in eukaryotes and bacteria.

During post-translational translocation in yeast, and probably in
all eukaryotes, the channel partners with another membrane-protein
complex, the tetrameric Sec62/Sec63 complex, and with the luminal
chaperone BiP, a member of the Hsp70 family of ATPases28,29. In
Saccharomyces cerevisiae, the Sec62/Sec63 complex consists of the
essential Sec62 and Sec63 proteins as well as the dispensable Sec71
(also known as Sec66) and Sec72 proteins. Mammalian cells only
have Sec62 and Sec63 (refs 30 and 31). Translocation begins with
the binding of a translocation substrate to the channel (Fig. 3).
During this step, all cytosolic chaperones are released from the sub-
strate32. Once the polypeptide is inserted into the channel, its trans-
location occurs by a ratcheting mechanism33. The polypeptide chain
in the channel can slide in either direction by brownian motion, but
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Plug

Plug

Pore
ring

Pore ring

Front

Cytosol

Back

γ

β
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b

Figure 1 | The translocation channel. a, View from the cytosol of the crystal
structure of the SecY complex from Methanococcus jannaschii. The
a-subunit consists of two halves, transmembrane 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 b- and c-subunits are shown in grey. In
the closed channel, the plug (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 residues are indicated in green. b, Cross-
sectional view of the channel from the side.
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Figure 2 | Model of co-translational translocation. The scheme is mostly
based on experiments with the eukaryotic system, but is probably similar for
all organisms.
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Figure 3 | Model of post-translational translocation in eukaryotes. It is
possible that oligomers of the Sec61 complex mediate translocation, similar
to the situation with the other modes of translocation (Figs 2 and 4).
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the mechanisms are unknown and the interaction with Hsp40/Hsc70 only accounts 

for a minority of tail-anchored proteins (Abell et al., 2007; Rabu et al., 2008). In 

parallel, a novel pathway with the ATPase Get3 (TRC40 in mammals, TMD 

recognition complex of 40kD) was identified in yeast to interact with hydrophobic 

substrate domains in a ribosome-free manner (Stefanovic and Hegde, 2007). Get1 

and Get2 serve as a docking complex at the ER membrane and are responsible for 

the recruitment of Get3 without the necessity of ATP hydrolysis. When either of these 

two factors is absent, Get3 loses its ability to target to the ER (Schuldiner et al., 

2008). 

 

Get3 was shown to form a homodimer over distinct helical domains that can re-

arrange upon ATP hydrolysis. They then reveal a methionine-rich hydrophobic 

pocket than can accommodate an a-helical structure of approximately 20 residues. 

This is reminiscent of the M-domain of SRP54 binding a signal sequence (Bozkurt et 

al., 2009; Mateja et al., 2009). A complex of Get4 and Get5 is thought to facilitate and 

improve the recognition and interaction between Get3 and the substrate. This is 

achieved by the recruitment of Sgt2 (SGTA in mammals), which binds the substrate 

sequence and transfers it to Get3. Get4/Get5/Sgt2 are believed to act as a loading 

complex towards Get3 (Jonikas et al., 2009; Wang et al., 2010).  

 

In mammals, TRC35 and Ubl4A are homologs of Get4 and Get5. The 

TRC35/Ubl4A/SGTA complex acts like Get4/Get5/Sgt2 in yeast (Leznicki et al., 2010; 

Mariappan et al., 2010) (Figure 6). Bag6 in mammals (no known yeast homolog) and 

Sgt2 supposedly provide additional fidelity during the recognition of substrate 

sequences by associating with ribosomes at their exit site and capturing the 

substrate after its synthesis. This is especially important in regard to the presence of 

other chaperones in the cytosol that might also interact with the hydrophobic domain. 

Furthermore, Bag6 and SGTA are proposed to create a link to protein degradation, 

as they can recruit ubiquitination complexes (Hessa et al., 2011; Xu et al., 2012). The 

precise mechanisms of these functions remain elusive.  
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Figure 6: Insertion of tail-anchored proteins is facilitated by the GET pathway. The pretargeting factor 
associates with the ribosome during the synthesis of a tail-anchored protein. After translation, the 
protein is transferred to the targeting complex, consisting of Get3 in yeast and TRC40 in mammals. 
Get3/TRC40 has ATPase activity and substrate interaction is believed to occur when ATP is bound 
(represented by T). The protein is targeted to a receptor at the ER membrane and inserted into the 
membrane. After ATP hydrolysis, the targeting factor is recycled. Shao and Hegde (2011).  

	
1.1.3.4 SND proteins mediate SRP-independent targeting to the endoplasmic 

reticulum 
 

In parallel to GET and SRP-mediated pathways, proteins may also be targeted to the 

ER via SND proteins (SRP-independent targeting), which are believed to act 

complementary to these mechanisms. Snd1, Snd2 and Snd3 were shown to back up 

the aforementioned targeting pathways when made unavailable. Snd1 is localized in 

the cytosol as a suggested peripheral ribosomal interactor. Snd2 and Snd3 are 

transmembrane proteins localized at the ER, where they are associated with auxiliary 

components of the translocon complex (Ghaemmaghami et al., 2003). Aviram et al. 

(2016) suggested that, in yeast, SRP, GET and SND targeting work in concert, with 

gradual affinities for each pathway displayed by the substrates. The precise 

underlying mechanisms as well as means of regulation are yet unclear.  
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Figure 6
Tail-anchored (TA) protein insertion. (a) Schematic model of the known components and steps mediating
posttranslational insertion of a TA protein. When the transmembrane domain (TMD) of a TA protein is
synthesized, it favors recruitment of a pretargeting factor to the ribosomal surface. This is composed of
Bag6, TRC35, and Ubl4A in mammals. The analogous complex in yeast is formed by Sgt2, Get4, and Get5
as well as other chaperones. Its location near the ribosome would favor capture of the TA protein upon its
release. The pretargeting factor together with the targeting factor (TRC40 in mammals, Get3 in yeast)
( pink) form the TRC. This is thought to be a transient complex that facilitates sorting, recognition, and
loading of the TA protein onto the targeting factor. The targeting factor is an ATPase, and its
substrate-bound form is thought to be ATP-bound (indicated by a T). This is delivered to the endoplasmic
reticulum (ER) membrane via a receptor composed of Get1 and Get2 in yeast (a mammalian homolog of
Get1 may be WRB). The docking complex of Get1-2-3 somehow facilitates substrate release and insertion
in a step that depends on ATP hydrolysis by Get3. The now-vacant Get3 (which is in a different open
conformation) is recycled to the cytosol to complete the insertion cycle. (b) Structural representations of the
Get3 dimer in the open conformation (lacking nucleotide) and closed conformation (with bound
ADP-AlF4

−). In the left two structures, hydrophobic residues are shown in green, illustrating that the closed
conformation contains a large hydrophobic groove. The right panel shows a hypothetical model for the
closed conformation bound to the TMD region of a model TA protein. The hydrophobic TMD (19
residues) is shown in red, with flanking sequences in gold.
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1.1.4 The Translocon 
 

1.1.4.1 Several Subunits Form the Translocon Complex  
 

The Sec61 translocon consists of three subunits and is conserved among 

eukaryotes, bacteria and archaea (Figure 7A). The largest a unit (Sec61a in 

mammals, Sec61p in S. cerevisiae, SecY in archaea and bacteria) forms the protein-

conducting channel with its ten membrane-spanning helices and is divided into two 

pseudosymmetrical clam-like halves with the loop between transmembrane helices 

(TMs) 5 and 6 acting as a connecting hinge. Membrane proteins can leave the 

channel over a lateral gate and be inserted into the lipid bilayer. The pore contains a 

constriction ring of six hydrophobic residues and a plug that is formed by the helix 2A 

in the luminal cavity (Figure 7B). The g unit (Sec61g in mammals, Sss1p in S. 

cerevisiae, SecE in archaea and bacteria) contains a single-spanning 

transmembrane segment and an amphipathic helix that lies on the cytosolic surface 

and connects with both halves of the a unit. These subunits show strong homology 

between all organisms and are essential for survival in E. coli and S. cerevisiae. In 

contrast, the b subunit (Sec61b in mammals, Sbh1p in S. cerevisiae, SecB in 

archaea, SecG in bacteria) shows homology in eukaryotes and archaea, but no 

strong similarity in bacteria and is not essential for viability. The crystal structure of 

the SecY complex of M. jannaschii has contributed much to the understanding of 

protein translocation (van den Berg et al., 2004) and it has been shown that the 

overall architecture of the translocon is identical in E. coli (Jomaa et al., 2016) and 

mammals (Voorhees and Hegde, 2015).  

 

It has been theorized in the past that Sec61/SecY complexes may require 

oligomerization for translocation to occur, and indeed there is evidence for a ring-line 

structure composed of four Sec61 complexes (Beckmann et al., 2001; Menetret et 

al., 2005). Oligomers in bacteria also have been proven to exist (Deville et al., 2011). 

Here, it has been debated that one SecY molecule might assist the translocation of a 

peptide through a neighboring unit by providing a binding site for SecA, which then 

pushes the chain through the second channel (Osborne and Rapoport, 2007), but it 

is also known that one copy of SecY (Kedrow et al., 2011) or a single Sec61 complex 
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(Kalies et al., 2008) is sufficient for translocation. The latter work showed that a 

nascent chain even destabilizes the Sec61 complex tetramer. Via crosslinking both a 

nascent chain and its signal peptide to one SecY molecule, it was shown that both 

initiation of translocation and translocation itself is handled by one and the same 

translocon unit (Osborne and Rapoport, 2007). EM studies also revealed complex 

formation of both idle and translating ribosomes with a single translocon copy 

(Becker et al., 2009; Menetret et al., 2008). Therefore, there is strong evidence that 

the functional protein-conducting channel is formed by one single copy. The role of 

the observed oligomer complexes is unclear.  

 

 
Figure 7: SecY crystal structure of the idle channel, M. jannaschii (PDB: 1RH5). (A) Cytosolic view. 
The N- and C-terminal pseudosymmetrical halves are shown in blue and red. The lateral gate allows 
transit of transmembrane domains into the lipid surroundings. The pore ring residues are shown in 
green, the plug helix in yellow. (B) Side view. Rapoport et al. (2017). 

 

1.1.4.2 The Translocon Interacts with Various Proteins 
 

An overview of interacting partners in eukaryotes was provided by Denks et al. 

(2014). Recent progresses in cryo-electron tomography could identify Sec61, TRAP 

(translocon associated protein complex) and OST (oligosaccharyl transferase) 

forming a large complex (Pfeffer et al., 2014). This does not imply that there are no 

other interacting partners, but that these might not be part of a stable complex and 

instead are transiently recruited during co- or post-translational translocation in a 
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Figure 1
Crystal structure of the idle SecY channel from Methanocaldococcus jannaschii (PDB code 1RH5). (a) View
from the cytosol. The N- and C-terminal halves of the α-subunit (SecY) are shown in blue and red,
respectively, the β-subunit in purple, and the γ-subunit (SecE) in beige. The plug domain is in yellow, and
the pore ring residues are shown as green sticks and balls. Transmembrane (TM) segments forming the
lateral gate are labeled. (b) Cutaway side view of a space-filling model of the channel in the membrane.

γ-subunits (Sec61β and Sec61γ in eukaryotes and SecG and SecE in bacteria). Much of the
current mechanistic understanding of protein translocation originates from the crystal structure
of an archaeal SecY complex (from Methanocaldococcus jannaschii) (van den Berg et al. 2004).

The structure, which corresponds to the idle (closed) state, showed that the α-subunit (SecY)
is divided into N- and C-terminal halves, TM segments 1–5 and 6–10, respectively, which are
pseudosymmetrical and surround a central pore (Figure 1a). The two halves are linked by a loop
between TM5 and TM6 on the extracellular side. The γ-subunit contains an amphipathic helix
that lies flat on the cytosolic surface and a TM segment that diagonally crosses the membrane and
keeps the two halves of the α-subunits together. The β-subunit makes only few contacts with the
α-subunit, which may explain why it is dispensable for the function of the channel. Viewed from
the side, the channel pore has an hourglass shape with a constriction in the center of the membrane
(Figure 1b). The cytosolic cavity is empty, whereas the extracellular cavity is occupied by a domain
termed the plug. At the constriction of the pore is a ring of six aliphatic amino acids that project
their hydrophobic side chains radially inward. In Escherichia coli, all six pore ring residues are
isoleucines. The channel has a lateral gate that is bordered by segments of TM2 and TM3 on one
side of the interface and by segments of TM7 and TM8 on the other side of the interface.

Crystal structures showed that complexes from Thermotoga maritima, Aquifex aeolicus, Thermus
thermophilus, Pyrococcus furiosus, and Geobacillus thermodenitrificans have the same architecture as
the M. jannaschii complex (Egea & Stroud 2010, Li et al. 2016, Tanaka et al. 2015, Tsukazaki
et al. 2008, Zimmer et al. 2008). Cryo-EM structures of ribosome-bound SecY/Sec61 complexes
confirm that the channel architecture is universally conserved up to mammals ( Jomaa et al. 2016,
Voorhees & Hegde 2016a, Voorhees et al. 2014). One difference is that the bacterial β-subunits
(SecG) have an additional TM segment that precedes the one that is common to all SecY/Sec61
complexes (Zimmer et al. 2008).

The only truly idle channel structure is that of the M. jannaschii complex (van den Berg et al.
2004). In this case, the channel is closed both across the membrane and laterally toward the lipid

www.annualreviews.org • Structural and Mechanistic Insights into Protein Translocation 1.3
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dynamic and substrate-dependent manner, as suggested by Conti et al. (2015) and 

Pfeffer et al. (2016).  

 

- Sec62 and Sec63 (homologous in yeast and mammals, essential in yeast) 

(Rothblatt et al., 1989) are involved in post-translational translocation. Sec63 

interacts over its luminal J-domain with BiP. Sec63 also influences co-

translational translocation; the mammalian variant has a ribosome interaction 

site (Müller et al., 2010).  

- Besides Sec62 and Sec63, Sec71 and Sec72 (yeast) facilitate both co- and 

posttranslational translocation via Sec61. The Sec71/Sec72 complex can 

recruit cytosolic members of the Hsp70 family: Ssa1, which is believed to be 

involved in substrate interaction in post-translational translocation, and Ssb1 

for co-translational translocation. The mechanisms are largely unknown 

(Tripathi et al., 2017). 

- Kar2/BiP (binding protein, homologous in yeast and mammals) is a luminal 

protein of the Hsp70-family. Its best-studied function is the interaction with the 

translocated nascent chain and the function as a molecular ratchet (Nicchitta 

& Blobel, 1993). The J-domain of Sec63 mediates BiP activity (Lyman and 

Schekman, 1995). BiP was shown to interact with loop 7 of Sec61a and 

prevent Ca2+ leakage (Alder et al., 2005; Schäuble et al., 2012).  

- While BiP luminally provides a means of calcium efflux inhibition, calmodulin 

(homologous in yeast and mammals) does the same on the cytosolic side over 

the N-terminal part of Sec61a (Erdmann et al., 2011). A role in the targeting of 

substrates during post-translational translocation has been proposed (Shao 

and Hegde, 2011). 

- The chaperone calnexin (homologous in yeast and mammals) fulfils functions 

during the quality control of glycoproteins (Benyair et al., 2011). It is 

preferentially located in the perinuclear rough ER, where it was shown to 

interact with the ribosome-translocon complex and recruit the actin skeleton, 

potentially to improve its stability (Lakkaraju et al., 2012).  

- TRAM (translocating chain-associated membrane protein, mammals) interacts 

with nascent chains during translocation and is thought to assist during the 

topogenesis of multispanning membrane proteins (Shao and Hegde, 2011).  



General Introduction  22 

- TRAP (translocon associated protein complex, mammals) acts in 

heterotetrameric complexes that bind Sec61 (Hartmann et al., 1993). A role in 

the topogenesis of transmembrane segments has been proposed by Sommer 

et al. (2013), where it was found to favor their C-terminal translocation while 

moderating flanking charges and the positive-inside rule, but not 

hydrophobicity. TRAP binds to the ribosomal protein L38 and to rRNA as well 

as to Sec61 at its hinge region, suggesting the ability to influence its 

conformation and to interact with nascent chains (Pech et al., 2010). 

- OST (oligosaccharyl transferase, homologous in yeast, mammals and some 

prokaryotes) (Figure 8). It co-translationally glycosylates at Asn-X-Ser/Thr 

(with X for any amino acid except proline) in that it transfers a branched 

Glc3Man9GlcNAc2 molecule en bloc from the donor dolichol via introducing a 

N-glycosidic bond. In yeast, OST is represented as a hetero-oligomer with at 

least eight known subunits, of which SST3 shows catalytic activity. In 

mammals, its isoforms SST3A and SST3B are responsible for co- and post-

translational glycosylation (Ruiz-Canada et al., 2009). Interactions with the 

ribosomal exit site and the Sec61 complex have been demonstrated (Harada 

et al., 2009; Karaoglu et al., 1997; Pfeffer et al., 2014). The association with 

the translocon appears to show cell type dependence (Mahamid et al., 2016). 	

- Signal peptidases (universally conserved). After targeting a nascent chain to 

the ER, cleavable signals are recognized and removed. In bacteria, SPases 

are categorized into three groups (Auclair et al., 2012), of which SPase I 

(LepB in E. coli) is involved in the processing of proteins in the secretory 

pathway. The groups II and IV mediate signal cleavage of lipoproteins and 

prepilin proteins. SPase I in bacteria acts as a monomer over a Ser-Lys dyad 

catalyzing the cleavage, classifying it as a serine protease, whereas 

eukaryotes show multimeric signal peptidase complexes (SPC). Their catalytic 

activity originates from a subunit that is homologous to LepB, namely Sec11 in 

yeast (van Valkenburgh et al., 1999) and Spc18/Spc21 in mammals (Liang et 

al., 2003). In contrast to SPase I, eukaryotic signal peptidases act with a Ser-

His-Asp triad. The cleaved signal peptide is degraded and recycled by signal 

peptide peptidase (Nam and Paetzel, 2013). 
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Figure 8: The structure of the ribosome-bound Sec61 translocon associated with interacting proteins. 
Tomographic densities of the ribosome, Sec61, TRAP and OST are shown. Modified from Pfeffer et al. 
(2016). 

 

1.1.4.3 The Translocon is Primed and Opened by RNC Interactions 
 

Recent studies characterized the effects of Sec61 interaction with the ribosome 

regarding its role in the activation of the translocon. Upon interaction, the ribosome 

initiates slight conformational changes referred to as “priming” of the channel for the 

following translocation process. It is known that ribosome binding to Sec61/SecY 

occurs at its cytosolic loops, formed between the transmembrane segments TM8 and 

TM9 and between TM6 and TM7, both of which are on the C-terminal half of the 

pseudosymmetrical channel (Gogala et al., 2014; Park et al., 2014). The nature of 

this interaction has been elucidated by Voorhees and Hegde (2014), stating the 

involvement of the ribosomal proteins uL23 and eL29 and the backbone of the 28s 

rRNA in the binding of loop 8/9. This occurs at conserved residues, and mutations in 

these decrease the efficient anchoring of the translocon to the ribosomal exit site 

(Cheng et al., 2005). In contrast, loop 6/7 does not appear to contribute significantly 

to ribosomal binding via 28s rRNA and eL39, not only because the number of 

affiliated hydrogen bonds is smaller compared to the binding at loop 8/9, but also 

because mutations did not severely affect ribosomal binding. The effects of ribosomal 

binding to the structure of Sec61 were analyzed by comparing the newly presented 

pore that is sealed from passive ion flux by a ring of bulky hydrophobic
residues and a short ‘plug’ helix (Fig. 1B). The Sec61β and Sec61γ sub-
units are located on the periphery of the Sec61 complex and comprise
one transmembrane helix each (Fig. 1B). Strikingly, two distinct confor-
mational states were observed in the crystal structures that mainly
differ in the relative positioning of the N- and C-terminal halves of
Sec61α. These states either enable or restrict lateral access from the
central pore towards the lipid bilayer through a ‘lateral gate’ formed
by the two adjacent transmembrane helices 2 and 7 of Sec61α
(Fig. 1C). This ‘lateral gate’ enables insertion of nascent transmembrane
helices or signal sequences emerging from the ribosome into the lipid
bilayer. Notably, in the crystal structures this opening of the lateral
gate coincided with ligand binding at the cytosolic face of the Sec61
homolog: either the ATPase SecA, which enables posttranslational

import in bacteria [35,36], or another copy of the Sec61 homolog arising
from crystal packing [34].

3.2. Structures of the ribosome-bound protein-conducting channel

During cotranslational protein transport and membrane insertion,
the ribosome binds to cytosolic loops of Sec61α. Detailed structural
insights into the ribosome–Sec61 complex and its prokaryotic homo-
logs have been obtained by single particle cryo-EM analysis [37–41].
These studies of the detergent-solubilized ribosome-bound protein-
conducting channel yielded atomic models for all three Sec61 subunits
for both the laterally open and closed conformations. Notably, the
laterally open conformation could only be visualized for detergent-
solubilized complexes after engaging them with engineered protein

Fig. 1. Overall structure and architecture of the ribosome-bound mammalian translocon. A, isolated tomographic densities for the ribosome (grey) and the translocon constituents Sec61
(light blue), TRAP (green) andOST (red). Density for the ERmembrane is not shown for clarity. B, atomicmodel for the laterally closed Sec61 complex (3j7q) seen from the cytosol (N- and
C-terminal halves of Sec61α: green and blue, respectively; Sec61β: yellow; Sec61γ: orange; Sec61α lateral gate helices: red). Cytosolic loops of Sec61α are not shown. C, atomicmodel for
the laterally opened Sec61 complex (3jc2) seen from the cytosol. Coloring as in B. Cytosolic loops of Sec61α are not shown. D, zoomed view of the translocon transmembrane region seen
from the cytosolwith the ERmembrane in thepaper plane. An atomicmodel for the laterally opened Sec61 complexwasdocked into the tomographic density segment representing Sec61.
The position of a signal sequence (SS: magenta) adjacent to the lateral gate is indicated. Coloring as in A and B, but without Sec61α lateral gate helices highlighted in red.

Fig. 2. Structural details of themajor translocon constituents. A, zoomed view on the tomographic density segment representing Sec61. The currentlymost accurate atomicmodel for the
laterally opened Sec61 complex, also revealing the position of a signal sequence adjacent to the lateral gate (SS, magenta), was superposed. The lumenal domain of TRAP directly binds to
the hinge region between theN- andC-terminal halves of Sec61α (asterisk). Coloring as in Fig. 1. B, zoomedviewon the tomographic density segment representing the TRAP complex. The
cytosolic TRAP domain interacts with the ribosome via the large subunit ribosomal protein L38 (rpL38, magenta) and the large-subunit rRNA expansion segments 20/26 (rRNA ES20L/26L,
dark blue). Coloring as in Fig. 1. C, zoomed view on the tomographic density segment representing the OST complex. The cytosolic OST domain interacts with the ribosomemainly via the
large-subunit rRNA expansion segment 7 (rRNA ES7L, dark blue). Coloring as in Fig. 1.

2124 S. Pfeffer et al. / Biochimica et Biophysica Acta 1860 (2016) 2122–2129
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data of ribosome-translocon-complexes with known structures, especially from van 

den Berg et al. (2004). It was found that both these loops take part in the “priming” of 

the channel upon ribosomal contact, as they are rotated and shifted and relay this 

distortion to the helices of the Sec61 channel. Since the lateral gate helices are 

believed to form relatively weak contacts with each other, helices 2 and 7/8 slightly 

open on the luminal side of the channel, possibly forming a binding site for signal 

peptides at the lateral gate to an extent that can facilitate the incorporation of a signal 

sequence into the membrane in an energetically favorable fashion. The plug domain 

and the helices that comprise the residues for the constriction ring appear to remain 

unaffected in the “primed” state by ribosomal binding (Figure 9).  

 

	
Figure 9: Sec61 changes its conformation upon binding of a signal peptide. (A) Helix movements in 
comparison of the ribosome-primed (PDB: 3J7Q) and engaged translocon. Blue helices are moved, 
while red helices remain comparably static. (B) The lateral gate opens asymmetrically at the luminal 
half, while the cytosolic half remains closed. Signal peptide in cyan. (C) Ring residues change their 
position upon signal engagement, together with the corresponding helices. Modified from Voorhees 
and Hegde (2016 I).  

 

The further opening of the channel is coupled to the presence of a signal sequence. 

While the precise entry mechanism is yet unclear, Voorhees and Hegde (2016 I) 

could reconstitute the structure of a signal peptide intercalated between helices 2 and 

7. In this observation, helices 2-5 and 10 were rotated in comparison to the idle state 

structure, distinct from helices still bound to the ribosome and resulting in a further 

opening of the lateral gate (asymmetrically towards the luminal part) (Figure 10). 
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Then, the signal sequence may easily avoid the hydrophilic surroundings of the 

pore’s interior and reach the energetically more favorable position at the interface 

between lateral gate and membrane through the hydrophobic constriction ring, which 

is displaced from its idle planar conformation. It is important to keep in mind when 

evaluating the integration of hydrophobic segments based on lipid partitioning into 

the membrane, that, instead of polar surroundings, the hydrophobic constriction ring 

acts as one compartment besides the lipid environment.  

 

The rearrangements of the channel’s helices and the subsequent widening of both 

the lateral gate and the constriction ring also affects the plug domain, which is moved 

slightly, resulting in the “open” state of the translocon. The authors observe that the 

incorporation of the signal sequence at the lateral gate (leading eventually to exit into 

the membrane) essentially replaces the former idle position of helix 2, widening the 

lateral gate and the constriction ring, destabilizing the plug and facilitating (and 

maintaining) the active state of the translocon. This would suggest a possible role for 

helix 2 in the evaluation of possible signal and TM sequences.  

 

Besides the ribosomal interaction, bacterial SecA is also known to bind to SecY 

involving both the N- and the C-terminal half of the channel via the loops between 

TM8 and TM9 and between TM2 and TM3. Since both halves of the translocon are 

affected, the opening of the lateral gate is observed to be much larger (Zimmer et al., 

2008).  
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Figure 10: Model of Sec61 opening. (A) Quiescent state with a closed lateral gate and the plug 
domain (red). The closed lateral gate is stabilized by hydrogen bindings of polar residues (“polar 
cluster”). (B) Upon ribosome binding and priming of the translocon, conformational changes disrupt 
the polar cluster and the lateral gate is “cracked” into a semi-open state. (C) The interaction of the 
signal peptide (cyan) displaces helix 2 and induces a conformational change in the translocon, 
opening the lateral gate in an asymmetric fashion towards the luminal half and engaging the complex. 
Voorhees and Hegde, 2016 (II). 

 

1.1.5 Membrane Insertion at the Sec61 translocon 
	
1.1.5.1 The Topology of Transmembrane Segments is Determined by Several 

Factors 
 

Once the RNC has been directed to Sec61 complex at the ER membrane and 

translocation has been initiated, it is decided whether proteins will be fully 

translocated into the ER lumen and follow the secretory pathway, or are integrated 

into the membrane. Single-spanning proteins may be further categorized into three 

groups: proteins with a cleavable signal that additionally contain a stop-transfer 

segment, exhibiting a Nexo/Ccyt orientation (type I); proteins with a non-cleaved signal-

anchor that are oriented Ncyt/Cexo (type II); and proteins with a reverse signal-anchor, 

showing Nexo/Ccyt topology (type III). Examples are shown in Figure 11 (Higy et al., 

2004). 
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Figure 11: Signal sequences can be classified into three groups. (A) the signal peptide is cleaved and 
the protein is translocated into the lumen, as observed for secretory proteins. (B) Type I 
transmembrane protein with a cleaved signal and a stop transfer-signal that translocates the N-
terminus into the lumen. (C) Type II transmembrane protein, where the signal sequence is not cleaved 
and serves as a signal anchor. The C-terminus is translocated. (D) Type III (IIa) transmembrane 
sequences that contain an uncleaved reverse signal-anchor. The N-terminus is translocated. (E) (F) 
(G) Multispanning proteins insert their transmembrane domains in alternating orientations. Higy et al. 
(2004). 

 

It is known that the orientation of the first signal-anchor sequence in transmembrane 

proteins is dependent on the charges preceding and following it, resulting in the more 

positively charged region facing the cytosol. This phenomenon is referred to as the 

“positive-inside rule” and was first described in a statistical study of bacterial inner 

membrane proteins (von Heijne, 1986) and verified further in eukaryotes (Sipos and 

von Heijne, 1993). It is noteworthy that not positive charges alone mediate the 

orientation, but the charge differences between N- and C-terminal flanking regions 

have to be regarded (Hartmann et al., 1989). The major component of the translocon, 

Sec61p, was identified to contribute to the final topology with conserved charged 

residues, in accordance to the positive-inside rule (Goder et al., 2004). In bacteria, 
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the proton-motive force across the plasma membrane contributes to the preferred 

localization of positive charges on cytosol-facing parts (Cao et al., 1995).  

 

However, charged flanking regions alone are not the only factor determining the 

topology. The folding states of the regions that precede a signal may prevent N-

terminal translocation, if the structure leads to a steric hindrance that may overrule 

flanking charges (Denzer et al., 1995). Goder and Spiess (2003) confirmed that, 

while flanking charges are still a main factor determining the inversion rate of the N-

terminal signal anchor, its hydrophobicity and the overall translation time, coupled to 

the length of the following C-terminal domain, also influence the amount of inversion. 

This is reasoned to be the result of a stabilized initial head-on insertion of the 

membrane sequence at the lateral gate of the translocon, with increasing 

hydrophobicity making it less favorable to disrupt the interactions of lipid and signal 

and prohibiting a change of orientation. A further probing of the environment that 

signal-anchor sequences encounter during topogenesis was conducted with the 

introduction of bulky hydrophobic amino acids into an oligoleucine signal sequence 

(Higy et al., 2005). The symmetric placement of these residues at either terminal 

region of the signal favored N-terminal translocation, whereas placement in a position 

corresponding to the position of acyl side chains resulted in more Ncyt/Cexo 

orientation. According to the authors, this reflects the interaction of the signal 

sequence with the lipid environment and the symmetry of the lipid bilayer. Bulky 

residues are more easily accommodated in the central region of a membrane, where 

order and density is less strong than in the acyl side chain regions. When placed at 

the terminal regions of the signal, spacious amino acids interact with the interface 

between the apolar core and the head groups in a more favorable fashion, hence 

preventing inversion and subsequent C-terminal translocation. It was later shown that 

the signal sequence indeed interacts with the lipid environment through occupying 

the lateral gate, which is part of the translocon priming process (Voorhees and 

Hegde, 2016).  

 

With these experiments, Goder and Spiess (2003) showed that the cytosolic 

orientation of the positive N-terminal charges is established after a head-on insertion 

into the translocon and a following inversion of its orientation, opposing to different 



General Introduction  29 

models of topogenesis that proposed a) retention of the positive N-terminal charges 

at the cytosolic side of the translocon or b) initial C-terminal transfer of the signal and 

loop formation of the nascent chain in the translocon channel. Both notions were 

found to be incompatible with the observed correlation of signal inversion and protein 

length. This was later confirmed in vitro by Devaraneni et al. (2011). These findings 

argue against the hypothesis that the final topology is assumed early after insertion 

of the nascent chain into the translocon, but may instead slowly change from 

Nexo/Ccyt to Ncyt/Nexo during a fixed time window. 

 

1.1.5.2 Transmembrane Segments of Multispanning Proteins Show 
Cooperativity  

 

Multispanning membrane proteins add a layer of complexity when investigating 

topogenesis of transmembrane segments. In the simplest notion, the “linear insertion 

model”, each hydrophobic transmembrane domain is regarded sequentially as a 

start- and stop-transfer sequence, resulting in an alternating orientation that is 

defined by the integration of the first segment (Blobel, 1980; Sabatini et al., 1982; 

Wessels and Spiess, 1988). However, besides the aforementioned factors that 

contribute to the topogenesis of single-spanning proteins (i.e. flanking charges, 

length of N- and C-terminal domains, folding states of N-terminal regions, 

hydrophobicity of the signal-anchor sequence), the transmembrane domains of 

multispanning proteins display another extrinsic factor influencing their membrane 

integration: the presence of neighboring transmembrane helices.   

 

The observation that a moderately hydrophobic transmembrane sequence may 

depend on its predecessor for membrane integration gave rise to a second model of 

topogenesis. The “bundling model” pictures a transmembrane domain remaining in 

the vicinity of the translocon until the protein has fully been synthesized, allowing 

downstream transmembrane segments to interact with it (Borel and Simon, 1996). 

There is evidence that some transmembrane domains may depend on synergistic 

effects with other transmembrane domains to integrate (Enquist et al., 2009; Lin and 

Addison, 1995), even specifically over the interaction of charged residues inside the 

helices (Buck et al., 2007; Fagerberg et al., 2010). TRAM has also been suggested 
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as a possible interacting partner (Do et al., 1996). Earlier on, Ota et al. (1998) found 

that a strong orientational preference of a transmembrane helix can facilitate 

membrane insertion of a hydrophilic segment located upstream. Through the usage 

of model proteins based on bacterial leader peptidase with various lengths and 

transmembrane segments of different compositions, Heinrich and Rapoport (2003) 

investigated further and crosslinked nascent chains to the translocon, creating 

snapshots of possible transmembrane helix cooperation modes. Wild-type leader 

peptidase contains two transmembrane helices, of which the second one is less 

hydrophobic than the first, and its integration is dependent on the interaction and 

coiled-coil formation between both (Whitley et al., 1993). While keeping the first 

transmembrane segment unchanged, modifications of the second allowed for a 

characterization of these processes. This lead to a multistep model in which the first 

transmembrane domain partitions into the membrane with a Nlum orientation, but 

stays in proximity of the translocon up to a specific chain length. Meanwhile, the 

second transmembrane segment emerges from the ribosome and enters the channel 

head-on, inverses and interacts with the first transmembrane segment, until both 

diffuse into the lipid before the translation is terminated.   

 

As mentioned earlier, the topology of signal-anchor sequences is defined by flanking 

charges according to the positive-inside rule and hydrophobicity (Goder and Spiess, 

2003). Öjemalm et al. (2013) utilized these factors to modify the orientation of a 

transmembrane helix and assess its influence on a moderately hydrophobic segment 

upstream, using leader peptidase with its natural TM helix 1 and three artificial 

hydrophobic segments (H1, H2 and H3), of which the latter two were outfitted with 

varying hydrophobicity and flanking charges. While the orientation of the N-terminus 

is defined and luminal, H3 was forced into Nlum or Ncyt orientations, resulting in either 

Nlum/Ccyt or Nlum/Clum of the total protein. The first state reflects non-insertion of H2, 

the second state insertion, which was tracked by glycosylation patterns. The results 

proved that the orientation of H3 determined the threshold for integration of the mildly 

hydrophobic H2 located upstream via the aforementioned factors: hydrophobicity and 

flanking charges.   
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The “positive-inside” rule also applies for multispanning proteins in this context. The 

cytoplasmic loops between transmembrane segments are found to be enriched in 

residues displaying positive charges, but are not common in luminal regions (von 

Heijne, 1989). Positive charges can significantly increase membrane re-insertion of a 

mildly hydrophobic (potential) transmembrane segment when placed near its 

cytosolic end (Lerch-Bader et al., 2008). This extends to a situation where a single 

positive charge may influence overall protein topology even when placed at the very 

C-terminus, implying that the final topology is undecided until the whole protein has 

been synthesized (Seppälä et al., 2010). 

 

While transmembrane helices of single-spanning membrane proteins are strongly 

hydrophobic in order to deliver efficient membrane integration, this is not always the 

case for transmembrane domains of multispanning transmembrane proteins. With 

prediction tools that assess hydrophobicity alone, about 25% of the transmembrane 

helices of proteins with known structure are not prognosed to act as such, and even 

when flanking charges are taken into consideration, the prediction is still not 

completely accurate. Of 16 transmembrane helices that were selected (with a 

predicted ∆Gapp larger than 1.4 kcal/mol) and analyzed in more detail by Hedin et al. 

(2010), 11 of these “marginally hydrophobic transmembrane helices” were not able to 

be recognized as transmembrane helices when observed in an isolated context, but 

the number increased when the surrounding sequences were included into the 

experimental setup - that included both flanking charges as well as flanking 

transmembrane domains (Hessa et al., 2005; Hessa et al., 2007; Hedin et al., 2010). 

These findings regarding the topogenesis of multispanning transmembrane proteins 

suggest a level of plasticity that provides a challenge in the prediction of their 

topology. 
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1.1.5.3 Hydrophobicity Scales Characterize Contributions of Amino Acids to 
Membrane Insertion 

 

Each amino acid has unique features and chemical properties. In the context that is 

relevant for this work, the varying degrees of hydrophobicity are of further interest, 

especially when evaluating their ability to integrate into the ER membrane during 

translation. Membrane insertion can most easily be analyzed in a model protein 

containing a signal anchor and a variable stop-transfer sequence. This has been 

introduced by Hessa et al. (2005), subsequently utilized (Junne et al., 2006; Junne et 

al., 2010) and in this work. 

 

It is well known that the hydrophobicity of a protein segment is the main factor 

determining whether a stretch is inserted into the membrane, besides other factors 

also contributing to the integration process like the positive-inside rule (von Heijne, 

1986) or repositioning events of the transmembrane helix (Kauko et al., 2010). 

Therefore, the prediction of possible transmembrane sequences in a protein’s 

primary sequence is a field of ongoing interest, which requires a classification of 

amino acids regarding their contribution in free energy during membrane insertion. 

Depending on the experimental setup, many different hydrophobicity scales have 

been created, for example by observations from partitioning studies of varying 

conditions and complexity (e.g. Engelmann et al., 1986; Guy, 1985; Radzicka et al., 

1988; Wilce et al., 1995; Wimley and White, 1996), molecular dynamics simulations 

(MacCallum et al., 2008) or evaluations of literature data (Kyte and Doolittle, 1982).  

 

Through studies involving the Sec61 translocon, the contribution of single amino 

acids within a pre-defined, mildly hydrophobic protein subsequence (H segment) was 

analyzed, also in regard to the precise positioning within the H segment. This was 

unique in that it emerged from a biological system analyzing membrane insertion 

during translocation and thus gave rise to a “biological hydrophobicity scale” (Hessa 

et al., 2005; Hessa et al., 2007) (Figure 12). 

 

 

 



General Introduction  33 

Hessa et al. (2005) stated that direct interactions with the surrounding lipid bilayer of 

a nascent peptide sequence in the process of Sec61 mediated translocation is crucial 

for their potential membrane insertion. In their experimental setup, rough microsomes 

derived from dog pancreas were used to explore the integration efficiency of a model 

protein containing a stretch of 19 alanines as the H segment. The alanines were 

replaced with differing amino acids at varying positions.  

 

With an increasing amount of hydrophobic leucines that were placed in the middle of 

the H segment, it was found that the transition point towards a negative DGapp value 

was reached with three to four leucines introduced into the H segment, meaning that 

around 50% membrane insertion is observed. A linear correlation between the 

number of leucines and DGapp points to an additive effect of energies. Through 

symmetrical replacement of residues with the remaining amino acids, again in the 

middle of the H segment, a full DGapp scale was determined. 

 

	
Figure 12: Biological hydrophobicity scale. Experimentally derived apparent ∆G values are indicated 
for each amino acid. The scale is derived from H segments with the indicated amino acid placed in the 
middle of the 19-residue hydrophobic stretch and does not consider further positioning effects. Hessa 
et al., 2005. 

 

The authors compared their observed hydrophobicity scale with one derived through 

the partitioning of amino acids in a peptide context from water to octanol (Wimley et 

al., 1996) and found it to correlate “surprisingly well”, mentioning the more 

complicated conditions of a biological system. They deduced that this might hint 

began by testing H-segments of the design GGPG-(LnA192n)-GPGG
with n ¼ 0–7. Results obtained when 2–4 Leu residues are incor-
porated in various positions along the sequence are shown in Fig. 1c.
There is an overall linear relationship between n andDG app, a simple
outcome consistent with energy-additivity. Furthermore, the
probability of insertion, p, conforms to a Boltzmann distribution
(Fig. 1d). The Boltzmann distribution shows that translocon-
mediated insertion has the appearance of an equilibrium process,
supporting the equilibrium approximation behind the calculation
of DG app. Additionally, Fig. 1c shows that for a given n, there is a
variation in DG app of ^0.2–0.3 kcalmol21 around the mean when
the positions of the Leu residues are changed. Thus, total hydro-
phobicity is not the sole determinant of membrane insertion;
residue position also has an important influence.
Ignoring for the moment the positional variation, the data in

Fig. 1c can be fitted by the expression:

DGapp ¼20:66nþ 2:14¼ nDGLeu
app þ ð192 nÞDGAla

app þDGflank
app

¼ nðDGLeu
app 2DGAla

appÞþ 19DGAla
app þDGflank

app ð1Þ

where the last term accounts for the contribution to DG app from
the two tetrapeptides flanking the central 19-residue segment.
The average DDGAla!Leu

app for an Ala ! Leu replacement is thus
20.7 kcalmol21. On the assumption that DGflank

app ¼ 0 (see below),
we can further calculate individual DG app

aa values: DG app
Ala ¼ 0.1

kcalmol21 and DGapp
Leu ¼ 20.6 kcalmol21.

We next determined DG app
aa values for the remaining 18 naturally

occurring amino acids when placed in the middle of the 19-residue
stretch. The quantification is maximally sensitive for H-segments

Figure 2 Biological and biophysical DG aa scales. a, DG app
aa scale derived from

H-segments with the indicated amino acid placed in the middle of the 19-residue

hydrophobic stretch (see Supplementary Information S1 for details). The bar indicates the

standard deviation in the determination of DG app
Ile ; the standard deviation for all other

amino acids is similar. b, Correlation betweenDG app
aa values measured in vivo and in vitro.

See Supplementary Information S3 for details on the H-segments used. c, Correlation
between the DG app

aa scale and the Wimley–White water/octanol free energy scale14

(DG ww
aa ).

Figure 1 Integration of H-segments into the microsomal membrane. a, Wild-type Lep has
two N-terminal TM segments (TM1 and TM2) and a large luminal domain (P2).

H-segments were inserted between residues 226 and 253 in the P2-domain.

Glycosylation acceptor sites (G1 and G2) were placed in positions 96–98 and 258–260,

flanking the H-segment. For H-segments that integrate into the membrane, only the G1

site is glycosylated (left), whereas both the G1 and G2 sites are glycosylated for

H-segments that do not integrate in the membrane (right). b, Membrane integration of
H-segments with the Leu/Ala composition 2L/17A, 3L/16A and 4L/15A. Plasmids

encoding the Lep/H-segment constructs were transcribed and translated in vitro in the

presence (þ) and absence (2) of dog pancreas rough microsomes (RM). Bands of

unglycosylated protein are indicated by a white dot; singly and doubly glycosylated

proteins are indicated by one and two black dots, respectively. c, DG app values for

H-segments with 2–4 Leu residues. The average standard deviation in the individual

DG app determinations is shown in the boxed insert. Individual points for a given n show

DG app values obtained when the position of Leu is changed. d, Mean probability of
insertion (p) for H-segments with n ¼ 0–7 Leu residues. The curve shown represents the

best-fit Boltzmann distribution. For n ¼ 2–4, mean values and standard deviations were

calculated by averaging the data in c. For n ¼ 0, 1, 5–7, only single H-segments with the

following compositions were used (flanked by GGPG…GPGG in all cases): (A)19, (A)9L(A)9,

(A)4LALAALAALAL(A)4, (A)4(LA)5L(A)4, ALAALALAALAALALAALA.

articles

NATURE | VOL 433 | 27 JANUARY 2005 | www.nature.com/nature378
© 2005 Nature Publishing Group 
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towards a direct interaction of the potential transmembrane segment and the lipid 

surroundings. It is noted, however, that this scale is only valid for residues that are 

placed in the center of the H segment, since a positioning apart from the center, but 

still in a symmetrical manner, yielded a position dependence with higher integration 

probability observed, the more centered the tested pairs of Leu/Ser and Asn/Lys 

residues were placed (Hessa et al., 2007). Even more, when the two polar residues 

were placed in a distance of six residues apart from to each other, ∆Gapp values were 

increased. This was explained by the formation of an a-helix inside the translocon 

pore and its orientation allowing the polar residues to make contact to the less 

hydrophobic translocon pore, with the hydrophobic parts of the helix exposed to the 

surrounding lipids. Most transmembrane segments of proteins are characterized by a 

helical conformation (Oberai et al., 2006) and the H segment with its 19 residues 

(excluding insulating sequences) concurs with the observation that most membrane-

spanning proteins are composed of 18 to 24 residues, forming an a-helix (Eisenberg 

et al., 1984). The presence of a helical conformation during translocation was further 

supported through the usage of prolines that, when introduced in the center of the H 

segment, but not at the termini, lead to decreased membrane integration. Proline is 

known as a “helix breaker” (MacArthur & Thornton, 1991), but may be 

accommodated near terminal regions (Yohannan et al., 2004).  

 

While this biological hydrophobicity scale correlates well with other known 

hydrophobicity scales, it displays compressed values for the apparent insertion free 

energy ∆Gapp. It has been discussed whether this observation reflects the fact that 

membrane insertion does not occur from water to membrane, but from an 

environment less polar than pure water (i.e. the translocon pore) to a surrounding 

that is less hydrophobic than pure hydrocarbon components of a membrane (i.e. the 

protein-lipid-interface of the translocon) (Hou et al., 2013; Junne et al., 2010; 

MacCallum & Tieleman, 2011). 
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1.1.5.4 The Translocon Contributes to the Integration Threshold 
 

During co-translational translocation, nascent chains may be inserted into the 

membrane. This occurs via a lateral exit site that is formed by segments of TM2 and 

TM3 as well as TM7 and TM8, with the nascent chain’s hydrophobicity as the driving 

force of displacement into the membrane. It is assumed that the helical gate structure 

may be easily opened, as structural analyses in Pyrococcus furiosus have shown a 

partial unfastening (Egea and Strout, 2010) and a “pre-opened” state of SecYE in 

Thermus thermophilus (Tsukazaki et al., 2008). With recent advancements in cryo-

electron microscopy, a nascent chain positioned in between the helical units of the 

lateral gate could be visualized (Gogala et al., 2014), along with the characterization 

of Sec61 engaged with a nascent chain’s signal sequence (Voorhees and Hegde, 

2016 I).  

 

The ten transmembrane helices comprise a hydrophilic channel through the 

surrounding membrane (Simon and Blobel, 1991) and contain a constriction that 

gives the channel an overall hourglass-like shape. This hydrophobic ring is formed by 

apolar side chains of six amino acid residues placed in TM helices 2, 5, 7 and 10, 

with solely isoleucines as side chains in E. coli but differing ones in other species 

(V82, I86, I181, T185, M294, M450 in yeast; same residues, but different positions in 

H. sapiens). The nascent peptide was shown to pass through this apolar narrowing in 

the center of the pore (Bol et al., 2007; Cannon et al., 2005) and its role in membrane 

integration was thoroughly characterized via the mutagenesis of ring residues (Junne 

et al., 2010) (Figure 13). It was surprising to observe that S. cerevisiae tolerated 

mutations of the constriction ring residues to alanines, serines, glycines and even the 

introduction of charged side chains with lysines and aspartates. With the deployment 

of mildly hydrophobic 19-alanine segments in the exoplasmic domain of dipeptidyl 

aminopeptidase B (DPAPB) as a model protein and the gradual exchange of the 

alanines with more hydrophobic leucines, as introduced by Hessa et al. (2005), the 

threshold for 50% membrane integration was observed at three to four leucines in the 

environment of the wild-type constriction ring, but was drastically reduced with its 

residues mutated to hydrophilic ones. This phenomenon can be explained by 

regarding the process of membrane integration not as a partitioning process between 
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bulk water and lipid surroundings, with the pore acting as a catalyst, but instead 

between pore and lipid with the pore as one characterizing environmental factor. 

Thermodynamic equilibration between these two compartments can account for a 

decreased integration threshold as a mutated, more hydrophilic pore may no longer 

accommodate a hydrophobic peptide segment in a manner that minimizes free 

energy, as opposed to its membrane integration.  

 

	
Figure 13: Membrane integration is altered in mutations of the Sec61 constriction ring. Into a segment 
of 19 alanines (H segment), one to six leucines were introduced that made the H segment more 
hydrophobic, or one to three serines that resulted in a more hydrophilic H segment. Substitution of the 
ring residues results in a lower (6 serines, 6 glycines) or a higher (6 tryptophanes, 6 alanines) 
integration threshold compared to the wild-type. (A-C) Integration values (y-axis) for an increasing 
number of leucines or serines in the H segment with an increasing number of leucines (x-axis). Junne 
et al. (2010). 
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Another physiological function of the constriction ring is the formation of a permeation 

barrier both in the idle state and during translocation with strong selectivity for 

protons (Dalal and Doung, 2009). This is further safeguarded by the plug domain, a 

hydrophobic helix located in the luminal cavity, that is stabilizing the closed state of 

the translocon. Both the plug and the constriction ring contribute to the permeation 

seal of the idle translocon, while during the active state the constriction ring forms a 

gasket-like structure around the nascent chain to hinder ion leakage. Translocation 

requires the plug domain to be shifted to allow the accommodation of the nascent 

chain, although less drastically than assumed (Gogala et al., 2014; Saparov et al., 

2007; Park and Rapoport, 2011).  

 

It has been shown, however, that many ring mutations were still viable (Junne et al., 

2010). Furthermore, the plug domain is not essential for S. cerevisiae, as a deletion 

or mutations did not show effects towards viability or growth, but only mildly affected 

signal orientation or protein translocation. A plug deletion mutant appears to be able 

to assemble into stable and functional translocon complexes that are not degraded 

significantly faster than the wild-type, but show reduced steady-state levels, probably 

due to impaired folding or inefficient competition for the translocon subunits Sbh1p 

and Sss1p against the wild-type (Junne et al., 2006). In the absence of the plug 

domain, the translocon even appears to compensate for the deletion by rearranging 

itself to form a new plug, but since this makeshift solution cannot form interactions in 

the same manner as the wild-type plug, the closed state is no longer stabilized 

(Saparov et al., 2007) and signal orientation (Junne et al., 2006) as well as selection 

specificity for signal sequences in general is impaired (Maillard et al., 2007; Li et al., 

2007).  
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1.2 Aim of Part I 
 

The insertion of transmembrane segments cannot be described as partitioning from 

bulk water into bulk lipid, as the environment defined by the Sec61 pore influences 

membrane insertion. The apolar constriction ring has been recognized to define the 

hydrophobicity threshold in this context. Ring mutations consisting of less 

hydrophobic residues decreased the necessary hydrophobicity of a model protein for 

membrane integration (Junne et al., 2010). Altered conditions inside the pore 

therefore reflect the involvement of the translocon as a defining factor during 

thermodynamic equilibration.  

 

In this work, we wish to further characterize the milieu inside the pore that defines 

one part of the thermodynamic equilibration process between pore and lipid. By this, 

we aim to enlarge our understanding of the mechanism for membrane integration.    
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The Sec61 translocon forms a pore to translocate polypeptide
sequences across the membrane and offers a lateral gate for
membrane integration of hydrophobic (H) segments. A central
constriction of six apolar residues has been shown to form a seal,
but also to determine the hydrophobicity threshold for mem-
brane integration: Mutation of these residues in yeast Sec61p to
glycines, serines, aspartates, or lysines lowered the hydrophobic-
ity required for integration; mutation to alanines increased it.
Whereas four leucines distributed in an oligo-alanine H segment
were sufficient for 50% integration, we now find four leucines in
the N-terminal half of the H segment to produce significantly more
integration than in the C-terminal half, suggesting functional
asymmetry within the translocon. Scanning a cluster of three
leucines through an oligo-alanine H segment showed high in-
tegration levels, except around the position matching that of the
hydrophobic constriction in the pore where integration was strongly
reduced. Both asymmetry and the position effect of H-segment
integration disappeared upon mutation of the constriction residues
to glycines or serines, demonstrating that hydrophobicity at this
position within the translocon is responsible for the phenomenon.
Asymmetry was largely retained, however, when constriction resi-
dues were replaced by alanines. These results reflect on the in-
tegration mechanism of transmembrane domains and show that
membrane insertion of H segments strongly depends not only on
their intrinsic hydrophobicity but also on the local conditions in the
translocon interior. Thus, the contribution of hydrophobic residues
in the H segment is not simply additive and displays cooperativeness
depending on their relative position.

protein translocation | transmembrane helix

The conserved Sec61/SecY translocon provides a passage for
hydrophilic polypeptide sequences across the membrane of

the endoplasmic reticulum (ER) or the bacterial plasma mem-
brane (1). It consists of Sec61α (Sec61p in yeast) with 10 trans-
membrane domains and the single spanning proteins Sec61β
(Sbh1p) and Sec61γ (Sss1p), corresponding in bacteria to SecY/
SecG/SecE. The translocon forms a compact helix bundle that
can open a pore across the membrane with a lateral gate toward
the lipid membrane. In the idle state, the central pore is closed
by a constriction of six, almost invariably hydrophobic side chains
and a luminal plug helix. The plug closes and stabilizes the in-
active translocon and is displaced by translocating peptides, while
the constriction residues form a gasket around them, keeping the
translocon sealed to ions and small molecules (2–4).
The lateral gate allows transmembrane helices (TMs) to insert

into the lipid phase. Systematic quantitative analyses of mem-
brane integration of mildly hydrophobic sequences (H segments)
defined the contribution of each amino acid to the probability of
insertion into or transfer across the bilayer (5–9). These studies
yielded “biological hydrophobicity scales,” similar to scales de-
termined by physical partitioning, suggesting that membrane
insertion may be a purely thermodynamic equilibration process.
Particularly, it was observed that the contribution of residues is
largely additive, with some position effect for certain residues
(e.g., polar residues are less harmful, and tryptophan and tyro-
sine are more favorable at the ends of a TM than in its center;
ref. 6). However, the apparent insertion-free-energy (ΔGapp) scale
was found to be compressed in comparison with the biophysical

scales (10, 11), which rules out equilibration between free solu-
tion and the membrane catalyzed by the translocon. The choice
is rather between the narrow translocation pore, where con-
ditions differ from free solution, and the membrane environment
close to the translocon, which may not be equivalent to bulk lipid
(12–14). The most prominent feature within the pore is the
constriction ring of apolar residues. Mutation of the constriction
residues V82, I86, I181, T185, M294, and M450 in yeast Sec61p
to more polar residues such as serines or glycines—or even
aspartates or lysines—affected the integration process by low-
ering the threshold for membrane integration from four leucines
in a 19-residue oligo-alanine H segment to two leucines or even
fewer (15). Equilibration between the pore environment and
the membrane can qualitatively account for these observations.
Surprisingly, mutation to alanines increased the threshold to
five leucines.
However, the overall process of translocation/insertion is

a nonequilibrium process, because the substrate polypeptides
are actively moved into the translocon and, unless anchored in
the bilayer, pulled into the lumen by chaperone ratcheting in
eukaryotes or pushed through by SecA in bacteria. In addition,
the ribosome was implicated in influencing the translocon with
respect to TM integration and pore sealing (e.g., refs. 16–18).
Molecular dynamics (MD) analysis suggested that modulation of
the channel’s gating kinetics is controlled by the TM’s hydro-
phobicity (19–21). Other computational studies support the no-
tion that insertion kinetics underlie the experimentally observed
thermodynamic partitioning (11) or even attempted to estimate
the relevant energy states and barriers (22). The contribution
of thermodynamics and kinetics and the detailed role of the
translocon in the exit mechanism are not fully understood yet.
In the present study, we used model H segments of identical

net composition, but with asymmetric distribution of hydrophobic
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1.3 Summary 
 

The Sec61 translocon forms a pore to translocate polypeptide sequences across the 

membrane and offers a lateral gate for membrane integration of hydrophobic (H) 

segments. A central constriction of six apolar residues has been shown to form a 

seal, but also to determine the hydrophobicity threshold for membrane integration: 

Mutation of these residues in yeast Sec61p to glycines, serines, aspartates, or 

lysines lowered the hydrophobicity required for integration; mutation to alanines 

increased it. Whereas four leucines distributed in an oligo-alanine H segment were 

sufficient for 50% integration, we now find four leucines in the N-terminal half of the H 

segment to produce significantly more integration than in the C-terminal half, 

suggesting functional asymmetry within the translocon. Scanning a cluster of three 

leucines through an oligo-alanine H segment showed high integration levels, except 

around the position matching that of the hydrophobic constriction in the pore where 

integration was strongly reduced. Both asymmetry and the position effect of H 

segment integration disappeared upon mutation of the constriction residues to 

glycines or serines, demonstrating that hydrophobicity at this position within the 

translocon is responsible for the phenomenon. Asymmetry was largely retained, 

however, when constriction residues were replaced by alanines. These results reflect 

on the integration mechanism of transmembrane domains and show that membrane 

insertion of H segments strongly depends not only on their intrinsic hydrophobicity 

but also on the local conditions in the translocon interior. Thus, the contribution of 

hydrophobic residues in the H segment is not simply additive and displays 

cooperativeness depending on their relative position. 

 

1.4 Introduction 
 

The conserved Sec61/SecY translocon provides a passage for hydrophilic 

polypeptide sequences across the membrane of the endoplasmic reticulum (ER) or 

the bacterial plasma membrane (Park and Rapoport, 2012). It consists of Sec61α 

(Sec61p in yeast) with 10 transmembrane domains and the single spanning proteins 

Sec61β (Sbh1p) and Sec61γ (Sss1p), corresponding in bacteria to 

SecY/SecG/SecE. The translocon forms a compact helix bundle that can open a pore 
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across the membrane with a lateral gate toward the lipid membrane. In the idle state, 

the central pore is closed by a constriction of six, almost invariably hydrophobic side 

chains and a luminal plug helix. The plug closes and stabilizes the inactive translocon 

and is displaced by translocating peptides, while the constriction residues form a 

gasket around them, keeping the translocon sealed to ions and small molecules 
(Junne et al., 2006; Maillard et al., 2007; Park and Rapoport, 2011). 

The lateral gate allows transmembrane helices (TMs) to insert into the lipid phase. 

Systematic quantitative analyses of membrane integration of mildly hydrophobic 

sequences (H segments) defined the contribution of each amino acid to the 

probability of insertion into or transfer across the bilayer (Hessa et al., 2005; Hessa et 

al., 2007; Hessa et al., 2009; Lundin et al., 2008; Xie et al., 2007). These studies 

yielded “biological hydrophobicity scales,” similar to scales determined by physical 

partitioning, suggesting that membrane insertion may be a purely thermodynamic 

equilibration process. Particularly, it was observed that the contribution of residues is 

largely additive, with some position effect for certain residues (e.g., polar residues 

are less harmful, and tryptophan and tyrosine are more favorable at the ends of a TM 

than in its center; Hessa et al., 2007). However, the apparent insertion-free-energy 

(ΔGapp) scale was found to be compressed in comparison with the biophysical scales 

(MacCallum and Tieleman, 2011; Gumbart et al., 2013), which rules out equilibration 

between free solution and the membrane catalyzed by the translocon. The choice is 

rather between the narrow translocation pore, where conditions differ from free 

solution, and the membrane environment close to the translocon, which may not be 

equivalent to bulk lipid (Hou et al., 2012; McCormick et al., 2003; Sadlish et al., 

2005). The most prominent feature within the pore is the constriction ring of apolar 

residues. Mutation of the constriction residues V82, I86, I181, T185, M294, and M450 

in yeast Sec61p to more polar residues such as serines or glycines - or even 

aspartates or lysines - affected the integration process by lowering the threshold for 

membrane integration from four leucines in a 19-residue oligo-alanine H segment to 

two leucines or even fewer (Junne et al., 2010). Equilibration between the pore 

environment and the membrane can qualitatively account for these observations. 
Surprisingly, mutation to alanines increased the threshold to five leucines. 
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However, the overall process of translocation/insertion is a nonequilibrium process, 

because the substrate polypeptides are actively moved into the translocon and, 

unless anchored in the bilayer, pulled into the lumen by chaperone ratcheting in 

eukaryotes or pushed through by SecA in bacteria. In addition, the ribosome was 

implicated in influencing the translocon with respect to TM integration and pore 

sealing (Lin et al., 2011 I; Lin et al., 2011 II; Pitonzo et al., 2009). Molecular dynamics 

(MD) analysis suggested that modulation of the channel's gating kinetics is controlled 

by the TM's hydrophobicity (Zhang and Miller, 2010; Zhang and Miller, 2012 I; Zhang 

and Miller, 2012 II). Other computational studies support the notion that insertion 

kinetics underlie the experimentally observed thermodynamic partitioning (Gumbart 

et al., 2013) or even attempted to estimate the relevant energy states and barriers 

(Rychokva and Warshel, 2013). The contribution of thermodynamics and kinetics and 
the detailed role of the translocon in the exit mechanism are not fully understood yet. 

In the present study, we used model H segments of identical net composition, but 

with asymmetric distribution of hydrophobic residues, to analyze the insertion 

process by the yeast Sec61 translocon in vivo. Integration efficiency of these 

substrates may report on the conditions inside the translocation pore, particularly if 

insertion is dominated by thermodynamic effects. Indeed, we observed functional 

asymmetry within the translocon that is mainly mediated by the hydrophobic 

constriction ring, as could be demonstrated by mutation of the translocon's 

constriction residues. As a result, the contribution of hydrophobic residues in the H 

segment is not simply additive, but depends on their position and the internal 
structure of the translocation pore. 
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1.5 Results 
 

1.5.1 Integration Efficiency Depends on the Distribution of Leucines in the H 
Segment 

 

To explore the interior of the Sec61p translocon in yeast, we tested the integration 

efficiency of a variety of moderately hydrophobic H segments as introduced by Hessa 

et al. (2005; 2007). They were inserted into the exoplasmic domain of dipeptidyl 

aminopeptidase B (DPAPB), a type II single-spanning membrane protein with an 

uncleaved signal–anchor for cotranslational ER targeting and translocation of its 

downstream sequence. An H segment in DPAPB-H (as illustrated in Figure 14A) 

thus acts as a potential stop–transfer sequence. Integration of the H segment into the 

membrane results in modification of the four glycosylation sites in the translocated 

loop between the two TMs, whereas translocation into the lumen allows glycosylation 

of all seven sites. The H segments consist of a 19-residue oligo-alanine host 

sequence flanked by GGPG/GPGG hydrophilic helix-breaking insulators. To increase 

hydrophobicity, various residues were replaced by leucines, in a first series by 

introducing up to six leucines distributed throughout the H segment (Figure 14B). 

The fraction of translocated (T) and integrated (I) H segments was determined after 

pulse labeling, immunoprecipitation, gel electrophoresis, and autoradiography from 

the intensities of the fully and partially glycosylated forms (Figure 14 C and D). 

Slightly fewer than four leucines were required in this series to cause 50% 
integration. 
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Figure 14: Membrane insertion assay. (A) Schematic presentation of the reporter construct DPAPB-H, 
composed of a signal-anchor sequence and containing an H segment of 19 alanines, of which an 
increasing number were replaced by leucines (as developed by Hessa et al., 2005). Glycosylations 
are indicated by Y, unused glycosylation sites by a cross. (B) H segment sequences with zero to six 
leucines distributed through the oligo-alanine host peptide. (C) Wild-type yeast cells expressing the 
indicated DPAPB-H constructs were pulse labeled with [35S]-methionine for 5 min, and products were 
immunoprecipitated, separated by gel electrophoresis, and visualized by autoradiography. 
Translocated (T), integrated (I), and unglycosylated (U) forms could be distinguished. Glycosylation of 
the integrated form is somewhat incomplete, resulting in threefold or fourfold glycosylation. As 
controls, L0 and L6 products were also deglycosylated by endoglycosidase H digestion (EH). (D) 
Quantitation of the experiment shown in (C). 
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Surprisingly, when four leucines were placed asymmetrically into the H segment 

(Figure 15, wild-type translocon; wt), they caused significantly more membrane 

integration in the N-terminal half (L4N) than in the C-terminal half (L4C) or when 

distributed over the entire length (L4). Interestingly, threefold glycosylation was 

reduced for the H segment with the four leucines in the C-terminal half, suggesting a 

somewhat different position in the translocon or lipid bilayer and thus improved 

accessibility of the forth glycosylation site to oligosaccharyl transferase. 

 

	
Figure 15: Asymmetric effects of leucines on membrane integration. (A) H segments containing four 
leucines positioned in the N- or C-terminal half in comparison with the original L4 construct. (B) and 
(C): DPAPB-H with these three H segments were expressed in cells with wild-type (wt) Sec61p or 
mutant translocons in which the six constriction residues were replaced by serines (6S), glycines (6G), 
or alanines (6A) and analyzed as in Figure 14. The average and SD of three independent experiments 
are shown. 

 
To explore this asymmetric effect of hydrophobicity on membrane integration with 

higher resolution, a cluster of four consecutive leucines was placed at five different 

positions throughout the H segment (Figure 16A). Unexpectedly, the clustered 

leucines produced nearly complete integration at almost every position (Figure 16B 

and C). Integration was always higher than with four distributed leucines, suggesting 

that clustering of the hydrophobic residues within the H segment gives rise to an 

apparent cooperativeness that further promotes membrane insertion. 
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Figure 16: Scanning clustered leucines through the H segment. (A) H segments with four, three, or 
two consecutive leucine residues positioned throughout the sequence. The end number indicates the 
position of the second, central, or first L in the cluster, respectively. (B) and (C) DPAPB-H with these H 
segments were expressed in cells with wild-type Sec61p and analyzed as in Figure 14. Average and 
SD of at least four independent experiments are shown. The horizontal lines indicate the integration 
levels of distributed leucines as in Figure 14B. 
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1.5.2 Hydrophobicity at the Apolar Constriction in Sec61p Lowers Membrane 
Integration 

 

To bring insertion back into the diagnostic range, clusters of only three and two 

leucines were scanned through the H segment (Figure 16). Double leucines were 

insufficient to mediate significant membrane insertion at any position. However, 

whereas three distributed leucines resulted in ∼25% integration, three clustered 

leucines again integrated more efficiently everywhere (∼40–90%) and with a 

pronounced asymmetry. Almost complete integration was obtained by triple leucines 

in the N-terminal half of the H segment or in the center, whereas only ∼40% was 

observed for triple leucines centered at positions 13-16 in the C-terminal half. This 

location is exactly the position of the constriction ring in the translocon, as illustrated 

in Figure 17. The translocon is embedded in the lipid bilayer, protruding into the 

cytosol with its ribosome-binding loops. The N-terminal amphipathic helix of the γ 

subunit Sss1p lies flat on the cytoplasmic surface. The hydrophobic constriction is 

situated at the level of the cytoplasmic lipid monolayer. The pore environment may 

be more favorable for H segments with leucines that can interact with the apolar 

constriction residues than with leucines more N-terminal in the H segment at the level 

of the plug cavity or at the very C terminus above the ring. 

 

	
Figure 17: Minimal membrane integration of three-leucine cluster coincides with the position of the 
hydrophobic constriction ring in the cytoplasmic half of the membrane. The molecular system shows 
Methanococcus jannaschii SecYEβ (blue) in a dimyristoylphosphatidylcholine lipid bilayer, with the 
phosphorus atom of each lipid rendered as a red sphere. The cytoplasm is shown above and the ER 
lumen below the membrane. The lateral gate of the translocon is open and facing the viewer. The 
hydrophobic residues forming the constriction ring are in green. The graph presents density profiles 
(arbitrary units) extracted from an MD simulation: protein is in blue, ring amino acids are in green, and 
lipid headgroup phosphates are in red. The integration efficiency of the Leu3 scan of Figure 16C is 
also shown. 
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To test whether the hydrophobic constriction is responsible for the observed 

asymmetry and position dependence of leucine residues, the various constructs were 

expressed in yeast cells with mutant Sec61p translocons. Asymmetry of insertion of 

L4N vs. L4C was lost with mutant translocons in which the six ring residues were 

mutated to serines (6S) or glycines (6G), but was retained in the alanine mutant (6A; 

Figure 15). 6S and 6G showed generally increased and 6A reduced integration 

levels compared with wild-type, consistent with the reduced and increased 

hydrophobicity threshold of the respective mutants (Junne et al., 2010). Scanning a 

triple-leucine cluster through the H segment revealed that the position effect was 

largely lost in translocons with 6S or 6G mutations (Figure 18A). This result confirms 

that the constriction ring is responsible for the position effects observed with the wild-

type translocon. Disruption of the minor, nonessential Sec61 homolog Ssh1p did not 

significantly affect the insertion pattern of the triple-leucine H segments with wild-type 

and 6S Sec61p, confirming that the results reflect the properties of the Sec61 

translocon. 
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Figure 18: Mutation of the ring residues to serines or glycines, but not to alanines, eliminates the 
position effect of leucine clusters. (A) DPAPB-H with triple-leucine H segments were expressed in 
cells with Sec61p translocons in which the six constriction residues were replaced by serines (6S) or 
glycines (6G) and analyzed as in Figure 14. (B) DPAPB-H with H segments containing clusters of 
three (L3; B, Upper) or four leucines (L4; B, Lower) were expressed in cells with mutant Sec61p in 
which constriction residues were replaced by alanines. Residues M294 [1A (294)], M450 [1A (450)], 
the other four residues V82, I86, I181, and T185 (4A), or all six (6A) were mutated. Average and SD of 
at least three independent experiments are shown. The horizontal lines indicate the integration levels 
of distributed leucines (as in Figure 14B). 
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1.5.3 The 6A Translocon Mutant Retains Asymmetry of Integration 
 

In agreement with its increased hydrophobicity threshold, the 6A mutant translocon 

produced very low integration levels for the triple-leucine H segments - too low to 

reveal any asymmetry (Figure 18B, Upper). For this reason, the constructs with four 

clustered leucines were analyzed (Figure 18B, Lower). Four-leucine clusters in the 

N-terminal half of the H segments or at the center produced ∼60-70% integration - 

much more than four distributed leucines did - whereas in the C-terminal half they led 

to very low integration. It thus appears that leucine clusters in the 6A translocon pore 

are similarly favorable on the cytoplasmic side and unfavorable on the luminal side, 

as in the wild-type channel. This asymmetry was not abolished upon elimination of 

Ssh1p. 

 

We also analyzed the behavior of construction intermediates in which only one 

residue of the constriction ring (M294 or M450) or four residues (V82, I86, I181, and 

T185) were exchanged for alanines. These partial mutants showed an intermediate 

level of integration for tri- and tetra-leucine clusters, generally consistent with the 

transition to an increased hydrophobicity threshold. The effects of the single mutants 

were similar in extent to those of the four-residue mutant, indicating that not all 

constriction residues contribute equally. 

 

1.5.4 Hydration Profile of Wild-type and Mutant Translocons 
 

The reduction in membrane integration of triple-leucine clusters located around 

position 14 in the H segment is likely to arise because the environment at the 

constriction is more hydrophobic than elsewhere in the translocation pore. Peptides 

with leucines at the level of the pore ring would be energetically more favorable and 

thus more stable in the pore and result in reduced membrane integration than with 

leucines at other positions, where the channel is potentially more polar and more 

hydrated. 
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To characterize the hydration profile of the translocon pore, we performed MD 

simulations of wild-type and mutant translocons [based on the M. jannaschii SecYEβ 

structure] embedded in a lipid bilayer and containing an H segment (L3-14). The 

water densities in the respective pores are illustrated in Figure 19. In all cases, the 

water molecules form an hourglass shape and the peptide finds an equilibrium 

position at the interface between the water in the pore and the membrane lipid. The 

water density is interrupted at the level of the pore ring in the wild-type translocon 

and is minimal in the 6A mutant compared with the 6S and 6G mutants. The extent of 

hydration thus mirrors the observed asymmetry of insertion in the wild-type and 6A 

mutant translocon. 

 

	
Figure 19: Hydration inside wild-type and mutant translocons. The averaged water density as 
observed in MD simulations was iso-contoured at 0.016 molecule per Å3 (i.e., half of bulk density) for 
the SecYEβ translocon and the 6S, 6G, and 6A ring mutants containing the L3-14 H segment. 
Translocon polypeptides are shown in yellow and the H segments in orange. (Top and Middle) Front 
view facing the lateral gate. (Bottom) Side view with the lateral gate facing to the right. The constriction 
residues reside at the level of the upper, cytoplasmic half of the membrane. 
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1.6 Discussion 
 

Thermodynamic equilibration of a translocating peptide segment between the 

translocon and the lipid membrane is an attractive mechanism of membrane 

integration of TMs. In its simplest form, the polypeptide passes through the pore as it 

is synthesized by the ribosome and, when in register with the lipid bilayer, is free to 

exit the pore and to return, thus sampling the environments inside and outside the 

translocon. This process is stopped when the peptide has moved out of register. If 

the transport rate is limited by the rate of translation, which is in the range of 3-10 

residues per second in yeast (Siwiak and Zielenkiewicz, 2010), equilibration would 

occur in a time window in the order of ∼1 s. 

 

Because the lipid phase can be considered symmetrical, any asymmetry of 

integration found for H segments of identical composition, but unequal distribution of 

residues, reflects an asymmetry within the translocon. If the most hydrophobic 

residues of an H segment match the most apolar environment within the translocon, 

one would predict reduced membrane integration, whereas in the opposite case, 

increased stop-transfer activity would be expected. Such uneven insertion behavior 

was observed for H segments with leucine clusters placed throughout an oligo-

alanine host sequence. Asymmetric efficiency of membrane insertion was found with 

a minimum for leucine triplets in the cytoplasmic half centered at position 14. This 

location corresponds to the apolar region at the level of the constriction ring, which 

forms a gasket around the translocating peptide. The translocon with a height of 

∼65Å is asymmetrically embedded in the membrane extending ∼25Å into the 

cytoplasm. The central constriction ring is situated at the level of the cytoplasmic half 

of the lipid bilayer (as illustrated in Figure 17), with the plug cavity matching up with 

the luminal half. The observed insertion pattern thus highlights that the environment 

within the translocation pore is not homogeneously aqueous, but structured, and that 

hydration is limited by the spatial confinement of the passage. 

 

Mutation of the apolar ring residues to serines - which provide hydrogen-bond 

partners - or to glycines - which provide space and access to the polar peptide 

backbone to water molecules -eliminates the hydrophobic belt in the pore and is 
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reflected in a loss of integration asymmetry. In contrast, mutation to alanines retained 

asymmetry, suggesting lower polarity in the cytoplasmic half of that portion of the 

translocon that is embedded in the lipid bilayer. This finding is qualitatively supported 

by the MD simulations that show low hydration of a model H segment in this portion 

of the 6A mutant translocon. 

 

Previous MD simulations (Zhang and Miller, 2010) and cryo-electron microscopy 

structures (Frauenfeld et al., 2011; Hizlan et al., 2012) suggested that the plug might 

not completely leave its cavity in the translocon, but only move sideways to 

accommodate the translocating peptide. Indeed, immobilization of the plug inside 

bacterial SecYEG did not impair functionality of the translocon (Lycklama et al., 

2011). Fluorescence lifetime analysis of N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-

nitrobenz-2-oxa-1,3-diazole (NBD)-modified plugs showed an increase in solvent 

exposure with a translocation intermediate, but clearly less than expected for full 

solvent exposure (Lycklama et al., 2011). With the plug domain largely remaining in 

the channel, the water content in the luminal cavity and the polarity difference to the 

cytoplasmic half of the pore is thus most likely less pronounced than suggested in 

Figure 19 in the absence of the plug. By its surface properties and narrowness, the 

translocon also facilitates the folding of the H segment into an α-helical state 

matching the dimensions of the hydrophobic lipid core, as suggested by simulations 

(Gumbart et al., 2011). 

 

Insertion of the polypeptide into the pore already causes partial opening of the gate 

and allows H segments to contact lipids, as is apparent from the structure of 

Pyrococcus furiosus SecYEβ (where the C-terminal helix of one SecY in the crystal is 

partially inserted in the other; Egea and Strout, 2010) and from MD simulations 

(Gumbart et al., 2013; Zhang et al., 2010; Zhang and Miller, 2012). It is thus likely 

that the H segment orients itself in the pore and the gate to maximize contact of 

hydrophobic residues with the lipid. This behavior might in part explain why three or 

four consecutive leucines generally yield more membrane integration in the wild-type 

translocon than dispersed ones, because more leucines will have to face the interior 

of the pore. It has previously been observed that the helical hydrophobic moment of 

leucine-containing oligo-alanine H segments correlates with varying integration 
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efficiency (Hessa et al., 2005). Furthermore, dispersed leucines may be more easily 

accommodated within an oligo-alanine sequence than clustered ones, which are 

sterically unfavorable within a narrow pore. 

 

Surprisingly, Hessa et al. (2007) only observed minimal position effects for similar 

triple-leucine clusters in the mammalian in vitro system. Whether this discrepancy is 

due to the reduced translation rates or BiP binding efficiencies in the in vitro system 

or to other differences to the yeast situation remains to be analyzed. 

 

In the yeast system, we find that the contribution of amino acids to membrane 

integration is not strictly additive. This finding does not detract from the generality 

and the predictive power of the von Heijne rules and does not argue against the 

influence of the ribosome on translocon function (Lin et al., 2011), but highlights how 

the detailed environment within the translocon channel affects the thermodynamics of 

the integration process, causing striking asymmetry of membrane insertion for the 

leucine/alanine model sequences. 

 

1.7 Materials and Methods 
 

Yeast Strains 
 
Yeast strains expressing wild-type and mutant Sec61p with and without SSH1 were 

described in Junne et al. (15). They are based on RSY1293 (matα, ura3-1, leu2-3,-

112, his3-11,15, trp1-1, ade2-1, can1-100, sec61::HIS3, [pDQ1]) (Pilon et al., 1997), 

in which pDQ1 [i.e., YCplac111 (LEU2 CEN) containing SEC61 with codons 2–6 

replaced by codons for H6RS and with its own promoter] was exchanged for 

YCPlac33 (URA3 CEN) with the same SEC61 gene. Mutant sec61 in YCplac111 

(LEU2 CEN) was introduced by plasmid shuffling using 5-fluoro-orotic acid. 
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Model Proteins 
 
To analyze membrane integration, potential transmembrane segments were inserted 

into the translocated domain of DPAPB replacing codons 170–378 by PCR 

mutagenesis (Junne et al., 2010), resulting in model proteins as illustrated in Figure 

14A with H segment sequences shown in Figures 14B, 15A and 16A. They were 

cloned into the expression plasmid pRS426 (URA3 2µ) with a glyceraldehyde-3-

phosphate dehydrogenase promoter and a C-terminal triple-HA tag. 

 

Labeling and Immunoprecipitation 

 
Yeast cells were in vivo pulse-labeled for 5 min with 150 µCi/mL [35S] 

methionine/cysteine (PerkinElmer). Cells were lysed with glass beads, heated at 95 

°C for 5 min with 1% SDS, cleared by centrifugation, subjected to 

immunoprecipitation, and analyzed by SDS-gel electrophoresis and autoradiography 

as described (Junne et al., 2006). Signals were quantified by phosphorimager. For 

deglycosylation, the immune complexes were released from protein A-Sepharose by 

boiling in 50 mM Na citrate, pH 6, and 1% SDS, and incubated with 1 mU endo-β-d-

N-acetyl glucosaminidase H for 2 h at 37 °C. 

 

MD Simulations 
 

The simulation systems were prepared by using the crystal structure of the SecY 

translocon from M. jannaschii (Protein Data Bank ID code 1RHZ) in which the lateral 

gate is in a closed state (van den Berg et al., 2004). Because plug-deleted mutants 

were shown to be viable (Junne et al., 2006), the plug domain was removed to 

simplify the placement of a peptide into the pore of SecY. Residues 46–67 forming 

the plug domain were replaced by a single glycine. 

 

By using the CHARMM-GUI web server (Jo et al., 2008), the protein was assembled 

into a bilayer composed of 389 dimyristoylphosphatidylcholine lipids and solvated 

with 29,000 water molecules and 0.15 M KCl. The system containing 142,352 atoms 

was placed in an orthogonal box of 116 × 125 × 96 Å3. All simulations were 
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performed with the NAMD (Philips et al., 2005) simulation package by using the 

CHARMM 27 force field (MacKerell et al., 1998). The cutoff for van der Waals 

interactions was taken at 12Å with a switching function used after 10Å. The 

calculation of electrostatic interactions was performed by using the Particle-Mesh 

Ewald algorithm. The integration time step was 1 fs. Short-range nonbonded 

interactions were calculated every two steps and long-range interactions every four 

steps. Simulations were performed in an isothermal-isobaric ensemble with a 

pressure of 1 atm and a temperature of 315 K. 

The lateral gate of SecY was opened by steered MD using the ABF and COLVARS 

modules of NAMD (Philips et al., 2005). The gate opening was of 16Å, wide enough 

to fit an α-helical peptide inside the pore of SecY. After 5 ns of equilibration of the 

structure with the lateral gate opened, the L3-14 helical peptide was placed into the 

pore of SecY. The center of mass of the L3-14 peptide was aligned with the center of 

the bilayer. The systems for the different SecY mutants were prepared by mutating 

the pore-ring residues in the equilibrated system of the plug-deleted SecY with its 

lateral gate open. Simulations were performed for 70 ns. Water densities shown in 

Figure 19 were calculated by using the last 50 ns of the simulation trajectories. 

 

1.8 Concluding remarks 
 

Our data show, together with the findings by Junne et al. (2010), that the constriction 

ring is important in the assessment of hydrophobicity and presents a key factor in the 

recognition of transmembrane segments within the context of our model proteins.  

 

As the gasket surrounding the translocating polypeptide and sealing the pore, the 

constriction ring constitutes a major part of the pore and thus greatly influences the 

equilibration between pore and membrane. Our results show that the constriction ring 

is positioned asymmetrically relative to the lipid. Natural sequences may take 

advantage of this and may have co-evolved to enhance or reduce membrane 

integration via an asymmetric distribution of their hydrophobic residues. However, no 

general hydrophobic gradients have been detected statistically in natural 

transmembrane sequences. Viability of ring mutants (Junne et al., 2010) suggests 

that most membrane proteins are not affected by a shift in the hydrophobic threshold, 
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as the main function of the constriction ring is to create a seal and not to reflect 

asymmetry in signal sequences. In addition, signal anchors and stop-transfer 

sequences in biological systems seldom display “moderate” hydrophobicity (with the 

exception of some transmembrane segments of multispanning proteins). Even when 

this is the case, failsafe implementations presumably would have co-evolved to 

ensure membrane integration and prevent mislocalization or nonfunctional 

topologies, which could have disastrous effects for the organism. Our experimental 

setting therefore does not necessarily reflect physiological relevance in 

transmembrane segment recognition, but is an abstraction that allows the 

characterization and portrayal of its mechanisms.  

 

We also observed the phenomenon that clustered hydrophobicity within an H 

segment promoted integration more than when distributed. This effect of “local 

hydrophobicity” has further been acknowledged by Stone et al. (2015; 2016). With H 

segments consisting of serines and leucines, the effect of concentrating the 

hydrophobic residues versus a dispersed distribution was drastic. The same number 

of leucines was predicted to show identical ∆Gapp, regardless of distribution or 

position. However, the experimental outcome reflected a decrease into negative 

kcal/mol values when the leucines were placed at the N-terminus of the H segment, 

or when grouped to a block. This confirms our observation that a hydrophobic cluster 

facing the constriction ring inserts less efficiently into the membrane, while N-terminal 

leucines lead to membrane integration even in the context of otherwise polar 

residues in the H segment.  

 

In the introduction, several factors that contribute to topogenesis were presented, 

and recently extrinsic factors that control membrane integration have been identified. 

Junne and Spiess (2017) recognized the influence of downstream sequences on 

integration efficiency. While the precise underlying mechanism remains to be 

characterized, the conformation of the downstream segment may loosen or tighten 

the tether between the translocon and the RNC, either allowing it to diffuse into the 

lipid and be removed from the thermodynamic equilibration process, or fixing its 

position in the proximity of the lateral gate, possibly anticipating further 

transmembrane segments that are not yet synthesized. This argues against bulk 
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substrate hydrophobicity as the only factor for determining the fate of possible 

transmembrane sequences, since the hydrophobic constriction ring and the 

arrangement of hydrophobic residues have been proven to participate in this 

progress. Due to this, the prediction of transmembrane segments is furthermore 

complicated.  

 

Overall, our findings and the subsequent studies are consistent with thermodynamic 

equilibration as the driving force for membrane insertion, where transmembrane 

segments aim to minimize their free energy in different environments, including 

components of the Sec61 translocon: the hydrophobic constriction ring and the 

lateral gate as the interface between pore and lipid.  

 



	

 

Addendum 
 

 

2. Disulfide Loops of Peptide Hormones as a 
Motif for Protein Aggregation 
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2.1 General Introduction 
 

2.1.1 ER Quality Control Ensures Correct Folding 
 

Newly synthesized proteins entering the ER encounter an environment that is 

different from the cytosol in many aspects. Ca2+ concentration and oxidizing 

conditions as well as the repertoire of chaperones and enzymes allow for distinct 

processing steps. Here, the signal sequence is cleaved, if applicable, and the 

proteins may undergo a series of covalent modifications. Proteins whose destination 

is beyond the ER are retained until they have acquired their native conformation, 

which represents a state of minimized free energy, or are ultimately degraded, if they 

fail to do so. The recognition of non-natively or unfolded proteins is not dependent on 

intrinsic qualities like specific signal sequences, but applies to all proteins, with 

misfolded ones displaying general biophysical characteristics like the exposure of 

hydrophobic regions, free cysteine residues, or aggregate formation. Chaperones 

belong to the families of heat shock proteins (Hsp40s, Hsp90s and Hsp70s with BiP 

as the most prominent member; Hellman et al., 1999), lectins (calnexin and 

calreticulin; Helenius et al., 1997) or oxidoreductases, such as PDI (protein disulfide 

isomerase) or ERp57 (Fra et al., 1993).  

 

One well-studied mechanism in the recognition and retention misfolded glycoproteins 

is the calnexin-calreticulin cycle (Hammond et al., 1994) (Figure 20). The nascent 

chain receives the initial N-linked glycosylation by OST, consisting of the addition of 

the oligosaccharide Glc3Man9GlcNAc2. Subsequently, glucosidases I and II remove 

two glucose units, resulting in a monoglucoslyated glycan structure. This is 

recognized and bound by calnexin and calreticulin, preventing premature ER exit 

(Rutkevich et al., 2011). The complex in turn recruits ERp57 (Oliver et al., 1997), a 

thiol-disulfide oxidoreductase that forms disulfide bonds of free cysteines. The last of 

the three glucose molecules is then cleaved by glucosidase II. Proteins that have not 

reached their native conformation are targeted by UDP-glucose:glycoprotein 

glucosyltransferase, which re-initiates the cycle by adding one molecule of glucose 

back. If the protein fails to assume its conformation, ER a1,2-mannosidase I removes 

one mannose. Additional mannose trimming initiates contact with ER degradation-
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enhancing a-mannosidase like proteins (EDEM; Ninagawa et al., 2014). EDEM1 

doubles as a mediator and delivers the misfolded protein to ER-associated 

degradation complexes (ERAD).  

 

	
Figure 20: Quality control of glycoproteins. (1 and 2) The OST complex is associated with the 
translocon and glycosylates the substrate at defined asparagine residues. (3) The core glycan is 
trimmed by glucosidases I and II (GI, GII), resulting in a monoglycosylated product (4). The substrate 
can initiate folding cycles with calnexin and calreticulin (CNX, CRT, 5). GII removes the last glucose 
molecule (6) and the correctly folded protein is able to exit the ER (7). Unfolded proteins are re-
glycosylated by UDP-glucose-glycoprotein glucosyltransferase (UGGT) and the protein re-enters the 
calnexin/calreticulin cycle. Mannosidases like ER mannosidase I (ER Man I) or ER degradation-
enhancing a-mannosidase like proteins (EDEMs) remove mannose from unglucosylated or 
monoglucosylated substrates (“mannose trimming”), granting them additional rounds of glycosylation 
cycles. Further mannose trimming (12, 13) removes them from the cycle and are recognized by OS-9 
and XTP3-B lectins to be handed over to degradation (14, 15). Shao and Hegde (2016). 

 

2.1.2 Misfolded Proteins are Degraded by the Ubiquitin/Proteasome System  
 

Misfolded substrates show diverse features in their folding states, their repertoire of 

modifications or oligomerization. Nevertheless, the degradation machinery has to 

provide compatibility with numerous possible substrates. General means are the 

exposure of hydrophobic patches that are non-accessible in natively folded proteins, 

or in the case of glycosylated proteins, their specific pattern. Chaperones like 

BiP/Kar2 are known for binding exposed hydrophobic parts and delivering the protein 
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to ERAD complexes (Molinari and Helenius, 2000). In non-glycosylated substrates, 

the mechanisms involving recognition and degradation are less well described. 

 

Targeting to ERAD pathways requires recognition of these substrates, retro-

translocation into the cytosol, ubiquitination and degradation by the 26S proteasome. 

Proteins that are meant to be recycled are covalently linked to the C-terminus of 

ubiquitin, a strongly conserved protein that can be attached to lysine residues or, less 

frequently, to serine or threonine. Linkage to the N-terminus of a protein is also 

observed. Ubiquitin itself may serve as a substrate for further ubiquitination steps, 

resulting in either unbranched chains or branched chains. Each of these 

modifications has specific effects. Unbranched polyubiquitination over K48 is the 

most abundant signal for proteasomal degradation. Here, the addition of at least four 

ubiquitin molecules is required for targeting the substrate to the 26S proteasome 

(Thrower et al., 2000). The linkage reaction involves three sequential enzymatic 

reactions described by a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating 

enzyme (E2) and a ubiquitin ligase (E3). 

 

Since targeted proteins may display different topologies, the associated degradation 

pathways and the involved E3 ligase complexes may further be classified in regard to 

the affected misfolded part of the protein: ERAD-L for luminal segments, ERAD-M for 

transmembrane segments, ERAD-C for cytosol-exposed parts and ERAD-T for 

translocon-associated degradation (Stevenson et al., 2016).  
 

 

Figure 21:  The degradation of proteins displaying misfolded luminal domains and transmembrane 
segments (red star) is mediated by the Hrd1 complex in the ERAD-L and ERAD-M pathway. For 
descriptions and abbreviations, see text. Ruggiano et al. (2014). 
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The best characterized E3 ligase complex is the Hrd1 complex which facilitates 

degradation of luminal and transmembrane proteins (Figure 21). For the recognition 

of substrates, the complex requires Hrd3 (SEL1L in mammals), which also ensures 

its overall stability. The lectin Yos9 (OS9, XTP3-B) is responsible for the binding of 

misfolded glycosylated proteins, while the chaperone Kar2 (BiP) binds exposed 

hydrophobic regions of the substrates to keep them in a soluble state. Once the 

substrate has been captured, proteins of the Derlin family transfer it to Hrd1. Both 

proteins are assumed to be the main factors in retrotranslocation (Carvalho et al., 

2010; Lilley and Ploegh, 2004). For this, their oligomerization is required and initiated 

by Usa1 (HERP). The E2 ubiquitin-conjugating enzyme Ubc7 (UBE2G1, UBE2G2) is 

recruited and activated by Cue1. In its function as a E3 ligase, Hrd1 not only 

ubiquitinates substrates, but also requires auto-ubiquitination of its cytosolic RING 

finger domains, a zinc finger motif, to initiate retrotranslocation (Baldrige and 

Rapoport, 2016). The energy for protein dislocation and also for membrane 

extraction of misfolded membrane proteins is achieved by the ATPase activity of 

Cdc48 (p97/VCP in mammals) after its recruitment to ERAD complexes by Ubx2 

(UBXD8), together with its cofactors Npl4 and Ufd1 (NPL4, UFD1). Its ATP hydrolysis 

triggers substrate clearance from the Hrd1 complex after retrotranslocation 

(Ruggiano et al., 2014). 

 

2.1.3 ER Stress Triggers the Unfolded Protein Response 
 

When the ER machinery is ultimately overloaded with folding-deficient proteins and 

when the burden of protein folding exceeds its capacity, intracellular signaling 

pathways are activated, which are referred to as the unfolded protein response 

(UPR). Two modes of action are employed to maintain homeostasis: the load of 

newly synthesized proteins entering the ER is decreased and the folding apparatus is 

upscaled. Cells that fail to reach a less severe state of stress are prone to apoptosis 

(Tabas and Ron, 2011).  

 

In the signal transduction pathways that trigger UPR, three major pathways are well-

defined, each described by a family of proteins involved in signaling: IRE1 (inositol 

requiring enzyme I), PERK (double stranded RNA-activated protein kinase-like 
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endoplasmic reticulum kinase) and ATF6 (activating transcription factor 6) (Figure 
22). These branches are not excluding each other, show cell-type specific expression 

patterns and utilize unique toolsets to achieve the same goal: the production of 

transcription factors that activate UPR-related genes.  

 

The transcription factor ATF6 in its inactive form is a transmembrane protein with a 

long luminal domain. It is restrained in the ER by interaction with BiP. Once the 

number of un- or misfolded proteins in the ER increases, BiP binding diminishes, 

ATF6 is sorted into COPII vesicles and transported to the Golgi apparatus, where it is 

processed by the proteases S1P and S2P (site-1 and site-2 protease) (Schindler and 

Schekman, 2009). With the sequential removal of the luminal domain and the 

transmembrane anchor, the cytosolic domain ATF6(N) is now free to move into the 

nucleus, where it acts on genes coding for BiP or PDI, increasing the level of proteins 

available for the heavy-loaded folding processes in the ER.  

 

PERK is a transmembrane kinase that is monomeric in non-stressed conditions. 

When the UPR is activated, PERK oligomerizes via its N-terminal luminal domains 

and trans-phosphorylates itself at the C-terminal cytosolic domain. Now activated, 

PERK phosphorylates translation initiation factor 2 (eIF) (Cui et al., 2011), which is in 

turn inactivated and lowers mRNA synthesis, thus reducing the load of proteins 

entering the ER and potentially mitigating ER stress. However, an exception is 

formed by some mRNAs whose translation is enforced when eIF2 is inhibited: one 

example is the mRNA of another transcription factor ATF4. ATF4 in turn increases 

expression of genes that code for proteins involved in apoptosis.   

 

IRE1 comprises two functions with a kinase and an endoribonuclease activity. Upon 

accumulation of unfolded proteins, IRE1 dimerizes and autophosphorylates. These 

dimers form oligomers with other dimers, which further promotes 

autophosphorylation and activates the nuclease capabilities. IRE1 now is able to 

cleave the mRNA of the transcription factor XBP1 (X-box binding protein), achieving 

an alternative splice variant that acts both on biolipid synthesis and components of 

ERAD (Lee et al., 2003).  
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The integration of multiple pathways allows a cell to carefully regulate its tools 

against ER stress, from conservative strategies like reducing the amount of 

expressed proteins up to severe means that lead to controlled cell death (Walter and 

Ron, 2011).  

 

	
Figure 22: Three branches of the UPR are served by different signaling pathways. (A) ATF6 acts over 
proteolysis, (B) PERK over translational control and (C) IRE over mRNA splicing. PERK and IRE1 
reduce the protein load in the ER by downregulating protein translation and mRNA decay. Walter and 
Ron (2011).   

2.1.4 Transport between ER and Golgi is bidirectional 
 

Secretory proteins leave the ER after translocation and processing towards the Golgi 

apparatus. Intracellular traffic between compartments is based on the formation and 

budding of transport vesicles that contain cargo proteins and their subsequent fusion 

with target membranes. A variety of vesicle types that differ in their origin and their 

destination is distinguished by the molecular composition of their coat assembly. 

These coat proteins mediate membrane bending, which is a decisive step in the 

biogenesis of vesicles.  

 

The formation of vesicles that originate from the ER is characterized by the action of 

COPII proteins (Figure 23A). This machinery is made of the five cytosolic proteins 

Sar1, Sec13, Sec23, Sec24 and Sec31 (Barlowe et al., 1994). Sec23 and Sec24 

duction in the UPR and to develop compounds
that can selectively modulate discrete steps of the
pathway.

The Three UPR Signal Transducers
Three principal branches of the UPR have been
identified (1) (Fig. 1). The branches operate in
parallel and use unique mechanisms of signal
transduction. Each branch is defined by a class of
transmembrane ER-resident signaling compo-
nents: IRE1 (inositol requiring enzyme 1), PERK
[double-stranded RNA-activated protein kinase
(PKR)–like ER kinase], and ATF6 (activating
transcription factor 6). The IRE1 branch is the
most conserved and sole branch of the UPR in
lower eukaryotes (14). Evolution later added the
PERK andATF6 branches tometazoan cells. The
UPR branches are differently represented in dif-
ferent cell types; moreover, there are multiple
genes encoding ATF6 family members and two
IRE1 paralogs in mammalian cells, hinting at
tissue and cell type specialization of the UPR that
remains poorly understood. Activation of each

branch leads to the production of b-ZIP tran-
scription factors, which work alone or together
to activate UPR target genes.

ATF6 is a transcription factor that is initially
synthesized as an ER-resident transmembrane pro-
tein bearing a large ER-luminal domain (Fig. 2A).
Upon accumulation of unfolded proteins, it is
packaged into transport vesicles that pinch off the
ER and deliver it to the Golgi apparatus (15).
There, it encounters two proteases, S1P and S2P
(site-1 and site-2 protease), that sequentially re-
move the luminal domain and the transmem-
brane anchor, respectively (16, 17). The liberated
N-terminal cytosolic fragment, ATF6(N), then
moves into the nucleus to activate UPR target
genes. Among ATF6’s targets are prominent
ER-resident proteins involved in protein folding,
such as BiP (a chaperone of the heat shock pro-
tein HSP70 family), protein disulfide isomerase,
and glucose-regulated protein 94 (GRP94; a chap-
erone of the Hsp90 family). ATF6 processing re-
sembles the mechanism by which sterol response
element binding protein (SREBP), the transcrip-

tion factor that controls sterol biosynthesis, is reg-
ulated in mammalian cells and uses the same
proteases (18).Whereas themechanism of SREBP
control at the level of ER exit is well understood,
little is known about how ATF6 responds to ER
stress. Its ER-luminal domain shows no sequence
homology to other proteins. ATF6 associates with
BiP, andBiP release under conditions of ER stress
may contribute to its activation. The ATF6 lumi-
nal domain also contains intra- and intermolecular
disulfide bonds that may monitor the ER envi-
ronment as redox sensors.

The second branch of the UPR is mediated
by PERK, an ER-resident transmembrane kinase
(Fig. 2B). When activated upon sensing ER
stress, PERK oligomerizes and phosphorylates
itself and the ubiquitous translation initiation fac-
tor eIF2a, indirectly inactivating eIF2 and inhib-
iting mRNA translation. In this way, PERK helps
reduce the flux of protein entering the ER to
alleviate ER stress. However, somemRNAs con-
taining short open reading frames in their 5′-
untranslated regions are preferentially translated
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Fig. 2. (A to C) The three branches of the UPR. Three families of signal trans-
ducers (ATF6, PERK, and IRE1) sense the protein-folding conditions in the ER
lumen and transmit that information, resulting in production of bZIP transcrip-
tion regulators that enter the nucleus to drive transcription of UPR target genes.
Each pathway uses a different mechanism of signal transduction: ATF6 by

regulated proteolysis, PERK by translational control, and IRE1 by nonconven-
tional mRNA splicing. In addition to the transcriptional responses that largely
serve to increase the protein-folding capacity in the ER, both PERK and IRE1
reduce the ER folding load by down-tuning translation and degrading ER-
bound mRNAs, respectively.
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form heterodimers and Sec13 forms heterotetramers with Sec31. Sar1, a small 

GTPase, initiates the recruitment cascade when activated by the guanine nucleotide 

exchange factor (GEF) Sec12 at the ER membrane. Once its GDP is exchanged for 

GTP, an amphipathic helix is revealed that associates with the membrane. Sar1 then 

recruits Sec23-Sec24 heterodimers, forming the “pre-budding complex” as cargo 

membrane proteins are recruited over the action of Sec24. The cargo displays 

specific export signals in their cytoplasmic domains that contain, among others, di-

hydrophobic, di-acidic or C-terminal aromatic and hydrophobic sequences (Barlowe, 

2003). A direct interaction is however not a prerequisite for ER export, as it can also 

occur via adaptor proteins or entirely passive diffusion into forming vesicles, a 

process named “bulk flow” (Thor et al., 2009). Cargo sorting is further facilitated by 

the arrival of Sec13-31. The heterotetramer bends the membrane and polymerizes to 

complete the formation of the coat, until the vesicle buds off. COPII coat proteins 

alone are sufficient to pinch the vesicle off the ER membrane and do not require 

additional factors (Matsuoka et al., 1998). Coat disassembly is linked to the GTPase 

activity of Sar1. While the intrinsic activity is rather low, Sec23 serves as a GTPase-

activating protein (GAP), which itself is enhanced by Sec13-Sec31. This ensures that 

the coat is removed prior to fusion with the target membrane, similar to a timed 

mechanism (Antonny et al., 2003; Lee and Miller, 2007). 

 

In higher eukaryotes, vesicles arrive and fuse at the ER-Golgi intermediate 

compartment (ERGIC), a tubular vesicular cluster that serves as a first sorting 

station. The lectin ERGIC-53 was described as a marker protein by Schweizer et al. 

(1998) and subsequent studies revealed the ERGIC structure to be independent of 

both the ER and the Golgi (Sesso et al., 1994). From here, or in yeast directly from 

the Golgi, anterograde transport is initiated, or retrograde transport of ER-resident 

proteins that have escaped their milieu. The latter are recognized by a binding motif 

that interacts with a specific receptor: the sequence KDEL in soluble proteins, that is 

recognized by the KDEL receptor, and KKXX in the cytosolic domain of ER 

membrane proteins, that directly interacts with COPI coat proteins (Pelham, 1996). 

 

COPI vesicles mediate retrograde transport towards the ER and inter-Golgi transport 

(Figure 23B). They are formed in a similar fashion like COPII vesicles. Here, the 
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small cytosolic GTPase Arf1 (ADP ribosylation factor) is activated by the membrane-

bound GEF GEA1 (guanine nucleotide exchange on ARF), upon which it associates 

with the membrane over an amphipathic helix. The pre-assembled heptameric COPI 

coatomer complex is recruited, which mediates cargo recognition, further 

polymerization and membrane curvature. Subsequently, ARF GAP stimulates GTP 

hydrolysis and the coat is dissolved (Lee et al., 2004).  

 

	
Figure 23: The assembly of coats and vesicle budding. (A) The formation of COPII coats is initiated by 
Sec12 as a GEF for Sar1. Its nucleotide exchange reveals an amphipathic helix that associates with 
the ER membrane (1). The Sec23/24 dimer is recruited (2) and the complex interacts with cargo 
proteins (3). Sec13/31 drives polymerization of the coat and membrane bending (4). (B) COPI coat 
formation is initiated by a similar mechanism with Gea1 acting as a GEF for Arf1. The amphipathic 
helix associates with the membrane (1), the pre-assembled coatomer complex is recruited (2) and 
mediates cargo binding (3). Polymerization and membrane binding occur through unknown 
mechanisms. Arf1 is activated by a GAP and the complex dissociates (4). Lee et al. (2004), modified. 
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2.1.5 Two Non-Exclusive Models Describe Transit through the Golgi 
Apparatus 

 

The Golgi apparatus is the cell’s central hub for transport and trafficking. Its structure 

resembles several stacked cisternae and can be described with a cis (cis-Golgi 

network, CGN), a medial and a trans (trans-Golgi network, TGN) side, where vesicles 

arrive from the ER (or leave towards it) and leave the Golgi to form secretory vesicles 

or fuse with endosomes (or arrive from there), respectively. As the proteins that 

arrive at the cis-Golgi traverse through the stacks, they are further post-translationally 

modified (e.g. glycosylation, sulfation or phosphorylation). The molecular inventory of 

each stack and sub-compartment may vary.  

 

Two models have been described to illustrate the movement of proteins between the 

cisternae: the vesicular transport model and the cisternal maturation model (Figure 

24). In the first view, Golgi structures are understood as stable entities with defined 

and maintained enzymatic setups that do not change as vesicles merge and leave. In 

contrast to this, the cisternal maturation model portrays the Golgi cisternae as 

dynamic structures that are derived from incoming vesicles and their subsequent 

maturation through the uptake and removal of specific Golgi-resident proteins. Here, 

the cisternae as a whole move through the Golgi stack towards the trans side, where 

vesicles bud off until they ultimately dissolve, while at the cis side new cisternae are 

formed from incoming vesicles. It is assumed that aspects of both models are 

applicable (Rothman and Wieland; 1996; Farquhar and Palade, 1998; Glick and 

Nakano, 2009; Emr et al., 2009). Transport of large cargo, such as procollagen 

fibers, is however most easily explained by cisternal maturation (Bonfanti et al., 

1998).  
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Figure 24: Trafficking through the Golgi is described by two non-exclusive models. (A) The cisternal 
maturation model describes Golgi cisternae as dynamic structures. Vesicles arriving from the ER and 
the ERGIC fuse and form the cis Golgi. The enzymatic setup is altered throughout the maturation into 
medial and trans structures, until the stack dissolves into target-specific vesicles. Retrograde transport 
accounts for retrieval of resident proteins into earlier stacks via COPI vesicles. (B) The vesicle 
transport model portraits Golgi stacks as static entities to which incoming vesicles fuse as they 
progress through the compartment. Each stack contains characteristic resident proteins. At the trans 
side, sorted vesicles bud off. Alberts (2016). 

 

2.1.6 Secretory Granules Store their Cargo in the Regulated Secretion 
Pathway 

 

In (neuro)endocrine cells, secretory granules are used for storage and regulated 

secretion of peptide hormones and neuropeptides. These specialized organelles 

have a densely packed core that is built by insoluble protein aggregations. Upon a 

stimulus, the granules fuse with the plasma membrane and release their cargo, 

which distinguishes this regulated form of secretion process from the always-active 

constitutive secretion (Burgess and Kelly, 1987). During their TGN exit and 

packaging, peptide hormones are present in the form of larger precursors. As the 

maturation of the secretory granules progresses, these prohormones are processed 

and cleaved by carboxypeptidases and prohormone convertases, which are activated 

by increasing acidification (Borgonovo et al., 2006).  

 

The mechanisms of sorting into secretory granules have been proposed on the basis 

of two different models: “sorting for entry” and “sorting by retention”. “Sorting for 

entry” describes that elevated Ca2+ levels and a slightly acidic pH at specialized TGN 

regions favor aggregation of cargo molecules and their sorting by receptors over 

specialized signal sequences, with the mannose 6-phosphate receptor as a well-

studied example for the sorting of lysosomal hydrolases (Kornfeld and Mellman, 
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1989). “Sorting by retention” implies the maturation of secretory granules through 

further concentration of the eventual cargo, which is facilitated by sustained removal 

of captured non-cargo molecules and their re-routing to the constitutive pathway. For 

the formation of the retrograde transport vesicles, clathrin and the adaptor protein 

AP-1 are required and frequently found on immature secretory granules (Dittie et al., 

1996). Only the cargo is retained in the vesicles (Kuliawat and Arvan, 1992). These 

two models may complement each other and are not exclusive. Beuret et al. (2004) 

revealed that misexpressed proteins of the regulated secretion pathway are able to 

sort into granule-like structures in cell lines that lack regulated secretion. The 

expression of several peptide hormones and granins in COS cells was sufficient to 

segregate these proteins from co-expressed constitutively secreted proteins and to 

form dense aggregates, suggesting that aggregation does not necessarily rely on 

additional extrinsic factors like specific receptors, but can be achieved by the cargo 

itself.  

	
Figure 25: Overview over protein trafficking. COPII coated vesicles derived from the ER are 
transported to the Golgi apparatus over the ER-Golgi intermediate compartment (ERGIC). The 
vesicles then traverse the Golgi towards the TGN, from where multiple vesicle types originate, 
including secretory granules. Kienzle and von Blume (2014). 

new understanding of the composition of carriers [24].
CARTS transport PAUF (pancreatic adenocarcinoma upre-
gulated factor) and LysC (lysozyme C), but not collagen I and
vesicular stomatitis virus glycoprotein (VSV-G), from the
Golgi to the cell surface (Figure 2). This finding provided
clear evidence that cargo molecules are sorted at, and exit
from, particular TGN domains created by unique lipid
protein microenvironments for which particular cargo mole-
cules have a selective affinity. These domains are composed

of lipids such as phosphoinositides, sphingolipids, and cho-
lesterol [25], and/or are decorated with particular coats,
tethers, and GTPases required for cargo sorting and vesicle
generation [18]. The formation of these export domains is
likely highly dynamic and may be dependent on cargo influx.
Furthermore, some of these domains may be consumed as
export carriers [10].

Although it is assumed that there are more classes of
vesicles originating from the TGN, the challenge for
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Figure 1. Protein trafficking and sorting in the secretory pathway. Proteins containing a signal sequence are translocated across the endoplasmic reticulum (ER) membrane.
After folding in the ER, proteins have two fates: either they become ER-resident proteins or leave the ER in coat protein complex II (COPII)-coated vesicles towards the Golgi
apparatus via the ER Golgi intermediate compartment (ERGIC). After traversing the cis and medial Golgi compartments, proteins enter the trans-Golgi network (TGN), an
important sorting station. Here proteins have to be sorted and packaged into transport carriers to reach their final destinations. Numerous TGN exit routes have been
described: proteins packaged into clathrin-coated vesicles are transported to the endosomes, whereas constitutively secreted cargo or transmembrane proteins are
transported towards the apical or basolateral plasma membrane. In specialized cells, proteins leave the TGN to be stored in secretory storage granules. These granules fuse
with the plasma membrane primarily in response to an extracellular stimulus. Retrieval of ER proteins is carried out by COPI vesicles.

Review Trends in Cell Biology October 2014, Vol. 24, No. 10
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2.2 Diabetes Insipidus 
 

2.2.1 Vasopressin Regulates Water Homeostasis 
 

Kidneys are responsible for maintaining many homeostatic functions in the body, 

such as the regulation of electrolyte concentrations, the overall volume of body fluids 

and clearance of metabolic waste and other substances from the blood stream. This 

occurs through capillary filtration in the functional units of the kidney, the nephronic 

glomeruli. In a healthy organism, the resulting primary urine is free of proteins, but 

the large volume of approximately 180 liters per day requires further concentration 

through re-absorption of water and ions in a strictly regulated manner. The water 

permeability of distal renal tubules accounts for the re-uptake of 90% of the 

glomerular filtrate and enables urine concentration through the action of the 

antidiuretic hormone ADH, or vasopressin. Vasopressin is synthesized as a 

prohormone in magnocellular neurons of the paraventricular and supraoptic nucleus 

in the hypothalamus, from where it is transported into the posterior pituitary gland, or 

neurohypophysis, and stored in secretory granules (Figure 26). The nerve endings 

make contact with capillaries, allowing for release of vasopressin into the blood 

stream upon a stimulus. Osmoreceptors are modified neurons and register changes 

in extracellular fluid composition: when its concentration becomes too high in a state 

of dehydration, the osmoreceptors shrink and relay this information towards the 

vasopressinergic neurons, triggering the release of vasopressin into the blood.  

 



Diabetes Insipidus  72 

 

Figure 26: Synthesis of AVP and its glycopeptide copeptin. Synthesis occurs in magnocellular 
neurons at the paraventricular and supraoptic nucleus, from where the products are transported and 
stored at the pituitary gland until their release into the bloodstream upon a stimulus. Christ-Crain and 
Fenske (2016). 

 

Vasopressin is humorally transported into the kidneys, where binds to its receptor V2 

on renal principal cells at the collecting duct. In its function as a G-protein coupled 

receptor, it facilitates nucleotide exchange at Ga, which in turn activates adenylate 

cyclase (AC) and gives rise to the cAMP-based cascade, protein kinase A (PKA) 

activity and phosphorylation of aquaporin 2 (AQP2). The subsequent incorporation 

into the membrane facing the tubular lumen increases water permeation and 

aquaporins 3 and 4 (APQ3, APQ4) on the basolateral side of the cell membrane 

allow the water to flow through the cell (Boone and Deen, 2008) (Figure 27).  
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The dysregulation of water re-uptake and the subsequent excretion of larger volumes 

of diluted urine (approximately 10-15 liters per day) is described as a condition called 

diabetes insipidus (DI). This disorder can be the result of different underlying causes, 

among others: the inability for ADH production or secretion in neurohypophyseal 

cells, described as neurohypophyseal diabetes insipidus or central diabetes 

insipidus, which may be acquired through head trauma, but is in most cases 

hereditary; or the inability of the kidneys to adequately respond to ADH in 

nephrogenic diabetes insipidus. This is observed as a side effect of certain drugs, 

like antibiotics or lithium-based treatments against manic-depressive disorders, but 

may also be caused by genetic aberrations, leading to impaired function of the 

vasopressin receptor (Guyton and Hall, 2015; Oiso et al., 2013). In the further 

context, the focus will be set on congenital neurohypophyseal diabetes insipidus.  

 

	
Figure 27: Arginine vasopressin (AVP) acts on epithelial cells in renal tubules and collecting ducts. It 
binds at its receptor (V2) which in turn activates a cAMP cascade. Subsequently, aquaporin-2 (AQP-2) 
is incorporated into the luminal membrane and allows re-absorption of water. AQP-3 and AQP-4 at the 
opposite side of the cell grant water flow. Guyton and Hall (2015). 
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of water through the cells. There are other aquaporins, 
AQP-3 and AQP-4, in the basolateral side of the cell 
membrane that provide a path for water to rapidly exit 
the cells, although these aquaporins are not believed to 
be regulated by ADH. Chronic increases in ADH levels 
also increase the formation of AQP-2 protein in the renal 
tubular cells by stimulating AQP-2 gene transcription. 
When the concentration of ADH decreases, the mole-
cules of AQP-2 are shuttled back to the cell cytoplasm, 
thereby removing the water channels from the luminal 
membrane and reducing water permeability. These cel-
lular actions of ADH are discussed further in Chapter 76.

Atrial Natriuretic Peptide Decreases Sodium and 
Water Reabsorption. When specific cells of the cardiac 
atria are stretched because of plasma volume expansion 
and increased atrial blood pressure, they secrete a peptide 
called atrial natriuretic peptide (ANP). Increased levels 
of this peptide in turn directly inhibit the reabsorption  
of sodium and water by the renal tubules, especially in the 
collecting ducts. ANP also inhibits renin secretion and 
therefore angiotensin II formation, which in turn reduces 
renal tubular reabsorption. This decreased sodium and 
water reabsorption increases urinary excretion, which 
helps to return blood volume back toward normal.

ANP levels are greatly elevated in congestive heart 
failure when the cardiac atria are stretched because of 
impaired pumping of the ventricles. The increased ANP 
helps to attenuate sodium and water retention in heart 
failure.

Parathyroid Hormone Increases Calcium Reabsorp-
tion. Parathyroid hormone is one of the most important 
calcium-regulating hormones in the body. Its principal 
action in the kidneys is to increase tubular reabsorption 
of calcium, especially in the distal tubules and perhaps 
also in the loops of Henle. Parathyroid hormone also has 
other actions, including inhibition of phosphate reab-
sorption by the proximal tubule and stimulation of mag-
nesium reabsorption by the loop of Henle, as discussed 
in Chapter 30.

SYMPATHETIC NERVOUS SYSTEM 
ACTIVATION INCREASES  
SODIUM REABSORPTION

Activation of the sympathetic nervous system, if severe, 
can decrease sodium and water excretion by constricting 
the renal arterioles, thereby reducing the GFR. Even low 
levels of sympathetic activation, however, decrease 
sodium and water excretion by increasing sodium reab-
sorption in the proximal tubule, the thick ascending limb 
of the loop of Henle, and perhaps in more distal parts of 
the renal tubule. This occurs by activation of α-adrenergic 
receptors on the renal tubular epithelial cells.

Sympathetic nervous system stimulation also increases 
renin release and angiotensin II formation, which adds to 

efferent arterioles also aids in the maintenance of normal 
excretion of metabolic waste products such as urea and 
creatinine that depend mainly on an adequate GFR for 
their excretion. Thus, increased formation of angiotensin 
II permits the kidneys to retain sodium and water without 
causing retention of metabolic waste products.

ADH Increases Water Reabsorption. The most im-
portant renal action of ADH is to increase the water 
permeability of the distal tubule, collecting tubule, and 
collecting duct epithelia. This effect helps the body to 
conserve water in circumstances such as dehydration. In 
the absence of ADH, the permeability of the distal tubules 
and collecting ducts to water is low, causing the kidneys 
to excrete large amounts of dilute urine, a condition called 
diabetes insipidus. Thus, the actions of ADH play a key 
role in controlling the degree of dilution or concentration 
of the urine, as discussed further in Chapters 29 and 76.

ADH binds to specific V2 receptors in the late distal 
tubules, collecting tubules, and collecting ducts, increas-
ing the formation of cyclic adenosine monophosphate 
and activating protein kinases (Figure 28-19). This 
action, in turn, stimulates the movement of an intracel-
lular protein, called aquaporin-2 (AQP-2), to the luminal 
side of the cell membranes. The molecules of AQP-2 
cluster together and fuse with the cell membrane by exo-
cytosis to form water channels that permit rapid diffusion 

Figure 28-19. Mechanism of action of arginine vasopressin (AVP) on 
the epithelial cells of the late distal tubules, collecting tubules, and 
collecting ducts. AVP binds to its V2 receptors, which are coupled 
with stimulatory G proteins (Gs) that activate adenylate cyclase (AC) 
and stimulate formation of cyclic adenosine monophosphate (cAMP). 
This, in turn, activates protein kinase A and phosphorylation of intra-
cellular proteins, causing movement of aquaporin-2 (AQP-2) to the 
luminal side of the cell membrane. The molecules of AQP-2 fuse 
together to form water channels. On the basolateral side of the cell 
membrane are other aquaporins, AQP-3 and AQP-4, that permit 
water to flow out of the cell, although these aquaporins do not 
appear to be regulated by AVP. 
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2.2.2 Mutations in the Vasopressin Precursor cause Diabetes Insipidus 
 

	
Figure 28: Domain organization of provasopressin with vasopressin in green, neurophysin II (NPII) in 
blue, the glycopeptide in yellow and the black diamond as its glycosylation site. Red circles indicate 
cysteines and the corresponding disulfide bridges. Each black dot represents a mutation that is known 
to cause ADNDI (black: missense, pink: nonsense). In this study, a truncated version NPIItrunc based 
on the C61X mutation and the ∆E47 mutant without the glycopeptide ∆GP will be used. Modified from 
Beuret et al. (2017). 

 

Vasopressin is synthesized in a precursor form (Figure 28). The prohormone can be 

divided into its domains for the nonapeptide vasopressin (CYFQNCPRG), 

neurophysin II with 93 amino acids (NPII) and a 39 residue glycopeptide with one 

glycosylation side. The crystal structure of lysine vasopressin (K7 instead of R7) 

complexed with bovine NPII shows that vasopressin binds into a pocket formed by 

NPII, where the disulfide bond formed by C1-C6, and the residue Y2 are concealed. 

This pocket appears to be accessible without the presence of vasopressin, 

suggesting an early interaction site during prohormone folding. The a-amino group of 

vasopressin C1 forms a hydrogen bond as well as an electrostatic interaction with the 

carboxyl group of the NPII E47. Vasopressin Y2 interacts with several NPII backbone 

residues and side chains, among them E47 (Wu et al., 2001) (Figure 29). After 

traversing the ER and the Golgi apparatus, the prohormone is packed into secretory 

granules, where it is processed and cleaved by prohormone convertase 1. The C-

terminus is amidated, resulting in the final vasopressin nonapeptide. 

 

More than 70 different mutations causing familial
DI have been identified throughout the precursor se-
quence, except the glycopeptide. Most strikingly, all
but one of them are dominant, causing what is
known as autosomal dominant neurohypophyseal DI
(ADNDI). Patients who are heterozygous lack vaso-
pressin and develop DI gradually within months or
years after birth. Postmortem biopsies revealed the
loss of vasopressinergic neurons (see, e.g., [8–10]),
suggesting that mutant provasopressin causes their
degeneration. This phenotype was reproduced in
knock-in mouse models, where expression of the hu-
man DI mutant C67X (codon for cysteine 67 of NPII
mutated to a stop codon) led to progressive loss of
vasopressinergic neurons [11, 12]. In transfected cell
lines, mutant proteins were found to be retained in
the ER [13] and to some extent degraded via cyto-
plasmic proteasomes [14], as expected for polypep-
tides that are unable to fold. Most interestingly,

ADNDI mutant precursors were found to form fi-
brillar aggregates in the ER of transfected cells and
the purified mutant protein was shown to form fi-
bers in vitro [15]. These results suggested that
ADNDI belongs to the group of neurodegenerative
diseases associated with fibrillar protein aggregation,
similar to the amyloid diseases, with the distinction
that aggregation does not occur in the cytosol or ex-
tracellularly, but in the ER lumen. Analysis in mice
showed that aggregates produced by mutant precur-
sors induce autophagy-associated cell death [12].
Provasopressin thus contains sequences with the po-

tential to form pathological aggregates when mutations
interfere with native folding of the precursor. Such se-
quences may in fact have a physiological role. In a recent
study, it was proposed that aggregation of peptide hor-
mones into secretory granules corresponds to the forma-
tion of functional amyloids [16]. This was mainly based
on the observation that secretory granules of the

Fig. 1 Pro/Gly scan through full-length provasopressin suggests more than one ER aggregating segment. a Domain organization of preprovasopressin.
Cysteines are indicated by red dots, disulfide bonds by red lines, and glycosylation by a black diamond. Dots above the sequence indicate distinct mutations
causing autosomal dominant neurohypophyseal DI (missense or deletion in black, nonsense or frameshift in pink). The natural mutants used in this study,
∆E47 and C61X, are labeled. The scale indicates the number of the amino acids in provasopressin. In constructs Pro1–Pro10 successive segments of 10
residues in provasopressin were replaced by proline/glycine-rich sequences as illustrated. b The constructs were expressed in HN10 cells for 2 days and
analyzed by immunofluorescence staining. Pro1/2/7/9-expressing cells are shown as examples. Nuclei were stained with DAPI (blue). Bar: 10 μm. c The
fraction of expressing cells with ER aggregates was quantified and plotted (mean and individual values of three or four independent transfections
(as indicated), analyzing ~200 expressing cells per transfection as described in “Methods”). d Immunoblot analysis of transfected cells after separation by
reducing sodium dodecyl sulfate (SDS)-gel electrophoresis is shown. Considerable amounts of SDS- and dithiothreitol-resistant provasopressin oligomers
were detected for all proteins except Pro1. Molecular weight standards are indicated in kilodaltons

Beuret et al. BMC Biology  (2017) 15:5 Page 2 of 14
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Figure 29: Illustration showing vasopressin (lysine variant) binding to the pocket provided by NPII. C1, 
C6 and Y2 are hidden inside the pocket and the interaction of Y2 is required for binding. PDB 1JK4, 
Wu et al. (2001). Image by Käser (2016, Master thesis). 

 

More than 70 mutations throughout the prohormone, except the glycopeptide, are 

known to cause congenital autosomal dominant neurohypophyseal diabetes insipidus 

(ADNDI, Jendle et al., 2012). Patients suffer from a lack of functional vasopressin 

and are subject to DI shortly after birth, despite the presence of a functional allele. 

Autopsies revealed the degeneration of vasopressinergic neurons and instead 

showed scar tissue in their place (Bergeron et al., 1991). This represents the 

dominant phenotype of ADNDI, in that mutant vasopressin leads to cell death and 

functional vasopressin can no longer be produced. The neurodegenerative character 

was confirmed in a murine knock-in model, where heterozygous mice expressed the 

ADNDI mutant C67X (where X means a mutation to a stop codon) and displayed 

characteristic symptoms of DI as well as the progressive loss of vasopressin-

producing neurons in the paraventricular and supraoptic nucleus (Russell et al., 

2003). The involvement of autophagy was suggested (Hagiwara et al., 2014). 

 

In cell culture experiments, ER retention of mutant provasopressin was described as 

a general observation in ADNDI mutants, as to be expected for misfolded proteins 

(Jameson and Ito, 1997; Nijenhuis et al., 1999). Retrotranslocation and proteasomal 

degradation was observed over the ERAD machinery (Friberg et al., 2004). However, 

a significant amount of misfolded precursor proteins was shown to accumulate in the 

ER over the formation of degradation-resistant aggregates (Beuret et al., 1999).   
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Aggregate formation of several ADNDI mutants were later on characterized as homo-

oligomers with fibrillar ultrastructure that could be reconstituted in vitro (Figure 30). 

Disulfide bonds proved to be required for both mutant-derived oligomer formation as 

well as for correct folding of provasopressin. Upon mutation of groups of cysteines, 

folding was found to be impaired and oligomers were formed, which were eliminated 

when no cysteines were present (Birk et al., 2009; Käser, 2016, Master thesis). 

 

 
Figure 30: Fibrillar aggregation in the ER by provasopressin. (A) Natively folded proteins pass ER 
quality control and leave the ER to be sorted into secretory granules at the TGN. Misfolded variants 
are degraded, but may also form disulfide-linked oligomers (red). (B) EM picture of fibril formation by 
the ADNDI mutant ∆E47 in vitro. (C) EM picture with 10nm immunogold staining of the ADNDI mutant 
C61X. The folding-deficient mutant is ER retained and forms a fibrillar network of aggregates. (A), (B) 
Birk et al. (2009); (C) Beuret et al. (2017). 

	
Beuret et al. (2017) have further investigated the prerequisites for the aggregation of 

folding-deficient and ER-retained precursors, based on the natural mutants ∆E47 and 

C61X. Scans with a ten-residue proline/glycine segment, truncation experiments and 

fusion constructs of reporter proteins with N-terminal portions of provasopressin were 

conducted. These experiments identified the glycopeptide and vasopressin as 
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independent motifs for pathogenic fibrillar ER aggregation in folding-deficient 

mutants, but also as sufficient to mediate granule sorting of the folding competent 

prohormone. It is proposed that the vasopressin nonapeptide is not accessible under 

ER conditions, where it is hidden in the binding pocket offered by NPII (De Bree et 

al., 2003). The milieu provided at the TGN is then likely to promote vasopressin-

mediated aggregation in concert with the glycopeptide and subsequent sorting into 

the emerging immature granules. Folding-deficient and ER-retained mutants however 

may not display the binding pocket, leaving vasopressin accessible for 

oligomerization.  

 

These findings place ADNDI in the group of neurodegenerative diseases that show 

fibrillar protein aggregation, as observed in diseases linked to amyloid formation.  
	
2.2.3 Amyloids as a Storage Mechanism in Secretory Granules 
 

The observed aggregation of provasopressin can be interpreted within both 

pathological (in the ER) and physiological (during granule formation) content. The 

latter notion was fueled by Maji et al. (2009), where it was proposed that the same 

aggregation mechanisms may serve as a natural storage for secretory granules into 

the pituitary gland in the form of functional amyloids. Amyloid fibrils consist of 

intermolecular cross-b-sheet structures in a strictly arranged pattern that renders 

proteins resistant to degradation. This insolubility, a hallmark of amyloids, is reflected 

in their resistance to DTT and SDS. Histologically they may be identified by staining 

with the dyes Congo Red and Thioflavin S that empirically bind amyloids 

(Ramabaran and Serpell, 2008).  

 

Amyloids were mainly associated with diseases like Alzheimer’s, spongiform 

encephalopathies or some cases of type II diabetes. Recently, functional amyloids 

have been characterized in melanosomes formed by the protein Pmel17, in the 

biofilm component curli of E. coli, and others	(Chiti and Dobson, 2006; Fowler et al., 

2007). Maji et al. (2009) showed that amyloids are commonly encountered in 

secretory granules containing pituitary gland peptide hormones. This was 

demonstrated with immunohistological stainings of mouse pituitary glands, where the 
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peptide hormones prolactin, adrenocorticotropic hormone (ACTH), growth hormone, 

oxytocin and vasopressin co-localized with the amyloid-specific dye Thioflavin S. 

Furthermore, X-ray fiber diffraction of purified secretory granules from AtT20 cells 

expressing ACTH showed characteristics typical for amyloid fibrils. The formation of 

amyloid fibers was confirmed in vitro for several hormones, similar to Birk et al. 

(2009). With these findings, the authors argued that the formation of amyloid 

structures may occur with a physiological function. 

 

In this context, it is eye-catching that deposits of amyloids are frequently found in the 

pituitary, both in aging and in the occurrence of pituitary adenomas. Their 

morphology, size and localization varies in these forms, but a specific correlation of 

deposit types and these features has not been successful. The involvement of at 

least prolactin, ACTH and growth hormone has been shown by 

immunohistochemistry (Westermark, 2005). Since the physiological appearance of 

pituitary hormones in secretory granules was suggested to present a natural storage 

mechanism by Maji et al. (2009), the formation of pathological amyloids may be 

attributed to the same underlying mechanism. As Beuret et al. (2017) demonstrated, 

the nonapeptide vasopressin is necessary for both ER aggregation of folding-

deficient provasopressin mutants and sorting of correctly folded wild-type 

provasopressin into secretory granules. Cargo aggregation is believed to contribute 

to granule formation at the TGN in the regulated secretory pathway. Depending on 

the context, it appears therefore likely that the same mechanism applies for 

aggregation of misfolded proteins in the ER.  

 

2.2.4 Several Peptide Hormones Share a Structural Similarity 
 

It is not surprising that both oxytocin- and vasopressin- containing granules stain 

positive for Thioflavin S, given the similarity of their sequence differing in only two 

residues (CYFQNCPRG in vasopressin, CYIQNCPLG in oxytocin). In previous 

experiments, it was shown that replacing vasopressin with oxytocin in the folding 

deficient ∆E47 mutant without the glycopeptide (thus containing no other sequence 

that can mediate aggregation or granule sorting; Beuret et al., 2017) was able to 

achieve ER aggregation, implying that oxytocin, like vasopressin, mediates amyloid-
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like aggregation (Janoschke, personal communication). The peptide hormones that 

were proposed to be stored as amyloids by Maji et al. (2009), including vasopressin 

and oxytocin, display one structural similarity: a short disulfide loop that is not 

obscured or buried, but localized either at the termini or at the surface and easily 

accessible.  

 

In this context, the N-terminal disulfide loop displayed by amylin (islet amyloid 

polypeptide, IAPP, produced in pancreatic b-cells) has been shown to mediate fibril 

formation in vitro. In contrast to the full-length protein, which is aggregation-prone 

and involves the formation of b-sheets, fibrils formed by the N-terminal part 

containing the disulfide loop are non-amyloid in nature and characterized by a b-turn. 

A contribution of the N-terminal disulfide loop to the pathological aggregation of IAPP 

has been proposed (Cope et al., 2013). 

 

The aggregate formation of somatostatin was further characterized by Anoop et al. 

(2014) (Figure 31). The 14-residue peptide hormone with its disulfide bond was 

shown to form aggregates in vitro earlier (Maji et al., 2009), and subsequent 

immunohistochemical experiments suggested that somatostatin is stored in secretory 

granules in the form of amyloids. To shed light on the role of the disulfide bond, 

comparisons with a reduced form of somatostatin lacking the disulfide bond were 

conducted in several experimental setups. If amyloid formation acts as a natural 

storage mechanism in secretory granules, the problem arises that these amyloids 

must be able to readily dissolve upon secretion and release functional monomers. 

Amyloids in turn are known for their insolubility and stability, which would render 

hormones stored in this form useless for the organism. Interestingly, it was described 

that the disulfide loop regulates amyloid formation in vitro: the non-reduced form 

aggregated slower than the reduced form without the disulfide loop, and fibrils formed 

by them dissolved faster. The disulfide loop therefore appears to regulate 

aggregation in a physiological useful manner, viz. a readily-dissolvable yet dense 

storage form. This further advocates the theory of short disulfide loops in granule 

biogenesis and storage of peptide hormones. 
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Figure 31: Somatostatin aggregate formation is controlled by the disulfide loop. With the loop, cyclic 
somatostatin (blue) shows slow aggregation kinetics leading to fibril formation. Dissociation and 
monomer release is fast when compared to the behaviour of non-cyclic somatostatin without the 
disulfide loop (red). Here, aggregation is faster and the fibrils are more stable, leading to slow release 
of monomers. This suggests a regulatory function of the disulfide loop to ensure feasible dissociation 
of aggregated and stored hormones upon a stimulus. Anoop et al. (2014). 

 

Interestingly, a disulfide loop was also shown to be sufficient for granule sorting of 

chromogranin B, although the loop is much larger with 22 residues (Glombik et al., 

1999). Likewise, vasopressin with its 6-residue disulfide loop is sufficient to mediate 

ER aggregation of the folding-deficient prohormone mutant (Beuret et al., 2017). 

Further extending the view onto other peptide hormones that present a disulfide loop 

in a comparable fashion may help to answer the question whether disulfide loops act 

as a common aggregation motif not only in pathology, but also in physiologic and 

functional granule sorting.  
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2.3 Aim of Part II 
 

The finding that the vasopressin nonapeptide contains an aggregation motif, both in 

amyloid-like pathological fibril formation and in physiological granule sorting (Beuret 

et al., 2017), is in accordance to the suggested role of amyloids as a storage 

mechanism in regulated secretion (Maji et al., 2009). A short and terminal disulfide 

loop as a structural similarity to other peptide hormones, which are also 

characterized by amyloid-like granule formation and, in some cases, pathological 

aggregation, is eye-striking. 

 

Ultimately, we wish to test if these disulfide loops act as a general motif in the 

biogenesis of secretory granules. In the present work, we approach this question by 

investigating disulfide loop-mediated aggregation in the ER, as observed for ADNDI-

causing provasopressin mutants. ER aggregation is easy to test for and the 

possibility that disulfide loops could facilitate aggregation in the ER may hint towards 

a general mechanism of aggregation that provides the same functionality at the TGN. 

We therefore aim to answer the question whether disulfide loops are able to 

significantly increase ER aggregation of folding-deficient neurophysin II and replace 

the vasopressin nonapeptide in this context.  
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2.4 Summary 
 

A role of amyloid formation in the regulated secretory pathway has been proposed for 

several peptide hormones during their granule biogenesis and the formation of 

fibrillar aggregates in vitro. Some notable examples, including vasopressin, contain 

solvent-exposed small disulfide loops at their N- or C-termini, which have been 

shown to initiate aggregation, or regulate this process in order to enable faster 

dissolvation of the stored hormones when necessary. In this context, our work 

focuses on the question whether disulfide loops may serve as a general motif in 

granule biogenesis at the TGN through an aggregation-promoting mechanism. We 

challenged disulfide loops of the peptide hormones prolactin, prorenin, amylin, 

growth hormone and calcitonin for their aggregation ability of a misfolded and ER-

retained protein. By fusing these loop-containing regions to folding-deficient variants 

of neurophysin II, we found that all tested loops are able to mediate aggregation in 

the ER. Electron microscopy revealed densely packed structures with sizes ranging 

between 100 and 300nm. Our results suggest that the tested disulfide loops contain 

intrinsic information that allows aggregation in the context of folding-deficient NPII, 

which by itself is not sufficient to mediate significant aggregation. In order to extend 

this observation towards granule biogenesis, further experiments with adequate 

reporter proteins will be necessary.  

 

2.5 Introduction 
 

Diabetes insipidus is a dominant disease that is linked to mutations in the 

vasopressin precursor, leading to its ER retention (Jameson and Ito, 1997), fibrillar 

aggregation (Birk et al., 2009) and degeneration of vasopressinergic neurons 

(Bergeron et al., 1991). Both the vasopressin nonapeptide and the glycopeptide have 

been identified as necessary and independent motifs to mediate ER aggregation of a 

folding deficient precursor, or sorting into secretory granules of the functional wild-

type protein, respectively (Beuret et al., 2017).  
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In the context of a proposed physiological function of amyloid formation, the 

vasopressin-linked aggregation of its misfolded precursor may be derived from the 

very same properties that normally mediate aggregation into secretory granules, as it 

likely has evolved to employ this mechanism solely as a natural storage mechanism 

post-TGN. To prevent ER aggregation as seen in the pathological scenario, 

vasopressin is normally concealed in a binding pocket provided by neurophysin II. 

Once this protection is no longer available due to misfolding, vasopressin is free to 

oligomerize in an organelle where it has disastrous effects, ultimately submitting the 

cell to apoptosis.  

 

The vasopressin nonapeptide is sufficient to initiate ER aggregation of an unrelated 

reporter protein, as shown by Beuret et al. (2017). In its native context within 

provasopressin, its presence enables the precursor to be sorted into secretory 

granules. Oxytocin, differing from vasopressin by only two residues, can replace 

vasopressin within this experimental setup (Janoschke, personal communication).  

 

Other peptide hormones have been suggested to form amyloids as a storage 

mechanism in secretory granule biogenesis, including provasopressin. Several of the 

proteins analyzed by Maji et al. (2009) display a common feature: a short and 

exposed disulfide loop at either terminus or at the protein surface. The disulfide loop 

of chromogranin B has been characterized to mediate sorting into secretory granules 

(Glombik et al., 1999). Likewise, in vitro experiments suggested that the disulfide-

loop of amylin may be involved in the formation of aggregates (Cope et al., 2013). A 

regulatory effect has been proposed for the disulfide loop of somatostatin (Anoop et 

al., 2014). These findings may hint towards a general involvement of disulfide loops 

during granule biogenesis. To test this, we focused on several peptide hormones that 

are known to form pathogenic amyloid deposits (Westermark, 2005), of which all 

show a disulfide loop at their surface that is potentially free to engage in interactions 

(Table I). We isolated these loops and fused them to a folding-deficient variant of 

provasopressin, exchanging the vasopressin nonapeptide with the disulfide loop of 

other hormones (Figure 32). ER aggregation mediated by these loops may 

strengthen the argument that aggregate formation is supported by disulfide loops. 
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Table I: The disulfide loops of several peptide hormones. The cysteines forming the disulfide bridge 
are highlighted in red. Blue: N-terminal loops. Yellow: loops that are not terminal, but are exposed and 
accessible. Green: C-terminal loops. These loops have been used in further experiments with the 
indicated abbreviations. The loops of pro-oxytocin and chromogranin B (grey) are referred to in the 
introduction. The control sequence does not contain a disulfide loop and the sequence is composed of 
glycines and prolines.  

(Pro)hormone Sequence 

Provasopressin (Vaso) NH2-CYFQNCPRG... 

Amylin (Amy) NH2-KCNTATCATQ... 

Calcitonin (Calc) NH2-RCGNLSTCMLGT... 

Prolactin N (PLN) NH2-TPVCPNGPGNCQVSLR... 

Renin (REN) ...-SSKCSRLYTACVYHK... 

Prolactin C (PLC) ...LLNCRIIYNNNC-COOH 

Growth hormone (GH) ...VMKCRRFAESSCAF-COOH 

Pro-oxytocin NH2-CYIQNCPLG... 

Chromogranin B ...VTYRCIIEVLSNALSKSSAPTITPECRQVLR... 

Control sequence (ProGly) NH2-GPPGPGTPGP... 

	
Figure 32: Structural visualization of five peptide hormones, from N (blue) to C-terminus (red). The 
secondary structure of renin is omitted for clarity. Each hormone displays a disulfide loop (yellow line, 
marked by arrow) at exposed positions. Growth hormone: Chantalat et al. (1995), PDB 1HGU. 
Prolactin: Teilum et al. (2005), PDB 1RW5. Renin: Morales et al. (2012), PDB 3VCM. Amylin: 
Rodriguez Camaro et al. (2017), PDB 5MGQ. Calcitonin: Andreotti et al. (2006), PDB 2GLH.  
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2.6 Results 

	
Figure 33: Overview of the disulfide loop-containing constructs used, from top to bottom: wild-type 
provasopressin, folding-deficient mutants NPIItrunc and ∆E47∆GP. These mutants are based on 
naturally occurring mutations leading to ADNDI and are indicated (C61X for NPIItrunc, ∆E47 for 
∆E47∆GP). The black diamond is the position of N-linked glycosylation. The glycopeptide contains an 
aggregation motif on its own and was therefore removed. For N-terminal disulfide loops originating 
from the indicated proteins (abbreviations see Table I), NPIItrunc with a His-tag was used. N-terminal 
loops were also combined with ∆E47∆GP. For C-terminal disulfide loops, ∆E47∆GP has been used to 
ensure recognition by the antibody against NPII and to avoid interference through C-terminal tags in 
the proximity. The cysteines contained in the short disulfide loops are highlighted in red. ProGly as a 
negative control does not display disulfide loops. 

 

Two provasopressin mutants leading to ADNDI were selected to act as a carrier: 

C61X, which is truncated (X for stop codon), and ∆E47∆GP, which contains the full 

NPII domain with an ADNDI point mutation. The glycopeptide was deleted, as it 

contains an aggregation motif on its own (Beuret et al., 2017). The sequences shown 

in Table I were fused to either the N-terminus (in the case of the N-terminal loop of 

prolactin, amylin, calcitonin and a loop-containing region from the middle of the 

prorenin sequence), or the C-terminus (prolactin, growth hormone). A His-tag was 

added to C61X-based constructs to ensure detection. The constructs were transiently 

expressed in the neuroblastoma cell line Neuro 2a, pituitary corticotroph tumor cells 

AtT20, and fibroblastoma-like COS-1 originating from the kidney. The constructs are 

displayed in Figure 33. 
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2.6.1 Disulfide Loops Mediate Aggregation of a Misfolded Provasopressin 
Carrier in Neuronal Cell Lines 

 
The neuronal cell lines Neuro 2a (N2a) and AtT20 are capable of regulated secretion 

and have been used to investigate granule sorting in previous studies. While wild-

type provasopressin is sorted into the cell tips where it colocalizes with a granule 

marker, the ADNDI mutants C61X and ∆E47 are retained in the ER. The vasopressin 

nonapeptide was shown before as necessary for aggregation of ER-retained NPII, 

which is abolished when replaced with prolines and glycines (Beuret et al., 2017).  

 

In the context of transient transfection, NPII mutants with short disulfide loops of 

other peptide hormones were expressed in N2a and AtT20 cells and analyzed with 

immunofluorescence. Vasopressin fused to NPII mutants was used as a positive 

control for aggregation, whereas the proline and glycine-containing construct served 

as a negative control. Aggregates manifest themselves as sharp and dense 

structures that are easily distinguished from cellular background. Aggregate 

formation in at least 100 expressing cells was quantified, which was regarded as 

positive when showing more than three visible aggregates in the cell body.  

 

All tested disulfide loops were able to replace the vasopressin nonapeptide in NPII 

mutants to mediate ER aggregation (Figure 34), with aggregates formed in more 

than 70% of expressing cells (Figure 35) each. Colocalization with the ER-resident 

KDEL receptor is shown exemplary for the construct Amy-NPIItrunc in (Figure 36). 

While morphological variances were distinguishable (i.e. size or shape), none could 

be attributed to a specific disulfide loop. These findings in N2a cells were also 

applicable for AtT20 cells (data not shown).  
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Figure 34: In the tested neuronal cell lines (N2a shown), the presence of all tested disulfide loops with 
folding-deficient NPII domains lead to significant aggregation that resembled vasopressin-mediated 
aggregation. Vaso-NPIItrunc was used as a positive control. Aggregates were no longer formed when 
vasopressin was replaced with prolines and glycines in the construct ProGly-NPIItrunc. Size bar 10µm. 
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Figure 35: For all introduced disulfide loops, aggregation is drastically increased and on comparable 
to the action of vasopressin. Quantification was conducted in N2a cells with ER aggregates, counting 
at least 100 expressing cells. A cell that shows at least three dense dot-like structures and not 
localized at the cell tips are regarded as positive. In contrast, the negative control ProGly does not 
form ER aggregates to a significant amount. Error bars represent SD from at least three independent 
experiments. 

 

	
Figure 36: Colocalization of Amy-NPIItrunc with the KDEL receptor shows their ER localization. This 
was applicable for all tested constructs in all cell lines (N2a shown above). Size bar 10µm.  
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2.6.2 Disulfide Loops are Sufficient to Drive Protein Aggregation in 
Constitutively Secreting Cells 

 
In contrast to the tested endocrine cell lines, Cos-1 cells do not utilize the pathway for 

regulated secretion. We analyzed ER aggregation of disulfide loops with folding-

deficient NPII mutants in this cell line to exclude a possible contribution of 

mechanisms specific to endocrine cell lines. 

 

It was demonstrated beforehand that the expression of regulatively secreted proteins 

in a cell line that is only capable of constitutive secretion is sufficient to separate this 

cargo from co-expressed constitutively secreted proteins (Beuret et al., 2004), 

suggesting that no endocrine-specific machinery is involved in this process. Likewise, 

ADNDI provasopressin mutants were shown to form ER-retained aggregates in COS-

1 cells (Birk et al., 2009). 

 

We found that replacing vasopressin with the aforementioned disulfide loops showed 

protein aggregation in similar quantities of NPII mutants (Figure 37). The presence of 

any tested disulfide loop was able to strongly increase aggregation to a comparable 

extend as in N2a and AtT20 cells (Figure 38). Likewise, aggregate formation was 

abolished in the proline-glycine control. We therefore conclude that the observed 

aggregation is not the result of specific endocrine cell functions, but cell type 

independent.  
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Figure 37: All tested disulfide loops mediate aggregation of the folding-deficient and ER-retained NPII 
domains in COS-1 cells. The presence of the vasopressin nonapeptide is necessary for aggregation. 
In contrast, the negative control ProGly-NPIItrunc, where the vasopressin nonapeptide is replaced with 
glycines and prolines, does not contain a sequence for aggregation and is localized uniformingly 
throughout the tubular network. Size bar 10µm. 
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Figure 38: Quantification of COS-1 cells with ER aggregates. Cells are regarded as positive that show 
at least 3 dot-like aggregates. Cells with granule-like structures or strong Golgi localization were not 
regarded. The number of cells with aggregates is comparable to N2a cells. Error bars represent SD 
from at least three independent experiments. 

	
COS-1 cells expressing disulfide loops with folding-deficient ∆E47 NPII mutants were 

analyzed with electron microscopy. Immunogold labelling with 10 nm gold particles 

against the NPII domain revealed the presence of disulfide loop constructs packed in 

electron dense structures with 100 to 300 nm diameter size (Figure 39). Membrane 

enclosement and ribosomal presence reflect a localization in the rough ER. The 

aggregates appeared nearly homogenous, which is inconsistent with the 

ultrastructure of vasopressin-mediated aggregates and their organization in a fibrillar 

network (Beuret et al., 2017). This observation might hint towards geometrical 

differences of aggregates mediated by different disulfide loop structures.  
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Figure 39: Electron micrographs of COS-1 cells expressing ∆E47∆GP-GH reveal a dense 
arrangement marked with 10nm gold particles that stain positive for NPII. Membrane enclosement and 
partial visibility of membranes and attached ribosomes suggest ER localization. The aggregates are 
up to 300 nm in diameter. Size bar 1000nm, rectangles are enlarged. Image by Cristina Baschong. 

	
2.6.3 Constructs Containing the N-Terminal Disulfide Loop of Prolactin Exit 

Frequently Exit the ER 
 

In endocrine cells, wild-type provasopressin is sorted into secretory granules, where 

it colocalizes with chromogranin A as a granule marker. The NPII mutants that we 

utilized in our analyses are folding-deficient and therefore ER retained. However, 

some leakage out of the ER and sorting into secretory granules at the cell tips could 

be observed for all constructs (Figure 40). This was especially apparent for the 

prolactin-derived disulfide loop constructs, where this localization was displayed by 

approximately 50% of the expressing cells. Both the ADNDI point mutation ∆E47, 
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where the NPII domain is present in its full length, and the truncated version derived 

from the C61X mutant displayed this behaviour when fused to the disulfide loop. This 

was no longer observed for the proline-glycine control.  

  

	
Figure 40: In N2a cells, a significant population of PLN-NPIItrunc expressing cells show localization at 
the cellular tips (indicated by arrows), where it colocalizes with chromogranin A as a granule marker. 
The same pattern is observed for PLN-NPII∆E47∆GP. Size bar 10µm. 

 

2.7 Discussion  
	
It has long been recognized that self-aggregation at the TGN is a contributing 

mechanism to the biogenesis of secretory granules. Maji et al. (2009) now suggested 

this aggregation to be amyloid in nature. This proposal placed the finding that mutant 

provasopressin produces fibrillar, amyloid-like aggregates in the ER, causing 

eventual cell death, into a different light. It implied that provasopressin evolved the 

ability to aggregate in the TGN, which expressed itself in the context of folding 

mutations with the formation of fibrillar aggregates occurring in the wrong 

compartment with toxic consequences. Consistent with this notion, the same 

sequences were found to be responsible for granule formation in the TGN and for ER 

aggregation. One of the aggregating sequences, the nonapeptide hormone itself, 
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forms a short disulfide loop. Disulfide loops with similarities regarding their length and 

position are also present in other peptide hormones. We here present the 

aggregation capabilities of several disulfide loop-containing peptide hormones in the 

ER. In the context of folding-deficient NPII, they display identical properties of 

aggregation like the vasopressin nonapeptide. The observed ER aggregation 

therefore supports the hypothesis of a general role of disulfide loops at granule 

biogenesis, for which self-aggregation at the TGN is a prerequisite. 

 

To further investigate this, several additional experiments are required. Since the 

aggregation of mutant provasopressin depends on the presence of further disulfide 

bonds in the NPII domain, synergistic effects acting on the analyzed disulfide loops 

cannot be excluded in the presence of NPII. This may be represented in such a way 

that only a small contribution to oligomerization may be amplified to significant 

aggregation, which could explain the strong and equal aggregation score for all 

tested loops. To increase the stringency of our analyses, it is therefore required to 

introduce the disulfide loops into a context that does not resemble any similarities to 

provasopressin-related aggregation. During this work, several reporters have been 

examined, but none fulfilled the requirement of showing no significant self-

aggregation. The identification of suitable candidates is still ongoing. 

 

Furthermore, the caveat of transient expression has to be regarded. High expression 

levels and protein loads inevitably lead to ER stress responses, especially when 

misfolded mutants are expressed. Proteins that are prone to aggregation, as 

demonstrated for several disulfide loop-containing peptide hormones (Cope et al., 

2013; Westermark, 2005), may show amplified aggregate formation under conditions 

of macromolecular crowding (Munishkina et al., 2004). While a high cargo 

concentration is a requirement for physiological aggregation during granule 

biogenesis, these effects may be masked by artificial overexpression. It is therefore 

crucial to investigate the aggregation potential of disulfide loops under physiological 

expression levels. Stable cell lines generally show moderated expression levels and 

inarguably provide a more convincing experimental setup. 
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The observed TGN exit and granule sorting of constructs containing the N-terminal 

prolactin disulfide loop is presumably the consequence of decreased functionality in 

both ER retention and quality control, as these mechanisms are challenged with an 

overload of misfolded proteins, which is probably intensified in transient 

overexpression. ER leakage is likely to be observed in this scenario, while 

subsequent localization at the TGN might then be sufficient to sort into granules via 

aggregation. Although this would further acknowledge self-aggregation as a general 

device in granule formation, our experimental setup does not provide the 

requirements to conclude a causality linked to disulfide loops as a motif for granule 

sorting. To address the question whether the prolactin loop sequence contributes to 

this, its capabilities have to be analyzed in the context of a reporter that is not folding-

deficient. This again highlights the necessity of a more stringent reporter that is not 

related to the provasopressin prohormone and NPII. If disulfide loop-reporter 

constructs are permitted ER exit and mediate similar granule sorting properties under 

these conditions, a more general assessment will be possible.  

 

Despite of this, the N-terminal disulfide loop of prolactin appears as a promising 

candidate to broaden the understanding of disulfide-mediated aggregation and 

granule sorting. So far, experiments with provasopressin have revealed that mutation 

of the residues C1, C6 or Y2 (involved in the interaction of vasopressin with the NPII 

binding pocket) to alanines leads to folding defects and ER retention, implying that 

either amino acid is necessary for correct folding (Käser, 2016, Master thesis). 

However, for ER aggregation of a folding-deficient precursor, none of the 

vasopressin residues is individually necessary, including C1 and C6. This means that 

the formation of an intramolecular disulfide loop originating from one of the cysteines 

in the vasopressin sequence is not required for aggregation. In this notion, 

somatostatin was shown to regulate its aggregation during granule biogenesis over 

its disulfide loop (Anoop et al., 2014). Under this context it seems possible that the 

disulfide bridge in general is not required for aggregation, but may fulfil other 

physiological functions. A similar mutation analysis under more stringent conditions 

appears promising for gaining knowledge about the precise role of disulfide loops in 

aggregation.  
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With this study, we showed that disulfide loops are necessary for ER aggregation of 

a folding-deficient NPII domain. Aggregation capabilities are an acknowledged 

mechanism in cargo concentration of secretory granules. For our future perspective, 

we wish to extend our view to evaluate a general role of disulfide loops during 

granule biogenesis.  

 

2.8 Materials and Methods 
 

Cloning 
 
Both N- and C-terminal loop fragments were introduced as complementary 

oligonucleotides that were annealed at 95˚C with equimolar concentrations for five 

minutes and slowly cooled to room temperature. The target vectors for cloning 

contained Vasopressin-NPII-75X and Vasopressin-∆E47∆GP. With PCR, ClaI was 

introduced in front of NPII for N-terminal loop constructs and ClaI-XbaI behind NPII 

for C-terminal loop constructs The loops were cloned into the vectors using the 

corresponding restriction sites (BsrGI and ClaI for N-terminal loops; ClaI and XbaI for 

C-terminal loops) and the sequence was verified by sequencing (Microsynth). 

 

Cell culturing, transfection and immunofluorescence  
 
COS-1 cells were cultivated in high glucose DMEM (6g/L glucose, Sigma) supplemented 

with 10% FCS, 100 units/mL Pen-Strep and 2mM L-Gln at 7.5% CO2.  Cells were passaged 

every 72 h to a maximum of 10 repetitions. 

 

Neuro 2a cells were cultivated in low Glucose DMEM (4.5g/L glucose, Sigma), and AtT20 

cells in high glucose DMEM, with 10% FCS, 100 units/ml Pen-Strep and 2mM L-Gln at 5% 

CO2. Cells were passaged every 48 hours to a maximum of 10 repetitions.  

 

4.5x104 COS-1 cells and 6x10/4 Neuro 2a cells were grown on coverslips for 24 h. For 

transfection, 0.2µg of plasmid DNA was used with 2µL Fugene HD (Promega). The medium 

was replaced 24 h after transfection. Differentiation of Neuro 2a cells was induced with the 

addition of DMEM containing no FCS and 1mM valproic acid. 48 h after transfection, the 

cells were prepared for immunofluorescence. For this, the cells were washed with PBS and 
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fixed with 3% PFA for 30 min. The reaction was quenched with 50mM NH4Cl-PBS for 5 min. 

After repeated washing with PBS, cells were permeabilized with 0.1% Triton X-100 in PBS 

for 10 min, washed and blocked in 1% BSA-PBS for 15 min. Primary antibody staining was 

applied for 2 h at room temperature. After washing with BSA-PBS, secondary antibody 

staining followed for 30 min at room temperature. The coverslips were washed, rinsed with 

ddH2O and mounted with Fluoromount-G by Hoechst premixed with 0.5µg/mL DAPI. 

 

Image visualization was accomplished with the Axioplan 2 Microscope System and Point 

Scanning Confocal LSM700 by Zeiss. For image processing, Zen, Fiji and Huygens Suite 

was used. Figures were created with IBS (Lio et al., 2015) and MolView, images were 

arranged with Adobe Illustrator. 

 

Aggregates were counted in at least 100 cells of each preparation. Cells that showed a 

localization of the expressed constructs in the cell tips were disregarded for the 

quantification of ER aggregates. 

 

Oligonucleotides 
 

TGTACAGGCAAAATGCAACACTGCCACATGTGCAACGCAAATCGAT    Amylin-BC1 

ATCGATTTGCGTTGCACATGTGGCAGTGTTGCATTTTGCCTGTACA    Amylin-BC2 

 

TGTACAGGCACGGTGCGGTAATCTGAGTACTTGCATGCTGGGCACAATCGAT   Calc-BC1 

ATCGATTGTGCCCAGCATGCAAGTACTCAGATTACCGCACCGTGCCTGTACA   Calc-BC2 

 

TGTACAGGCATCCTCCAAGTGCAGCCGTCTCTACACTGCCTGTGTGTATCACAAAATCGAT  Renin-BC1 

ATCGATTTTGTGATACACACAGGCAGTGTAGAGACGGCTGCACTTGGAGGATGCCTGTACA  Renin-BC2 

 

TGTACAGGCAACCCCCGTCTGTCCCAATGGGCCTGGCAACTGCCAGGTATCCCTTCGAATCGAT ProlacN-BC1 

ATCGATTCGAAGGGATACCTGGCAGTTGCCAGGCCCATTGGGACAGACGGGGGTTGCCTGTACA ProlacN-BC2  

 

ATCGATTTGCTGAATTGCAGAATCATCTACAACAACAACTGCTAATCTAGA    Prolac-CX1 

TCTAGATTAGCAGTTGTTGTTGTAGATGATTCTGCAATTCAGCAAATCGAT    Prolac-CX2 

 

 

ATCGATGTCATGAAGTGTCGCCGCTTTGCGGAAAGCAGCTGTGCTTTCTAGTCTAGA   GrowthH-CX1 

TCTAGACTAGAAAGCACAGCTGCTTTCCGCAAAGCGGCGACACTTCATGACATCGAT   GrowthH-CX2 
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Antibodies 
 

Designation Host Dilution Provider 

aCgA polyclonal, goat 1:100 Santa Cruz 

aHIS monoclonal, mouse 1:1000 Millipore 

aKDEL monoclonal, mouse 1:100 MBL 

amyc 9E10 monoclonal, mouse 1:50 Hybridoma 

aNPII polyclonal, rabbit 1:200 self 

amouse Alexa 488 donkey 1:400 ThermoFisher 

amouse Alexa 568 donkey 1:400 ThermoFisher 

arabbit Alexa 488 donkey 1:400 ThermoFisher 

arabbit Alexa 568 donkey 1:400 ThermoFisher 

agoat Alexa 568 donkey 1:400 ThermoFisher 

DAPI  1:10000 Sigma 
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